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Preface
The 11th International Symposium on Space Terahertz Technology was held on the
campus of The University of Michigan on May 1-3,2000. The Symposium was
attended by 120 scientists and engineers from around the world. Nearly 70 papers
were presented in 10 regular sessions, a poster session and an opening session with
2 invited papers. The papers covered the wide range of topics included in THz
technology. Superconducting technologies such as SIS and HBT mixers, semiconductor based mixers and multipliers, semiconductor sources and several other THz
technologies were covered. The two invited papers in the opening session discussed potential future uses of this technology for DARPA and ARO needs.
I would like to thank Ms. Catharine June for handling the infinite number of tasks
involved in this conference, including running the Web page, organizing the local
arrangements and putting together the Symposium Digest.
The 2001 conference will be held at
Humphrey’s Half Moon Inn
Shelter Island
San Diego, California
February 14-16, 2001
The abstract due date is December 1, 2000. This early date will allow an overlap
with the FIRST science workshop to be held during the same week in San Diego.
Additional conference information is available from
Dr. Imran Mehdi
Mail Stop 168-314
Jet Propulsion Laboratory
Pasadena, CA. 91109-8001
Phone 818-354-2001
Fax 818-393-4683
Email: imran@merlin.jpl.nasa.gov
I am looking forward to seeing all of you in San Diego.
Jack East
Chair, 11th Symposium on Space Terahertz Technology
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Fawwaz Ulaby
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Defense: Novel Technology and Science

Dwight Woolard

ARO
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A. D. Semenov, H.-W. Huebers,
J. Schubert, G.N. Gol'tsman, A.I.
Elantiev, B. M. Voronov, E. M.
Gershenzon

State Ped. U., Moscow
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C.-Y. E. Tong, J. Kawamura, T.
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Gol'tsman, E. Gershenzon

Harvard
Caltech
Submillimeter Telescope Obs.
Moscow State Ped. U.
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Microstripline-Coupled Quasi-Optical
Niobium Hot Electron Bolometer Mixers
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W. F. M. Ganzevles, J. R. Gao, P.
Yagoubov, T. M. Klapwijk, P. A.
J. de Korte

DIMES
SRON

60

Direct and Heterodyne Response of Quasi
Optical Nb Hot-Electron Bolometer Mixers Designed for 2.5 Thz Radiation
Detection

W. F. M. Ganzevles, J.R. Gao,
W.M. Laauwen, G. de Lange, T.
M. Klapwijk, P. A. J. de Korte

DIMES
SRON

69

Aluminum Sub-Micron Superconducting
Hot-Electron Bolometer Mixer

I. Siddiqi, A. Verevkin, D. E.
Prober, A. Skalare, B.S. Karasik,
W.R. McGrath, P. Echternach,
H.G. LeDuc

Yale
JPL

82
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Session 2: SIS 1

Chair: Vladimir Mitin

Broadband Array SIS Mixers for 780-880
GHz with Aluminum Tuning Circuits

S. Haas, S. Wulff, D. Hottgenroth, N. Honingh, K. Jacobs

KOSMA, Germany

A 350 GHz SIS Imaging Module for the
JCMT Heterodyne Array Receiver Programme (HARP)

J. Leech, S. Withington, G.
Yassin, H. Smith, B.D. Jackson,
J.R. Gao, T.M. Klapwijk

U. Cambridge
SRON
DIMES
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A Low Noise NbTiN-based 850 GHz SIS
Receiver for the Caltech Submillimeter
Observatory

J. W. Kooi, J. Kawamura, J.
Chen, G. Chattopadhyay, J.R.
Pardo, J. Zmuidzinas, T.G. Phillips, B. Bumble, J. Stern, H.G.
LeDuc

Caltech
JPL
Tohuku University

116

Quasi-Optical Terahertz SIS Mixer

A. M. Baryshev, B. D. Jackson,
G. de Lange, S. V. Shitov, N.
Iosad, J. R. Gao, T. Klapwijk

SRON
IREE RAS, Russia
DIMES

129

Session 3: SEMI 1

95

Chair: George Haddad

State of the Art of Two Terminal Devices
as Millimeter- and Submilleter-Wave
Sources

H. Eisele, G. Haddad

U. Michigan

139

The Oxide Barrier Varactor

T. W. Crowe, Y. Duan

UVa

153

Power Generation with Fundamental and
Second-Harmonic Mode InP Gunn Oscillators - Performance Above 200 GHz and
Upper Frequency Limits

R. Kamoua, H. Eisele

SUNY, Stony Brook
U. Michigan

155

GaN-based NDR Devices for THz Generation

E. Alekseev, A. Eisenbach, D.
Pavlidis, S.M. Hubbard, W. Sutton

U. Michigan

162

Broadband Fixed-Tuned Subharmonic
Receivers to 640 GHz

J. Hesler

UVa

172

Stabilized, Integrated, Far-Infrared Laser
System for NASA/Goddard Space Flight
Center

E. R. Mueller, J. Fontanella, R.
Henschke

DeMaria ElectroOptics
Systems, Inc., CT

179

DAY 2 - TUESDAY, MAY 2
Session 4: HEB 2
Superconducting Transition Edge Sensor
Bolometer Arrays for Submillimeter
Astronomy

Chair: Sigrid Yngvesson
D.J. Benford, C. A. Allen, A. S.
Kutyrev, S.H. Moseley, R.A.
Shafer, J. A. Chervenak, E. N.
Grossman, K. D. Irwin, J. M.
Martinis, C. D. Reintsema
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NASA
NIST

187

Comparison of Two Types of Andreev
Reflection Hot-Electron Microbolometer
for Submillimeter Radio Astronomy

A. N. Vystavkin

IREE RAS, Russia

197

Development of Focal Plane Arrays Utilizing NbN Hot Electron Bolometric Mixers for the THz Regime

E. Gerecht, C. F. Musante, Y.
Zhuang, M. Ji, K. S. Yngvesson,
T. Goyette, J. Waldman

U. Mass.

209

IF Bandwidth of Phonon Cooled HEB
Mixers Made from NbN films on MgO
Substrates

S. Cherednichenko, M. Kroug, P.
Yagoubov, H. Merkel, E. Kollberg, K.S. Yngvesson, B.
Voronov, G. Gol’tsman

Chalmers U.
U. Mass.
Moscow State Ped. U.
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Session 5: SIS 2

Chair: Robb McGrath

Anomalous Pumped and Unpumped I-V
Characteristics of Nb SIS Terahertz Mixers with NbTiN Striplines

B. Leone, B. D. Jackson, J. R.
Gao, T. M. Klapwijk, W. M.
Laauwen, G. de Lange

U. of Groningen,
DIMES
SRON

228

NbTiN/SiO2/NbTiN and NbTiN/SiO2/Al
Tuning Circuits for 1 THz Waveguide SIS
Mixers

B. D. Jackson, G. de Lange,
W.M. Laauwen, J. R. Gao, N.N.
Iosad, T.M. Klapwijk

SRON
DIMES

238

A Single-Chip Balanced SIS Mixer for
200-300 GHz

A. R. Kerr, S.-K. Pan, A.W.
Lichtenberger, N. Horner, J. E.
Effland, K. Crady

NRAO
UVa

251

Performance of Sub-Harmonic Mixing
With an SIS Junction

S.-C. Shi, W.-L. Shan, T. Noguchi, K.-C. Xiao

Purple Mountain
Observatory, China
NRO, Nagoya U.
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Session 6: MICROMACHINING

Chair: John Papapolymerou

Micromachined Waveguide Components
for Submillimeter-Wave Applications

K. Hui, W. L. Bishop, J. L.
Hesler, D. S. Kurtz, T. W. Crowe

UVa

269

A New Laser Micromachining System for
the Fabrication of THz Waveguide and
Quasi-Optical Components

C. Walker, C. D. D'Aubigny, C.
Groppi, J. Papapolymerou, G.
Chin, A. Lichtenberger

U. Arizona
NASA
UVa

275

Development of W-Band Low-Loss
MEMS Switches

J. Rizk, J. Muldavin, G.-L. Tan,
G. M. Rebeiz

U. Michigan

276

The Frameless Membrane: A Novel Technology for THz Circuits

J. Bruston, S. Martin, A. Maestrini, E. Schelcht, P. Smith, I.
Mehdi

JPL

277

200 and 400 GHz Schottky Diode Multipliers Fabricated with Integrated AirDielectric “Substrateless” Circuitry

E. Schlecht, J. Bruston, A. Maestrini, S. Martin, D. Pukala, R.
Tsang, A. Fung, R. P. Smith, I
Mehdi

JPL
Cree, Inc., NC
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Development of Efficient Backward Wave
Oscillators for Submillimeter Applications

J. Nielson, L. Ives, M. Caplan

Calabazas Creek
Research, Inc., CA

Session 7: POSTER SESSION
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Chair: Tom Crowe

Two-Stream Ballistic Instability and Terahertz Oscillation Generation in n+nn+Ballistic Diodes and Field-Effect Transistors

Z. S. Gribnikov, N. Z. Vagidov,
V. V. Mitin

Wayne State U.

304

Sb-Heterostructure High Frequency ZeroBias Direct Detection Diodes

J. N. Schulman, D. H. Chow, C.
W. Pobanz, H. L. Dunlap, C. D.
Haeussler

HRL

311

Phase Gratings as LO-Distributors in
Submm Heterodyne Arrays

T. Klein, G.A. Ediss, R. Güsten,
C. Kasemann

MPIfR-Bonn

313

Narrow-Band Terahertz Waveform Generation in Periodically-Poled Lithium
Niobate

T. Meade, Y.-S. Lee, V. Perlin,
H. Winful, T. B. Norris, A. Galvanauskas

U. Michigan
IMRA America, MI

326

Resonant Tunneling THz Oscillator at
Fixed Bias Voltages

P. Zhao, H. L. Cui, D. Woolard

Stevens Inst. Tech., NJ
ARO

336

SuperMix Now Available

F. Rice, J. Ward, J. Zmuidzinas,
G. Chattopadhyay

Caltech

341

Simulated Performance of Multi-Junction Parallel Array SIS Mixers for Ultra
Broadband Submillimeter-Wave Applications

M. Salez, Y. Delorme, M.-H.
Chung, F. Dauplay

DEMIRM, Paris

343

Integrated Superconducting Receiver as a
Tester for Sub-millimeter Devices at 400600 GHz

S. V. Shitov, A. M. Shtanyuk, V.
P. Koshelets, G. V. Prokopenko,
L. V. Filippenko, A. B. Ermakov,
M. Levitchev, A. V. Veretennikov, H. Kohlstedt, A. V. Ustinov

IREE RAS, Russia
IAP RAS, Russia
ISI Res. Ctr.
Inst. of Solid State
Physics, Russia
U. Erlangen-Nuernberg

359

Modelling Few-Moded Horns for Far-IR
Space Applications

R. Colgan, J. A. Murphy, B.
Maffei, C. O'Sullivan, R. Wylde,
P. Ade

National U.,Ireland
Queen Mary and Westfield College, UK

368

Submillimeter-Wave Spectral Response
of Twin-Slot Antennas Coupled to Hot
Electron Bolometers

R.A. Wyss, A. Neto, W.R.
McGrath, B. Bumble, H. LeDuc

JPL

379

Tunable Antenna-Coupled Intersubband
Terahertz (TACIT) Detectors for Operation Above 4K

C. L. Cates, J. B. Williams, M.
S. Sherwin, K. D. Maranowski,
A. C. Gossard

UC - Santa Barbara

389

SIS Receivers for the 1.2 THz Frequencies Using NbTiN/AlN/Nb Junctions

A. Karpov, J. Zmuidnizas, F.
Rice, D. Miller, J.A. Stern, H.G.
LeDuc

Caltech
JPL

397

Study of Parylene as Anti-reflection Coating for Silicon Optics at THz Frequencies

M. Ji, C. Musante, S. Yngvesson, A. J. Gatesman, J. Waldman

UMass

407
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Optimization of Superconducting HotElectron Sensors: Controlling of Electron-Phonon Relaxation

A. Sergeev, V. Mitin

Wayne State U.

416

A Compact Fiber-Pigtailed, Terahertz
Time Domain Spectroscopy System

D. Zimdars, J.V. Rudd, M. Warmuth

Picometrix, Inc.

423

An Efficient Technique for the Optimization of Submillimeter-wave Schottkydiode Harmonic Multipliers

C.-C. Lee, B. Gelmont, D. Woolard

UVa
ARO

433

Developments of the 810-GHz SIS
Receiver with Nb-based Junctions

H. Maezawa, T. Noguchi, S.-C.
Shi, Y. Sekimoto, S. Yamamoto

U. Tokyo
Nobeyama Radio Obs.
Purple Mountain Obs.

444

Bias Dependence of the Thermal Time
Constant in Nb Superconducting Diffusion-Cooled HEB Mixers

D. Wilms Floet, J. R. Gao, T. M.
Klapwijk, P. A. J. de Korte

DIMES
SRON

455

A Cryosystem for Optical Evaluation of
the Normal Metal Hot-electron Microbolometer

D. Chouvaev, L. Kuzmin

Chalmers U.
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DAY 3 - WEDNESDAY, MAY 3
Session 8: HEB 3

Chair: Eric Kollberg

A Distributed Device Model for PhononCooled HEB Mixers Predicting IV Characteristics, Gain, Noise and IF Bandwidth

P. Khosropanah, H. Merkel, S.
Yngvesson, A. Adam, S.
Cherednichenko, E. Kollberg

Chalmers U.
U. Mass.
Supélec

474

Properties of Nb Thin Films and their
Application for Diffusion-Cooled HotElectron Bolometer

M. Frommberger, F. Mattiocco,
P. Sabon, M. Schicke, K. F.
Schuster, O. Laborde

IRAM, France
CRTBT, France

489

Diffusion-Cooled Aluminum Hot-Electron Bolometer Mixers at Submillimeter
Wavelengths

A. Skalare, W. R. McGrath, P.
M. Echternach, H. G. LeDuc, I.
Siddiqi, A. Verevkin, D.E.
Prober

JPL
Yale U.

501

Noise and Mixing in Aluminum Based
Sub-Micron Hot-Electron Bolometers

A. Verevkin, I. Siddiqi, D. E.
Prober, A. Skalare, B.S. Karasik,
W.R. McGrath, P.M. Echternach,
H.G. LeDuc

Yale U.
JPL

513

Hot-Electron Detectors: Toward Record
Sensitivity Via Disorder-Suppressed Electron-Phonon Coupling

M. E. Gershenson, D. Gong, T.
Sato, B. S. Karasik, W. R.
McGrath, A. V. Sergeev

Rutgers U.
JPL
Wayne State U.
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Session 9: HIGH TC
Quasioptical High-Tc Superconductor
Josephson Mixer at Terahertz Frequencies

Chair: Jeffrey Hesler
M. Darula, A. D. Semenov, H.W. Hübers, J. Schubert

vi

ISI Research Center,
Germany
State Ped. U., Moscow
DLR, Germany

524

Systematic Study of IF Bandwidth in
HTS Hot-Electron Bolometer Mixers

O. Harnack, K. Ilin, M. Siegel,
B. S. Karasik, W. R. McGrath,
G. de Lange

IfSI, Germany
JPL
SRON

525

YBa2Cu3O7-δ Hot-Electron Bolometer
Mixer at 0.6 THz

S. Cherednichenko, F. Rönnung,
G. Gol'tsman, E. Kollberg, D.
Winkler

Chalmers U.
Moscow State Pedagogical U., Russia

526

Externally Phase Locked Submm-Wave
Flux Flow Oscillator for Integrated
Receiver

V. P. Koshelets, A. B. Ermakov,
S. V. Shitov, P. N. Dmitriev, L. V.
Filippenko, A. M. Baryshev, W.
Luinge, J. Mygind, V. L. Vaks,
D. G. Pavel'ev

IREE, Russia
SRON
Tech. U.,Denmark
IPM, RAS, Russia
Nizhny Novgorod State
U. Russia

532

Evaluation of High-Tc Elements in
Submm-Mixers

D. Diehl, R. Zimmerman, J.
Scherbel, M. Darula, O. Harnack, M. Siegel

RPG Radiometer-physics, Germany
IfSIF, Germany
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Session 10: SEMICONDUCTOR 2

Chair: Imran Medhi

Planar Frequency Doublers and Triplers
for FIRST

N. R. Erickson, G. Narayanan,
R. P. Smith, S. C. Martin, I.
Mehdi, T. W. Crowe, W. L.
Bishop

UMass
JPL
UVa
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High Q InP-based Varactor Diodes

T. David, S. Arscott, P. Mounaix,
X. Mélique, F. Mollot,
O. Vanbésien, M. Chaubet,
D. Lippens

U. of Science and Technology, U. de Lille
Centre Nat. d'Etudes
Spatiales, France
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F. Podevin, P. Mounaix, O. Vanbésien, M. Chaubet, D. Lippens

U. of Science and Technology, U. de Lille
Centre Nat. d'Etudes
Spatiales, France
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J. Ward, D. Miller, J. Zmuidzinas, P. O'Brien, H. G. LeDuc, R.
Bicknell-Tassius

Caltech
JPL
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Zaslavsky, Z.S. Gribnikov, V.V.
Mitin, E.P. De Poortere, M.
Shayegan

Brown U.
Wayne State U.
Princeton
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598
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KOSMA
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Next Generation of Terahertz
Sources and Detectors
Dr. Edgar J. Martinez
Program Manager
Microsystems Technology Office

MTO
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emartinez@darpa.mil
990624

E/M Attenuation vs Frequency
Limitations of Current Technology
1000

H2O

ATTENUATION (DB/KM)

Fog (0.1g/m3)
100

Visibility 50m

Excessive Rain
(150mm/h)

H2O
O2

CO

Heavy Rain
(25mm/h)

2

10

H2O
O2

H2O. CO2
CO

1

Drizzle
(0.25mm/h)

20oC
1ATM
H2O : 7.5g/m 3

2

H2O

H2O
0.1

O3
Terahertz

0.01
MTO

Millimeter

10 GHz
3cm

DARPA Microsystems Technology Office

100
3mm

Submillimeter

1 THz
0.3mm

Infrared

10
30µ

Visible

100
3µ

1000
0.3µ

FREQUENCY
WAVELENGTH
990624

Using a limitation to our advantage!!!

MTO

DARPA Microsystems Technology Office
990624

Program Objectives
“Technology Gap”
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the electromagnetic
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Technical Challenges
THz Sources

½Achievement of high output power (at least mWs)
½Efficiency
½Compactness
½Tunnability for certain applications

THz Detectors

½High Sensitivity and Detectivity
½Quantum Efficiency
½Compactness

MTO

DARPA Microsystems Technology Office
990624

Technical Approaches
THz Detectors

THz Sources
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Quantum Device Technologies for
THz Communications and Imaging
OBJECTIVE:
Develop monolithic integrated circuits
capable to generate power at 0.33 THz,
0.66 THz, 1 THz and 3 THz.

APPLICATIONS:

State of the art HEMT MMIC

•Remote sensing
•High resolution imaging
•High data-rate space communication

APPROACH:
• Develop high performance HEMT
MMIC sources with integrated antennas
for 0.3 THz to 1 THz frequency range
• Develop novel superlattice oscillators
and multipliers for 1 THz to 10 THz
frequency range

Quasi-optical superlattice array for
harmonic generation

MTO

DARPA Microsystems Technology Office
990624
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Solid State Terahertz Sources for
Sensing and Satellite Communications
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THz Cavity
Center for Terahertz Science and Technology
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Solid-State Terahertz Sources
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III-N Terahertz Gunn Diodes
E [eV]
Inflection
point

OBJECTIVE:

ENDR=5.6
EG=3.4eV

Electron
transfer
k [cm-1]
Velocity [107 cm/sec]

3

GaN

2.5
2
1.5
1

GaAs

CHALLENGES:

0.5
00

50-µm Series GaN NDR Diode

Take advantage of the electron
transport and material properties of IIIN semiconductors for the
demonstration of Gunn diode THz
sources

100 200 300 400 500 600
Field [KV/cm]

30-µm Shunt GaN NDR Diode
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Passive Silicon Micromachined Structures
for THz Applications
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All-Solid-State Photomixing Transmitter
OBJECTIVES:
Develop a solid-state source for the THz region
having up to 1 mW output power and:
• Stable continuous-wave performance
• Room-temperature operation
• Tunability up to ~1 octave
• Instantaneous frequency stability > 1:106
• Phase lockability (required for comms)
• Good beam characteristics
(TEM000 Gaussian desirable)

TECHNICAL APPROACH:
•Optical mixing in an ultrafast
photoconductor (LT-GaAs)
•Couple internal THz photocurrents to
a THz load (antenna)
•Implementation of power combining
techniques
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THz Sources Based on Intersubband
Transitions in SiGe Quantum Wells
OBJECTIVE:
To demonstrate a SiGe, microdisk cavity, intersubband laser
suitable for communication
systems

Quantum well transitions between E3 and
E2. Proposed device will use SiGe quantum
wells and hole intersubband transitions.

APPROACH:
Active Layer

•Silicon micromachining for
novel resonator design
•SiGe unipolar architecture
•E/M simulation for device
optimization
•1-10 THz operation
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Vertical Cavity Silicon-Germanium Quantum
Cascade Lasers for Terahertz Emission
OBJECTIVE:
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emission
Si0.5Ge0.5
p-Si barrier
Si0.5Ge0.5
p-Si barrier
Si0.5Ge0.5

Si1-xGex buffer:
x= 0-0.25

p-Si
substrate

SiGe VCSEL

Develop and demonstrate a vertical cavity
SiGe quantum cascade laser capable to
operate in the THz region of the
electromagnetic spectrum

APPROACH:
Schematic and band
diagram for SiGe QC
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Infrared
emission
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•Characterization of ISB lifetimes in pSiGe QWs
•Demonstrate FIR emission in p-SiGe
tunnel barrier structures
•Demonstrate surface emission in p-SiGe
quantum cascade structures
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Solid-State Terahertz Detector Technology
OBJECTIVE:
• Develop high-sensitivity, solid-state RF detector
MMICs for the 0.3 - 3 THz frequency band.

HIGH-SENSITIVITY
HIGH-SENSITIVITY
ACTIVE
ACTIVE THz
THz DETECTORS
DETECTORS

RTD

APPROACH:
•Design and develop low-parasitic InP & GaSb
resonant tunneling diodes (RTDs)
•Use epitaxial transfer to integrate RTDs with
low-loss THz antenna structures.
•Demonstrate passive and super-regenerative RTD
detector-antenna MMICs
•Demonstrate simplex THz communication link.
(with HRL & UCSB)

DOD FUTURE USES:
• Man-portable, ultra-secure
THz communication links
• Space-based imaging of
upper atmosphere
• Phased array missile seekers/munitions
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Plasma Wave Terahertz Electronics
OBJECTIVES:
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Drain

Enhanced detectivity in sub-micron HEMT
structures

•Demonstrate resonant terahertz detector
with high sensitivity
•Observe terahertz radiation from a field
effect transistor
•Explore applications of plasma wave
electronics to silicon

APPROACH:
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•Implement detectors using GaN based
HEMTs
•Increase the growth of plasma waves using
resonant tunneling structure
•Use “light” electrons in deep submicron
silicon
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THz Molecular Interactions
FASSST Point-Sensor Test Bed

OBJECTIVE:

10 cm
Absorption Cell

Build test bed for compact THz
sources and detectors.
Experimentally determine
rotational energy level spectrum
of various gas phase molecules

TECHNICAL CHALLENGES:

MTO

•Specific identification of chemical
species
•Quick response (< 1 second)
•Small (<< 1 ft3)
•Low Power
•Simple-Based on FASSST Concept
•Potentially Inexpensive in Quantity
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THz Detection Based on Photon-assisted
Tunneling on Double Quantum Wells
unoccupiedstates
inlowdensity QW

OBJECTIVE:
Demonstrate tunable,
narrowband photon-assisted
tunneling in double quantum
well (DQW) heterostructures.
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Summary
DARPA is Creating Future Opportunities
for THz Technology in:
• Environmental sensing
• Upper-atmosphere
imagery
• Covert satellite
communications
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ABSTRACT
We present the measurements and the theoretical model on the frequency dependent
noise temperature of a lattice cooled hot electron bolometer (HEB) mixer in the terahertz
frequency range. The experimentally observed increase of the noise temperature with
frequency is a cumulative effect of the non-uniform distribution of the high frequency
current in the bolometer and the charge imbalance, which occurs near the edges of the
normal domain and contacts with normal metal. In addition, we present experimental
results which show that the noise temperature of a HEB mixer can be reduced by about
30% due to a Parylene antireflection coating on the Silicon hyperhemispheric lens.

I. INTRODUCTION
Heterodyne spectroscopy in the frequency range from 1 THz to 6 THz yields
important information on astronomical objects as well as on the chemical composition of
the earth’s atmosphere. Some prominent examples are the CII fine structure line at
1.6 THz and the OI fine structure line at 4.75 THz, which are major coolant lines of the
interstellar medium. The OH rotational transitions at 2.5 THz and 3.5 THz allow
determination of the OH volume mixing ratio in the stratosphere and provide important
information on the catalytic cycles, which are responsible for the destruction of
stratospheric ozone [1,2]. Superconducting hot-electron bolometer (HEB) mixers are
presently the most promising candidates for quantum limited terahertz heterodyne mixers
at frequencies above 1.2 THz. In a sufficiently small device only electrons are heated by
the incoming radiation providing the response time of the order of the electron-phonon
interaction time. This results in a small noise temperature as well as in intermediate
frequencies of several GHz. Another consequence of electron heating only is the small
power of the local oscillator, which is required for optimal operation of the HEB mixer.
In this article we report noise temperature measurements performed with the
same phonon-cooled NbN HEB mixer in the frequency range from 0.7 THz to 5.2 THz
and develop a model that describes the frequency dependence of the mixer performance.

In addition we present results of an experimental investigation of Parylene as an
antireflection coating for Si at THz frequencies.

II. MIXER DESIGN AND EXPERIMENTAL DETAILS
The lattice-cooled HEB mixer was manufactured from a thin superconducting
NbN film. The film with the nominal thickness 3.5 nm was deposited by dc reactive
magnetron sputtering on a 350 µm thick high resistivity (>10 kΩ cm) Si substrate. The
details of the process are described elsewhere [3,4]. After deposition films usually had a
room temperature square resistance of ≈ 500 Ω that increased to ≈ 660 Ω at 20 K and
dropped abruptly to almost zero (residual resistance less than 1 Ω) at the transition
temperature close to 10 K. The processing during the device fabrication leads to
degradation of superconductivity and the square resistance at room temperature increases
up to ≈ 700 Ω (≈ 940 Ω at 20 K) while the transition temperature decreases to a value
slightly above 9 K and the transition width increases to ≈ 0.5 K. The bolometer was
defined by means of electron beam lithography and represented a 1.7 µm wide and 0.2
µm long bridge connecting the inner terminals of a planar feed antenna. The
complementary logarithmic-spiral planar antenna was lithographed from a thermally
evaporated gold film (for details see Ref. 4). According to an estimate [5], the
complementary spiral antenna should have an impedance of about 75 Ω when suspended
in free space. We expect ε 1/2 times smaller value for our antenna since it is supported by
the dielectric substrate with the dielectric constant ε and the thickness much larger than
the wavelength. The substrate with the HEB was glued onto the flat side of an extended
hemispherical lens from pure silicon.
The mixer performance was investigated at seven different frequencies ranging
from 0.7 THz up to 5.2 THz. Experimental setup, which we used for noise temperature
measurements, has been described elsewhere [6]. Briefly, an optically pumped farinfrared gas laser served as local oscillator (LO). Signal radiation from the Eccosorb
black body was superimposed on the LO radiation by a mylar 6-µm thick beam splitter.
The approximately half-meter long optical path from the black body to the cryostat
window was not evacuated. The intermediate frequency (IF) circuit inside the cryostat
comprised an isolator associated with a bias tee and a low noise (6 K noise temperature)
amplifier. The IF signal was recorded after additional amplification in the 75 MHz
bandwidth centered at 1.5 GHz.

III. NOISE TEMPERATURE
Noise temperatures reported in this paper are typical for our devices. The
frequency dependence was usually measured with the same device once mounted in the
holder. Here we report data obtained with the 6-mm lens without antireflection coating.
In Fig. 1 the DSB receiver noise temperature is shown as a function of the LO frequency

between 0.7 THz and 5.2 THz. Also shown is the DSB receiver noise temperature
corrected for optical losses.. In this case the increase of the noise temperature with
frequency follows closely the 10 hν/kB level. For the estimation of the lower cut-off
frequency of our log-spiral antenna we use the criterion [5] λ*/2 ≤ C where C is the
maximal diameter of the spiral structure and λ* is the wavelength in the substrate. For
our design with C = 130 µm this yields a wavelength in free space of 884 µm (0.34 THz).
The wavelength corresponding to the upper cut-off frequency of the antenna is about 10
times the inner radius at which the actual shape deviates from the ideal spiral [7]. In our
case this is 1.3 µm yielding the lower limit 44 µm (6.8 THz) for the wavelength in free
space. We, therefore, believe that besides conductivity losses in the gold itself the
antenna does not contribute any frequency dependence to the noise temperature. For an
analysis of the optical losses and the antenna pattern see Ref. [6,8].
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IV. ANTIREFLECTION COATING
The main contribution to the optical losses originates from the Silicon lens. The
uncoated lens has a reflection loss of about 1.5 dB. Therefore an antireflection coating can
significantly reduce the receiver noise temperature. Parylene is a good candidate as an
antireflection coating. It is a polymer with a refractive index of about 1.62 and therefore
matches closely the required value for a single antireflection layer on silicon, which is
nSi1/2≈1.84. Beside this it has a high thermal stability and is chemically inert with low water
absorption. Parylene is deposited from the gas phase. This results in films of uniform thickness
and high conformity. Parylene exists in different forms. In this study Parylene C was
investigated.

Two plane-parallel samples from high resistivity Silicon (> 5 kΩ cm) with a thickness
of 5 mm were prepared. One of the samples was coated on one side with a Parylene layer of
18.5 µm thickness while the other remained uncoated. The transmittance of both samples was
measured in a Fourier-transform spectrometer in the wavelength range between 100 µm and
320 µm. The results are shown in Fig. 2. The lowest curve displays the transmittance of the
uncoated Silicon sample and the curve in the middle displays the transmittance of the coated
sample. While the uncoated sample has a transmission between 50% and 53% the coated
sample has a peak transmittance of 64% at 130 µm which decreases to 59% and 55% at
100µm and 320 µm, respectively. From these data the transmittance of the coated Silicon
surface which is relevant for the quasioptical HEB mixer was calculated assuming multiple
reflections inside the Silicon and an absorption coefficient of 0.05 cm -1 [9]. The result is
presented in the uppermost curve of Fig. 2. A transmittance of 93% at 130 µm is achieved. It
stays above 90% between 115 µm and 165 µm. This is sufficient for most practical receiver
applications. The solid line in Fig. 2 represents the calculated transmission of a single layer of
Parylene on a Silicon substrate.
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Fig. 2: Transmittance of Silicon with and without a coating of Parylene C.
The thickness of the Parylene layer and its absorption coefficient were chosen to give
the best match between the measured and the calculated curve. From this we derive a layer
thickness of 20 µm and an absorption coefficient of 25 cm-1 for Parylene C. Both are
independent of the frequency in the considered range. The thickness as derived from the
optical data is slightly higher than measured with a profiler which yielded 18.5 µm. This
difference is well in the error limit of both methods. The absorption coefficient is significantly
lower than the previously reported one of 75 cm-1 [10]. However, all measurements are
indirect, i.e. the absorption coefficient is derived from transmittance measurements of a
sample coated by Parylene and not by a direct transmission measurement of Parylene itself. In
addition the quality of the film may differ and contribute to different absorption coefficients.
The improvement of the noise temperature due to a lens coated with Parylene C was
investigated for two HEB mixers. Two lenses each with a diameter of 6 mm were made from
the same silicon crystal. One of the lenses was coated with an 18.5 µm thick Parylene C layer.

For both HEB mixers the noise temperature was measured at four different frequencies
between 0.7 THz and 2.5 THz by using the coated lens as well as the uncoated lens. In Table 1
the results are shown. A significant improvement of about 30% was achieved at 2.5 THz. This
improvement decreases towards the smaller frequencies as it is expected because the thickness
of the Parylene layer corresponds to about a quarter wavelength at 2.5 THz. Fig. 3 illustrates
the relative improvement, i.e. the difference in noise temperature divided by the noise
temperature measured with the uncoated lens. Also shown is the relative improvement as it is
expected from the transmittance measurements described above. In this case, the relative
improvement is the difference in transmittance between the coated and the uncoated flat
Silicon sample divided by the transmittance of the uncoated sample
Freq. [THz]

Device A, Trec [K]
no AR coating
Parylene coating
2200
2100
2700
2300
2800
2200
3900
2500

0.693
1.397
1.627
2.523

Device B, Trec [K]
no AR coating
Parylene coating
5300
5300
7600
5500
7500
6200
9400
6500

Table 1: DSB receiver noise temperature for two HEB mixers. Both were measured with a Silicon lens
with and without a Parylene antireflection coating.
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Fig. 3: Relative improvement of noise temperature and transmittance due to coating with Parylene C.

V. FREQUENCY DEPENDENCE OF THE MIXER PERFORMANCE
We discuss now features, which can not be understood in terms of the traditional hotelectron model. This model suggests that the mixers under optimal operation may be driven
into either quasi-homogeneous [11] or non-uniform resistive state [12,13]. In both cases,
though, the energy of the quantum corresponding to the LO frequency is supposed to be large

compared to the actual magnitude of the energy gap. Consequently, it is further supposed that
absorption of radiation in the mixer is spatially uniform while the Joule heating due to bias
occurs only in those parts, which are driven in the normal state. With an appropriate set of
fitting parameters, both approaches fairly well describe current-voltage characteristics of the
hot-electron mixer and predict reasonable values of the noise temperature and conversion
efficiency. These models suggest that the noise temperature of the mixer, when corrected for
optical losses, should not depend on the LO frequency unless it approaches the quantum
limited value hν/kB. On the contrary, analysis of the experimental data in the LO frequency
range from 0.7 THz to 5.2 THz shows [6,8] that the DSB system noise temperature of the
lattice-cooled hot-electron NbN mixer increases with frequency and that this increase can-not
fully account for the optical losses. In this section we compare the performance of the same
mixer optimally operated at LO frequencies 2.5 THz and 0.7 THz (118.8 µm and 432.6 µm)
using the setup described earlier in this paper. Thorough analysis of the experimental data
shows that there are more features in contradiction with the traditional model.
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Fig. 4: CVC of the mixer with optimal LO
power at 2.5 THz (dotted line) and
0.7 THz (thick solid line) recorded
at the bath temperature 4.5 K and
CVC without LO power (thin solid
lines) recorded at 8.0 K (0.94 TC)
and at 8.1 K (0.95 TC). Arrows
point optimal bias regimes. The
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when the LO power changes.
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Current-voltage characteristics (CVC) of the mixer are presented in Fig. 4. One can
clearly see that optimal operation regimes for 2.5 THz and 0.7 THz are different and so are the
CVC recorded with optimal LO power. It is worth noting that the ac resistance does not
change much, thus providing in both regimes approximately the same matching of the device
to the IF network. Characteristics recorded at an elevated temperature without local oscillator
differ in shape from characteristics recorded at optimal LO power, although the temperature in
the former case was adjusted in order to provide the best possible match between the two types
of characteristic. Moreover, the noise power under optimal operation is noticeably larger when
the mixer is pumped by the LO with smaller frequency. The corrected system noise
temperature at 2.5 THz amounts 1140 K that is 1.6 times the corrected noise temperature at
0.7 THz, whereas the noise of the HEB drops almost twice within the same frequency interval.
This observation implies that the mixer conversion efficiency decreases from -10 dB at
0.7 THz to -14.5 dB at 2.5 THz. The frequency dependence of the conversion efficiency may
arise from the intrinsic mixing mechanism as well as from the frequency dependent coupling
of radiation. We first consider the mixing mechanism.

A) Intrinsic Mixing Mechanism
Since the thermal approach relying on an elevated effective temperature of electrons
and phonons does not suggest any frequency dependence we take into account effects inherent
to the superconducting state. Indeed, it has been shown that suppression of superconductivity
due to irradiation occurs differently depending on the energy of the radiation quantum hν, i.e.
whether hν-2∆ (∆ is the energy gap) is small or large compared to the energy gap.
Qualitatively, the high frequency limit corresponds to the steady-state nonequilibrium
distribution function of quasiparticles, which are spread over the energy interval from ∆ to hν.
In the limiting case, hν >> 2∆, the temperature dependence of the energy gap under irradiation
flattens compared to the equilibrium situation [14].
In the opposite limiting case, hν -2∆ << 2∆, quasiparticles are produced in the narrow
energy interval above the gap. Detailed calculations of the nonequilibrium distribution
function [15] show that, indeed, excess quasiparticles are located mostly around the energy
hν / 2 above the gap edge. The localized nonequilibrium distribution suppresses the energy
gap in a manner similar to that suggested by the µ*-model [16]. In particular, this model
predicts that under external pair breaking the gap initially decreases down to the value 0.62 ∆
at which the first-order transition to the normal state occur. At small disturbances the first
order transition is also expected for the energy gap versus temperature whereas under strong
disturbance the slope of the transition becomes smoother and reaches the value typical for the
transition in equilibrium. Thus, the rate of the gap decrease under external pair breaking
should be larger at smaller radiation frequencies. In the mixing experiment, the difference
between two limiting cases can be detected only if the resistance of the mixer in the operation
point depends directly on the energy gap. We consider the superconducting strip with a normal
domain. The bias current passing the interface between the domain and the remaining
superconducting portion of the strip generates charge imbalance in the superconducting side.
This is accompanied by penetration of the electric field into superconductor over the distance
ΛE. Each side of the domain contributes additional resistance ρΛE /S (ρ is the normal
resistivity and S is the cross-section of the strip). The same additional resistance appears at
each contact of the bolometer with normal metal. This simple picture strictly holds only if the
penetration depth of the electric field is comparable or larger than the thermal healing length
ΛT = (Dτθ)1/2, which controls thermal smearing of the domain walls and, on the other hand,
represents the smallest length of the normal domain. Here τθ and D are the electron cooling
time and electron diffusivity, respectively. We estimate that for our NbN films in equilibrium
at T = 0.9 TC both thermal healing length and penetration length equal approximately 25 nm.
Under optimal operation, the local oscillator suppresses the energy gap in the superconducting
part of the bolometer. Though the exact value of the gap is hard to calculate, an estimate can
be made comparing CVC (see Fig. 4) recorded with and without LO power. In our case the
energy gap at optimal operation approximately equals the equilibrium energy gap at
T = 0.9 TC. At optimal bias the dc resistance of the HEB ranges typically from 1/3 to 1/2 of the
normal resistance that corresponds, for a 200-nm long device, to the normal portion of about
80-nm length. Thus, the charge imbalance may be responsible for the part of the resistance
under optimal operation conditions. Both dr/dW and dr/dT, which mainly determine the
conversion efficiency and the electric noise due to thermal fluctuations, bear contribution from
the normal domain and from the charge imbalance regions. The contribution due to charge
imbalance is determined by the actual value of the energy gap in the superconducting part of

the strip and, therefore, depends on the radiation frequency. The present qualitative model
appears capable to explain why pumping of the mixer by the LO with larger frequency results
in the decrease of the output noise. The model also suggests smaller conversion efficiency at
higher LO frequencies due to the decrease of dr/dW. The mechanism described above does not
necessarily result in variations of the system noise temperature with frequency since changes
of the output noise power and conversion efficiency may compensate each other.
B) Coupling Efficiency
Dependence of the mixer performance on the LO frequency may arise due to the
change of the coupling efficiency. We consider here coupling of the high frequency current
flowing in the arms of the planar spiral antenna with the superconducting bolometer. The
simplified, although, relevant prototype is an infinitely long slot line on a dielectric substrate
and a metal strip which bridges opposite sides of the line to mimic the bolometer. Since the
resistivity of the bolometer for the LO frequency is large compared to the resistivity of the
contacts and its width is much smaller that the wavelength, one can use the quasi-static
approximation to find the distribution of the current in the strip. Inside the strip, the electric
field E of the frequency ω satisfies the equation [17].
r ω µ0 r
∇2 E = i
E
ρ

(1)

The thickness of the bolometer is small compared to the skin depth δ = (2ρ /µ0ω)1/2, which in
turn is much larger then the electron mean free path in NbN. We, therefore, deal with the
normal skin effect and uniform distribution of the high frequency current through the film
thickness. If the high frequency voltage U is fixed at the antenna terminals, the solution of Eq.
1 for the current distribution across the strip j(x) = E(x)/ρn is given by

(

j ( x) = j 0 csh 2 ( x / δ ) cos 2 ( x / δ ) + i sh 2 ( x / δ ) sin 2 ( x / δ )
j0 =

)

U
[csh(a / 2δ ) cos(a / 2δ ) + i sh(a / 2δ ) sin(a / 2δ )]−1
ρn L

(2)

where x varies from –a/2 to a/2 and L is the bolometer length. Fig. 5 shows the distribution of
the dissipated power U(j(x)j*(x))1/2 according to Equation 2 for frequencies 2.5 THz and
0.7 THz in a 1.7 µm wide strip having the normal resistivity 3.5 µΩ⋅m that is typical for our
devices. One can see that at 2.5 THz power is absorbed mostly near the bridge edges. The
central part of the strip remains in a regime, which is not optimal and effectively shunts the
peripheral area of the device. The non-uniformity should result in the conversion efficiency
smaller than it could be in the case of the uniform distribution of the high frequency current.
Thus, hampering of the conversion efficiency due to non-uniformity should strengthen for our
devices with frequency in the relevant frequency interval. Knowing the distribution of the
current, it is straightforward to calculate the effective impedance of the strip and the coupling
between the antenna and the mixer. For the equivalent circuit comprising the bolometer with
the normal square resistance Rs and the antenna with the real impedance Ra, the radiation
coupling efficiency is given by

4
K=

Ra 2δ sh ( a / 2δ ) + sin( a / 2δ )
R s L csh ( a / 2δ ) − cos( a / 2δ )
2

 sh ( a / 2δ ) − sin( a / 2δ )   sh ( a / 2δ ) + sin( a / 2δ ) R a 2δ 


 + 
+
 csh ( a / 2δ ) − cos( a / 2δ )   csh ( a / 2δ ) − cos( a / 2δ ) R s L 

2

(3)

Due to the non-uniform distribution of the high frequency current, the conversion
efficiency of the mixer should have approximately the same frequency dependence. We,
therefore, compare the frequency dependence of the noise temperature with K2 that accounts
for both frequency dependent contributions. For calculations we used the antenna impedance
25 Ω, the normal square resistance 900 Ω and actual parameters of our device. Results of
simulation are presented in Fig. 1. There is reasonable agreement between model results and
experimental data at frequencies up to 4 THz. In this frequency range, decrease of the
conversion efficiency with LO frequency explains almost uniquely the degradation of the
mixer noise temperature. At higher frequency, displacement currents, which we did not take
into account, may cause additional decrease of the coupling efficiency. Contribution to the
frequency conversion that arises from the charge imbalance area may also modify the
frequency dependence of the noise temperature. We believe that the frequency dependent nonuniform distribution of the high frequency current and the frequency dependent excess noise
due to charge imbalance are both responsible for the increasing noise temperature of the HEB
mixer at terahertz frequencies.
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Fig. 5: Distribution of the dissipated high
frequency power in the HEB.
Position across the bolometer is
plotted in units of its half width.
The absorbed power is normalized
to unity at the bolometer edges.
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VI. CONCLUSION
We have shown that the noise temperature of the lattice-cooled hot-electron bolometer
mixer increases with frequency and that this increase can not be explained neither by the
frequency dependent parameters of the coupling optics nor by the conventional models of the
hot-electron bolometer. We have developed a new model, which takes into account the nonuniform distribution of the high frequency current in the bolometer and the frequency
dependent contribution to the electric noise and conversion efficiency steaming from charge
imbalance phenomenon. We have demonstrated that the former effect explains almost by itself

the frequency dependence of the corrected noise temperature and the magnitude of the
conversion losses in the frequency range from 0.7 THz to 4 THz. Further improvement of the
performance of the HEB mixer may be achieved making use of narrower bolometers. This
should result in more uniform current distribution and, consequently, in better coupling. To
maintain the resistance of the bolometer and, thus, the maximal coupling efficiency
unchanged, the length of the bolometer should be proportionally decreased. In addition, we
have shown that Parylene works as an antireflection coating for Silicon at terahertz
frequencies. An improvement of the noise temperature of about 30% at 2.5 THz was achieved
by using a Silicon lens with a Parylene coating.
The work was supported by the German Ministry of Science and Education (WTZ
RUS-149-97) and NATO Division of Scientific Affairs.
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$EVWUDFW

$ SKRQRQFRROHG 1E1 VXSHUFRQGXFWLYH KRWHOHFWURQ ERORPHWHU UHFHLYHU FRYHU
LQJ WKH IUHTXHQF\ UDQJH    7+] KDV VXFFHVVIXOO\ EHHQ XVHG IRU DVWURQRPLFDO
REVHUYDWLRQ DW WKH 6XE0LOOLPHWHU 7HOHVFRSH 2EVHUYDWRU\ RQ 0RXQW *UDKDP $UL
]RQD 7KLV ZDYHJXLGH KHWHURG\QH UHFHLYHU LV D PRGLnHG YHUVLRQ RI RXU n[HGWXQHG
 *+] +(% UHFHLYHU WR DOORZ IRU RSHUDWLRQ EH\RQG  7+] 7KH PHDVXUHG QRLVH
WHPSHUDWXUH RI WKLV UHFHLYHU LV DERXW  . DW  7+]  . DW  7+] DQG
 . DW  7+] ,W KDV D  *+] ZLGH ,) EDQGZLGWK FHQWHUHG DW  *+] 7KLV
UHFHLYHU KDV UHFHQWO\ EHHQ XVHG WR GHWHFW WKH &2    PROHFXODU OLQH HPLVVLRQ
DW  7+] LQ WKH 2ULRQ QHEXOD 7KLV LV WKH nUVW WLPH D JURXQGEDVHG KHWHURG\QH
UHFHLYHU KDV EHHQ XVHG WR GHWHFW D FHOHVWLDO VRXUFH DERYH  7+]
D +DUYDUG6PLWKVRQLDQ &HQWHU IRU $VWURSK\VLFV  *DUGHQ 6W &DPEULGJH 0$ 
E &DOLIRUQLD ,QVWLWXWH RI 7HFKQRORJ\  3DVDGHQD &$ 
F 6XEPLOOLPHWHU 7HOHVFRSH 2EVHUYDWRU\  1 &KHUU\ $Y 7XVFRQ $= 
G 0RVFRZ 6WDWH 3HGDJRJLFDO 8QLYHUVLW\ 0RVFRZ  5XVVLD
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$V VXSHUFRQGXFWLQJ UHFHLYHU WHFKQRORJ\ KDV PDWXUHG LQ UHFHQW \HDUV ORZQRLVH
KHWHURG\QH UHFHLYHUV KDYH EHHQ GHYHORSHG IRU WKH 7+] IUHTXHQF\ EDQG 7KH nUVW
ODERUDWRU\ VXSHUFRQGXFWLQJ KHWHURG\QH PL[HU RSHUDWLQJ DERYH  7+] ZDV UHSRUWHG
LQ  >@ 7KLV UHFHLYHU XVHG DQ 6,6 PL[HU ZKLFK FDQ RmHU QHDUO\ TXDQWXPOLPLWHG
QRLVH SHUIRUPDQFH XS WR  7+] EXW ZKLFK EHFRPHV YHU\ QRLV\ DERYH  7+] 6LQFH
WKHQ VHYHUDO JURXSV KDYH UHSRUWHG ORZ QRLVH SHUIRUPDQFH DW 7+] IUHTXHQFLHV XVLQJ
UHFHLYHUV WKDW HPSOR\ VXSHUFRQGXFWLYH KRWHOHFWURQ ERORPHWHU +(% PL[HUV >@
7KH 6XEPLOOLPHWHU 5HFHLYHU /DERUDWRU\ DW WKH +DUYDUG6PLWKVRQLDQ &HQWHU
IRU $VWURSK\VLFV KDV EHHQ FROODERUDWLQJ ZLWK WKH 0RVFRZ 6WDWH 3HGDJRJLFDO 8QL
YHUVLW\ VLQFH  WR GHYHORS SKRQRQFRROHG +(% ZDYHJXLGH PL[HUV 7KLV HmRUW
KDV EHHQ YHU\ IUXLWIXO DQG ZH KDYH EHHQ DEOH WR URXWLQHO\ SURGXFH VXEPLOOLPHWHU
DQG WHUDKHUW] UHFHLYHUV KDYLQJ QRLVH WHPSHUDWXUHV LQ WKH UDQJH RI  b   DW
RSHUDWLQJ IUHTXHQFLHV XS WR  7+] LQ RXU ODERUDWRU\ >@ ,Q WKH ZLQWHUV RI 
DQG  ZH LQVWDOOHG RXU  *+] +(% UHFHLYHU RQ WKH P +HLQULFK +HUW] 7HOH
VFRSH RQ 0W *UDKDP $UL]RQD 7KLV UHFHLYHU ZDV WKH nUVW VXSHUFRQGXFWLYH +(%
UHFHLYHU GHSOR\HG RXWVLGH D ODERUDWRU\ HQYLURQPHQW >@ ,W ZDV XVHG VXFFHVVIXOO\ WR
GHWHFW PROHFXODU HPLVVLRQ OLQHV IURP D QXPEHU RI DVWURQRPLFDO VRXUFHV DW  DQG
 *+] >@
,Q WKLV SDSHU ZH UHSRUW RQ LPSURYHPHQWV WR WKLV UHFHLYHU WKDW H[WHQG LWV IUH
TXHQF\ RI RSHUDWLRQ WR EH\RQG  7+] (DUOLHU WKLV \HDU WKLV UHFHLYHU ZDV VXFFHVVIXOO\
XVHG WR GHWHFW WKH PROHFXODU HPLVVLRQ RI &2    DW  7+] LQ WKH 2ULRQ 1HE
XOD 0  7KLV PDUNV WKH nUVW WLPH D JURXQGEDVHG KHWHURG\QH LQVWUXPHQW KDV
HYHU GHWHFWHG D FHOHVWLDO VRXUFH DERYH  7+]
Ky N
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$ +RW (OHFWURQ %RORPHWHU (OHPHQWV

7KH PL[HU HOHPHQWV DUH PDGH IURP KLJKSXULW\ 1E1 nOP GHSRVLWHG RQ D KHDWHG
PPWKLFN FXW FU\VWDOOLQH TXDUW] VXEVWUDWH 7KH nOP LV DERXW  QP WKLFN 7KH
FULWLFDO WHPSHUDWXUH F  RI WKH nOP LV DERXW  . DQG LW KDV D WUDQVLWLRQ ZLGWK RI
DERXW  . 7KH DFWLYH DUHD RI WKH ERORPHWHU O\LQJ EHWZHHQ WZR QRUPDOFRQGXFWLQJ
7L$X HOHFWURGHV LV DERXW  P ZLGH E\  P ORQJ 7KH QRUPDOVWDWH UHVLVWDQFH
1 RI WKH ERORPHWHUV LV IDLUO\ XQLIRUP RYHU D VLQJOH ZDIHU
]

7

x

5

x

7KH TXDUW] ZDIHU LV nUVW GLFHG LQWR VPDOO EORFNV RI DERXW  PP VTXDUH EHIRUH
EHIRUH ODSSHG DQG SROLVKHG WR D WKLFNQHVV RI  P $IWHU ODSSLQJ WKH LQGLYLGXDO
PL[HU FKLSV PHDVXUH  P ZLGH DQG  PP ORQJ DUH GLFHG IURP WKHVH VTXDUH
EORFNV (YHQ ZLWK WKHVH VPDOO GLPHQVLRQV WKH PL[HU FKLSV DUH TXLWH UREXVW DQG DUH
UDWKHU HDV\ WR KDQGOH 7KH SDUWLFXODU GHYLFH XVHG LQ WKH DVWURQRPLFDO UHFHLYHU KDV
D URRP WHPSHUDWXUH UHVLVWDQFH RI DERXW  l DQG D FULWLFDO FXUUHQW RI  $ 7KH
XVHIXO XSSHU OLPLW WR WKH ,) EDQGZLGWK RI WKHVH GHYLFHV LV DERXW  *+]
x

x

x

%

0L[HU $VVHPEO\ 'HVLJQ

7KH PL[HU DVVHPEO\ LV DGDSWHG IURP WKH GHVLJQ RI WKH KLJKO\ VXFFHVVIXO n[HG
WXQHG 6,6 PL[HU ZH GHYHORSHG IRU WKH 6XEPLOOLPHWHU $UUD\ >@ ,W LV PDGH LQ WZR
VHFWLRQV 7KH IURQW VHFWLRQ FDUULHV WKH FRUUXJDWHG IHHG KRUQ ZKLFK LV HOHFWURIRUPHG
DQG VKUXQNnW LQWR D FRSSHU PRXQWLQJ EORFN 7KH KRUQ WHUPLQDWHV LQ D VHFWLRQ RI
KDOIKHLJKW UHFWDQJXODU ZDYHJXLGH PHDVXULQJ  d  P 7KH EDFN VHFWLRQ RI WKH
PL[HU DVVHPEO\ KRXVHV D VKRUWHG VHFWLRQ RI ZDYHJXLGH PHDVXULQJ  d  d  P
7KH TXDUW] FKLS LV VXVSHQGHG DFURVV WKH ZDYHJXLGH DQG LV FODPSHG EHWZHHQ WKH WZR
KDOYHV RI WKH PL[HU DVVHPEO\ ,W LV HOHFWULFDOO\ FRQWDFWHG E\ WZR  P GLDPHWHU
ZLUHV RQH WR WKH ,) FRQQHFWRU WKH RWKHU LV JURXQGHG LQ WKH PL[HU EORFN
x

x

x
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5HFHLYHU /D\RXW

7KH OD\RXW RI WKH UHFHLYHU LV VKRZQ LQ )LJ  7KH PL[HU DVVHPEO\ LV PRXQWHG
WR WKH FROG SODWH RI D OLTXLG KHOLXPFRROHG FU\RVWDW WKDW KDV D OLTXLG QLWURJHQ FRROHG
UDGLDWLRQ VKLHOG 7KH FRUUXJDWHG IHHG KRUQ LOOXPLQDWHV D  RmD[LV SDUDEROLF PLU
URU
 PP SRVLWLRQHG QHDU WKH FHQWHU RI WKH GHZDU FROG SODWH 7KH EHDP
UHoHFWHG Rm WKH SDUDERORLG SDVVHV WKURXJK WZR OD\HUV RI SRURXV 7HoRQ VKHHW WKHU
PDOO\ DQFKRUHG WR WKH FROG SODWH 7KHVH DUH IROORZHG E\ D  PP WKLFN FU\VWDOOLQH
TXDUW] LQIUDUHG EORFNLQJ nOWHU PRXQWHG RQ WKH  . UDGLDWLRQ VKLHOG  P GHHS
JURRYHV DUH PDFKLQHG LQWR ERWK VLGHV RI WKH TXDUW] IRU WKH SXUSRVHV RI HOLPLQDWLQJ
VXUIDFH UHoHFWLRQV $  PPWKLFN 7HoRQ VKHHW LV XVHG DV WKH YDFXXP ZLQGRZ
5DGLDWLRQ IURP WKH /2 DVVHPEO\ LV FROOLPDWHG E\ D  RmD[LV SDUDEROLF
PLUURU EHIRUH LW LV FRPELQHG ZLWK WKH VLJQDO EHDP IURP WKH VLJQDO SRUW LQ D 0DUWLQ
3XSOHWW LQWHUIHURPHWHU 03,  ZKLFK LV SODFHG LQ IURQW RI WKH FU\RVWDW YDFXXP ZLQ
GRZ ,Q WKH ODERUDWRU\ WKH LQWHUIHURPHWHU HPSOR\V IUHHVWDQGLQJ ZLUH JULG SRODU
L]HUV ZLWK  P GLDPHWHU ZLUH 2Q WKH WHOHVFRSH ZLUH JULG SRODUL]HUV ZLWK  P
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)LJ 
/D\RXW RI WKH 5HFHLYHU 7KH PL[HU DVVHPEO\ SDUDEROLF PLUURU DQG WKH
+(07 DPSOLIHU DUH PRXQWHG RQ WKH  . FROG SODWH 7KH 03, LV SODFHG LQ IURQW
RI WKH FU\RVWDW YDFXXP ZLQGRZ 7KH RSWLFDO SDWK IURP WKH YDFXXP ZLQGRZ WR WKH
VLJQDO SRUW LV DSSUR[LPDWHO\  P

GLDPHWHU ZLUH DUH XVHG 7KH LQVHUWLRQ ORVV RI WKH 03, LV HVWLPDWHG WR EH z G%
7KH RXWSXW RI WKH PL[HU LV FRQQHFWHG WR D   b   *+] KLJKHOHFWURQ PRELOLW\
WUDQVLVWRU +(07 DPSOLnHU PRXQWHG RQ WKH VDPH  . FROG SODWH WKURXJK D ELDV
WHH 1R LVRODWRU LV XVHG EHWZHHQ WKH PL[HU EORFN DQG WKH DPSOLnHU $IWHU VHFRQG
VWDJH URRP WHPSHUDWXUH DPSOLnFDWLRQ WKH ,) VLJQDO LV IHG WKURXJK DQ HTXDOL]HU
WR oDWWHQ WKH UHFHLYHU RXWSXW DFURVV WKH HQWLUH ,) EDQG 'XULQJ DFWXDO WHOHVFRSH
RSHUDWLRQV WKH XVDEOH ,) EDQGZLGWK LV  *+] ZLGH  b  *+] ,Q RXU ODERUDWRU\
D  0+] ZLGH ,) nOWHU FHQWHUHG DW  *+] ZDV HPSOR\HG IRU KRWFROG ORDG
UHFHLYHU QRLVH PHDVXUHPHQW
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/RFDO 2VFLOODWRU 6RXUFHV

:H HVWLPDWH WKDW WKH LQFLGHQW /2 SRZHU DW WKH /2 SRUW RI WKH 03, LV OHVV
WKDQ  : ZKHQ WKH PL[HU LV ELDVHG DW LWV RSWLPDO RSHUDWLQJ SRLQW :LWK VRPH
FDUH LQ WKH RSWLFV GHVLJQ ZH ZHUH DEOH WR SURYLGH VXpFLHQW /2 SRZHU XVLQJ DOO
VROLGVWDWH /2 XQLWV HDFK FRPSULVHG RI D *XQQ RVFLOODWRU IROORZHG E\  VWDJHV RI
YDUDFWRU PXOWLSOLFDWLRQ >@
7ZR /2 XQLWV ZHUH DYDLODEOH IRU RSHUDWLRQ DW WKH WHOHVFRSH 7KH nUVW RQH
x

FRYHUV ^ *+] 7KLV XQLW XVHV D    *+] *XQQ RVFLOODWRU DQG D FDVFDGHG
IUHTXHQF\ GRXEOHU DQG WULSOHU 7KH VHFRQG /2 XQLW FRYHUV ^ 7+] ZLWK D
   *+] *XQQ RVFLOODWRU DQG D FDVFDGH RI WZR WULSOHUV ,Q DGGLWLRQ D WKLUG
XQLW FRYHULQJ    *+] ZDV DYDLODEOH LQ WKH ODERUDWRU\ 7KLV XQLW LQFRUSRUDWHV D
*XQQ RVFLOODWRU RSHUDWLQJ EHWZHHQ  DQG  *+] OLQNHG WR D nUVWVWDJH GRXEOHU
DQG D VHFRQGVWDJH TXDGUXSOHU
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)LJ  &XUUHQWYROWDJH FKDUDFWHULVWLFV RI WKH +(% PL[HU ZLWK DQG ZLWKRXW /2 GULYH
DW  7+] $OVR VKRZQ LV WKH UHFHLYHU ,) SRZHU DV D IXQFWLRQ RI ELDV YROWDJH LQ
UHVSRQVH WR WKH KRW  . DQG FROG  . ORDGV $ PD[LPXP <IDFWRU LV UHFRUGHG
DW D ELDV YROWDJH RI  P9 DQG D ELDV FXUUHQW RI  x$
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7KH FXUUHQWYROWDJH b FKDUDFWHULVWLFV RI WKH PL[HU DUH SORWWHG LQ )LJ 
6KRZQ LQ WKH VDPH nJXUH DUH WKH FXUYHV RI UHFHLYHU ,) RXWSXW SRZHU LQ UHVSRQVH
WR KRW DQG FROG ORDGV SODFHG DW WKH VLJQDO SRUW WKH /2 IUHTXHQF\ ZDV  7+]
7KH JUDSK VKRZV WKDW D IDFWRU RI  ZDV REWDLQHG DW D ELDV YROWDJH RI  P9
DQG D ELDV FXUUHQW RI  $ 7KH GRXEOHVLGHEDQG '6% FRQYHUVLRQ ORVV DW WKLV
,
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x

9

RSHUDWLQJ SRLQW LV HVWLPDWHG WR EH DERXW  G% 7KH FKRLFH RI WKLV RSHUDWLQJ SRLQW
LV DOVR GLFWDWHG LQ SDUW E\ VWDELOLW\ FRQVLGHUDWLRQ $W VOLJKWO\ ORZHU ELDV YROWDJH
WKH FRQYHUVLRQ HpFLHQF\ RI WKH PL[HU LV KLJKHU DQG WKH IDFWRU LV FRPSDUDEOH EXW
WKH VWDELOLW\ LV QRW DV JRRG $W RXU RSWLPDO RSHUDWLQJ SRLQW WKH UHFHLYHU ,) RXWSXW
SRZHU oXFWXDWHV E\ OHVV WKDQ  RYHU DERXW  PLQXWH
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)LJ  'RXEOHVLGHEDQG UHFHLYHU QRLVH WHPSHUDWXUH FDOFXODWHG IURP WKH <IDFWRU
IRU ERWK KRWFROG ORDG PHDVXUHPHQWV LQ WKH ODERUDWRU\ DQG RQ WKH WHOHVFRSH $OVR
VKRZQ LV WKH GDWD IRU WKH FDVH ZKHQ WKH 03, ZDV UHSODFHG E\ D EHDP VSOLWWHU LQ WKH
ODERUDWRU\

,Q )LJ  ZH KDYH SORWWHG WKH UHFHLYHU QRLVH WHPSHUDWXUH FDOFXODWHG IURP WKH
PHDVXUHG IDFWRU DV D IXQFWLRQ RI /2 IUHTXHQF\ 7KH UHFHLYHU LV PRVW VHQVLWLYH
DW DURXQG  *+] ZKHUH D '6% QRLVH WHPSHUDWXUH RI  . ZDV PHDVXUHG LQ RXU
ODERUDWRU\ :KHQ WKH 03, ZDV UHSODFHG E\ D ZLUH JULG GLSOH[HU ZLWK  FRXSOLQJ
WKH IDFWRU LPSURYHG WR  FRUUHVSRQGLQJ WR D UHFHLYHU QRLVH WHPSHUDWXUH RI
. RU    7KH UHFHLYHU QRLVH WHPSHUDWXUHV PHDVXUHG RQ WKH WHOHVFRSH
ZHUH IRXQG WR EH FRPSDUDEOH WR WKRVH PHDVXUHG LQ WKH ODERUDWRU\ GHPRQVWUDWLQJ
WKDW ORZ QRLVH SHUIRUPDQFH LV UHSHDWDEOH LQ GUDVWLFDOO\ GLmHUHQW HQYLURQPHQWV DQG
<

<
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ZLWK GLmHUHQW RSHUDWRUV
7KH UDGLR EHDP HPHUJLQJ IURP WKH FU\RVWDW ZDV PHDVXUHG DQG DOLJQHG LQ RXU
ODERUDWRU\ XVLQJ D QHDUnHOG YHFWRU PHDVXUHPHQW VHWXS >@ ,Q WKLV SURFHGXUH
WKH 03, ZDV nUVW UHSODFHG E\ D P\ODU EHDP VSOLWWHU $ *XQQ RVFLOODWRU SXPSLQJ
D KDUPRQLF JHQHUDWRU ZDV PRXQWHG RQ D QHDUnHOG PHDVXUHPHQW ;< VWDJH 0HD
VXUHPHQWV ZHUH FDUULHG RXW DW  *+] $ :5 SUREH ZDV HPSOR\HG WR JLYH
D VSDWLDO UHVROXWLRQ RI  PP 2Q WKH PHDVXUHPHQW SODQH WKH GLDPHWHU RI WKH
EHDP DW WKH bG% SRLQWV LV DERXW  PP 7KHUHIRUH WKH UDWLR EHWZHHQ WKH EHDP
VL]H WR WKH FURVVVHFWLRQDO DUHD RI WKH ZDYHJXLGH SUREH LV DERXW  (YHQ VR D
VLJQDOWRQRLVH UDWLR LQ H[FHVV RI  G% ZDV REWDLQHG DW WKH FHQWHU RI WKH EHDP :H
EHOLHYH WKDW WKLV LV WKH KLJKHVW IUHTXHQF\ QHDUnHOG YHFWRU VFDQ WKDW KDV HYHU EHHQ
SHUIRUPHG
6XFFHVVLYH VFDQV ZHUH SHUIRUPHG 7KH UHVXOWDQW YHFWRULDO EHDP PDSV ZHUH XVHG
WR GHWHUPLQH WKH RSWLFDO D[LV RI WKH UHFHLYHU 8VLQJ WKHVH GDWD WKH YDULRXV RSWLFDO
HOHPHQWV RI WKH UHFHLYHU VHWXS ZHUH DGMXVWHG $V D UHVXOW RI GHIHFWV RI WKH GHZDU
WKH  RmD[LV SDUDERORLG LQVLGH WKH FU\RVWDW KDG WR EH VKLPPHG VXEVWDQWLDOO\ WR
REWDLQ D VWUDLJKW EHDP )LQDOO\ WKH 03, ZDV LQVHUWHG DQG WKH RXWSXW EHDP RI
WKH UHFHLYHU ZDV PDSSHG DJDLQ %RWK WKH DPSOLWXGH DQG SKDVH PDSV RI WKH EHDP
DUH SORWWHG LQ )LJ  1RWH WKHUH DUH QR VLGH OREHV DERYH bG% 7KH nQDO EHDP
VL]H LV ODUJHU WKDQ WKH GHVLJQ YDOXH 7KLV LV SUREDEO\ FDXVHG E\ WKH VKLPPLQJ RI
WKH SDUDEROLF PLUURU ZKLFK UHVXOWV LQ D FKDQJH RI WKH HmHFWLYH IRFDO OHQJWK RI WKH
PLUURU 2XU FDOFXODWLRQ VXJJHVWV WKDW WKLV VORZHU EHDP ZRXOG SURGXFH DQ HGJH WDSHU
RI DERXW  G% RQ WKH WHOHVFRSH V VHFRQGDU\ LQVWHDG RI WKH  G% GHVLJQHG WDSHU
7KH UHFHLYHU LV QRW DmHFWHG E\ VDWXUDWLRQ DQG GLUHFW GHWHFWLRQ HmHFWV )URP
WKH WRWDO SRZHU  YROWDJH FXUYH LQ )LJ  DQG RXU HVWLPDWH IRU WKH FRQYHUVLRQ ORVV
ZH HVWLPDWH WKDW WKH PL[HU ZRXOG UHTXLUH DERXW  Q: DW LWV LQSXW WR EH GULYHQ LQWR
RXWSXW VDWXUDWLRQ 7KLV YDOXH LV VLJQLnFDQWO\ KLJKHU WKDQ WKH SRZHU GXH WR LQFLGHQW
WKHUPDO UDGLDWLRQ IURP DQ DPELHQW ORDG ZLWK DQ ,) EDQGZLGWK RI DERXW  *+]
)URP WKH QRLVH WHPSHUDWXUH SORW RI )LJ  ZH HVWLPDWH WKDW WKH 5) EDQGZLGWK
RI WKH UHFHLYHU LV DERXW  *+] 7KH LQFLGHQW UDGLDWLRQ IURP DQ DPELHQW ORDG
ZLWK  *+] EDQGZLGWK LV PRUH WKDQ DQ RUGHU RI PDJQLWXGH VPDOOHU WKDQ WKH /2
SRZHU XVHG WR RSHUDWH WKH UHFHLYHU 7KXV GLUHFW GHWHFWLRQ HmHFWV DUH DOVR H[SHFWHG
WR EH PLQLPDO $W WKH RSWLPDO RSHUDWLQJ SRLQW JLYHQ LQ )LJ  WKH ELDV FXUUHQW
FKDQJHV E\  Q$ RU DERXW  ZKHQ VZLWFKLQJ EHWZHHQ KRW DQG FROG ORDGV
p

)LJ  $PSOLWXGH G% DQG SKDVH GHJ PDSV RI WKH UHFHLYHU EHDP DW WKH VLJQDO
SRUW RI WKH 03, DW  *+]  [  GDWD SRLQWV DUH WDNHQ DW D VWHS VL]H RI  PP
$W WKH FHQWHU RI WKH EHDP D VLJQDOWRQRLVH UDWLR RI PRUH WKDQ  G% ZDV REWDLQHG
7KH SKDVH PDS VKRZV WKDW WKHUH LV D UHVLGXDO EHDP WLOW RI  GHJUHHV Rm ERUHVLJKW
7KLV UHVLGXDO PLVDOLJQPHQW ZDV WDNHQ RXW GXULQJ LQVWDOODWLRQ RQ WKH WHOHVFRSH

XQGHU FRQVWDQW YROWDJH ELDV :KHQ WKH 03, LV UHSODFHG E\ D EHDPVSOLWWHU WKH
FKDQJH LQ ELDV FXUUHQW LV DSSUR[LPDWHO\ GRXEOHG EHFDXVH WKH 03, DGPLWV RQO\ KDOI
RI WKH EDQGZLGWK RI WKH LQFLGHQW WKHUPDO UDGLDWLRQ IURP WKH KRW DQG FROG ORDGV
,Q DOO RXU PHDVXUHPHQWV ELDV FXUUHQW FKDQJHV GXH WR GLUHFW GHWHFWLRQ DUH OHVV WKDQ
 7KHUHIRUH WKH HmHFWV RI GLUHFW GHWHFWLRQ RQ WKH DFWXDO KHWHURG\QH VHQVLWLYLW\
DUH YHU\ VPDOO 7KLV LV FRQnUPHG E\ WKH IDFW WKDW WKH FDOLEUDWLRQ RI DVWURQRPLFDO
VSHFWUDO OLQHV UHFRUGHG E\ WKLV UHFHLYHU PDWFKHV WKDW RI WKH VDPH VSHFWUDO OLQHV
UHFRUGHG E\ RWKHU WHOHVFRSHV
,9
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,Q -DQXDU\ WKLV \HDU ZH WRRN DGYDQWDJH RI D SHULRG RI H[FHOOHQW ZHDWKHU
FRQGLWLRQV RQ 0RXQW *UDKDP WR RSHUDWH WKH UHFHLYHU DERYH  7+] 7KH ]HQLWK
RSDFLW\ RI WKH VN\ DW  *+] GURSSHG WR EHORZ  DV LQGLFDWHG E\ D WLSSLQJ
UDGLRPHWHU QHDU WKH WHOHVFRSH 1HDU  7+] WKH UHFHLYHU QRLVH WHPSHUDWXUH ZDV
 . DQG WKH WRWDO V\VWHP VLQJOHVLGHEDQG QRLVH WHPSHUDWXUH ZDV DERXW  d .
7KH ]HQLWK DWPRVSKHULF WUDQVPLVVLRQ ZDV DSSUR[LPDWHO\  DQG WRZDUGV WKH VRXUFH

)LJ  6SHFWUXP UHFRUGHG E\ WKH +(% UHFHLYHU DW DQ /2 IUHTXHQF\ RI  7+]
IURP WKH 2ULRQ QHEXOD 7KH UHVROXWLRQ RI WKH ,) VSHFWURPHWHU ZDV  0+] 7KH VROLG
OLQH VKRZV D VPRRWKHG VSHFWUXP DW D UHVROXWLRQ RI  0+] 7KH WHPSHUDWXUH VFDOH
RI WKH VSHFWUXP LV FDOLEUDWHG E\ WDNLQJ LQWR DFFRXQW WKH UHFHLYHU QRLVH WHPSHUDWXUH
HVWLPDWHG DWPRVSKHULF RSDFLW\ DQG HVWLPDWHG HpFLHQF\ RI WHOHVFRSH

ZH REVHUYHG ZKLFK LV DW DQ HOHYDWLRQ DQJOH RI   WKH WUDQVPLVVLRQ ZDV DERXW
 +RZHYHU ZLWK MXVW  PLQXWHV RI LQWHJUDWLRQ WLPH DQG D VSHFWUDO UHVROXWLRQ RI
 0+] ZH UHFRUGHG D IXOO\ UHVROYHG FOHDU VSHFWUXP RI WKH &2    PROHFXODU OLQH
HPLVVLRQ DW  7+] LQ WKH 2ULRQ 1HEXOD )LJ  VKRZV WKH VSHFWUXP UHFRUGHG E\
WKH DFRXVWRRSWLFDO VSHFWURPHWHU RI WKH WHOHVFRSH 7KH SHDN DQWHQQD WHPSHUDWXUH
$  ZKLFK LV FRUUHFWHG IRU DWPRVSKHULF DEVRUSWLRQ LV DERXW  . DQG WKH EDVHOLQH
UPV QRLVH OHYHO LV DERXW  . DW D UHVROXWLRQ RI  0+]
6LQFH QR REVHUYDWLRQV RI SODQHWV ZHUH SRVVLEOH ZH KDYH QR UHOLDEOH PHDVXUH
PHQW IRU QHLWKHU WKH WHOHVFRSH DSHUWXUH HpFLHQF\ QRU WKH PDLQEHDP HpFLHQF\
+RZHYHU E\ H[WUDSRODWLQJ WKH GDWD WKDW ZH REWDLQHG QHDU  *+] ZLWK WKH VDPH
UHFHLYHU ZH HVWLPDWH WKH HpFLHQF\ RI WKH WHOHVFRSH WR EH DERXW  :H WKHUHIRUH
LQIHU WKDW WKH EULJKWQHVV WHPSHUDWXUH 0%  RI WKH HPLVVLRQ OLQH LV z  . ZLWKLQ
WKH  GLDPHWHU EHDP RI WKH WHOHVFRSH 1RWH WKDW WKH VLJQDOWRQRLVH UDWLR LV LQ
H[FHVV RI  IRU D VSHFWUDO UHVROXWLRQ RI  0+]
p
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$ ZDYHJXLGHPRXQWHG SKRQRQFRROHG 1E1 KRWHOHFWURQ ERORPHWHU UHFHLYHU KDV
VXFFHVVIXOO\ EHHQ LQVWDOOHG IRU RSHUDWLRQ DW WKH 6XEPLOOLPHWHU 7HOHVFRSH 2EVHUYDWRU\
RQ 0RXQW *UDKDP $UL]RQD 7KH UHFHLYHU FRYHUV WKH IUHTXHQF\ UDQJH    7+]
DQG LW KDV EHHQ XVHG LQ WKH nUVW JURXQGEDVHG KHWHURG\QH GHWHFWLRQ RI D VSHFWUDO
HPLVVLRQ IURP D FHOHVWLDO VRXUFH DERYH  7+] :H KDYH GHPRQVWUDWHG WKH IHDVLELOLW\
RI PDNLQJ 7+] REVHUYDWLRQV HYHQ IURP JURXQGEDVHG LQVWUXPHQWV 5HFHQW )76
PHDVXUHPHQWV DW RWKHU KLJKHU DOWLWXGH VLWHV FRQnUP WKDW WKHUH DUH DWPRVSKHULF
ZLQGRZV ZLWK VXpFLHQWO\ KLJK WUDQVPLVVLRQ DERYH  7+] >@ WR MXVWLI\ D JURXQG
EDVHG IDFLOLW\ IRU 7+] UDGLRDVWURQRP\
$FNQRZOHGJHPHQWV

:H ZRXOG OLNH WR WKDQN 3HWHU 6WULWWPDWWHU DQG 7RP :LOVRQ RI 6XEPLOOLPHWHU
7HOHVFRSH 2EVHUYDWRU\ 6072 IRU WKHLU VXSSRUW DV ZHOO DV %LOO 3HWHUV DQG %RE
6WXSDN RI 6072 IRU WKHLU YDOXDEOH KHOS LQ WKH REVHUYDWLRQ RI 2ULRQ QHEXOD DW 
7+] :H DUH DOVR JUDWHIXO WR &KULVWLDQ +HQNHO IURP 03,I5 *HUPDQ\ IRU DJUHHLQJ
WR JLYH XS KLV DOORFDWHG REVHUYLQJ WLPH IRU WKH 7+] RSSRUWXQLW\
5HIHUHQFHV

>@ 0 %LQ 0& *DLGLV - =PXLG]LQDV 7* 3KLOOLSV DQG +* /H'XF ?/RZQRLVH  7+]
QLRELXP VXSHUFRQGXFWLQJ WXQQHO MXQFWLRQ PL[HUV ZLWK D QRUPDO PHWDO WXQLQJ FLUFXLW $SSO
3K\V /HWW YRO  SS  
>@ %6 .DUDVLN 0& *DLGLV :5 0F*UDWK % %XPEOH DQG +* /H'XF ?/RZ QRLVH LQ D
GLmXVLRQFRROHG KRWHOHFWURQ PL[HU DW  7+] $SSO 3K\V /HWW YRO  SS 

>@ 3 <DJRXERY 0 .URXJ + 0HUNHO ( .ROOEHUJ - 6FKXEHUW +: +XEHUV * 6FKZDDE *
*RO WVPDQ DQG ( *HUVKHQ]RQ ?1E1 KRW HOHFWURQ ERORPHWULF PL[HUV DW IUHTXHQFLHV EHWZHHQ
 DQG  7+] LQ 3URF WK ,QWO 6\PS 6SDFH 7+] 7HFK &KDUORWWHVYLOOH 9$ SS
 0DU 
>@ ( *HUHFKW &) 0XVDQWH < =KXDQJ .6 <QJHYHVVRQ 7 *R\HWWHU -& 'LFNLQVRQ - :DOG
PDQ 3$ <DJRXERY * *RO WVPDQ %0 9RURQRY DQG (0 *HUVKHQ]RQ ?1E1 KRW HOHFWURQ
ERORPHWULF PL[HUV _ D QHZ WHFKQRORJ\ IRU ORZQRLVH 7+] UHFHLYHUV ,((( 7UDQV 0LFURZDYH
7KHRU\ 7HFK YRO  SS  
>@ - .DZDPXUD &( 7RQJ 5 %OXQGHOO '& 3DSD 75 +XQWHU * *RO WVPDQ 6 &KHUHG

QLFNHQNR % 9RURQRY DQG ( *HUVKHQ]RQ ?$Q  *+] 1E1 SKRQRQFRROHG KRWHOHFWURQ
ERORPHWHU PL[HU UHFHLYHU ,((( 7UDQV $SSO 6XSHUFRQGXFWLYLW\ YRO    SS 
-XQH 
>@ &( 7RQJ - .DZDPXUD 5 %OXQGHOO * *RO WVPDQ DQG ( *HUVKHQ]RQ ?/RZQRLVH 7HUDKHUW]
:DYHJXLGH +RW(OHFWURQ %RORPHWHU +HWHURG\QH 5HFHLYHU LQ  ,((( WK ,QWO &RQI RQ
7+] (OHFWURQLFV 3URF 1DUD -DSDQ  1RY 
>@ - .DZDPXUD 5 %OXQGHOO &( 7RQJ '& 3DSD 75 +XQWHU 61 3DLQH ) 3DWW *
*RO WVPDQ 6 &KHUHQGLFKHQNR % 9RURQRY DQG ( *HUVKHQ]RQ ?6XSHUFRQGXFWLYH KRWHOHFWURQ
ERORPHWHU PL[HU UHFHLYHU IRU  *+] RSHUDWLRQ ,((( 7UDQV 0LFURZDYH 7KHRU\ 7HFK
YRO  SS  
>@ -+ .DZDPXUD 75 +XQWHU &( 7RQJ 5 %OXQGHOO 4 =KDQJ & .DW] '& 3DSD DQG
7. 6ULGKDUDQ ?)LUVW LPDJH ZLWK WKH &I$ VXSHUFRQGXFWLYH +(% UHFHLYHU WKH SURWRVWHOODU
RXWoRZ IURP ,5$6  LQ &2 -   3XE RI WKH $VWURQRPLFDO 6RF RI WKH 3DFLnF
YRO  SS    6HSW 
>@ 5 %OXQGHOO &( 7RQJ '& 3DSD 5/ /HRPEUXQR ; =KDQJ 6 3DLQH -$ 6WHUQ +*
/H'XF DQG % %XPEOH ?$ ZLGHEDQG n[HGWXQHG 6,6 UHFHLYHU IRU *+] RSHUDWLRQ ,(((
7UDQV 0LFURZDYH 7KHRU\ 7HFK YRO  SS  $SU 
>@ &( 7RQJ 5 %OXQGHOO '& 3DSD '& 0 6PLWK - .DZDPXUD * *RO WVPDQ ( *HUVKHQ
]RQ DQG % 9RURQRY ?$Q DOO VROLGVWDWH VXSHUFRQGXFWLQJ KHWHURG\QH UHFHLYHU DW 7HUDKHUW]
IUHTXHQFLHV ,((( 0LFURZDYH
*XLGHG :DYH /HWW YRO    SS  6HSW 
>@ &( 7RQJ 6 3DLQH DQG 5 %OXQGHOO ?1HDUnHOG FKDUDFWHUL]DWLRQ RI ' EHDP SDWWHUQV RI
VXEPLOOLPHWHU VXSHUFRQGXFWLQJ UHFHLYHUV LQ 3URF WK ,QW 6\PS 6SDFH 7+] 7HFK
SS  0D\ 
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>@ &( 7RQJ 07 &KHQ '& 3DSD DQG 5 %OXQGHOO ?$ QRYHO UDGLRZDYH DOLJQPHQW WHFKQLTXH
IRU PLOOLPHWHU DQG VXEPLOOLPHWHU UHFHLYHUV LQ 3URF WK ,QWO 6\PS 6SDFH 7+] 7HFK
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Abstract

For the rst time, the measured direct and heterodyne response of a hot
electron bolometer mixer (HEBM) at 2.5 THz applying a microstripline
coupling circuit is reported. A new fabrication process for quasi-optically
coupled HEBMs essentially consisting of a twin slot antenna, microstripline
transformer and Nb microbridge has been developed. In a Fourier transform
spectrometer, the frequency response of the device is measured. We nd
a peak response at a frequency of 2.0 THz and the bandwidth equals 1.5
THz. The peak frequency is about 20% lower than predicted by a model
based on coupling the impedance of the constituting elements. By applying
2.5 THz RF radiation from a FIR laser, the mixer can be fully pumped
as is suggested by the current-voltage curves. Using a chopped Y-factor
technique, an uncorrected noise temperature TN;rec of 4200 K has been
measured.
1

introduction

Superconducting HEBMs are very promising candidates to ful ll the need for
low-noise, high frequency detectors in astronomical missions like FIRST.
Practical application of these devices requires a suitable antenna like a twin-slot
antenna. To match the antenna-impedance to the bridge impedance, a transmission line is needed. In the literature, the use of Co-Planar Waveguide (CPW)
transmission lines at 2.5 THz is reported (Ref. 1, 2). An alternative is the use
of microstripline transmission lines. So far, this coupling structure has only been
used in SIS mixers and has never been introduced in HEBMs.
There are various reasons to change from CPW-transmission lines to microstriplines in high-frequency receivers. First, in a CPW-design, there is a disturbance of the antenna properties due to the fact that all other structures also
are situated in the ground plane. This might have an impact on the antenna beam

pattern. This disadvantage does not take place in a design based on the microstripline. Second, it allows for a much larger variation in characteristic impedance of
the transmission line, making it easier to match a di usion cooled HEB, which
usually has a low impedance. Besides, lter characteristics and matching can be
improved signi cantly due to the large impedance ratios achievable. Third, the
microstrip transmission line has proven to work very well in an SIS-mixer up to
about 1 THz (Refs. 3, 4). Then, with respect to the fabrication, the microstripline
design could be easier than that of the CPW transmission line because the structures can be de ned by conventional optical lithography without the need of a
high-resolution lithography such as e-beam lithography as is required for CPWbased devices. Lastly, microstriplines are widely used and the simulation models
are well developed, where CPW calculations have proven to be diÆcult for structures having very small slots.
First, we will sketch the sample production, followed by the dc characteristics
of the device. Then, we describe the simulation procedure used to predict the
direct response and the measured response obtained in an Fourier transform spectrometer. We report the characteristics of the device using it as a mixer. Finally,
we discuss and conclude the results obtained.
2

microstripline-coupled HEBM lay-out and fabrication

The lay-out of the coupling structure (Fig. 1) is described as follows. A twin
slot antenna is used to receive the signal. For symmetry reasons, this design
intrinsically implies that no direct antenna-bridge contact can be made. To guide
the signal from the antenna to the microbridge, we have made a new design in
HEBM technology. A microstrip line transformer is introduced to match the
antenna impedance to the microbridge impedance. The microstrip line consists of
an Au ground plane, in which the antenna is de ned, an Al/Nb top wiring, and
a SiO2 dielectric separating the top wiring from the ground plane. A microstrip
line RF lter avoids leakage of the RF signal into this IF chain.
A fabrication process for Nb HEBMs has been developed using two-step electron beam lithography (EBL) to de ne both bridge length and width. Near UV
lithography is used to de ne the rest of the device.
We use a high-resistivity, double-sided polished Si substrate. In the rst step,
a ground plane of 250 nm thick Au is evaporated on a layer of 5 nm sputtered Al,
which serves as an adhesion layer. The ground plane contains the twin slot antenna
and the IF CPW as well as alignment markers for consequent steps. In order for
the SiO2 dielectric to stick, 1.5 nm Ti is evaporated and subsequently oxidized,
so that no RF currents will run in the lossy Ti (Ref. 5). In a lift-o process, a
dielectric of 250 nm SiO2 is sputtered on the areas where the microstripline will
be located. Then we deposit 16 nm Nb using dc sputtering. Using a lift-o mask,
patches of 12 m 12 m on top of the SiO2 are covered. Au cooling pads are then

Au
SiO2
Al

Figure 1: Optical micrograph of a microstripline-coupled HEBM. The arrow represents 31 m.

Left and right of the dark (Nb) square, the antenna slots in the ground plane are visible. On top
of the big SiO2 rectangles, the Al/Nb top wiring is visible. Radial stubs serve as rf shorts to the
ground plane, picking up radiation from the antenna. They also form the rst section of the rf
lter. The triangles form the cooling pads, de ning the bridge length. Since this picture has been
taken before de ning the width of the microbridge, the Nb square is still visible.

de ned using EBL in a double layer PMMA system. RF cleaning of the Nb in an
Ar-plasma is performed to remove the native Nb oxide, in order to achieve a high
interface transparency. In situ,  10 nm Au is sputtered. Then, in a separated
system, 80 nm Au is e-beam evaporated at a pressure of 2  10 6 mbar.
The top wiring layer of the microstripline is a layer of 550 nm Al, on top of
which 75 nm Nb is sputtered to reduce DC- and IF series resistance. This top
wiring is de ned in an optical lift-o process. The deposition of this layer is the
bottleneck of our process. In contrast to the typical SIS process, the superconducting bridge is in series with the top wiring. This means that contact between
top- and bottom layer is established via a step coverage on the vertical wall of
the SiO2, which turns out to be rather diÆcult. As a last optical step, we deposit
90 nm Nb on the IF CPW-transmission line, again to avoid loss at IF. In the
last production step, we de ne the bridge width. Using EBL, we de ne a PMMA
bridge in the double layer resist system as before. Only the Nb parts that have
to be etched are opened up. In a mixture of CF4 +3%O2, the Nb is reactive ion
etched. We monitor the process by measuring the optical re ectivity of the Nb on
the SiO2 by using a laser interferometer as an endpoint detection system. Using
this process we are able to produce Nb bridges as small as 60 nm 80 nm (Ref.
6).
After wire bonding, dc measurements are performed in a metal vacuum box. dc
measurements are used as a quality assessment of the devices. A typical unpumped
IV-curve, taken at 3 K, is shown in Fig. 3. The normal resistance is about 15 ,
the critical current about 70 A and the critical temperature Tc = 4:6 K. These
values are similar to the ones measured in the CPW-coupled devices we measured
(Ref. 2).

The RT- and IV curves found in this batch show some degradation compared to
previous batches. We speculate this is related to interference of multiple processes
executed in our sputtering chamber.
3

direct response

The geometry we use has been designed using a method that splits the structure
in four separate parts. First, the microbridge itself is considered. We assume
its impedance can be expressed as ZHEB = RN (Ref. 2) where ZS is the surface impedance of the superconducting bridge and RN equals the normal state
resistance.
Second, the impedance of the antenna as a function of frequency is calculated
using a moment method in the Fourier transform domain, developed by Kominami
et al. (Ref. 7). For details, see Refs. 2 and 8. Throughout this paper, it is
assumed that the peak response of the antenna is in practice 12% lower than
predicted (Refs. 2, 8).
Third, the impedance of the microstripline is calculated based on models generally used for microstripline calculation (see e.g. Refs. 9 and 10). The characteristic impedance of the line is calculated as a function of frequency, line width and
thickness of metal and dielectric layers including an e ective "r; SiO and fringing
eld e ects. By varying these parameters, the impedance can be tuned from about
5 to 35 without introducing orthogonal modes, i.e. without making the line
wider than about =4. The ratio of obtainable characteristic impedance values in
the microstripline is much larger than that reported for CPW lines, o ering more
freedom in transformer- and lter design.
Since we did not measure dc properties of the lms used in the HEBMs, we
use a dc conductivity  = 1  108 1m 1 for both top and bottom wiring layer.
These values have been measured for Al previously in our group (Refs. 11 and
12). From this, the surface impedance of the top- and bottom plane are calculated
in the extreme anomalous according to:
1 1 + p3{ 9!202 le ;
(1)
ZS = 1:5 
16
3
in which !; 0; le and  are frequency, magnetic permittivity, electron mean free
path (assumed to be le = 125 nm ) and dc conductivity, respectively. The additional factor 1.5 in Eq. 1 is an empirical multiplication factor added because the
lm is strictly speaking not in the extreme anomalous limit.
The RF lter we use is designed such that it re ects the RF signal back to
the microbridge. This avoids signal being lost into the IF chain. It is important
to note that the lter has low impedance. If not, the impedance match would be
strongly in uenced, since an in nite metal ground plane is assumed around the
2
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slots, acting as a short. The lters are designed to have a small number of =4sections to keep the series resistance due to the Al top wiring as low as possible.
Although a low number of lter sections decreases the steepness at the cuto
frequencies, the impedance around the center frequency fcenter is not a ected. The
lter is made of microstrip transmission line. The impedance of the separate
sections is calculated using microstripline formulae (Ref. 9). The impedance of
a microstripline lter with characteristic impedance Z0, length l and terminated
with a load Zload, then, is given by repeated application of
Z + {Z0 tan(  l)
Z lter = Z0 load
(2)
Z0 + {Zload tan(  l)
where is the propagation constant.
The last part of the geometry consists of the microstripline transformer, which
transforms the added antenna- and lter impedance into the impedance Zembed
seen by the bridge according to an equation similar to Eq. 2 with Zembed instead
of Z lter, the characteristic impedance of the transformer instead of Z0 and for
Zload we take Zant + Z lter. In the calculations, the tapered structure of the cooling
pads is approximated by a series of rectangles.
The intrinsic response int of the microstripline coupled HEBM can be calculated using
ZHEB Zembed 2
:
(3)
int = 1
ZHEB + Zembed
The direct response in current I (f ) of an HEBM measured in an FTS can
be described by (Refs. 2,8)
I (f ) / int  opt  FTS ;
(4)
with opt the combined transmission of the window and heat lter and FTS the
power transfer function of the FTS.
Fig. 2 shows the response I (f ) of the device measured in an FTS at a bath
temperature Tbath = 3 K and the direct response predicted by the model above.
The setup is described elsewhere (Ref. 8).
The measured 3 dB-bandwidth Bm equals 1.6 THz and fcenter;m is found to
be 1.9 THz. The plot also shows the predicted response int;sim  opt  FTS with
Bsim = 1:4 THz and fcenter;sim = 1:95 THz. The peak frequencies of both curves are
comparable, assuming the dip not to be due to the HEB (Ref. 13). Bm is slightly
larger than Bsim. Similar data has been obtained from several devices. If we
assume the downshift in peak response is at least partly caused by the antenna,
as is the case in the CPW coupling scheme (as mentioned, this is done throughout
this paper) (Ref. 2), the data are well described by the model.
An even better agreement between measurement and model is obtained if we
assume a reduction in the dc conductivity by a factor of 3 to 5. Intuitively, this

1.0

Response (a.u.)

0.8

0.6

0.4

0.2

0.0
0.0

0.5

1.0

1.5
2.0
2.5
Frequency (THz)

3.0

3.5

Figure 2:

Direct response as a function of frequency of a typical microstripline coupled HEB
together with the transmission of the Fourier transform spectrometer and optics. Shown are the
normalized measured data (solid thin), transmission of the optics and FTS opt  FTS (dashed
thin) and normalized intrinsic response int;sim (solid thick).

can be explained as follows: most of the RF current will run in the bottom layer
of the top wiring. This part of the lm will have a lower-than-average quality due
to the sputter process and surface roughness of the SiO2. Therefore, it does not
see the average value of the dc-conductivity  as measured in a dc experiment.
The transmission line will then have a higher loss than expected based on the dc
value of .
We suggest that the thickness of the metal layer has to be taken into account
in the model, since the thickness becomes of the order of the antenna slot width,
possibly changing the e ective "r in the antenna slots (see Ref. 2).
The model for describing the microstrip line behavior around 2.5 THz seems
to work reasonably well. However, because of the uncertainty in  we cannot draw
quantitative conclusions.
As expected, the in uence of the metal conductivity is seen in the simulations
in both center frequency and bandwidth.
We have also measured several devices with a slightly di erent design regarding
the top wiring layer. Devices having a rectangular coupler instead of a radial stub
(Fig. 1) do not show signi cant deviations from the observed direct response. A
device having a lter with 6 =4 sections (instead of 2 sections as in the data
shown) on either side shows a larger bandwidth (1.9 THz) and a lower fcenter (1.5
THz).
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Figure 3:

IV-curves of the HEBM pumped with 2.5THz-radiation: unpumped (solid) IV curve,
optimally pumped (dashed) and overpumped (dotted) measured at 3 K, IF=1.25 GHz. The thin
dashed line shows the chopped Y-factor in the optimally pumped situation.
4

heterodyne measurements

Heterodyne measurements are performed at 2.5 THz using a FIR laser. Using this
laser it is possible to pump the IV curves of the devices fully at using a 6 m
Mylar beam splitter. The laser stability is on the order of 0.1%/min, measured
using a pyro-detector. To average out possible instabilities in the system, we use
a chopped hot/cold load at 300K/77K. At the IF, both the ac- and dc part of the
power are recorded. From the Y-factor, Y = ((PPdcdc+ PPacac)) , the noise temperature is
determined. For the noise measurements reported here we use =1, although this
in practice is larger than 1. The IF-chain (Ref. 14) consists of a standard bias
Tee, isolator and HEMT ampli er and has 79 dB gain and a noise temperature of
7 K.
Fig. 3 shows the unpumped, optimally pumped and overpumped currentvoltage curves of the mixer. The thin dashed line represents the Y-factor as a
function of bias voltage. An optimal, chopped Y-factor of 0.20 dB has been measured. This corresponds to an uncorrected Callen and Welton-noise temperature
TN;uncorr of 4200  1000 K. A receiver gain of -23 dB has been measured. This is
a few times the best noise temperature measured using CPW transmission lines
(Ref. 15).
An optimization of the antenna size may improve the coupling eÆciency by
as much as 2 dB, decreasing the noise temperature considerably. Increasing the
critical temperature Tc allows us to measure in the regime where Tc Tbath is
larger. This may lead to a lower TN (Ref. 16).

5

discussion

Initially, it was believed that the fabrication of microstripline coupled samples
would be easier than the CPW coupled devices since {except for the microbridge{
no sub-micron structures are needed. However, the step coverage of the top wiring
to the ground plane turns out to be diÆcult, even if the top metal is sputtered
and of the same thickness as the dielectric. We believe that high ridges of SiO2
remain at the edges of the areas where the SiO2 layer is deposited. These are due
to incomplete lift o and have been observed using an atomic force microscope.
These ridges inhibit good contact to the ground plane. In the end, increasing the
metal layer thickness to about twice the dielectric layer thickness and carefully
brushing the wafer during SiO2 lift o yields good step coverage.
The direct response of the microstripline coupled HEBM can be described well
assuming a down shift in peak response of 10-12%. We believe that this can be
solved by reducing the antenna size.
6

conclusions

We have designed and produced a novel type of HEBM using microstripline coupling structures. The direct response of the device is well understood and can be
described based on the current model if a downshift of about 12% is assumed.
A heterodyne experiment using a FIR laser as an local oscillator shows a noise
temperature of 4200 K.
7
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Abstract
We measure the direct response of a Nb di usion-cooled hot electron
bolometer mixer in a frequency range between 0.5 THz and 3.5 THz. The
mixer consists essentially of a twin slot antenna, a co-planar waveguide
transmission line and a Nb superconducting bridge. It is designed for use
in receivers with astronomical and atmospherical applications around 2.5
THz. We calculate the impedance of the antenna, the transmission line
and the bridge separately using models which are developed for frequencies
below 1 THz and predict the direct response of the mixer. We demonstrate
that these models can be applied to much higher frequencies. However,
the measured central frequency is 10-15% lower than predicted. Using a
far infrared (FIR) laser, the device can be fully pumped at 2.5 THz. A
preliminary Y-factor measurement shows a corrected noise temperature of
4700 K.

1

introduction

Astronomic and atmospheric observations in the THz frequency range require
highly sensitive radiation detectors. Until recently, Schottky-diodes were the only
heterodyne detectors available. Although well understood and not dependent on
cryogenic equipment, they show fairly high noise levels. Superconductor-InsulatorSuperconductor (SIS) mixers have shown very high sensitivity up to the superconducting gap frequency of Nb, about 700 GHz. At higher frequencies, the losses
in both the junction itself and the coupling structures between the antenna and
junction increases considerably. Although a lot of e ort is dedicated to improvement of the coupling structures by using superconductors with a higher gap, like
NbTiN, the upper limit of SIS mixers is considered to be about 1.3 THz. Above
that, superconducting hot-electron bolometer mixers (HEBMs) are the heterodyne

detector of choice. The mixing element in these devices is a short superconducting
strip, contacted by normal metal cooling pads.
Since there is an interesting spectral line of the hydroxyl-group around 2.5
THz, much attention has been paid to heterodyne detection at this frequency.
Several groups have reported heterodyne response at that frequency, some with
very good sensitivity (Refs. 1, 2, 3).
The sensitivity of a receiver is determined by its coupling eÆciency from free
space to the microbridge, its intrinsic noise and its conversion gain. In this work,
we focus on the coupling eÆciency: is it possible to describe the frequency response
of an HEB in terms of a relatively straightforward model and if so, how can we use
this model to improve the coupling and ultimately reduce the receiver noise? In
this work, we also describe the rst heterodyne measurement at 2.5 THz performed
using the far infra-red (FIR) laser at SRON.
This paper describes the direct and heterodyne response of quasi optical (QO)
HEBMs around 2.5 THz. Part of this work has been described in a separate paper
(Ref. 4). It is organized as follows: we will rst describe the device layout and
secondly, we outline the model we use to predict the direct response of the HEB
as a function of frequency. Thirdly, we address the device fabrication and DC
characteristics. After a description of the radiofrequency (RF) setup, we compare the direct response as measured in a Fourier Transform Spectrometer (FTS)
with the predictions of our model. Then we describe the results of a heterodyne
experiment. Lastly, we discuss the results obtained, after which conclusions are
drawn.
2

device layout

Fig. 1 shows a scanning electron microscopy (SEM) micrograph of a mixer designed
for 2.5 THz. It consists of a twin slot antenna, a co-planar waveguide (CPW)
transmission line and a Nb microbridge. The twin slot antenna is formed by two
gaps in the Au ground plane. The CPW transmission line is used to match the
impedance of the antenna to that of the bridge, thus feeding the signal from the
antenna to the microbridge.
On one end, the CPW is terminated by the low (practically zero) impedance
of the antenna ground plane. On the other end, the CPW transmission line is
connected to the intermediate frequency (IF)- and direct current (DC) bias contact
via a quarter wavelength ( 14 ) RF re ection lter, preventing RF radiation from
leaking into the IF chain. The 14  sections are also made of CPW lines. A similar
structure was used at 2.5 THz by Karasik et al. (Ref. 1). The xed polarization,
narrow bandwidth, reasonably high gaussicity and eÆciency make the twin slot a
suitable antenna for application in receivers for use on a telescope.

Antenna
RF filter
IF+DC
contact
Nb bridge

Au

CPW

Figure 1: SEM micrograph of a twin slot antenna coupled Nb HEBM. The nominal slot length
L, width w and separation s are 36.0 m, 1.8 m, 19.2 m, respectively. The Nb microbridge
and part of the CPW transmission line are shown in the inset, where the bar represents 2 m.

3

device modeling

A coupling structure similar to the one we use has been applied in a Schottkymixer at 250 GHz (Ref. 5). A twin slot antenna combined with a microstripline
has been used for a SIS mixer around 1 THz (Refs. 6, 7). These studies show that
twin slot antennas can be used and modeled up to 1 THz. However, the results of
Karasik et al. and Ganzevles et al. (Refs. 1, 8) suggest that the high-frequency
behavior is not well understood. Both authors see a considerable downshift of
fcenter . Therefore, in this paper we compare the direct response of the detector as
measured in an FTS with the response predicted by a model based on the coupling
of successive impedances.
The direct response in current I (f ) of an HEBM measured in an FTS can
be described by
I (f ) = Sint opt FTSPl ;
(1)
where S is the current responsivity of the microbridge,
int the intrinsic coupling eÆciency of the mixer, opt the combined transmission of the window and heat lter, FTS the power transfer function of the FTS.
Pl is the power spectrum of the lamp. The current responsivity S is considered
to be frequency independent as long as the frequency is higher than the superconducting gap frequency, which is justi ed for our devices. However, the value
of S is expected to depend on the mode of operation. If the operating temperature is close to Tc, the detector is operated in the 'transition edge'-regime (Ref.
9). Otherwise, the detector is in the electronic hot-spot regime (Ref. 10). Pl
is assumed to be a slowly varying function of frequency and can be considered
constant throughout the frequency range of interest. The transmission of the lens
is not included in equation 1 since it is assumed frequency independent (Ref. 11).
Thus, the measured relative response re ects the product of int , opt and FTS.
The direct response is measured at a constant bias voltage. The signal from the
lamp is chopped with a frequency of 16 Hz and I (f ) is measured using a lock-in
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Figure 2:

Equivalent circuit of the antenna- lter-CPW-HEB combination. The antenna is
modeled as a voltage source in series with its impedance.

ampli er. The FTS is operated in a step-and-integrate mode with an integration
time of 2 sec. The spectrum is obtained by Fourier transforming the interferogram,
which is apodized using a sinusoidal apodization function. The measurements are
performed at a temperature close to the superconducting critical temperature Tc.
We start by describing the model to calculate the intrinsic coupling eÆciency
int of the mixer, namely the power transmitted from the antenna to the bridge.
To calculate int , we consider each single slot antenna as a voltage generator in
series with the antenna impedance. The RF choke lter is assumed in series with
one voltage generator/antenna impedance.
As can be seen in Fig. 2, on one side, the microbridge sees an impedance Z1
equal to the added lter- and antenna slot impedance transformed by the CPW
transmission line. On the other side, only the transformed antenna slot impedance
Z2 is present. A similar approach is used for a Schottky-mixer by Gearhart and
Rebeiz (Ref. 5). The intrinsic frequency-dependent coupling between the embedding impedance, Zembed = Z1 + Z2, seen at the bridge terminals and the bolometer
impedance ZHEB can now be calculated using
int = 1

ZHEB Zembed 2
:
ZHEB + Zembed

(2)

The impedance of the antenna as a function of frequency is calculated using a
moment method in the Fourier transform domain, developed by Kominami et al.
(Ref. 12). In the simulation of int we take into account the decrease of the
antenna beam eÆciency when the frequency is much higher than the design frequency. This e ect suppresses the appearance of the second antenna resonance
(Ref. 13). The characteristic impedance Z0 of the CPW transmission line is calculated for several widths of the center conductor and the gap using a software
package (momentum, Ref. 14). It is important to note that the impedances of
both the antenna and the CPW are calculated for printed slots at the interface
between two semi-in nite regions, air and substrate. Basically, the thickness of
the metal layer is fully neglected. Because of this, the e ective relative dielectric constant "e is ("r; Si + "air) =2, where "r; Si and "air are the relative dielectric
constant of the Si substrate and air, respectively.

The bolometer impedance ZHEB can be expressed as (Ref. 15)
l
+ Zl;
d

(3)
where ZS is the surface impedance of the superconducting bridge, l and d are its
length and width and Zl the impedance due to the geometrical inductance of the
bridge. ZS reduces to the square resistance R2 when the frequency is higher than
the superconducting gap frequency of the bridge and the lm thickness is much
smaller than the skin depth (Ref. 16). Furthermore, Zl is small, on the order of
1{ for our device. Therefore, ZHEB in practice equals the normal state resistance
RN . The e ective impedance of the 4-section RF lter is calculated by loading
each 14 -CPW section with the e ective impedance of its predecessor.
Based on this model we nd the maximum coupling eÆciency at 2.5 THz for
the following mixer geometry: for the antenna we choose length L, separation s
and slot width w equal to 0:30  0, 0:16  0 and 0:05  L, respectively. Here 0 is the
free-space wavelength (120 m at 2.5 THz). For the CPW transmission line we
choose the center conductor width to be 2 m and the width of both gaps 0.5 m,
giving Z0 equal to 39 . For optimal coupling, RN of the bridge is assumed to be
75 . Using these parameters, we predict a maximum value for model;int of 90%.
ZHEB = ZS

4

device fabrication

A fabrication process for Nb HEBMs has been developed using two-step electron
beam lithography (EBL) to de ne both bridge length and width. Deep UV lithography is used to de ne the layer containing the antenna, CPW, lter etc. In this
section, we shortly sketch the fabrication process of the device and present DC
measurements.
We use a double-sided polished Si substrate (300 m thick) with a high resistivity ( = 3 5k cm). In the rst step, 75 nm thick Au squares are DC
sputtered. These are used as alignment markers in subsequent optical and e-beam
lithography steps. Then we deposit 12 nm Nb using magnetron sputtering. Using
a lift-o mask, only patches with a size of 12 m  12 m are covered. In this
way, only a small fraction of RF current has to run in lossy Nb. Furthermore, it
decreases the amount of Nb to be opened up for etching, thus reducing the writing
time of the EBL machine.
Au cooling pads are patterned using EBL in a double layer of PMMA as a
lift-o mask. To achieve a high interface transparency, RF sputter cleaning of the
Nb in an Ar-plasma is used to remove its native oxide. In situ,  10 nm Au is
sputtered. Then, 90 nm Au is deposited in an e-beam evaporator at a pressure of
2  10 6mbar. The antenna, CPW and lter are de ned using a lift-o mask in
Shipley DUV III-resist. This step requires the use of DUV lithography because of
the 0:5 m slots in the CPW structure. 5 nm Al plus 10 nm Au is sputtered, after
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Figure 3: RT-curve of a typical HEBM.
which 160 nm Au is evaporated under similar conditions as the cooling pads. As
a last optical step, we sputter deposit 100 nm Nb on the IF CPW-transmission
line.
For the de nition of the bridge width we follow the approach of Wilms Floet et
al. (Ref. 17): a PMMA bridge is de ned using EBL. Only the Nb parts that have
to be etched are opened up, see Fig. 1. In a mixture of CF4 +3%O2, the Nb is
reactive ion etched. We monitor the process by measuring the optical re ectivity
of the Nb on the Si substrate by using a laser endpoint detection system. Using
this process we are able to produce Nb bridges as narrow as 60 nm.
During processing, all devices are electrically shorted. While dicing in tap
water (to avoid electric discharge), these shorts are opened. Therefore, all further
handling must be done with extreme care to prevent damage due to electrostatic
discharge. After wire bonding, DC measurements are performed in a metal vacuum can immersed in liquid He. Devices suitable for RF measurements are selected
based on IV- and RT curves.
The Nb layer in which the bridge is de ned has a residual resistance ratio
(RRR) equal to 1.5 and R2;Nb;10K = 33 , measured on a large structure. The
ground plane (Au, 175 nm) is found to have an RRR of 3.5 and a square resistance
R2; Au of 0:1 at 4 K.
As can be seen in Fig. 3, the critical temperature of the Nb bridge Tc;bridge
is 4.8 K. For Nb under the cooling pads Tc;pads is found to be 4.4 K. Both values
are considerably lower than those found in literature (Refs. 1,18,19). We suspect
that this is caused by the interference of processing di erent materials in the same
sputtering chamber.
We observe a critical current density jc of 2  1010 Am 2 at a temperature of
about 3.5 K. An unpumped IV-curve of an HEBM (nominally 250 nm long, 250
nm wide, 12 nm thick) is shown together with pumped curves in Fig. 6 (dashed
line).

5

rf setup

A QO mixer block has been designed and built as described in Ref. 20 to feed
signal from free space to the mixer chip. The chip containing the mixer is glued in
the second focus of a hyperhemispherical, high-resistivity Si lens. Before applying
glue, we align the antenna to the optical axis (accuracy better than 5 m) by
moving the chip to the center of the lens using micrometers .
The lens itself is held in a copper block. To obtain good thermal contact, 4
springs press the lens softly into the In foil or vacuum grease between the ange
of the lens and the Cu block. We nd the temperature of the lens to be 4.8 K,
without pumping the He-bath.
The block is bolted to the cold plate of a standard 8" dewar, applying a small
amount of vacuum grease for thermal contact. Connection to a standard IF-chain
(Ref. 21), centered at 1.4 GHz, is made by wire bonding to a microstrip line on
an epoxy printed circuit board, 0.5 mm thick, "r; PCB = 4:7), having < 15 dB
re ection over a bandwidth of over 4 GHz. A standard SMA-connector is soldered
to its end to connect to the IF chain.
The window of the dewar is made of 40 m Mylar. We use Zitex (Ref. 22) as an
IR lter at 77 K. The transmissivity of these materials as a function of frequency is
measured in an FTS. Using a description in terms of a Fabry-Perot etalon, a t to
these measured data is generated. From the period of the transmission oscillations
(see Fig. 4), we determine "r of the sheet once the thickness is accurately known.
The loss factor is determined from the damping in the oscillation maxima. Curves
showing the calculated transmissivity as a function of frequency obtained from
these measurements are shown in Fig. 4. Although strictly speaking the Zitex
does not act as an FP, the data are accurately described by the t. Table 1 shows
the data we obtain for several optical materials of interest in this frequency range.
In order to verify the predictions of the model described above, we measure the
frequency dependent response of the mixer using the HEB as a direct detector in
Table 1: Optical properties of window- and lter materials. The table gives
empirical values for and in the description for the absorption coeÆcient
(f ) =  (f(THz)) [m 1]: The absorption factor is then given by a = e Æ=2 ,
with Æ the e ective material thickness (i.e. taking into account the angle of incidence).
Mylar
Zitex G104
Kapton
Black Polyethylene

n
1.72
1.20
1.76
1.50

600
40
480
450

1.2
2.4
1.2
1.7

Transmission

1.0
0.8
0.6
0.4
0.2
0.0
0.0

1.0

2.0

3.0

Frequency (THz)

Figure 4:

Calculated transmission of the beam splitter in an interferometer (thick solid curve),
transmission of the 40 m Mylar vacuum window (thin dotted curve) and Zitex G104 (thin
dashed curve) as a function of frequency. The thick solid line represents the product of the three.
The frequency-dependence of the lamp and thin lens in the FTS are not taken into account. The
calculations are based on the measured values quoted in Table 1.

an FTS. The FTS measurement setup consists of a Michelson interferometer with
a chopped Hg arc lamp providing broadband THz radiation. One of the mirrors
is xed, while the other can be moved over a range of 32 mm with an accuracy of
5 m. These parameters give a maximum spectral resolution and frequency range
of 5 GHz and 16 THz, respectively. To remove e ects of absorption due to water,
the whole optical path is in vacuum. For the beam splitter in the FTS (a Mylar
sheet, 25 m thick) the transmissivity vs. frequency is calculated. To do this, we
consider it as a beam splitter in an interferometer with nite thickness and loss,
i.e. taking into account the interference from the waves in both arms (see, e.g.
Refs. 23 and 24). For this, we again use the data obtained from the transmission
measurements. The thin solid line in Fig. 4 shows the transmission of the beam
splitter (Mylar, 25 m thick) in the FTS.
Heterodyne measurements are done using a FIR laser as a local oscillator (LO)
source. The rst trap of this system is a CO2 laser. This laser pumps a FIR ring
laser, containing methanol.
A standard hot/cold setup is used as a calibrated source for Y-factor measurements. Systematic measurements require a fairly stable LO signal for longer
periods of time (typically a few minutes). Since the LO power was only stable for
several tens of seconds, manual Y-factors have been obtained only.
6

direct response measurements

Two similar mixers designed for 2.5 THz are measured. Fig. 5 shows a typical
measured relative direct response. To obtain the measured int , we divide the

model, int

Response (a.u.)
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Figure 5:

Direct response of the HEBM designed for 2.5 THz as a function of frequency.
The dotted line gives the measured direct response I (f ), re ecting the product of intrinsic
coupling eÆciency int , the combined transmission of the window and heat lter opt and the
power transfer function of the FTS FTS . The solid line represents the experimental int , while
the dashed line represents the theoretical prediction model;int. All curves are normalized to their
maximum value.

direct response by the product of opt and FTS , as shown in Fig. 4. The frequency
dependence of the thin lens in the FTS is not considered. The intrinsic response
int is also shown in Fig. 5. We nd a peak response frequency (the average of the 3
dB values) of 1:9  0:1 THz from the intrinsic mixer response. The 3 dB bandwidth
is about 1.3 THz. The unexpected dip around 2.1 THz is not understood but may
be due to the FTS lamp (Ref. 25).
To understand this result we calculate the theoretical response int;model using
the model described above. Since the actual device parameters di er from those
in the initial design, the calculation of the int;model shown in Fig. 5 is done using
the actual values, namely RN = 41 and Z0 = 46 for the CPW transmission
line (Ref. 14) because of a larger gap (0.8 m).
The model predicts a peak response frequency of 2.3 THz and a 3 dB bandwidth
of 1.3 THz. The overall response predicted coincides well with the measured curve
if a frequency down shift of about 300 GHz is introduced. By doing this, we infer
a peak frequency of 2.0 THz from the measured int, consistent with the value
determined from the 3 dB points.
We also calculate the relative direct response of the same mixer in an alternative way using Momentum. The result is in general consistent with the simulation
shown in Fig. 5. The peak response however is 2.1 THz, also higher than what we
measured.
7

heterodyne measurements

Heterodyne measurements are performed at a bath temperature of about 3 K. As
an LO, the FIR laser is set at a spectral line of methanol at 2.5 THz. The signal
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Figure 6:

Current vs voltage curve for a typical HEBM. The dashed line represents the
unpumped curve, the dotted line is optimally pumped and the solid line is overpumped. The dot
gives the point where the best Y-factor (0.12 dB) has been measured. Note the series resistance
of 5 indicated by the slope in the IV curve near zero bias. This is due to the lter and IF
contact. For this device, RN equals 41 . b) The IF output power PIF vs voltage for the same
device. The curves correspond to the ones in Fig. 6a
a)

is coupled into the dewar via a 15 m Mylar beam splitter. The transmission of a
Mylar splitter at 45Æ is about 56%. For this particular measurement, the output
power of the laser did not allow us to use a thinner splitter. Therefore, we correct
the measured noise temperature TN for the splitter.
At an IF of 1.4 GHz, the best Y-factor obtained is 0:12  0:04 dB. This corresponds to a corrected TN of 4700 K, about 3 times state of the art for heterodyne
receivers at this frequency (Refs. 2, 3). Careful examination of the IV-bias point
on an oscilloscope con rms that the bias point is not in uenced by the hot/cold
load directly, i.e. there is no direct detection. Since the LO is only stable over
several tens of seconds, no systematic measurements have been performed to nd
the optimal bias point, operating temperature or LO power.
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discussions

Systematic research to the direct response of QO HEBMs has been performed. The
measured direct response is compared to the predictions by a simple model based
on the coupling of impedances. The in uence of the optics in the setup is described
based on experimental data of the materials used. The quantitative di erence
between the measured peak frequencies and those predicted in our calculations
occurs only around 2.5 THz but not at low frequencies. We have measured and
analyzed similar mixers designed for 1 THz, showing good agreement between
measured and predicted response. Although our experimental study does not
reveal the origin of this discrepancy, we suggest that the di erence is caused by
neglecting the nite thickness of the metal layer. For our devices, the thickness

of the metal layer has become comparable to the gap width of the CPW. For
the antenna slots at 2.5 THZ, this is also the case. Reasoning qualitatively, this
causes a considerable fraction of the eld to run in the gap between the slot walls,
giving rise to an "e lower than assumed for a CPW slot in a metal lm with
zero thickness. This, in its turn, causes a rise of the characteristic impedance of
the CPW lines. Calculations show that a change in characteristic impedance has
more in uence at 2.5 THz than at 1 THz. Furthermore, the ratio of metal layer
thickness over slot width in the antenna slots is larger in the 2.5 THz device. We
suppose this changes the antenna impedance more than in the 1 THz device. Both
these e ects give rise to a more pronounced shift in peak frequency at 2.5 THz
than at 1 THz. In order to improve the accuracy of the present model, it would
be worthwhile investigating the in uence of the thickness of the metal layer.
It becomes clear now that the mixer designed using the present model will not
lead to a peak response at 2.5 THz. To achieve ultimate sensitivity at 2.5 THz
one can design a mixer in an engineering way by reducing the antenna size by 15%
and the CPW gap size to 0.3 m. The impedance of the HEB device is kept at
a practical value of 40 . Our calculations show that this does not change the
peak coupling eÆciency, but the size reduction may a ect other properties of the
antenna. A similar experimental approach has been made by Wyss et al. (Ref.
2).
The Y-factor obtained in heterodyne mode is expected to increase if the coupling scheme can be optimized as described above. Another improvement in Yfactor may come from improving the stability of the LO. Long chopped or even
manual scans of the IF output power or Y-factor are expected to be possible, allowing systematic research on the optimal operating conditions of these HEBMs.
9

conclusions

In conclusion, we have measured the direct response of Nb HEBMs with a twin
slot antenna/CPW transmission line combination around 2.5 THz and compared
the results to the present model. The in uence of the receiver optics is calculated
based on empirical data from FTS measurements. This allows us to take into
account the frequency dependence of the transmission due to the optics. We
convincingly show that the measured direct response is 10-15% lower in frequency
than predicted by the model, although the overall shape of the spectrum agrees
with the prediction. Preliminary Y-factor measurements show a noise temperature
of 4700 K.
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We report on microwave measurements of superconducting aluminum hot-electron bolometers
(Al HEBs). Diffusion-cooled Al HEB mixers are ideal candidates for space-borne and terrestrial
remote-sensing applications in the Terahertz frequency range since they are predicted to have
small local oscillator (LO) power requirements, intermediate frequency (IF) bandwidths ! 10
GHz, and a noise temperature lower than that of Nb and NbN HEBs.1 Mixer measurements were
made at an LO frequency ~30 GHz LO, with an IF in the range 0.1-7.3 GHz. For T < 0.8 K, a
magnetic field H=0.1-0.3T was applied to suppress the superconductivity in the contact pads, and
partly in the bridge. For a 0.6 μm long Al HEB, we measure an IF bandwidth of 4 GHz, a conversion efficiency η = -8dB, and a mixer noise temperature Tm ! 4K, DSB (Tmixer=Toutput noise/2η).
These results are shown to be in quantitative agreement with simple theoretical predictions.

I. Introduction
Recent studies on Nb and NbN
hot-electron bolometer (HEB) mixers have
demonstrated that they are excellent candidates for Terahertz spectroscopy applications.2-4 For Nb HEB mixers, the largest
intermediate frequency (IF) bandwidths
are obtained for devices much shorter than
the inelastic electron-phonon length. These
rely on the out-diffusion of hot electrons
from the microbridge into cold reservoirs
as the dominant mode of energy relaxation.5 Diffusion-cooled Nb mixers have
demonstrated IF bandwidths up to 10
GHz, with the local oscillator (LO) power
needed for optimal operation typically ~
tens of nW at Terahertz frequencies. The
noise performance of diffusion-cooled Nb
devices is excellent, with an achieved receiver noise temperature TR=1800K, DSB
at 2.5THz. 3
Recently, HEBs employing superconductors with a lower transition tem-

perature than Nb (Tc ~ 6K) have been proposed.1 The devices studied here are diffusion-cooled HEBs based on Al, with Tc
~ 1.5 to 2.4K. Improvements in mixer performance are predicted because clean Al
films have a lower transition temperature
and a higher diffusivity D than Nb films.
We present measurements for Al
HEB mixers at microwave frequencies.
The frequency of the LO source used is ~
30 GHz. The primary motivation for
studying mixing at microwave frequencies
is that much of the device physics relevant
to THz mixing can be explored with the
simpler microwave measurements. Previous microwave studies of Nb HEBs has
been useful in this respect.2
We present here predictions for
mixer performance of Al HEB1,2 devices.
The IF bandwidth of the HEB mixer can
be estimated from the thermal time constant τth of the device. The thermal relaxation rate has a term due to inelastic electron-phonon scattering, and one due to the

“out” diffusion rate -- τth-1 = τe-ph-1 + τdiff-1.
In our devices, electron-phonon scattering
is negligible, and the thermal time constant
is given by the diffusion time2
τth ≈ τdiff = L2/π2D,

(1a)

and the –3dB intermediate frequency rolloff is given by:
f -3dB =1/(2πτeff) = 1/(2πτth). (1b)
L is the length of the bolometer. Eq. (1b)
applies when electro-thermal feedback is
small, so that τeff = τth. Otherwise τeff is
given by Eq. 5. The conversion efficiency
thus drops by a factor of two at IF = f -3dB.
The diffusivity can be expressed as
a function of the resistivity by using free
electron relations.12 The mean free path l
is given by mvf /ne2 ρ, where m is the electron mass, vf is the Fermi velocity, n is
electron concentration, e is the electron
charge, and ρ is the resistivity. The diffusion constant is related to the mean free
path by D=vf l /3. Combining these equations gives
D=

mv 2f
3ne 2 ρ

.

τth, the device length is first minimized.
Calculations for the order parameter in an
N-S-N structure13,14 indicate that Lc ~ 2ξ
is the minimum length for the existence of
superconductivity at T/Tc=0.3. ξ is the coherence length in the Al microbridge. The
order parameter will approach the bulk
Ginzburg-Landau value in the middle of
the microbridge for devices twice this
critical length.15 Since the coherence
length in Al is relatively large, it is possible with current lithographic techniques to
make devices a few coherence lengths
long. Substituting L=4ξ into Eq. (1a) for
the thermal time gives ~ 4.5 ps. The
maximum IF bandwidth is thus ~ 35 GHz.
Al HEBs are also promising since
the LO power required for operation is
predicted to be lower than that of Nb and
NbN mixers. The LO power for a diffusion-cooled device is given by2,16
PLO= 4£ (Tc2-T2)/ R.

(3)

(2)

For Al, using 1.3x108 cm/s for the Fermi
velocity and 18.1 x 1022 cm-3 for the electron concentration, Eq. (2) reduces to
D[cm2/s]=114/ρ[μΩ-cm]. In Fig. 1, diffusivity data for thin Al films 6-11, including
measurements on the films discussed in
this work, are presented along with the
prediction from Eq. (2). Al HEBs can offer large IF bandwidth.
To maximize the IF bandwidth, or
equivalently to minimize the thermal time

Fig. 1: Diffusivity vs. resistivity for thin Al films
with thickness 7-25 nm.

Device
A
B
C
D

Rn
(Ω
Ω)
52
145
260
387

L

ρ

D

µm)
(µ

(µ
µΩ-cm)

(cm2/s)

0.6
0.3
1.0
0.6

15
65
36
85

6.0
2.5
4.4
2.9

Table I: Device parameters. Diffusion constant
value of devices A and D are measured, while
those for B and C are inferred from the resistivity.
The device width is 0.1µm. For mixer tests,
Tc=1.0K for device A in a magnetic field to 2.4K
for device B in zero field.

where £ = 2.45x10-8 Watt-Ohm/K2 is the
Lorenz constant and R the device resistance. At 2.5 THz, for Nb HEBs, PLO ~ 20
nW3 and PLO ~ 100 nW17 for NbN phononcooled HEBs. In the Al mixer, the critical
temperature is approximately 4x smaller
than in Nb devices, and thus the LO power
should decrease by 16x if the device is operated at a bath temperature well below the
critical temperature. The LO power dissipated in the mixer in Al should be ~ 0.2
nW based on scaling of the data obtained
for Nb at 20 GHz2, and ~2nW for THz operation.18,26
Though HEB mixer theories for
noise are currently under discussion, we
discuss here two main thermal noise
sources: thermal fluctuation noise and
Johnson noise. The contribution of thermal
fluctuation noise to the total device noise
is proportional to the critical temperature19, and should thus be smaller in Al
devices than in Nb ones. Lowering the Tc
of the HEB will similarly result in a decrease of the Johnson noise. Quantum
noise, however, must also be considered.
A lower bound on the contribution to the
mixer noise is TMQ ≈ hν/k19a. At the microwave frequencies we used, the quantum
noise is almost negligible, ~1K. At Tera-

hertz frequencies, the quantum noise limit
is not negligible. TMQ = 120K at 2.5 THz.
Since the measured mixer noise of Nb
HEBs is much greater than TMQ, we believe that reducing the two thermal contributions, by use of Al HEBs, will reduce
TM. This should hold true even for more
advanced noise theories. The mixer noise
temperature at 30 GHz due to thermal
sources is predicted to be ~8 K by scaling
the best results obtained with Nb at 20
GHz by Tc.

Fig. 2: Device geometry

II. Devices
The devices consist of a thin, narrow Al microbridge with dimensions
d=13-17nm, W=0.1μm, and L=0.2-1μm,
where d,W, and L are the thickness, width,
and length, respectively. Thick contacts
consist of a tri-layer of Al, Ti, and Au with
thickness ~ 68nm, 28nm, 28nm respectively on top of the thin Al film. To avoid
the formation of an oxide interface layer
between the thin Al in the microbridge and
the contact pads, both structures are metallized in the same deposition cycle using a
double angle evaporation process. The
fabrication details can be found in Ref. 20.
Fig. 2 gives an illustration of the device
geometry, and the device parameters are
summarized in Table I.
The superconducting transition
temperature of the Al microbridges in zero
field ranged from ~ 1.5-2.4 K depending
on length and resistivity. The contact pads
are a combination of normal and super-

conducting metals, and have a transition
temperature which is lower than that of the
microbridge, with Tc,contact pads ≈ 0.6-1.0K.
For tests below Tc,contact pads a perpendicular
magnetic field is applied to suppress the
superconductivity in the contact pads. The
resistivity of the microbridge is significantly higher than that of the contact pads.
The upper critical field of the microbridge
is thus several kOe higher than that of the
contact pads.21
The smallest magnetic field in
which no signs of Josephson effects are
observed is chosen as the operating field.
Typically, this operating magnetic field is
less than half of the upper critical field of
the microbridge.
III. Experimental Setup
The devices are mounted on the
cold stage of a variable temperature 3He
cryostat. The bath temperature was varied
from 0.25-1.6K for the mixing experiments, and up to 40K for Johnson noise
calibrations and other measurements. A
schematic of the measurement setup is
shown in Fig. 3.
Microwave signals are applied using the internal synthesized generator of a
HP8722D vector network analyzer (0.0540 GHz) and an Avantek YIG Oscillator
(26.5-40 GHz).22 A waveguide high-pass
filter is used to remove noise from the
HP8722D in the " 1 GHz range. The
RF and LO signals are combined at room
temperature via a coaxial direction coupler. A cold (4K) directional coupler is
used to feed the RF/LO signals into the
mixer block, and to couple out the IF signal. The mixer block uses a coaxialmicrostrip transition to couple to the device.

Fig. 3: Schematic of Measurement Setup

The IF amplifier chain consists of
three broadband Miteq HEMT amplifiers.
The first IF amplifier is immersed in liquid 4He close to the device. By measuring the Johnson noise output of the HEB
in the normal state as a function of bath
temperature, the gain and noise temperature of the IF chain is obtained.
The output noise at IF = 1.20-1.25
GHz from the device is measured using a
room temperature Shottky diode detector.
The conversion efficiency at the same IF is
used to calculate the mixer noise.
IV. Results
A. I-V Curves and R vs. T
I-V curves of device C in the absence of an external magnetic field are
shown in Fig. 4. At temperatures ~0.6K
and below, the small series resistance pre-

sent is that of the cables and microstrip
line used in a two point measurement of
the resistance.
When the contact pads are in the
normal state, a significant resistance
(~0.25 Rn - 0.5Rn depending on microbridge resistivity and length) exists even at
temperatures well below Tc of the microbridge. For example, in device D, the
transition temperature of the Al microbridge is ~2.4K and that of the contact
pads is ~0.6K (see Fig. 5). At temperatures
just below 2.4K where the superconducting energy gap is small, the observation of
resistance can be explained due to charge
imbalance effects.23,24 However, at 0.6K
(t=T/Tc=0.25) and at small voltages,
nearly all of the single electrons incident
on the N-S boundary should be converted
to Cooper pairs via Andreev reflection.23
Yet we observe a large finite resistance
(Fig. 6). Dividing this observed resistance
by the normal state resistance and multiplying by the length of the microbridge
gives us the effective length of the resistive area in the microbridge.

Fig. 4: I-V Curves for device C for bath temperature 0.25-1.6K. H=0.

Fig 5: R vs. T of device D, H=0. The IV curves of
thus device are like those of device C, Fig. 4.

Comparing this length to the superconducting coherence length, determined by
upper critical field measurements, we see
that the length of the resistive region is
several coherence lengths in size.
One batch of devices has been
manufactured without thick Al in the contact pads. The contact pads in this case are
always in the normal state in the temperature regime used. Measurements on these
devices also indicate that a large resistance
remains down to the lowest temperature
measured.25 Measurements of R vs. T for
device A are shown in Fig. 6 in an external
magnetic field. The R vs. T for the devices with normal contact pads look very
similar to Fig. 6, in which the superconductivity of the contact pads is suppressed
in a magnetic field. The resistance depends only weakly on the bath temperature
below 0.5K and appears to remain finite
even as T→0. In the limit of zero temperature, when measuring resistance with a
small excitation current, there should not
be any resistance. We do not understand
this
low
temperature
resistance.

Fig 6: R vs. T of device A. H=1.2kOe.

Extrapolating the R vs. T dependence
given in Fig. 6 to T=0, for example gives
us a finite resistance, of larger value Rn
(6ξ/L). For example, ξ(0.25K)=50nm for
device A. The measured resistance at low
bias voltages is 0.5 Rn, corresponding to a
length of 6 ξ(Τ).

Fig. 7: I-V curves as a function of LO power.
H=1.2kOe for Device A. T=0.25K

Additional features which may be
due to phase-slip centers are also present
in the I-V characteristics. It is not clear
what will be the nature of these phase-slip
structures at low temperatures in our device geometry. Further investigation is
needed. Mixing is observed when biasing
the device at low voltages, where the device is partly resistive at 0.25 to 0.5 Rn as
discussed above, and when biasing the device at higher voltages, above the “kink”
in the I-V curve (see Fig. 8). This “kink” is
likely associated with the critical current
of the microbridge. For PLO=0.5nW,
shown in Fig. 7, this kink occurs between
100 and 140µV, and the “high voltage”
region is for larger voltages. The response
observed at these higher bias voltages is
hereafter termed the “resistive state” response. Though mixing at low bias voltage
also may be promising, only the resistive
state response is discussed in this work, as
the conversion efficiency is better.

Fig. 8: IF bandwidth vs. bias voltage. The solid
black line is the pumped I-V curve. The arrows
indicate a bandwidth greater than measurement
limit of this setup. Device A. T=0.25K.

B. IF Bandwidth

C. Optimum LO Power

IF bandwidth depends on the bias
point. For higher bias voltages in the resistive branch of the I-V curve (above 160
µV in Fig 8.), the IF bandwidth increases.
Accompanying the increase in bandwidth
is a sharp decrease in conversion efficiency. The best conversion in the resistive state is seen when biasing on the section of the resistive branch of the I-V
curve just above the kink where it connects to the lower voltage branch, 140µV
in Fig. 8. The IF signal was examined
carefully to ensure that no sideband generation was observed for the data reported
here. Sideband generation is seen for unstable bias points, where the dc differential
resistance is negative.
The application of a magnetic field
seems not to affect the bandwidth in the
resistive state. For example, the IF bandwidth was measured at the lowest bath
temperature with an applied magnetic
field, and at temperatures above the transition temperature of the contact pads without a magnetic field. The two bandwidths
coincide. The conversion efficiency measured at the lower bath temperature is
slightly better.
In Fig. 9, a comparison is made
between the measured IF bandwidth and
the value predicted from a calculation of
the diffusion time using Eq. 5, with f -3dB =
1/(2πτeff). The bias points considered in
determining the IF bandwidth were the
ones which gave the maximum conversion
efficiency in the resistive state. We can
see good agreement with the prediction for
a diffusion-cooled mixer.

The LO power used in the mixing
experiments is in the range of # 1.0 nW
delivered to the mixer block. Values of
the conversion efficiency and mixer noise
are presented as a function of LO power in
Fig. 10. The mixer noise temperature is
calculated from the output noise of the device and the conversion efficiency:
Tm(DSB)=Toutput/2η.
The LO power
needed for optimum conversion efficiency
is approximately the same value that gives
the best noise performance. Experimentally this is the case since the output noise
is slowly varying with bias voltage and
thus the dominant factor in determining
the voltage dependence of the mixer noise
is the conversion efficiency.

Fig. 9: IF Bandwidth: Measured & Predicted. The
electron-phonon inelastic time is calculated from
Ref. 8 for T=1.6K. The vertical axis is the measured relaxation time, where τth is determined experimentally using τeff=(2πf-3dB)-1 and Eq. 5. Data
points are for devices B,A,D,C starting with the
smallest time.

Fig. 10: Conversion Efficiency & Mixer Noise
Temperature vs. LO Power. Device D. T=0.25K.

The term “optimum” will therefore be
used to describe the situation when the device is nearly optimized for both mixer
noise and conversion efficiency. The
magnitude of the LO power is in quantitative agreement with the prediction in section I (Fig. 10).
Measurements of the temperature
dependence of the optimum LO power
were also made (Fig. 11). The temperature dependence is in agreement with the
relation presented in Eq. (3).

Fig. 11: LO Power vs. Temperature. Device D.

Figure 12: Conversion Efficiency, Output Noise,
and Mixer Noise vs. Bias Voltage for Device A.
T=0.25K. H=1.2kOe.

D. Mixer Noise
In Fig. 12, the dependence of
mixer noise and of conversion efficiency
on bias voltage is shown for device A, using Tm=Tout/2η. The minimum of the
mixer noise temperature is ~4 K for device
A. At the LO frequency used, this is ~ 3
hv/k. This mixer noise temperature is
somewhat lower than predicted by simply
scaling Nb data at 20 GHz according to Tc.
The mixer noise temperature with a 20
GHz LO in Nb HEBs was ~ 120 hν/k in
the case with a finite critical current, but
33 hν/k when the critical current was fully
suppressed by PLO.16
By looking at the dependence of
the output noise on IF, Burke et al in Ref.
2 were able to separate the thermal
fluctuation noise and Johnson noise
components of the output noise. At zero
intermediate frequency the output noise
should be a combination of the thermal
fluctuation noise and Johnson noise. Well
above the rolloff frequency of the thermal
fluctuation noise, the dominant noise
should be Johnson noise. The values
obtained for the “Johnson noise”
contribution to the output noise were

output noise were several times larger than
calculated for Johnson noise at the transition temperature of the Nb HEB, ~ 5.5K.
The origin of this excess noise for Nb was
not explained. For the Al HEBs, the total
output noise is consistent with thermal
fluctuation and Johnson noise contributions with Johnson noise of the magnitude
expected for T~Tc.
The noise we reported above used
an applied magnetic field. The output
noise is less than the H=0 case. IV curves
in a magnetic field, at bias voltages
>1mV, do not exhibit excess current. At
the same voltages, in zero field, the differential resistance is equal to Rn, but there is
excess current: I>V/Rn. This implies that
the contacts are still superconducting even
though the bridge is in the normal state.
The experimental correlation suggests that
the additional output noise observed in
zero field is correlated with the existence
of superconductivity in the contact pads.
When pumped at microwave frequencies, the excess current still remains.
Pumped IV curves where the superconductivity in the edges of the microbridge is
suppressed by radiation at 618 GHz26 do
not show excess current. Measurements of
the output noise in a magnetic field with
LO power at 30 GHz agree with those at
618 GHz in zero field.26
The IV curves for the Nb devices
show similar behavior in terms of excess
current. Devices pumped at 20GHz show
excess current. It is possible that the additional output noise observed at 20 GHz is
due to the existence of superconductivity
in the Nb areas underneath the thick Au
contacts, like the case of Al microbridges.
V. Mixer Performance: Experiment and
Theory

In this section we compare measured mixer performance with that predicted by theory. The conversion efficiency, output noise, and IF bandwidth can
be calculated from thermodynamic considerations based on the device operating
parameters – the dynamic resistance, bias
current, temperature, thermal conductance,
LO power, and the derivative of resistance
with temperature.19,27-29 A summary of
these formulas is presented in Ref. 29, and
are repeated here.
The conversion efficiency is defined as the ratio of the output power at the
IF divided by the input power at the RF.
The frequency dependent single-sideband
(SSB) conversion efficiency is given by

 dR  
 I DC 

2R L
dT  


PLO
η (ω ) =
 G

(R + RL ) 2
eff




1
X
2
1 + (ωτ eff )

2

(4)

where PLO is the LO power, R is the device resistance, Geff is the effective thermal conductance, IDC is the device bias
current, and ω is the IF. The resistance R
is defined as the dc voltage divided by the
dc current. RL is the load resistance –
which in this case is the 50Ω input impedance of the first stage IF amplifier. Electro-thermal feedback effects which tend to
modify the thermal conductance and time
constant are included using the factor α.

τ eff = τ th / (1 − α ) ,

(5)

Geff = G (1 − α ) ,

(6)

Table II: Mixer parameters: Experiemtal results and theoretical predictions.

Experiment

Theory

Device

Rn
(Ohm)

Tb
(K)

IF BW
(GHz)

η
(dB)

Tout
(K)

η
Tmix= Tout/2η
(K,DSB)

IF BW
(GHz)

η
(dB)

Tout
(K)

η
Tmix= Tout/2η
(K,DSB)

A

52

0.25

4

-8

1.3

4

2.5

-9

1.3

5

B

145

1.2

6

-27

…

…

5

-22

…

…

C

260

1.2

1.2

-33

…

…

0.8

-31

…

…

D

387

0.25

2

-16

1.6

32

1.7

-15

1.6

27

α=

2 dR
I DC

dT  RL − R 
R + R
G
 L


(7)

The parameter α can be determined from
the pumped I-V characteristics using the
following relation from Ref. 28:
dV V
−
I dR
= dI I .
α0 =
G dT dV V
+
dI
I
2
DC

(8)

The thermal conductance G can be estimated from the device resistance and the
Wiedemann-Franz relation.5
The output noise is modeled as
consisting of thermal fluctuation noise and
Johnson noise. The Johnson noise component of the output noise temperature is
taken to be equal to the average electron
temperature θ, which can be estimated
from the R vs. T characteristic and the device resistance at the operating point; θ =
Tc. The frequency dependent output noise
due to fluctuations in the electron temperature is given by
2
dR 
1

TTF (ω ) =  I DCθ

dT  RGeff (1 − α )

(9)
1
4 RRL
X
2
2
1 + (ωτ eff ) (R + RL )

In Table II we present the experimental and predicted values for mixer parameters for near optimum operating conditions. The conversion efficiency and
output noise are calculated from the relations given above. The IF bandwidth is
estimated from Eq. (1) and Eq. (5). We
see good agreement between theoretical
predictions and experimental results.
We can calculate the conversion
efficiency and output noise using the formulas above for different bias voltages
and different LO powers. These calculations are in also good agreement with experimental data. As an example, in Fig.
13, we show how the measured conversion
efficiency for device A compares with
theoretical prediction.

Fig. 13: Measured and predicted conversion efficiency. Device A. T=0.25K.

For operation at Terhaertz frequencies, we can empirically estimate the
mixer noise from the 30 GHz data by
scaling the microwave data linearly with
frequency. At 30 GHz we measure Tm ~ 3
hν/k. If the same sensitivity is present at
2.5 THz, the mixer noise is then predicted
to be Tm ~ 360K. As a check, we can
compare with measurements at 618 GHz.
The output noise of Al HEBs measured at
618 GHz ranges from 1-2K. The conversion efficiency under the same conditions
is estimated to be ~ -21 dB.26 The calculated mixer noise temperature is thus Tm ~
125 K, DSB. From the 30 GHz data, one
would predict Tm ~ 90K for 618 GHz. So
our estimates seem to be consistent with
the existing data. These estimates do not
include rf submillimeter coupling losses
which are present in any receiver. At
30GHz, coupling losses are negligible

VI. Conclusions
Results for mixing with Al HEBs
at microwave frequencies are very good.
The IF signal bandwidth scales with device length and diffusivity as predicted in
the diffusion cooling model, Eq. (1a). The
LO power needed for mixing scales approximately linearly with Tc. The measured mixer noise is somewhat lower than
that predicted by scaling Nb HEB results.
The measured IF bandwidth and optimum
LO power are in good agreement with
lumped element predictions.
The diffusion time in the these devices is comparable to or larger than the
inelastic electron-electron time8 τee. Recently, predictions were made for HEBs
which are very short L $ (D τee)1/2 =Lee in
which thermalization via electron-electron
interaction would be absent in the micro-

bridge. Such a short device would have
large LO power requirements in the µW
range.30 These predictions were made for
an operating frequency of 2.5 THz. For
device A (L=600nm), Lee = 600nm for
T=Tc. The other devices have a larger
sheet resistance and are longer than the
inelastic electron-electron length. Thus,
our devices are not in the regime treated
by Ref. 30. In any case, measurements at
30 GHz cannot address this issue, since 30
GHz is below the gap frequency; νgap ~
110 GHz at T=0 and H=0 for device A.
However, measurements at 618 GHz could
speak to this issue. Results at JPL26 on a
device comparable to our device A show
that PLO"10nW. We emphasize that the
device studied at JPL also had L>Lee, as
proposed in the original theory paper on
diffusion cooling.5 If we scale the predictions in Ref. 30 as the frequency squared,
the expected LO power for this bridge
with L % Lee, is still substantially less than
that predicted for L$ Lee.
Currently, a major design issue for
space-borne application of HEB mixer receivers is the availability of an appropriate
LO source. Molecular lasers are heavy
and need high-power sources. A CW solid
state generator was demonstrated recently31 using a p-Ge laser biased at relatively low bias voltages compared with
pulse mode voltages. However, it is unclear if is it possible to get a narrow
enough spectral line (~1MHz) with the pGe laser. The other real possibilities at
present are photomixer sources and multipliers A successful traveling-wave THz
photomixer has been shown to have an
output power of at least ~ 10nW above 1
THz.32 This is not enough for mixing with
Nb HEBs. But our results for the optimum
LO power for Al HEB mixers indicate that
there is real possibility for integrating a

THz Al HEB mixer
tomixer.

with such a pho-
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BROADBAND ARRAY SIS MIXERS
FOR 780–880 GHz
WITH ALUMINUM TUNING CIRCUITS
Sybille Haas, Stephan Wulff, Dirk Hottgenroth, Netty Honingh, Karl Jacobs
KOSMA, I. Physikalisches Institut, Universität zu Köln,
Zülpicher Str. 77, D–50937 Köln, Germany

Abstract—As a building block for an 8-pixel 800 GHz array receiver at KOSMA
we developed a low noise SIS mixer. The mixerblock is tunerless and similar to the
"stamped waveguide cavity" mixers we have used from 345 GHz to 800 GHz before
[1]. We embedded the SIS junction into a standard broadband tuning circuit, commonly used at lower frequencies. The circuit consists of a short end-loaded stub in
series with two impedance transforming sections.
For the 780-880 GHz band, we fabricated the electrodes of the tuning circuit as a
combination of niobium and aluminum layers in different sequences. First heterodyne
tests were performed on devices with a tuning microstrip circuit ground plane consisting of 40nm Nb with 200nm of Al on top and a top conductor consisting of a 70 nm
thick Nb layer with a 280 nm thick Al layer on top.
The Nb-Al2 O3 -Nb junction has an area of about 0.5 µm2 and is fabricated with
optical lithography. For anisotropic Nb etching, we use a RIE gas mixture of CCl2 F2
and NF3 . The Al2 O3 barrier is removed with Ar sputter etching. Fabrication yield
improved considerably when we introduced a light CMP-step after self-aligned SiO
dielectric liftoff. For a SIS junction with Rn A equal to 14 Ωµm2 , the RSubgap /Rn value
of 15.4 is remarkably good.
We measured uncorrected receiver noise temperatures around 400 K over the whole
band from 780 to 880 GHz, with a best noise temperature of 370 K at 804 GHz.

1

Introduction

Our aim was to build an 800 GHz prototype mixer for a 2x8-pixel dual frequency array
receiver [2] for the atmospheric windows around 800 GHz and 490 GHz to be installed
at the KOSMA telescope on Gornergrat (Switzerland) for the next winter observation
period (2000/2001).
To take full advantage of a multibeam receiver, array mixers should be just as sensitive as the best available single pixel mixer. For optimum sensitivity around 800 GHz

the best noise temperatures are reported for mixers using superconducting NbTiN integrated tuning circuits [3]. Although we are developing mixers with NbTiN integrated
tuning circuits for our contribution to HIFI (Band 2: 640 – 800 GHz) on the FIRST
satellite, this development is not yet advanced enough to implement it for a practical
array receiver under observatory conditions.
We have, however, long time experience in fabricating devices and mixers with
Nb-Al2 O3 -Nb junctions embedded in Nb tuning structures [1], [4], [5]. For the mixer
described here we designed a type of tuning circuit that was successfully used in Nb at
frequencies below its gap frequency, with aluminum electrodes for the 780-880 GHz
band. We integrated this device in a fixed tuned waveguide mount.

2

Mixer Block Design and Assembly

Our fixed tuned waveguide mixerblock design [1] meets the requirements concerning
stacking of individual blocks close together to form an array (size: 20x20x10 mm3 ,
all connectors for DC and IF at the backside of the mixer). The magnetic field to
suppress the Josephson current is concentrated close to the junction by two iron pole
pieces integrated into the mixerblock. The magnet coil itself, with superconducting
NbTi wire, connects the two pole pieces at the backside of the mixer. The minimum
distance between the junction and the tip of the pole pieces is 0.8 mm. Figure 1 shows
a photograph of the mixer without the horn antenna. The waveguide of dimensions
330x90 µm2 is stamped into a copper block with an appropriate steel tool. The bottom of the stamped guide yields a perfect short circuit at a fixed position behind the
junction (50 µm). The mixerblocks are made in house with a mechanical precision of
±5 µm on a CNC lathe. A Potter horn is flanged to the mixerblock for coupling to the
receiver optics.
The fused quartz substrate with the junction and tuning circuit is mounted in a
substrate channel across the waveguide. Ground and IF-connections are ultrasonically
bonded with 25 µm diameter aluminum wires.
Mounting these thin substrates (2740x80x30 µm3 ) usually is a tedious job with the
risk of breaking them in this final step of assembly. We applied an innovative method
for mounting the substrates with the help of a NanomotorT M -driven [7] micro-gripper
station as shown in Figure 2. The waveguide mixer and the FluorowareT M junction
storage box are both mounted on a NanomotorT M -driven x-y stage and can be positioned with a smallest step size of only 1 nm under computer control. The storage
box is moved under the gripper which is lowered with the z-axis Nanomotor and then
opened and carefully closed under computer control to grab the selected substrate. A
sliding clutch in the Nanomotor prevents the gripper and the substrate from breaking.
The gripper can also be rotated to catch the selected substrate at any given angle. The
substrate can then be positioned in the substrate channel under microscope control. A
small hypodermic needle attached to the side of the gripper holder is used to distribute

tiny amounts of glue in the 100 µm wide substrate channel of the mixer block. We use
a thermoplastic glue which softens at 90 ◦ C. This microassembly station provides a
reliable and reproducible device mounting procedure which is essential for fabricating
a larger number of mixers and for space qualification of the waveguide mixer assembly.

Fig. 1: Photo of the KOSMA fixed
tuned mixerblock (without horn antenna) showing the magnetic pole
pieces.

Fig. 2: Photo of the KOSMA microassembly station.

3 Junction RF Design
We use the standard materials Nb and Al for the integrated tuning. Even when we use
NbTiN tuning circuits in the future, we can probably only replace one of the tuning
electrodes by NbTiN as long as we are using Nb-Al2 O3 -Nb junctions. Heat trapping
in Nb junction electrodes fully embedded in a higher gap superconductor may severely
degrade the mixer performance [8]. In order to find an alternative to an NbTiN tuning top conductor, we took the opportunity to investigate which material (Nb or Al)
or a combination of both materials could be useful. The crossover point in performance between Nb and Al tuning is somewhere in the frequency range between 760
and 820 GHz, depending on the exact quality of the different layers.
We use Nb-Al2 O3 -Nb tunnel junctions embedded in an Nb/Al tuning circuit with a
junction area of about 0.5 µm2 and Rn A of about 14 Ωµm2 . This rather small area junction with high current density facilitates a broadband coupling to the impedance of the
waveguide mount. The impedance of this waveguide mount has been determined by
reflection measurements on a scaled model of the mixer to be 40–50 Ω. Optimum coupling is accomplished by an end-loaded stub tuning structure with two quarter wavelength transformer sections as was successfully used at lower frequencies [1]. Figure 3
shows a sketch of the junction with its tuning structure on the photolithography mask.
The actual layer sequence is given schematically in Figure 4.

Fig. 3: Sketch of junction and integrated tuning circuit.

Fig. 4: Sketch of the layer sequence
of junction and tuning.

4 Device Fabrication
The initial stack of five layers for this type of SIS detectors consists of a 40 nm niobium layer, 200 nm aluminum as the ground plane, 100 nm niobium tunnel junction
base layer, 8 nm aluminum for the tunneling barrier followed by 100 nm niobium for
the junction top layer. All five layers are sputter-deposited in-situ onto INFRASIL
fused quartz substrates into UV lithographically patterned bilayer AZ 7212 (Clariant)
photoresist windows. The bilayer technique [9] with its large undercut profile is well
suited for a liftoff process with more than 400 nm layer thickness. The base pressure
of the sputter chamber is in the 5 · 10−9 mbar range. Before depositing the aluminum
layer for the barrier, the wafer is cooled to -10 ◦ C. The barrier oxidation is performed
in the load lock chamber in a static pure oxygen atmosphere at a pressure of 1.7 Pa for
5.5 minutes, which results in an Rn A product of about 14 Ωµm2 . Even with this rather
high current density for an Al2 O3 barrier, the subgap to normal resistance ratio is still
about 15.
After standard UV-lithography with AZ 7212 to define the (0.8 µm)2 - (0.7 µm)2
junction top electrodes, a mixture of 6 sccm CCl2 F2 and 1.2 sccm NF3 is used for
reactive ion etching of the niobium top electrodes. This is a variation of the recipe
introduced in [10] which replaces the usual CF4 +O2 with nitrogen trifluoride. Pure
NF3 has high etch rates in Nb (>280 nm/min at 4 Pa, 0.13 W/cm2 RF power, selfbias voltage of -55 V) and does not need an oxygen component, as the lack of carbon
apparently prevents polymer formation. The disadvantage is that NF3 etches almost
isotropic. The CCl2 F2 /NF3 mixture is used at 4 Pa, 0.17 W/cm2 and -105 V self-bias
with an etch rate of 80 nm/min and results in an aspect ratio of at least 4:1. The etch
times are influenced by a latency time of approximately 13 seconds which is probably caused by a thin niobium oxide layer which has a low etch rate. Also, the etch
rate is very dependent on the heat sinking (i.e. temperature) of the wafer. To achieve
the given etch rate, a 2 mm thick Teflon disk essentially decouples the wafer from the
water-cooled stainless steel RIE cathode.

After etching the top niobium layer, the Al2 O3 -Al barrier is etched with Argon at
1 Pa, 1.1 W/cm2 RF power, -605 V self-bias for 9 minutes. To avoid excessive heating
of the photoresist, this etch is performed in 1 min intervals with 1 min cooling time
between the etching steps. The base niobium layer is again etched in CCl2 F2 /NF3
with the bottom aluminum layer acting as an etch stop. The CCl2 F2 /NF3 etch leaves a
residue on the aluminum layer which is removed with a 2 minute etch with 10 Pa O2
at 0.45 W/cm2 .
The dielectric layer for junction insulation and for the tuning microstrip consists
of 250 nm silicon monoxide, defined in the usual self-aligned liftoff procedure. After
liftoff, a 1 minute CMP (Chemical Mechanical Polishing) step [11] was introduced to
clean the top niobium electrodes from residues of the photoresist, which is hard baked
by the long RIE times and hard to remove. The introduction of this step increased the
yield to more than 90 %. After lithography for the wiring layer including the tuning
circuit, the wiring electrode layers are sputtered with a subsequent liftoff. After DCtesting of the junctions, the wafer is diced and thinned to 30 µm thickness.

5

Measurement and Analysis

In the course of the experiments with different top layer metallisations, one batch was
fabricated with 70 nm Nb followed by 280 nm Al. These devices showed good quality
I/V-curves and self induced current steps at bias voltages corresponding to a Josephson
oscillation frequency in resonance with the tuning circuit within the designed RF band.
We investigated the RF-coupling of one of these devices with a resonance at 830
GHz in a direct detection Fourier transform spectroscopy measurement as well as its
heterodyne response in the frequency range from 780 to 880 GHz.
The direct detection measurement was performed with a commercial Fourier Transform Spectrometer [12] with a maximum resolution of 3.5 GHz. The SIS receiver is
used as an external detector of the FTS monitoring the DC current at a proper bias
voltage as a function of the displacement of the moving mirror of the interferometer.
A broadband Hg arc serves as radiation source.
Figure 5 shows the the measured spectral response. The prominent dips around
753 GHz and 990 GHz are due to absorption of water vapor in the non-evacuated spectrometer. The maximum response occurs at the same frequency as the DC resonances
in the I-V curves. The response is very broadband: at least 180 GHz. For a more
accurate determination of the bandwidth we will have to repeat the measurement with
an evacuated spectrometer.
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Fig. 5: Spectral response of the device measured with FTS in direct detection.
We used our usual receiver test setup as described in [1] with two solid state local
oscillators [6] ranging from 780 to 820 GHz and from 800 to 880 GHz, respectively.
The LO power was combined with the hot/cold signal via a 36 µm Mylar beamsplitter.
Table 1 gives the measured transmission of the optical components in front of the
mixer, measured with a Fourier transform spectrometer together with the calculated
noise contribution Tnoise referred to its input.
component
beamsplitter
dewar window
IR filter

material T phys [K]
mylar
teflon
teflon

295
295
77

d [µm] gain [dB]
36
500
300

-0.22
-0.46
-0.36

Tnoise [K]
14.5
30.6
5.1

Table 1: Loss of optical components at 830 GHz measured with FT spectrometer and
deduced noise contributions.
The IF output of the mixer is fed via a 50 Ω coaxial cable to a HEMT amplifier
(1-2 GHz) located on the 4 K–plate. An amplifier chain outside the cryostat amplifies
the signal by about 70 dB. A bandpass filter restricts the IF bandwidth to 100 MHz
around 1.4 GHz.
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Fig. 6: Measured DSB receiver noise temperatures from 780 to 880 GHz at 4.2K operating temperature.
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Fig. 7: IF output power as function of bias voltage for a hot (295 K) and a cold (77 K)
load input at an LO frequency of 852 GHz.
Figure 6 shows the measured DSB receiver noise temperatures at 4.2 K operating temperature determined from a standard Y-factor measurement calculated with the

Callen-Welton formula. These values are not corrected for any loss. The noise temperature is almost constant over the whole frequency range with a lowest value of 370 K
at 804 GHz and increases to only 480 K at 880 GHz. To our knowledge these are the
best receiver noise temperatures achieved with Nb-Al2 O3 -Nb junctions and Al tuning
circuits from 780 to 880 GHz. It is remarkable that there is only a very slow increase
in noise temperature at higher frequencies, despite of the rather thick Nb layer under
the Al top layer.
Figure 7 gives the IF output power as a function of bias voltage for a hot (295 K)
and a cold (77 K) load input at an LO frequency of 852 GHz.
A noise breakdown was calculated at an LO frequency of 828 GHz. The noise contributions of the optics in front of the mixer add up to Topt = 55 K with a (measured)
total gain of Gopt = −1.1 dB. The shot noise technique [13] was used to determine
the noise of the IF system. The noise temperature Ti f of the HEMT amplifier has been
determined to be 3 K, while the total IF gain is 97.1 dB. The effect of the reflection loss
at the mixer output due to mismatch between HEMT amplifier and mixer is described
by a term Tmis |Γmis |2 , with |Γmis |2 being the reflection coefficient between the load
impedance (taken as 50Ω) and the differential resistance of the unpumped IV-curve.
Tmis is fitted to be 8 K.
From the measured heterodyne response to a hot and a cold load the following
parameters Tmix and Gmix – noise temperature and gain of the mixer (including the
contribution from the tuning stripline) – can be determined:
Trec = Topt +

TIF
Tmis |Γmis |2
Tmix
+
+
Gopt Gopt Gmix
Gopt Gmix

(1)

Values at 828 GHz are Tmix = 200 K and Gmix = −10.2 dB.
The mixer proved to be very stable during testing. Measurements could be carried
out for several hours without readjusting magnet current and bias voltage despite the
electrically noisy lab environment.
In conclusion, we achieved a very good noise performance at 780-880 GHz with
Nb-Al2 O3 -Nb junctions using a Nb-Al tuning circuit. These noise temperatures are
only a factor of 2 worse than the best results reported up to now with NbTiN tuning
circuits [3]. The excellent stability together with low noise temperatures over a large
bandwidth make these mixers very suitable for the planned array application.
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Abstract

The HARP (Heterodyne Array Receiver Programme) B-band camera will incorporate a focal-plane array of 16, 850 micron (325-375
GHz), SIS heterodyne detectors. This receiver has been commissioned
for use on the James Clerk Maxwell Telescope in Hawaii. The complete instrument will o er greatly improved spectroscopic mapping
speeds (>x10) of extended objects complementing existing continuum
bolometer detectors and planned millimetre-wave aperture synthesis
telescopes. We describe key features of the imaging module, and
present some early modelling and experimental work. In particular,
we describe the LO injection meander line, the constant slot-depth
corrugated horns (including 15 GHz scale models), the radial-probe
mixers, and various items of work relating to tolerance assessment and
uniformity.

1

Introduction

As SIS detector technology matures, the performance of submillimetre-wave
telescopes equipped with single element detectors is beginning to approach

fundamental limits that are beyond the control of designers. Consequently,
there has been much interest in increasing telescope productivity through
the use of multi-feed focal-plane arrays [1]. The HARP (Heterodyne Array
Receiver Programme) B-band camera, commissioned for operation on the
James Clerk Maxwell Telescope, will incorporate a 16 element array of SIS
detectors operating in the 850 m (325-375GHz) band. The complete instrument will o er at least an order of magnitude improvement in the speed of
spectroscopic mapping of astronomical objects.
The imaging module for HARP incorporates easy to machine split-block
corrugated horns, xed tuned radial-probe mixers and a novel local oscillator injection scheme. We present here an overview of the imaging module
including the design of the radial-probe mixers, the design of the constant
slot-depth corrugated horns, and the design of the LO injection scheme. Some
early modelling and experimental work is also described.

2

The Imaging Module and LO Injection

The arrangement of the 16 mixers making up the HARP imaging module is
shown in Fig. 1. In an array receiver, the aperture phase errors of the horns
have to be corrected individually, and in our design each pixel consists of
a corrugated horn with an o set parabolic re ector at its aperture [4]. The
horn-re ector antenna has the advantage that the losses, and standing waves,
associated with polyethylene lenses are avoided, but it has the disadvantage
that it is awkward to pack into arrays. Our solution is the two level design
illustrated; the depth of focus of the optical system being suÆciently large
for the mixers to e ectively share the same focal plane. Inevitably the upper
deck will truncate the beams of the lower deck to some extent, but our calculations show that, because the beams are highly collimated, this truncation
is at low level.
Injecting local oscillator power into each mixer is a signi cant design problem. Various schemes exist, including waveguide couplers, and a Dammann
grating with an interferometer. We studied the Dammann grating extensively in the context of the project, but abandoned this approach due to the
bandwidth limitation associated with the multiple images \breathing" with
frequency [5]. The LO injection scheme favoured for HARP is a square array

Figure 1: The HARP imaging module.
of Mylar beam splitters. We have called this scheme the \meander line" (Fig.
2). LO power is injected horizontally at a single point and is re ected by
a pair of back-to-back parabolic mirrors at the end of each row in such a
way that it propagates along the next row. The back-to-back mirrors avoid
distortions on folding. The basic operation, which has been veri ed through
the use of multimode Gaussian optics, it quite subtle and involves forming
the lowest-order eigenmode of the folded beam guide. Clearly, the power
available for each subsequent mixer will be smaller than its previous mixer.
The use of -25 dB beam splitters leads to only a 5% power di erence between
the rst and last mixers, which is within the required tolerance. The power
coupled to each mixer could be equalised by varying the thickness of each
Mylar beam splitter in the array; we may increase the coupling on say the
last row.
Work is in progress to model the propagation of the beam through the
meander line in more detail. A prototype mount for a single (1x3) row
of Mylar beamsplitters has been constructed for experimental investigation
(Fig. 3).

Figure 2: The meander line LO injection above the imaging module.

Figure 3: The prototype 1x3 LO injection beamsplittter mount.

3

Mixer Block Design

Each corrugated horn is machined directly into two halves of a split aluminium block, which is then coated by a lm of sputtered gold. The blocks
are easy to machine (electroforming is not required) and very low mass.
To aid machining, we have designed a horn that has constant depth slots
along the whole of its length, and we have kept the number of slots per
wavelength to an absolute minimum (just over one slot and one ridge per half
wavelength). The design of this type of horn is a delicate balance between
the need for low return loss, low cross polar levels, good beam circularity
across the band (325-375 GHz) and ease of reproducibility.
semi are angle
no. of grooves
slot depth
slot width*
tooth width*
start radius of throat
length of start taper*

Scale Model (15 GHz) Actual (345 GHz)
15 Æ
15 Æ
42
42
5.97 mm
260 m
4.7 mm
204 m
3.3 mm
143 m
8.15 mm
345 m
14.6 mm
635 m

Table 1: Details of HARP horn and scale model horn at 15 GHz. Dimensions with an asterix denote lengths parallel to the symmetry axis of the horn.
We were keen to assess the performance of our constant slot depth horns,
and to develop a mode-matching model for tolerance analysis. To this end,
we manufactured and tested a 15 GHz scale model on an outside test range
(Fig. 4). The horn shows good beam circularity, low cross polarisation (<27 dB) and low return loss(<-18 dB) over the appropriately scaled HARP
bandwidth.
An assessment of the sensitivity to machining tolerances is an important
aspect of imaging array production. It is clearly futile to attempt to manufacture 16 horns if the electrical properties of the design are not suÆciently
tolerant to the magnitude of the machining errors we expect. Our main concern is detrimental e ects of the uncertainties in the depth of slots. As well
as a basic machining tolerance of  5 m, the depth of the slots is e ected
by a cyclical error arising in the gear box of the boring head. Fortunately
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Figure 4: Experimental scale model (solid) and simulated beam patterns
(dotted) (E and H plane) for the corrugated horn without parabolic mirror
at 13 GHz (left) and 16.5 GHz (right).
this cyclical error is such that the depths of the most electrically important
slots near the throat are set to be correct; the depths of the remaining slots
are found to vary approximately sinusoidally with an amplitude of  12 m
and a period which gives around 4 cycles along the entire length of the horn.
Having veri ed that the mode-matching software con rms the experimental behaviour of the scale model in detail, we were in a position to use
the mode-matching software for tolerance analysis. The software model was
used to assess the e ect of both random and cyclical slot depth machining
errors. The design was shown to be robust with respect to the magnitudes of
machining tolerances that we have experienced on previous directly machined
corrugated horns. The expected return loss and peak cross polar levels for
a sample of 5 horns with  12 m cyclical slot depth error and a  5 m
random machining is shown in Figure 5. The horn design is insensitive to the
machining errors, indicating our ability to con dently manufacture 16 horns
of similar performance.
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Figure 5: Return loss (upper curves) and peak cross-polar levels (lower
curves) simulated for 5 scale model horns (x23 actual size) with cyclical and
random slot depth variations as described in the text. HARP bandwidth
thus corresponds to 13.8 to 16.2 GHz.

4

Mixer Chip Design

Single-sided probe-type SIS mixers [2] have been chosen for use as the individual elements of the HARP array. These give large xed-tuned bandwidths in full-height waveguide. A schematic diagram of one of the mixer
chips shown in Figure 6. The SIS junction is fabricated at the base of a 90
degree radial-probe structure, which has been shown through 5 GHz scale
model experiments [3], and previous mixer results, to give a good impedance
match to typical SIS junctions. These broadband probes enable mechanical
backshort tuners to be a avoided greatly reducing the required control complexity in a 16 element array receiver.
The mixer chip is fabricated on a quartz substrate. During manufacture,
the RF and IF transmission lines are deposited rst, and the earth plane last.
This \inverted" geometry is needed to allow the IF earth to be established,
The RF tuning is achieved by a stripline end loaded with a radial stub. The
chip lies in a 170 m wide channel and is earthed with a small amount of
silver dag applied to a pad, which terminates the earth lter. The earth
lter structure consists of 4 quarter wave sections of boxed microstrip with

Figure 6: The probe mixer chip in the waveguide channel.
alternating low and high impedance sections. Note that this is not the IF
line, it is the earth plane, but nevertheless a lter structure is required to
ensure that a good RF earth is established at the edge of the waveguide.
A range of mixer chip designs have been produced for the HARP project. Inspired by broadband radial stubs, a new earth lter design with half
elliptical low impedance sections has been produced. Simulations using the
full electromagnetic simulation package Sonnet show that the new design is
expected to have a 20% larger bandwidth and a better return loss symmetry
than previous designs.
Trapped ux can be the cause of many reliability problems when mixers
are used on telescopes. When the array consists of 16 separate mixers, the
problem has the potential to be acute. To address this issue a new chip
design with a matrix of rectangular holes in the superconducting metallisation near the junction has been produced (Fig. 7). This array of holes[6] is
expected to prevent the movement of quantised ux vortices in the lm, thus
preventing any sudden changes in the magnetic environment of the junction

Figure 7: The metallisation pattern for the anti ux trap earth lter. Note
the array of holes in the metallisation near the junction position. The nal
rectangle is the earth pad which is attached to the mixer block by a small
quantity of silver dag.
during operation.
The results of preliminary noise temperature measurements across the
band for a mixer featuring an anti ux trapping earth plane lter are presented in Figure 8. The mixer is well tuned with the band centre appearing
around 340 - 350 GHz. While further tests on other anti ux trap devices
are necessary to evaluate the eÆcacy of the design, these early results are
very promising. The prototype mixer did seem particularly stable and the
tests con rm the expectation that the array of holes does not e ect the RF
performance.

5

Conclusion

In this paper we have provided an outline of how the design of the HARP
imaging module tackles the principle challenges presented in building state
of the art heterodyne array detector for the 850 m band. Early results
indicate the integrity of our design.
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ABSTRACT

The performance of quasi-optical (QO) SIS mixers designed for operation around 1
THz is evaluated. Mixers incorporating Si elliptical lens with either double slot-line or
double dipole antennas with back reflectors have been fabricated and measured. Nb/AlAlOx/Nb superconductor-insulator-superconductor (SIS) tunnel junctions are integrated
with a NbTiN-SiO2-Al microstrip circuit to tune out the junction’s geometrical
capacitance and to match the antenna impedance to the junction over a wide frequency
range.
The direct response, of the mixer measured by means of a Michelson Fourier transform
spectrometer (FTS), is presented showing the mixer’s ~30% instantaneous bandwidth.
This bandwidth appears to be limited by the material properties of the NbTiN ground
plane. Noise temperatures of 245 K @ 850 GHz, 310 K @ 980 GHz and
400 K @ 1020 GHz are presented. This is a two-fold improvement over best previously
reported results for frequencies around 1 THz.
A far-field antenna beam pattern of the antenna-lens combination is measured at
900 GHz. The 1-st order side lobe level is –(16-18) dB and total power in the cross-polar
beam is 0.3 % of the power in the co-polar beam.
INTRODUCTION
Heterodyne receivers incorporating Nb/Al-AlOx/Nb SIS junctions are known to be
extremely sensitive in the sub-mm wave band. Noise temperatures of receivers operating
below 680 GHz and using fully superconducting Nb tuning structures are only a few
times greater than the quantum limit [1,2]. Above 680 GHz (so-called gap frequency), the
microstrip lines based on Nb exhibit increased rf losses.
Alternative, non-superconducting metals microstrip have been used to push the
operating frequency of SIS receivers above the gap frequency of Nb. In particular, a mixer
based on Al microstrip lines has shown high sensitivity up to 1.1 THz [3,4]. The rf loss in

Al Stripline
Nb SIS Junction
SiO2 + Anodization
NbTiN Stripline

Al2O3 Interface Layer
Silicon Substrate
Fig. 1 Cross-section of a Nb SIS mixers with NbTiN/SiO2/Al stripline on a Si wafer.
such a microstrip line does not strongly depend on frequency, however, it is higher than in
a superconductor below its gap frequency.
Other superconducting materials with higher critical temperature Tc (and therefore
higher gap frequencies) have also been used as a microstrip wiring material. The most
promising results have been obtained with NbTiN (Tc ≈ 15 K) at frequencies as high as
800 GHz [5]. The gap frequency for bulk NbTiN material is around 1.15 THz and good
mixer performance is expected to extend up to this limit. In this paper we present SIS
mixers based on a combination of a NbTiN ground plane, Al top wiring layer, and Nb/AlAlOx/Nb SIS junctions.
Waveguide (WG) mixers are commonly used in the mm-wave band. However, as
frequency increases, the size of the waveguide decreases and production becomes more
difficult. The planar antenna lens combination has been introduced as an alternative
technological solution for high frequencies [6]. The main problem for this quasi-optical
(QO) configuration is a concern about the receiver beam quality. Thus, this property of
the QO mixer will also be addressed in this paper — the measured beam patterns for the
double slot line antenna (DSA) on a silicon elliptical lens are presented.
RECEIVER LAYOUT
The receiver chip cross-section is shown in fig. 1. The substrate material is high
resistivity silicon. The NbTiN ground plane is deposited at room temperature on a thin
Al2O3 buffer layer. The Nb/Al-AlOx/Nb SIS junctions and the SiO2 insulator layer are
fabricated using standard technology [7]. The junction area is 1 µm2 and the current
density is about 8 kA/cm2. The normal state resistance Rn and the quality factor (Rj/Rn) of
the junction is about 30 Ω and more than 20 respectively. The top wiring is a sputtered Al
film. Aluminum has been chosen as the top electrode material instead of NbTiN for

Double Slotline
Antenna

SIS junctions
IF, dc
connection
Choke Filters
Fig. 2 Receiver chip layout: (slot-line antenna). Ground plane is red.

Double Dipole
Antenna

IF, dc
connection

SIS junctions
Choke Filters
Fig. 3 Receiver chip layout: (double dipole antenna). Ground plane is red.
several reasons. The first reason is to avoid the heating of the Nb SIS junction which is
observed in a full NbTiN/Nb-SIS/NbTiN combination due to Andreev reflection at the
Nb/NbTiN interface [8]. The second reason is to improve on the stability of the magnetic
field across the junction by removing the SQUID loop. Finally, this allows the frequency
dependence of the rf properties of the NbTiN ground plane to be studied, due to relatively
frequency independent rf properties of the Al top wiring.
The layout of the center part of the chip is shown in fig. 2 for the DSA and in fig. 3 for
the double dipole antenna (DDA). Two SIS junctions are used in both designs. The rf
signal couples in anti-phase to the junctions, forming a virtual ground in the
interconnecting tuner made from microstrip line. This twin-junction tuning circuit was
proposed in [9,10]. The antenna impedance is matched to the junction+tuner impedance
by means of a quarter-wave microstrip line transformer.

Fig. 4 Antenna-lens combination.
In the DSA design, the combined choke filters are used to reflect the rf power coupled
in the direction of the dc/IF leads. The low impedance sections are made of microstrip
line and the high impedance sections are made of coplanar waveguide lines. This
produces a large impedance ratio, which is also independent of material losses. A series
dc resistance of ~ 0.2 Ω is expected in the Al top wiring. The calculated central frequency
and bandwidth for this design is 950 GHz and 250 GHz respectively. Three tuner lengths
and three junction sizes were included in the mask design. This compensates for the
potential spread in device parameters due to fabrication tolerances.
In the DDA design, additional measures were taken to ensure that rf currents flow
through the NbTiN ground plane. The DDA is formed entirely in ground plane to make it
electrically symmetrical. Only the quarter-wave transformer and the junction tuner are
made using the Al top wiring. Furthermore, different antenna and tuner sizes were used to
cover the 800-950 GHz and 950-1100 GHz ranges.
The antenna lens combination of the quasi-optical receiver is schematically shown in
fig. 4. The receiver chip is 2 x 2 x 0.3 mm3. Two antennas of the same design are placed
on each chip, with a 250 µm offset from the chip center, to increase the device yield. The
receiver chip is mounted on the back surface of an elliptical Si lens. The diameter of the
lens is 10 mm. A StycastTM antireflection coating with a central frequency of 1 THz is
applied to the front surface of the lens and the antenna is placed at the focal point of
elliptical surface. A back reflector is used for the DDA - 20 µm thick Si covered on one
side by a Nb film. This back reflector is fixed to the mixer chip surface by means of
vacuum oil. The DSA is used without a back reflector.
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Fig. 6 Typical FTS response of double dipole antenna mixer.
DIRECT RESPONSE MEASUREMENT RESULTS AND DISCUSSION
The direct response spectra for DSA and DDA samples measured with an evacuated
Mihelson FTS are shown in fig. 5 and fig. 6, respectively. This data is measured with the
critical current suppressed by an external magnetic field to avoid Josephson direct
detection that can change the response significantly in this frequency band. The 3 dB
bandwidth for both the DSA and the DDA designs is about 250 GHz. The measurements
in both figures are shown in the same relative scale. The 50 GHz ripple seen in all
measurements is due to the transmission of the Michelson interferometer, and is not seen
in heterodyne measurements.
All measurements show a decrease in detected power at frequency above 1 THz. This
decrease is independent of the tuner length, and may be attributed to increased surface
losses in the NbTiN ground plane. The rf quality of NbTiN film sputtered on the Si

substrate appears to be worse than expected from measured critical temperature,
Tc = 14.3 K. A significant improvement may be expected if a MgO substrate is used for
NbTiN film deposition.
NOISE TEMPERATURE MEASUREMENT RESULTS AND DISCUSSION
Noise temperature measurements are performed using a standard Y-factor method.
Blackbody radiators at 80 K and 300 K temperatures and the Raleigh-Jeans relation were
used to express the equivalent noise power of the source. No vacuum setup was used
during heterodyne measurements.
The copper mixer block was mounted on the cold plate of a vacuum LHe cryostat. No
additional lenses or mirrors are used to direct the receiver beam out of the cryostat. A thin
15 µm KaptonTM vacuum window is used. Two far-infrared radiation filters (at 80 K and
4.5 K) are made from 1 mm ZitexTM G104. The local oscillator power was injected using
a MylarTM beam splitter of 15 or 6 µm thickness. A L-band (1.2-1.7 GHz) amplifier with
a circulator, followed by room temperature amplifiers, is used in the receiver IF chain. A
narrow pass-band (∆ f = 85 MHz) filter followed by a power meter is used to analyze the
receiver performance. A lower He bath temperature of 2 K is realized by decreasing the
bath pressure to ~ 15 mBar. Two backward wave oscillators are used as local oscillators.
The measured IF response vs. SIS junction bias voltage is presented in fig. 7 for the
DSA receiver. Traces of Josephson noise are present in the response because of either a
small difference in the junction areas, or slightly asymmetric biasing of the junctions. The
two junctions do not form a SQUID-like loop because one layer of the tuning structure is
not superconducting. This results in improved mixer stability with respect to magnetic
field variations. The mixer can be operated over 1 mV bias voltage span.
The receiver noise temperatures of the DSA mixer measured at different LO
frequencies are presented in fig. 8. Data is presented for a 2 K bath temperature. The rise
in the receiver noise temperature at higher frequencies can be explained by additional rf
loss in NbTiN layer of junction tuning structures. The same tendency is observed in the
mixer direct response. The noise temperatures of about 340 K (uncorrected for losses in
15 µm thick beam splitter) have been measured for the same receiver in the 840-920 GHz
range at 4.2 K He bath temperatures.
Only preliminary sensitivity results are available for the DDA mixer. A receiver noise
temperature of 600 K is measured with a 15 µm MylarTM beam splitter at a 4.5 K bath
temperature, which can be corrected for LO insertion loss to 400 K.
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Fig. 7 Receiver Noise temperature for the double slot line antenna mixer at 2 K bath
temperature. The noise temperature is 300 K @ 990 GHz, not corrected for beam
splitter losses.
ANTENNA BEAM PATTERN MEASUREMENT RESULTS AND DISCUSSION
A 2-axis rotational setup is used for the antenna beam pattern measurements. In this
setup, the dewar is rotated about two perpendicular axes with the lens-antenna
combination placed at the center of rotation. The measured beam pattern is thus
independent of the antenna beam pattern of the test source.
Both the cross- and co-polar far-field antenna beam patterns are measured for the DSA
receiver at 900 GHz. Results are shown in fig. 9 and 10. The change in pumping level of
the SIS mixer is used as a measure of the received power. The co-polar radiation pattern
has a good main-lobe symmetry and the first order side-lobe level of –(16-18) dB, which
is expected theoretically. The F/# ≅ 15 is estimated from the –11 dB taper. The fraction of
the power contained in the main-lobe is 83% of total power. The cross-polar radiation
pattern has peak power of –26 dB relative to the co-polar pattern. The total power in the
cross-polar pattern is only 0.3% of the power in the main-lobe of the co-polar beam.
CONCLUSIONS
Quasi-optical mixers, employing a novel microstrip line material combination of
NbTiN and Al, were developed and tested around 1 THz. The DSA receiver demonstrates
a two-fold improvement of the sensitivity over previously reported mixer results at these
frequencies. Noise temperatures of 245 K @ 850 GHz, 310 K @ 980 GHz and

Noise Temperature (K)

Double slotline antenna mixer, 2.5 K bath temperature
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Fig. 8 Receiver Noise temperature for double slot line antenna mixer at 2.5 K bath
temperature.
400 K @ 1020 GHz are obtained and a 30% relative bandwidth is demonstrated. Good
main antenna beam pattern quality and low level cross-polar response is experimentally
demonstrated. This demonstrates that THz quasi-optical mixers are well suited for use in
astronomical receivers.
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Fig. 9 Main-polarization antenna beam pattern of the double slot line antenna at 900 GHz.
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ABSTRACT
Devices from three major groups of two-terminal devices, i.e., transit-time diodes, transferred-electron
devices, and quantum-well devices, have been employed successfully to generate RF power at frequencies
above 200 GHz. At frequencies up to 300 GHz, Si IMPATT diodes yielded the highest RF power levels
from any fundamental solid-state source, e.g., 50 mW at 245 GHz. However, the RF power of more than
1 mW from InP Gunn devices around 315 GHz is the highest from any such fundamental source above
300 GHz. GaAs TUNNETT diodes operating as efficient self-oscillating frequency multipliers generated
RF power levels of more than 10 mW at 202 GHz. GaAs IMPATT diodes, e.g., yielded 2 mW at 232 GHz.
The highest oscillation frequency of 714 GHz was reported from an InAs/AlSb RTD with an RF output
power of 0.3 µW, whereas GaAs/AlAs superlattice electronic devices yielded 0.2 µW at 224 GHz. This
paper reviews the power generation capabilities and basic properties of these two-terminal devices as
fundamental RF sources. It compares them directly at the RF power level, but also in terms of RF power per
unit area as a figure of merit.

1.

INTRODUCTION

Systems for rapidly emerging applications at submillimeter-wave frequencies such as
upper atmospheric imagery, remote sensing, array receivers in radio astronomy, highresolution near-object analysis, and ultra wide bandwidth intersatellite communications
require reliable and compact RF sources with low dc power consumption as one of their
key components. RF power generation at high millimeter-wave frequencies was already
demonstrated with various types of solid-state devices [1] thus making them good candidates for sources at submillimeter-wave frequencies. The practical application of “classical,” but also more recent principles in device physics [2]–[4] resulted in major advances
in device performance, which have also been enabled by epitaxial materials of superior
properties or quality as well as much improved processing technologies. Amplifiers with
three-terminal devices reach higher and higher frequencies [5]–[9], and improvements in
their RF output power [10] as well as their increasing use in systems applications are
being reported up to millimeter-wave frequencies. Nonetheless, there have been a few
practical demonstrations of fundamental oscillators with three-terminal devices above
100 GHz, and, in addition, only low RF power levels of much less than 1 mW were

reported [11], [12]. This paper gives an overview of the basic properties of different twoterminal devices for continuous-wave (CW) RF power generation at submillimeter-wave
frequencies and mainly focuses on devices that in the laboratory already yielded RF
power at frequencies above 200 GHz.

2.

RTDS AND OTHER QUANTUM-WELL DEVICES

Resonant tunneling through discrete energy levels of a so-called quantum well was first
demonstrated in 1974 [4]. However, only after major advances in growth techniques, such
as molecular beam epitaxy (MBE) and metalorganic chemical vapor deposition
(MOCVD), in the 1980s were device structures suitable for oscillators grown and evaluated. As can be seen from Fig. 1, the highest oscillation frequency of any fundamental
solid-state RF source were reported from InAs/AlSb resonant tunneling diodes (RTDs)
[13], [14]. The dc-to-RF conversion efficiencies, however, are below 1% at millimeterwave frequencies and the RF power levels of, e.g., 3 µW at 360 GHz and 0.3 µW at
712 GHz [14] are low, which severely limits the use of RTDs in systems applications.

Fig. 1. Published state-of-the art results from RTDs and SLEDs in the 30–1000 GHz frequency range.
Numbers next to the symbols denote dc-to-RF conversion efficiencies in percent, where applicable.

More recently, superlattice electronic devices (SLEDs) were demonstrated as millimeterwave oscillators [15]–[18], and the results are included in Fig. 1. The devices were
typically not mounted in a resonant cavity, but they were in quasi-planar structures and
were contacted with different ground-signal or ground-signal-ground (GSG) probes for Vband (50–75 GHz) or W-band (75–110 GHz) [16]–[17]. Exceptions are the quasi-planar
circuits in a WR-15/WR-6 waveguide combination [15] and in a WR-6 waveguide as
shown in Fig. 2 [18]. As an example, Fig. 2 also illustrates the setup with a GSG probe
for W-band [17]. RF power levels (and corresponding dc-to-RF conversion efficiencies)
of 0.4 mW (1%) were reported at the fundamental frequency of 56 GHz and 40 µW
(0.1%), at the second-harmonic frequency of 112 GHz from the quasi-planar circuit
configuration in a waveguide [15]. With the GSG probe and a spectrum analyzer, an RF
power of 0.5 mW (0.3%) was determined at 103 GHz [17]. The length of the active
region ranges approximately from 0.44 µm to 0.64 µm in these GaAs/AlAs SLEDs.
Therefore, the higher oscillation frequency of 103 GHz is attributed to much narrower
barriers of the quantum wells, which are only two monolayers of AlAs thick and cause a
larger miniband width of 120 meV [17]. At a similar length of the active region, an
InGaAs/InAlAs SLED generated 80 µW (0.6%) at the higher oscillation frequency of
147 GHz [18]. Recorded spectra of these SLEDs in free-running oscillators, however, are
not as clean as, e.g., those of Gunn devices in free-running oscillators, but are quite
narrow-band for a nonresonant circuit or for low quality factors Q.
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Fig. 2. Experimental setup for evaluation of SLEDs at W-band and D-band frequencies, respectively. After
E. Schomburg et al. [17], [18].

Up to D-band (110–170 GHz) frequencies, RF power levels from SLEDs are higher than
those from RTDs of the same material system, whereas dc-to-RF conversion efficiencies
are comparable. They are still much lower than the RF power levels from impact avalanche transit-time (IMPATT) and tunnel injection transit-time (TUNNETT) diodes as
well as Gunn devices at the same frequencies. These RF power levels PRF were measured
with two-terminal devices of quite different device areas A. Therefore, the RF power
density ΦRF (= PRF/A) provides a better comparison of the power generating capabilities of
various two-terminal devices and should be considered analogous to the performance

comparisons quoted as RF power per gate length for three-terminal devices, such as fieldeffect transistors (FETs) or high electron mobility transistors (HEMTs). Fig. 3 shows ΦRF
as derived from published state-of-the-art-results and device areas in the 30–1000 GHz
frequency range for device types that, so far, have yielded measurable RF power levels
above 200 GHz. As a result of high bias current densities and high dc-to-RF conversion
efficiencies, ΦRF is by far the highest in Si and GaAs IMPATT diodes and exceeds that of
RTDs, but also SLEDs, up to D-band (110–170 GHz) frequencies by typically more than
two orders of magnitude. In addition, ΦRF of GaAs TUNNETT diodes and Gunn devices
exceeds that of RTDs and SLEDs up to the highest oscillation frequencies as well. ΦRF of
SLEDs from the GaAs/AlAs material system is only higher than that of RTDs from the
same material system, but, quite importantly, SLEDs are not associated with the same
severe restrictions [1], [19] that bias instabilities impose on the device areas and, consequently, the RF power generation capabilities of RTDs. Therefore, higher RF power
levels can be expected from SLEDs with larger areas in appropriate millimeter-wave
circuits that match the resulting lower device impedance levels to the RF load. Furthermore, the experimental result at 103 GHz [17] indicates the potential of reaching higher
oscillation frequencies with GaAs/AlAs SLEDs than with GaAs Gunn devices.

Fig. 3. RF power densities ΦRF in two-terminal devices as derived from published state-of-the art results.
Due to uncertainties in device areas, ranges are given for ΦRF of InP Gunn devices and GaAs TUNNETT
diodes at particular frequencies. Lines between data points at different frequencies are only as a guide to the
eye.

3.

TRANSIT-TIME DIODES

Si IMPATT diodes were the first semiconductor devices to generate RF power above
300 GHz. As shown in Fig. 4 (and in conjunction with Fig. 1 and Fig. 5), they yielded the
highest RF power levels from any solid-state fundamental RF source up to 300 GHz.
Exemplary RF power levels (and corresponding dc-to-RF conversion efficiencies) of
50 mW (1.3%) at 202 GHz [20]; 44 mW (1.2%) at 214 GHz [20]; 50 mW (< 2%) at
217 GHz [21]; [22], 50 mW (< 1%) at 245 GHz [22]; 12 mW (< 0.5%) at 255 GHz [22];
7.5 mW (0.35%) at 285 GHz [23]; 1.2 mW (< 0.05%) at 301 GHz [20]; and 0.2 mW at
361 GHz [23] were measured at very high operating junction temperatures of typically
more than 300 °C with waveguide circuits at room temperature [21]. Higher RF power
levels of, e.g., 4.5 mW (0.13%) at 295 GHz and 2.2 mW (0.047%) at 412 GHz, but also
higher oscillation frequencies of up to 430 GHz were attained by cooling the heat sink of
the diode and the waveguide circuit to 77 K (liquid nitrogen) [24].

Fig. 4. Published state-of-the-art results from Si and GaAs transit-time diodes under CW operation in the
frequency range of 30–400 GHz. Numbers next to the symbols denote dc-to-RF conversion efficiencies in
percent.

Impact ionization as the carrier generation mechanism in IMPATT diodes is a major
contributor to the noise of free-running oscillators compared to, e.g., the smaller contri-

bution from mainly thermal noise in the domain formation process of Gunn devices [1],
[2]. Therefore, IMPATT diodes are generally considered quite noisy, although techniques
are known on how to reduce noise contributions from impact ionization at the price of
typically lower dc-to-RF conversion efficiencies [1], [2]. The noise properties of
IMPATT diodes restrict their use as local oscillator (LO) sources to either receiver
applications where the highest sensitivity is not of primary concern or sensitive low-noise
receivers in which well-balanced Schottky diodes as subharmonically pumped mixers
cancel out the noise from the LO [25].

Fig. 5. Published state-of-the-art results from GaAs and InP Gunn devices under CW operation in the
frequency range of 30–400 GHz. Numbers next to the symbols denote dc-to-RF conversion efficiencies in
percent.

TUNNETT diodes, on the other hand, are based on a fast and quiet primary carrier
injection mechanism [1], [2], which makes them another prime candidate for RF generation at high millimeter-wave and submillimeter-wave frequencies. RF power levels of
100 ± 5 mW (and corresponding dc-to-RF conversion efficiencies of around 6%) were
measured with GaAs TUNNETT diodes on diamond heat sinks in the fundamental mode
at oscillation frequencies of 100–107 GHz [19].
Power extraction at higher harmonic frequencies was investigated with Si [20], [26] and
GaAs [27], [28] IMPATT diodes as well as GaAs TUNNETT diodes [19] [29]. Diode

structures and properties suggest operation in second- or even third-harmonic mode for
some of the aforementioned state-of-the-art results from Si IMPATT diodes above
200 GHz. As an example, the RF power of 1.2 mW at 301 GHz was thought to be generated at the third-harmonic frequency [20], but for many other results at these high millimeter-wave frequencies, no attempts to determine the exact mode of operation were
reported.
The aforementioned GaAs TUNNETT diodes were also operated in a second-harmonic
mode up to 237 GHz and yielded RF power levels exceeding 10 mW at 202 GHz, 9 mW
around 210 GHz, and 4 mW around 235 GHz [29], [30]. These power levels correspond
to dc-to-RF conversion efficiencies around 1% at 202 GHz and 210 GHz as well as above
0.6% around 235 GHz [29], [30]. The diodes operate as self-oscillating multipliers with a
large modulation of the depletion region, which is akin to that of high-performance
varactor diodes and is responsible for the high up-conversion efficiencies of more than
20% [29]. This mode of operation also reaches its performance peak below the maximum
permissible bias current density [29]. Therefore, higher RF power levels and higher
operating frequencies are expected from TUNNETT diodes that are designed for this
mode of operation and have shorter active regions as well as doping concentrations
appropriate for higher current densities. Simulations also indicated that RF power levels
of the order of 10 mW can be generated in the 240–280 GHz frequency range with GaAs
single-drift TUNNETT diodes in the fundamental mode [31].
The measured RF power levels and, particularly, conversion efficiencies of these
TUNNETT diodes in a second-harmonic mode are comparable to those obtained from
frequency multipliers where, e.g., Schottky-barrier varactor diodes are driven by Gunn
devices [32], [33]. Fig. 6 compares these results from various frequency multipliers in the
100–1000 GHz frequency range with select results from GaAs TUNNETT diodes, InP
Gunn devices, and RTDs. In addition, very clean spectra were recorded from these GaAs
TUNNETT diodes in the fundamental as well as in a second-harmonic mode [19], [29],
[30]. TUNNETT diodes also yielded the lowest small-signal frequency-modulation (FM)
noise measure reported from any oscillator with a two-terminal device [1], [19].
Contrary to preliminary results from GaAs TUNNETT diodes [19], a very preliminary
study of the properties of single-drift GaAs IMPATT diodes in a second-harmonic mode
found that the measured spectra of free-running oscillators with these diodes [28] were
clearly not as clean as those of free-running oscillators with TUNNETT diodes (or Gunn
devices). This result was indeed expected from approximately 7–8 dB higher values of
the small-signal FM noise measure and at least 6 dB higher values of the large-signal FM
noise measure of GaAs single-drift IMPATT diodes in the fundamental mode at W-band
frequencies [1], [19]. Furthermore, dc-to-RF conversion efficiencies of, e.g., 0.04% at
194 GHz [28] or 0.06% at 232 GHz [27] were inferior to those of the TUNNETT diodes
in a similar circuit configuration [19], [29].

Fig. 6. Published state-of-the-art results from frequency multipliers with GaAs Schottky-barrier or InPbased heterojunction-barrier varactor diodes in the 100–1000 GHz frequency range in comparison with
published state-of-the-art results from GaAs TUNNETT diodes, InP Gunn devices, and RTDs above
200 GHz.

4.

TRANSFERRED-ELECTRON DEVICES

GaAs or InP transferred-electron (or Gunn) devices are quite frequently employed in allsolid-state LO sources for submillimeter-wave frequencies, where they generate RF
power at medium millimeter-wave frequencies of 60–150 GHz and then drive one or
more stages of frequency multipliers with Schottky-barrier varactor diodes [25], [32],
[33] or, more recently, heterojunction-barrier varactor diodes [34]. More than ten semiconductor materials in the III-V and II-VI groups are known to exhibit the transferredelectron effect, [2], [35], however, so far, only GaAs and InP have been exploited commercially. GaAs Gunn devices are not a topic of this paper since only InP Gunn devices
yield RF power above 200 GHz.
The highest dc-to-RF conversion efficiencies at low to medium millimeter-wave frequencies and excellent performance up to D-band frequencies were reported from InP TEDs
with n–n+ layer structures and current-limiting contacts at the cathode side of the active
region. Examples of RF power levels (and corresponding conversion efficiencies) are
380 mW at 57 GHz (10.6%) in the fundamental mode [36] as well as 175 mW (7%) at
94 GHz, 85 mW (3.8%) at 125 GHz, and 65 mW (2.6%) at 138 GHz in a second-

harmonic mode [37], [38]. As shown in Fig. 5, the highest RF power levels from any
Gunn device above 100 GHz were achieved with devices that had an n+n–n+ layer structure as well as a graded doping profile in the active region and were mounted on diamond
heat sinks [19], [35], [39]. Operation in the fundamental mode was observed up to
165 GHz. As examples, RF power levels (and corresponding dc-to-RF conversion
efficiencies) exceeded 200 mW (2.6%) at 103 GHz [35]; 130 mW (2.2%) at 132 GHz;
80 mW (1.4%) at 152 GHz; and 30 mW at 162 GHz [19], [35]. High RF power levels and
excellent noise performance [1], [19], [30], [35], [39] make these InP Gunn devices
ideally suited for driving high-performance Schottky-diode frequency multipliers in
sensitive terahertz receivers.
Operation in a second-harmonic mode helps overcome the inherent fundamental frequency limit in Gunn devices. RF power levels of more than 3.5 mW at 214 GHz, more
than 2 mW around 220 GHz, as well as more than 1 mW up to 315 GHz were measured
in this mode of operation [30], [40]. The RF power levels above 300 GHz are the highest
reported to date from any solid-state fundamental RF source and, as can be seen from Fig.
6, they approach those from frequency multipliers [32]. These RF power levels even
exceed early performance predictions [41]–[44], but the results of more recent simulations indicate that significant increases in RF power levels can be expected from more
optimized device structures and circuits up to at least 320 GHz [45], [46]. Fig. 7 compares the experimental results in the fundamental mode, as well as those in a secondharmonic mode with these recent predictions from detailed simulations [46] that employed a Monte Carlo-based harmonic balance technique [45]. Monte-Carlo simulations
were originally used in the design of the D-band structures [47] and showed good agreement between performance predictions and measured results [45], [48]. Various device
structures, which were designed for operation in a second-harmonic mode in the 200–
310 GHz frequency range and had a doping gradient in the active region as shown
schematically in the inset of Fig. 7, were investigated [46], [49].
The measured RF power levels in the fundamental mode at D-band frequencies and the
predicted RF power levels for operation in a second-harmonic mode at J-band (220–
325 GHz) frequencies follow a clear 1/f 3 roll-off up to about 300 GHz. This trend
evidently shows that substantial performance improvements can be expected from
optimized device structures and waveguide circuits at J-band frequencies. The trend
above 300 GHz may also indicate that the transferred-electron effect in InP could be
utilized even above 320 GHz and possibly up to 500 GHz [49] with devices operating in
a second- or third-harmonic mode. In addition, the experimental results from InP Gunn
devices above 220 GHz imply that the derivations of fundamental physical frequency
limits for the transferred-electron effect in InP should be revisited and re-investigated in
greater detail.

Fig. 7. Comparison of predicted [45], [46], [49] and measured [19], [40] CW RF power levels from InP
Gunn devices with an n+n–n+ structure and a doping gradient in the active region as shown in the inset for
the 100–320 GHz frequency range.

5.

CONCLUSIONS

RF power generating capabilities of several two-terminal devices were reviewed and
compared. Compared to GaAs, InP is the better semiconductor material system to reach
submillimeter-wave frequencies with Gunn devices. Experimental results from both
GaAs and InP Gunn devices indicate that the fundamental frequency limit of the transferred-electron effect may be higher than previously thought. More detailed studies are
necessary to determine the ultimate fundamental frequency limit, i.e., if InP Gunn devices
are capable of generating significant RF power levels in the 320–400 GHz frequency
range. Nonetheless, simulations predict that substantial performance improvements are
feasible at J-band frequencies, which may help eliminate one or two stages in a multiplier
chain to reach terahertz frequencies.
As can be seen from the published results in Figs. 1, 4, and 6, the RF power levels from
InP Gunn devices on diamond heat sinks are the highest reported to date from any solidstate fundamental RF source operated at room temperature and for frequencies above
300 GHz. Likewise, GaAs TUNNETT diodes are considered the second-most powerful
solid-state fundamental RF source operated at room temperature and for frequencies
above 200 GHz.

Reliable long-term operation requires the heat dissipation in the device to be minimized.
Both Gunn devices and TUNNETT diodes on diamond heat sinks meet these requirements since the above-mentioned state-of-the-art-results were obtained at “cool” operating active-layer temperatures estimated to be generally below 200 °C, but most often well
below 150 °C [1], [29], [30],[35], [39], [40], [48].
Other semiconductor material systems, such as GaN or InN, are known to exhibit a
transferred-electron effect [35] which could be utilized for millimeter-wave Gunn devices. However, various Monte Carlo simulations predict its onset to occur in these
semiconductor materials at five to more than ten times higher threshold electric fields
than in InP [50]–[53]. Furthermore, much smaller values for the negative differential
mobility at electric fields above twice the threshold field, as well as lower values for the
low-field electron mobility, require much higher doping × length products for rapid
domain formation than in GaAs or InP. Higher electric fields and, as a result, bias voltages, will enhance the RF power generating capabilities, but, together with higher doping × length products, may cause dc input power densities that are at least one order of
magnitude higher than in InP and, even on diamond heat sinks, result in extreme overheating in the device. As a consequence, major advances in material growth, material
characterization, and experimental verification of material properties and parameters, as
well as appropriate device fabrication technologies, are required before the potential and
capabilities of any of these material systems can be assessed fully and eventually utilized.
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THE OXIDE BARRIER VARACTOR
Thomas W. Crowe and Yiwei Duan
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The heterostructure barrier varactor [1] consists of a layer-cake of alternating
low and high band-gap semiconductor materials, for example GaAs and AlGaAs. As bias
is applied in either direction across the layers, the electrons in the moderately doped low
band-gap layers form a two-dimensional electron gas against the conduction band
discontinuity at the heterojunction. Thus, most of each low band-gap layer becomes
depleted, forming capacitance modulation layers while the high band-gap materials are
barrier layers to prevent conduction current. Since these devices have a symmetric
capacitance-voltage characteristic centered at zero-bias, they cannot generate even order
harmonics and don t require a bias circuit or even harmonic idler circuits. Thus, they are
ideal frequency triplers and quintuplers. Also, since any number of barriers can be
epitaxially stacked, the power handling of the device can be made quite large.
The primary problem with HBVs is that the conduction band discontinuity
between most suitable semiconductor materials is not large enough to prevent a significant
thermionic emission leakage current. This current can greatly reduce the useful
capacitance modulation of the HBV. In terms of circuit design, the devices have a very
high-Q, which makes it difficult to achieve broadband performance without several
mechanical tuners. Although it has recently been shown that the InGaAs/InAlAs system
yields much improved characteristics, and excellent results to 250 GHz have been
achieved [2], the very limited fixed-tuned bandwidth of HBV multipliers remains a serious
drawback that will prevent this technology from being useful in most applications.
Our new device is identical to the HBV except that an oxide replaces the
semiconductor barrier layers [3]. The expected result is a much higher barrier height that
greatly reduces leakage current. This allows the properties of the modulation layers to be
optimized to achieve maximum capacitance modulation without regard to the barrier
materials. Also, we can implement this process with GaAs rather than InGaAs, so that
avalanche breakdown is not as prevalent. A review of the literature shows that many
groups have attempted to find a suitable oxide material on GaAs. In particular, one group
has succeeded in laterally oxidizing AlGaAs layers in a mesa structure to form Al2O3
layers that serve as waveguiding regions for optical devices [4]. Their work was the
original basis for our proposed Oxide Barrier Varactor.
To date, we have fabricated several test batches of whisker contacted OBV
devices. Since oxidation of the AlGaAs is the last process step, we are able to measure the
parameters of the HBV diode before the layers are oxidized to form the OBV device
structure. Initial tests have shown that the turn-on voltage (defined here as 1 uA) was

increased by an order of magnitude after oxidation. However, the resulting OBV device
showed no capacitance modulation.
It is now understood that the oxidation process leaves a significant amount of
metallic arsenic at the GaAs-oxide interface. This creates a large concentration of interface
states that pins the Fermi level near mid-gap and causes the modulation layers to be
depleted regardless of applied bias.
There are several possible ways to solve this problem. First, the oxidation process
can be varied. Perhaps a different heating cycle or ambient atmosphere will allow more of
the arsenic to be removed. Similarly, a new device geometry that has a greater periphery
to area ratio may allow more of the Arsenic to escape. Also, other materials might
eliminate the problem altogether. For example, perhaps a GaN layer can be substituted for
the AlGaAs layer. However, to date no suitable solution has been demonstrated.
Summary:
The oxide barrier varactor is proposed as an adaptation to the more common
heterostructure barrier varactor. Its structure is essentially the same except an oxide
replaces the high-barrier semiconductor material that forms the heterostructure barrier.
The result should be a drastic reduction in conduction current thereby allowing the
fabrication of HBV-like devices with greatly improved performance. Although the OBV
structure can be formed by lateral oxidation of AlGaAs layers, the resulting interface state
density is too high. This causes the modulation layers to be depleted and destroys the
capacitance modulation. Although there are many possible solutions to this problem, it
remains a major challenge.
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Abstract
This paper investigates the performance of InP Gunn devices at high millimeter- and
submillimeter-wave frequencies through computer simulations. The objective is to
estimate the highest frequency at which InP Gunn devices can realistically be used
as oscillators. The simulation tool uses the ensemble Monte Carlo method to model
the Gunn device while the harmonic balance technique is employed to describe the
device-circuit interaction. Thermal e ects are taken into account by coupling a heat
ow equation to the Monte Carlo algorithm. Results based on this model showed
good agreement with available experimental data both for fundamental and second
harmonic InP Gunn oscillators. This agreement establishes an acceptable con dence
level on the applicability and accuracy at high frequencies. Therefore, the model
is used to predict the device performance when the length of the active region in
the device is scaled down to less than 1 m. Results indicate that oscillations up
to at least 500 GHz are possible in a second-harmonic mode. These simulations
take into consideration realistic load and series resistances as well as safe operating
temperatures.
1

Introduction

Oscillators based on InP Gunn devices were demonstrated experimentally up to 315
GHz when operated in the second harmonic mode [1]. RF Power levels of 3.5 mW

at 213 GHz and 1.1 mW at 315 GHz were obtained. EÆcient fundamental-mode
operation of InP Gunn devices was originally thought to be limited to frequencies
well below 140 GHz [2]. These results clearly indicate that InP Gunn devices could
generate power at much higher frequencies than previously thought. Such sources of
RF power reduce the number of multiplier stages required to reach higher terahertz
frequencies. The main objectives of this paper are (1) estimates of the power levels
that could be obtained from optimized structures with graded doping pro les between
200 GHz and 300 GHz, and (2) the prospects of RF power generation with InP Gunn
devices at even higher frequencies.
Results reported in this paper are based on a computer model which incorporates the
physical phenomena relevant to the trasferred-electron (or Gunn) e ect. The model
employs an ensemble Monte Carlo technique coupled to Poisson's equation. It can
analyze Gunn device structures with arbitrary doping pro les in the active region and
various heterostructure injectors at the cathode [3]. At frequencies above 100 GHz,
the Monte Carlo method is more appropriate than other techniques that solve for the
di erent moments in the Boltzmann transport equation. In particular, the Monte
Carlo method considers the various scattering mechanisms individually rather than
through some average relaxation time parameters. This is important in the case of
a Gunn device where the operation is based on the intervalley transfer of electrons.
Thermal e ects are accounted for by coupling a heat ow equation to the basic Monte
Carlo method. This allows the device temperature and the various scattering rates to
evolve with time until a stable solution is reached. The harmonic balance technique
describes the interaction of the device with the circuit and in conjunction with the
Monte Carlo method determines a solution that satis es the oscillation condition.
Simulation results obtained with this model were compared with experimental data.
Very good agreement was achieved for InP Gunn devices operating in the fundamental
and second harmonic modes [3].
2

Simulation Results above 200 GHz

The good agreement between predictions and experimental data establishes the validity of the Monte Carlo/harmonic balance model for describing Gunn oscillator
operation. Therefore, performance estimates at frequencies above 200 GHz are presumed to be quite accurate as well. The typical Gunn device structure considered
in the simulations has a moderately n-doped active region sandwiched between two
n+ layers forming the cathode and anode terminals. The doping in the active region
plays a major role in determining the performance of the device. Two types of doping
pro les in the active region were considered: uniform and linearly graded. Various
Gunn device structures were simulated with the simulation tool as decribed in the
previous section. To identify a structure that yields the optimum performance at
a given frequency, the following device parameters were varied: doping at the cath-

Ncathode

(cm 3 )
1.0
1.5
1.8
2.0
0.75
0.9
1.2
1.5

Nanode

(cm 3 )
1.0
1.5
1.8
2.0
1.5
2.25
2.25
2.2

PRF

(mW)
11.2
21.0
26.5
15.8
15.5
24.5
25.0
29.0



(%)
0.43
0.65
0.47
0.4
0.6
0.8
0.6
0.5

T

(K)
400
424
440
450
400
420
415
428

Table 1: Simulation results for di erent 1.0-m-long InP Gunn device structures on
diamond heat sinks at 240 GHz and a bias voltage of 4.5 V.
ode side of the active region (Ncathode ), doping at the anode side of the active region
(Nanode ), bias voltage (VDC ), and device diameter (D). Table 1 summarizes the results for 1-m-long InP Gunn device structures with di erent doping pro les at 240
GHz and a bias voltage of 4.5 V.
These results indicate that Gunn devices with graded doping pro les yield higher
power and eÆciency compared to uniformly doped devices. More importantly, a
graded doping pro le results in a lower operating temperature. This is an important
consideration as excessive heating represents a major problem and limiting factor in
Gunn devices at these frequencies.
3

Upper Frequency Limits

The fundamental oscillation frequency of a Gunn device is determined mainly by the
thickness of the active region. Therefore, submicron devices need to be considered if
RF power generation at frequencies above 300 GHz is to be investigated. The results
presented in this section correspond to InP Gunn devices with graded doping pro les
and power extraction at the second-harmonic frequency. Table 2 summarizes the best
results obtained as the active region thickness L is reduced.
The rst submicron device considered has a 0.8 m active region and a linearly graded
doping increasing from 0.91016 cm 3 at the cathode to 3.01016 cm 3 at the anode. Oscillations were obtained at 360 GHz and 400 GHz with output power levels
of 2.9 mW and 1.5 mW, respectively. At 0.7 m, the optimum oscillation frequency
is about 450 GHz with a corresponding power level of 1.3 mW. A further reduction
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Table 2: Simulation results for submicron InP Gunn devices.
of the active region yields optimum performance at 500 GHz with an output power
level close to 0.5 mW. These RF power levels are still suÆcient to drive a diode mixer
at these frequencies in heterodyne receiver applications. The operating temperatures
are below 400 K for all investigated devices. The operating temperature is only 367
K for the 0.6 m device. This clearly indicates that power generation at frequencies
above 300 GHz is not necessarily limited by heat dissipation but rather by the ability
to match the device to the external circuit. As the frequencies become higher, the
negative resistance provided by the Gunn device decreases which renders matching to
the load and overcoming any circuit losses more challenging. As illustrated in Table
2, matching to load resitance of 1 requires the device diameter to be decreased from
26 m at 360 GHz to 15 m at 500 GHz.
A simple estimation of the fundamental mode oscillation frequency based on the
thickness of the active region and the saturation velocity indicates that a 0.6 m InP
Gunn device should have a fundamental frequency close to 166 GHz. However, the
Monte Carlo simulations described earlier provide a much higher frequency of 250
GHz. The simple estimation would even result in a lower frequency if the e ect of
temperature on the saturation velocity is taken into account. The higher oscillation
frequency is attributed to two electron velocity overshoot e ects. Figure 1 shows the
time evolution of the average electron velocity along the device at eight intervals in
one RF period while Figure 2 shows the corresponding electric eld pro les. Velocity
overshoot is observed in two di erent parts of the device. As \cold" electrons enter
the active region from the n+ cathode contact, they experience a large increase in the
electric eld over a short distance. This results in much higher velocities (close to
4.0107 cms 1 ) compared to the saturation velocity over a region that extends about
0.25 m into the active region. In addition to velocity overshoot near the cathode,
higher velocities are also observed when the space charge layer is collected at the
anode and the electric eld rises rapidly in time. This is illustrated by the velocity
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Figure 1: Time evolution of the average electron velocity for a submicron Gunn device
structure with a length of the active region of 0.6 m.
pro le at phases 74 and 2. In particular, at 2 the average velocity is higher than
2.0107 cms 1 over most of the active region. These two overshoot e ects contribute
to a higher e ective electron velocity in submicron devices and therefore a higher
oscillation frequency.
Figure 3 summarizes the simulation results described in this paper and provides a
comparison with the current state-of-the-art performance of InP Gunn devices [1].
The data represented by solid circles denote experimental results, which were obtained
at the University of Michigan from devices with a graded doping pro le. These results
already represent the highest measured power levels at frequencies between 100 GHz
and 320 GHz. Simulation results (open circles) indicate that signi cant improvement
in the frequency range from 200 GHz to 320 GHz could be obtained with proper
device and circuit design. In addition, the highest frequency of InP Gunn devices
is estimated to reach at least 500 GHz. The predicted output power is proportional
to f 3 at frequencies up to 320 GHz and f 4 up to at least 450 GHz. The f 4
dependence probably underestimates the performance that can be expectected from
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Figure 2: Time evolution of the electric eld for a submicron Gunn device structure
with a length of the active region of 0.6 m.
InP Gunn devices in this frequency range as the results in this paper are preliminary.
More optimized device structures will result in further improvement of the device
performance.
4

Conclusion

Realistic simulations of InP Gunn devices for operation above 200 GHz were carried
out to identify an optimum design at 240 GHz and to estimate the upper frequency
limits of InP Gunn devices operated in the second harmonic mode. At 240 GHz,
RF power levels close to 30 mW are predicted for devices with a 1.0-m-long active
region and a graded doping pro le. Operating temperatures remain below 430 K.
Decreasing the length of the active region results in oscillations up to 500 GHz, with
RF output power levels of 2.9 mW at 360 GHz; 1.5 mW at 400 GHz; 1.3 mW at 450
GHz; and 0.4 mW at 500 GHz. Below 300 GHz, the power generation capabilities of
InP Gunn devices are regarded as mainly thermally limited, whereas above 300 GHz,
matching to the load becomes more restricting and challenging.
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Figure 3: State-of-the-art RF output power from InP Gunn devices and predicted
RF performance based on Monte Carlo simulations.
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Abstract
GaN-based Negative Differential Resistance (NDR) diode oscillators have been studied by
employing Gunn design criteria applicable to this material system. Numerical simulations were
used to carry out large-signal analysis of the GaN NDR diode oscillators in order to evaluate
their potential for THz signal generation. It was found that, due to the higher electron velocity
and reduced time constants involved in the diode operation, GaN NDR diodes offer significantly
higher frequency and power capability than conventional GaAs Gunn diodes. Based on the
performed analysis, THz signal generation using GaN-based NDR diodes was predicted. GaN
NDR layer structures were grown by MOCVD. The fabrication technology and characterization
techniques used for GaN NDR diode oscillators are presented.
I. Introduction
Active microwave diodes with negative differential resistance (NDR), such as GaAs or InP
Gunn diodes, are the preferred devices for generation of microwave signals with high frequency
and power. The frequency capabilities of Gunn diodes are limited by the rate of electron
intervalley transfer. Thus, the amount of output power available from GaAs Gunn diodes
decreases sharply when the oscillation frequency exceeds 100GHz, which corresponds to the
energy-relaxation time in this material of ~10ps [1]. Due to larger threshold field in InP
(10.4KV/cm vs. 3.5KV/cm in GaAs), the energy-relaxation time in InP is shorter, and InP-based
Gunn diodes with fundamental operation up to D-band frequencies have been demonstrated [2].
Studies of fundamental properties in III-V nitrides indicate that these wide-bandgap
materials also exhibit bulk NDR effect with threshold fields in excess of 80KV/cm [3,4,5].
Moreover, Monte Carlo studies of electron transport indicate that the energy-relaxation time in
GaN is much shorter than in conventional III-V semiconductors [6,7]. Thus, use of GaN with
increased electrical strength and reduced electron-transfer time constants offers the possibility to
increase the frequency as well as the power-capability of NDR diode oscillators and extend the
range covered by more traditional III-V semiconductor-based generators to THz frequencies.
In this work, large-signal numerical simulations are employed to investigate the suitability
of GaN-based NDR diodes for millimeter and sub-millimeter (THz) signal generation. Based on
the results of the large-signal simulations, several promising GaN NDR layer structures were
selected and grown by MOCVD at the University of Michigan. Special device patterns and
integrated circuits for experimental validation were developed. The fabrication technology and
characterization techniques explored for realization and demonstration of GaN NDR diode
oscillators are also discussed.
Work supported by ONR (Contract No. N00014-92-J-1552) and DARPA/ONR (Contract No.
N00014-99-1-0513)

II. Theoretical Basis for THz Signal Generation using GaN NDR Diodes
Studies of GaN-based NDR diodes were conducted by employing a commercial
semiconductor-device simulator Medici. Since this program does not contain material parameters
for GaN, these had to be obtained from literature and were evaluated, verified, and properly
introduced into the simulator. Comparisons of simulated performance with experimental
characteristics of GaN-based MESFETs and PIN diodes were made to enable validation of the
selected parameters. Further details on the adopted approach are presented elsewhere [8].
A low-field electron mobility of µn=280cm2/Vsec and 60cm2/Vsec were assumed for wurtzite
(Wz) GaN doped at N=5×1016cm-3 and 1×1019cm-3, respectively [9]. The value of electron
lifetime τn=7ns and hole lifetime τp=0.1ns used in the simulations was based on the experimental
data measured by an electron-beam-induced current method [10]. Coefficients for calculating
impact-ionization rates in GaN were obtained by fitting to the theoretical predictions presented in
[11] and verified by comparing simulation results with experimental breakdown voltages
reported for GaN PIN diodes [12].
Models for field dependence of electron mobility in GaN were based on the v-F
characteristics calculated by Monte-Carlo simulations [13]. Velocity-field characteristics,
evaluated in these studies, demonstrated a bulk NDR effect in the high-field region due to the
intervalley transfer. However, the threshold field for intervalley transfer and consequent
appearance of NDR in GaN was much larger than in conventional semiconductors such as GaAs.
An increase of the threshold field is caused by a larger separation between the satellite and
central valleys in Wz GaN where ∆E is ≈2.1eV compared to ∆E≈0.3eV for GaAs. The GaN v-F
characteristic, used in the simulations, had a peak velocity vPEAK of 3×107, a saturation velocity
vSAT of 2×107, and a threshold field FTH of 150KV/cm.
According to recent studies of GaN bandstructure, the Γ-valley inflection point, at which the
group electron velocity is maximal, was found to be located below the lowest satellite valley in
both Zb (zinc-blende) [4] and Wz GaN [14]. Although further studies are necessary for
experimental confirmation, the inflection point mechanism is also expected to cause bulk NDR
in GaN. This contrasts other semiconductors, where intervalley transfer or impact ionization are
initiated at a lower field than the inflection-point NDR [1].
The reported v-F characteristics of Zb GaN calculated using Monte Carlo simulations were
based on a band structure containing the Γ-valley inflection point, and the results indicated that
NDR was indeed caused primarily by the dispersion of the electron drift velocity in the Γ valley
[4]. The inflection-based NDR manifested a threshold field FTH of 80KV/cm and peak velocity
vPEAK of 3.8×107cm/sec compared with FTH=110KV/cm and vPEAK=2.7×107cm/sec calculated in
[3] for intervalley-transfer-based NDR. However, by far a more important consequence of the
inflection-based NDR is the elimination of the intervalley-transfer relaxation time from the time
required for NDR formation and, thus, a possibility of significantly increased frequency
capability for GaN inflection-based NDR diodes.
Frequency-independent v-F characteristics can be used to describe electron transport in the
presence of a time-varying electric field as long as the frequency of operation f is much lower
than the NDR relaxation frequency fNDR defined by τER (the energy-relaxation time) and τET (the
intervalley relaxation time). The energy-relaxation time of 0.15ps calculated for Wz GaN was ten
times smaller than the GaAs value of 1.5ps. The intervalley-transfer relaxation time τET was

evaluated from the results of Monte Carlo studies of ballistic transport [15]. By extrapolating
reconstructed τET(F) curves to the point of threshold field F=FTH, electron intervalley transfer
times τET of 7.7ps and 1.2ps were found for GaAs and GaN, respectively.
Based on the results of this estimation, the NDR relaxation frequency fNDR of GaAs was
found to be ~100GHz in excellent agreement with experimental and theoretical results [1]. The
frequency capability of GaN-based NDR devices was found superior to that of GaAs Gunn
diodes as indicated by the GaN NDR relaxation frequency fNDR of ~1THz for the case of
intervalley-transfer-based NDR and ~4THz for case of inflection-based NDR (with τET=0ps).
Since the equation and the frequency-response of v-F characteristics in GaN is not yet welldetermined, both intervalley-transfer-based NDR of Wz GaN and inflection-based NDR of Zb
GaN were considered in order to account for uncertainty in published v-F characteristics.
Overall, GaN offers higher peak and saturation velocities than GaAs, which leads to reduced
transit time and increased frequency of operation. The threshold and breakdown fields are also
larger in GaN, which allows operation at a higher bias and leads to increased output power. The
increased frequency response of high-energy electrons in GaN is attributed directly to the higher
electrical strength of this material compared with GaAs. The THz capability, predicted for GaN
devices operating on the inflection-based NDR, is possible due to the exceptionally high
frequency response of electrons to the variations of the bandstructure as suggested in [4].
III. Design of GaN-based NDR Diodes for THz Sources
When a high electric field F > FTH is applied to bulk GaN, electrons experience a negative
differential mobility µNDR. Under these conditions, a non-uniformity of electron concentration
would grow at a rate 1/τDD, where τDDR is the differential dielectric relaxation time and depends
on the electron concentration N, the dielectric constant ε, and the peak negative differential
mobility µNDR. It is recognized that domain growth lasts for at least 3×τDDR [16] and, thus, the
operation frequency of NDR devices can be limited by the active layer doping. The dependence
of frequency capabilities on N for GaN and GaAs was calculated using their respective material
parameters and the results are presented in Figure 1.
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Figure 1. Concentration-frequency diagram of Gunn diodes made of GaAs and GaN

The negative differential mobility in GaAs is larger than in GaN and, therefore, for low
doped devices, growth of electron domains occurs faster in GaAs than in GaN. However, as N is
increased, τDDR is reduced, and the frequency capability improves until it reaches the NDR
relaxation frequency fNDR discussed in the previous section. Since fNDRGaAs < fNDRGaN the
frequency capability of GaN-based devices improves for higher N without being limited by fNDR
as in case of GaAs. This leads to GaN NDR operation that exceeds the GaAs limit of 105GHz for
GaN doping levels above 5×1016cm-3.
(N×L) criteria for the possibility of Gunn domain instability are based on the fact that the
domain growth rate 1/τDDR should be higher than the transit frequency fT = vPEAK/LA:

(N A × LA ) > (N × L )0

≡

3 × ε × v PEAK
q × µ NDR

(1)

where NA is the doping, LA is the thickness of the active layer, (N×L)0 is the critical value of the
(N×L) product, and the factor 3 accounts for the domain growth time, as explained earlier. The
critical values of (N×L) product for GaN and GaAs were calculated using (1), and the results
showed that, due to a higher peak velocity and a smaller negative mobility, (N×L)0 for GaN is
~1013cm-2 which is an order of magnitude larger than for GaAs (1011-1012cm-2).
However, if the active layer doping (NA) exceeds the critical doping concentration NCRIT,
static domains can be formed inside the active layer [16]. Formation of parasitic static domains
results in a decrease of output power and may lead to an early breakdown. Due to the large
difference in threshold electric fields (FTH), NCRIT in GaN calculated according to (2) [16]
N CRIT =

ε × FTH 2
q

(2)

is much higher than in GaAs and, thus, the active region in GaN diodes can be doped
significantly higher (~1017cm-3) than in GaAs designs (~1015cm-3). The latter is a very important
since the availability of low-doped GaN material (NA < 5×1016cm-3) is limited. Higher doping of
active layers in GaN NDR diodes also leads to reduction of τDDR in this material, helping to
increase its frequency capability. Due to the higher doping of the active layer in GaN NDR
diodes, the devices are operated at a higher current level which leads to an increased level of
output power.
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Figure 2. Schematic of GaN NDR diode oscillator.
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A typical GaN NDR diode designed to operate at ~100GHz had an n-type active layer with
thickness LA of 3µm and doping NA of 1×1017cm-3. The active layer was sandwiched between
anode and cathode layers and their corresponding ohmic contacts. Both contact layers were
0.1µm-thick and doped at 1×1019cm-3. The diameter of the diode D was selected to be 50µm. A
final three-dimensional model of GaN NDR diode oscillator is shown in Figure 2 together with
the bias supply and a parallel LCR circuit used to represent the resonant cavity.
IV. Operation of GaN-based NDR Diode Oscillators
Custom hydrodynamic simulators have previously been used for studies of Gunn diodes
[17,18]. The commercial simulator employed in our work also offers hydrodynamic capabilities,
and has been used for large-signal power characterization of GaN NDR diode oscillators and, for
comparison purposes, with GaAs Gunn diode oscillators. The equations used in the
hydrodynamic simulations of GaN NDR diodes included Poisson’s equation, carrier-continuity
equations, and electron energy-balance equations. By including the NDR relaxation time τNDR in
the energy relaxation time used in the energy-balance equations, NDR in v-F characteristics was
constrained to frequencies lower than the NDR relaxation frequency fNDR.
When a bias VD exceeding the critical value VCR=FTH×LA is applied to the anode contact it
results in an electric field F>FTH. Under such conditions, the GaN NDR diode may become
unstable and produce sustained oscillations. The power and frequency of the oscillations depend
on the device design, biasing conditions, and termination impedance of the resonant cavity ZL.
The effect of the latter was modeled by adding a parallel LCR circuit as shown in Figure 2.
Thus, a Wz GaN NDR diode designed for W-band operation was biased using
VD=2×VCR=90V and connected to the LCR circuit with L=17.5pH, C=0.1pF, and R=50Ω.
Starting at time zero, VD was increased from 0 to 90V with a large rise time of >1ns in order to
minimize voltage overshoot. The growth of oscillations takes place over 0.5ns, and is followed
by a region of sustained oscillations. The dynamic I-V trace corresponding to sustained
oscillations is shown in Figure 3 together with a stable DC I-V curve simulated for case when the
GaN diode was connected directly to a voltage source.
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Figure 3. I-V trace of observed oscillations (build-up of oscillations is shown on the inset).

The figure also shows gradual build-up of the amplitude of current oscillations. Finally,
voltage and current waveforms in the region of sustained oscillations were subjected to harmonic
power analysis based on Fourier transformed and the obtained spectrum was used to determine
the output power and the oscillation frequency.
The power and frequency capability of GaN NDR diodes were compared with that of GaAs
Gunn diodes by simulating the performance of the corresponding oscillators. The nominal GaAs
Gunn diode had the same dimensions as the nominal GaN NDR diode: LA=3µm and D=50µm,
but the doping was reduced to 3×1015cm-3 in order to satisfy the design condition NA < NCRIT (see
previous section). This design of GaAs Gunn diode was analogous to published descriptions of
Ka-band Gunn diodes in reference [19]. The bias VD for both GaN- and GaAs-based devices was
selected to be twice the critical bias VCR and, for nominal designs, was 90V and 2.1V,
respectively. Designs of LCR circuits were optimized to provide maximum output power when
used with devices of nominal designs. The results obtained for GaAs and GaN diodes with
varying thickness of the active layer are shown in Figure 4.
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The simulations were conducted for the NDR diodes made of both Wz and Zb phases of
GaN in order to account for uncertainty in published v-F characteristics. The simulations showed
that the overall characteristics of GaN-based NDR diodes outperform those of GaAs Gunn
diodes in terms of output power and frequency of oscillations independent of the specific v-F
characteristics used to model material properties of GaN. Thus, given the same thickness of the
active layer, the operation frequency of GaN NDR diodes (65-95GHz) was approximately twice
that of GaAs Gunn diodes (27-40GHz), while given the same device area, the maximum output
power of GaN NDR diodes was ~35dBm compared with ~10dBm for GaAs Gunn diodes.
The possibility of fundamental THz signal generation using GaN-based sources was
investigated by optimizing the design of GaN NDR diodes for operation at higher frequency.
Thus, following the results of Figure 1, the thickness of the active layer was reduced from 3 to
0.3µm in order to reduce transit time while the doping of the active layer was increased from
1017cm-3 to 1018cm-3 in order to reduce the dielectric relaxation time. At the same time, the size
of the diode was decreased from 50 to 10µm, which allowed minimization of parasitic shunt
capacitance as required for operation at submillimeter-wave frequencies. Large-signal

hydrodynamic simulations of the THz GaN NDR diode with 0.3µm-thick 1018cm-3-doped active
layer revealed appearance of sustained oscillations with fundamental frequency exceeding
700GHz as illustrated by the output power spectra in Figure 5.
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Figure 5. Simulated output power spectrum of THz GaN-based NDR oscillator.

V. MOVPE Growth of GaN NDR Diode Layers
Layers have been grown by metalorganic vapor-phase epitaxy (MOVPE) in a home-built
horizontal quartz reactor. Substrates were placed on a graphite susceptor, which is heated by
10KW RF generator. Growth was performed at low pressure (60 – 110torr) on c-plane sapphire
substrates using TMGa, TMAl, and NH3 as precursors. First, a thin, ~20nm thick GaN buffer
layer was grown at 515°C, followed by the high-temperature growth of the bulk GaN layers at
1120°C. Growth rates for GaN were ~1.4µm/h using a V/III ratio of ~1600.
Using the low-temperature GaN-buffer approach, high-temperature grown undoped bulk
GaN layers were smooth, transparent, and uniform. GaN layers with low background carrier
concentration are required for successful development of NDR diodes. In addition, NDR diodes
use contact layers, which should be highly n-doped to allow for low contact and access
resistances. GaN growth conditions for the bulk and especially for the buffer layer have been
carefully optimized to satisfy those requirements. After optimization of the buffer thickness,
increasing the reactor pressure from 60 to 110torr during both buffer and bulk GaN growth led to
a decrease of the background carrier concentration by 50% to less than 2×1017cm-3 in thin
(~0.7µm) GaN test layers. Further increase of the reactor pressure led, however, to a
deterioration of the electrical characteristics. Increasing the layer thickness to only 1.4µm further
decreased the background carrier concentration by another 50% to 1.2×1017cm-3, while at the
same time increasing the mobility by 20%, thus providing good material quality for NDR device
applications.
Si-doped GaN layers have been grown and investigated to provide low-resistance contact
layers for the NDR diodes. Carrier concentration has been found to depend linearly on the Si2H6
source flow. While Hall mobility decreases with increasing carrier concentration, high-doped
contact layers (n=1×1019cm-3) still have µ > 100cm2/Vsec.

After completing the test layers and growth parameter optimization, NDR diode device
structures have been grown. The cross-section of the GaN NDR diodes consisted (starting from
the top) of the anode layer (n+=1×1019cm-3, t=0.15µm), the active layer (n-=1-2×1017cm-3,
t=2.5µm), and the cathode layer (n+=1×1019cm-3, t=0.5µm).
VI. Fabrication and Characterization of GaN NDR diodes
The NDR diodes were realized on circular mesas formed by dry etching. First, isolation
mesas were formed by removing all GaN layers outside the active device area down to the
sapphire substrate. Secondly, anode mesas were formed by etching through the anode and active
layers down to the second n+ (cathode) layer. For the experimental layers investigated here, this
required 4.6µm-deep isolation etch and 3.1µm-deep anode mesa etch. The dry etching was
performed in a low-pressure RIE (15mT) in CCl2F2:Ar2 (1:1) atmosphere. The RF power for
plasma generation was set to 150W. This technology employs Ti/Ni masks and produces mesas
with near-vertical walls with a GaN etch rate of 50nm/min. GaN-based NDR diodes employ two
ohmic contacts: anode and cathode. The anode contact was deposited on the top n+ layer and the
cathode was deposited on the bottom n+ layer. Ti/Al/Ti/Au/Pt metals were used for cathode
ohmic contacts. Ti/Ni metals used for etching mask were used to realize the anode contact on the
top n+ layer. Ohmic metallization was followed by plating of Au interconnects, airbridges, and
probing pads combined with integrated on-wafer heatsinks. A fabricated GaN NDR diode
suitable for high-frequency on-wafer testing is shown in the SEM photograph of Figure 6.

Figure 6. SEM photograph of fabricated GaN NDR diode
Electrical characterization of the fabricated devices revealed increased voltage and current
capabilities of the GaN-based NDR diodes. Thus, pulsed I-V characteristics for biasing voltage
VD and current ID up to 40V and 1A, respectively, were recorded. However, the low thermal
conductivity of sapphire substrates (0.3W/Kcm) led to self-heating of the integrated devices and
prohibited application of DC or pulsed biases required for further testing. Use of GaN NDR
diode layers grown on SiC substrates with high thermal conductivity (5W/Kcm) or removal of
sapphire substrates by laser-ablation is planned to be employed in future fabrication runs to
improve the efficiency of heat removal.

VII. Conclusions
The microwave characteristics of GaN NDR diode and GaAs Gunn diode oscillators were
evaluated by performing large-signal harmonic power analysis of current and voltage waveforms
corresponding to sustained oscillations. The analysis showed that GaN-based NDR diodes
outperform GaAs Gunn diodes independent of the specific v-F characteristics used to model
material properties of GaN. GaN NDR diodes optimized for THz operation demonstrated a
possibility of fundamental operation with frequency exceeding 700GHz. The increased
frequency capability offered by GaN NDR sources is due to a significantly higher electrical
strength of this wide-bandgap material which allows operation with thinner and higher-doped
active layers, compared to that of Gunn diodes made of conventional III-V compounds. GaN
NDR layers designed for W-band operation were grown on sapphire substrates and integrated
GaN NDR diodes were fabricated using dry etching techniques. Electrical characterization of the
fabricated devices revealed their high voltage and current capabilities. Laser ablation techniques
are expected to allow fabrication of devices with low thermal resistance as required for device
optimization.
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Abstract
This paper will describe the design and testing of solid-state subharmonically-pumped
mixers from 380 GHz to 640 GHz. The main goal has been to develop robust, compact,
solid-state room-temperature receivers with state-of-the-art sensitivity and broad IF bandwidths
for applications such as airborne and space-based microwave sounding. Testing of a 380 GHz
integrated mixer has yielded state-of-the-art performance, with a double-sideband (DSB) mixer
noise temperature of 850 K and a mixer conversion loss of 8.5 dB (DSB) using 7 mW of local
oscillator power. The success of this receiver is due to a combination of integrated diode
technology and inherently broadband circuit designs achieved with modern high frequency design
tools. The recently developed MASTER integrated diode technology allows for precise control
of the circuit geometry and for the reduction of parasitic elements, thus allowing greater accuracy
of computer simulations and therefore better high frequency performance and bandwidth. The
split block geometry used for these mixers is relatively simple to machine, and yet allows for
broad fixed-tuned RF and IF bandwidths, and is also compatible with molded and micromachined
blocks. Finally, design techniques have been developed for these mixers that give excellent
agreement with measurements, thus allowing for rapid prototyping. The major impact of this
research is to demonstrate that excellent harmonically pumped mixers using integrated diodes and
modern design tools are now a commercial possibility to at least 640 GHz.
Mixer Layout
The mixer block, similar to that described in [1], is split in the E-plane of the RF and LO
waveguides, thus simplifying mixer assembly and reducing the losses in the waveguides. The
planar diode and mixer circuitry are fabricated on a 35 µm thick fused-quartz substrate. The
circuits are then placed in a shielded microstrip channel which runs perpendicular to the RF and
LO waveguides. A schematic of the mixer block circuit configuration is shown in Fig. 1. The
diodes are located in the microstrip channel. Waveguide-to-microstrip transitions are used to
couple both the RF and LO into the channel. The microstrip metallization bridges across each
guide, necessitating the use of reduced height waveguide to achieve reasonable fixed-tuned
bandwidths [2]. For this mixer, half height waveguide was used for the RF, and third height
waveguide was used for the LO. A low-pass microstrip filter is used to prevent the RF signal
from coupling to the LO guide, and a short-circuited half-wave stub is used to provide the LO
termination.

Fig. 1. Schematic of subharmonic mixer configuration.

Integrated Diode Fabrication
Diode integration has many benefits. First the circuit geometry near the Schottky anodes is
nearly planar and defined photolithographically. This simplifies the analysis of the circuit and
allows more precise control of the embedding impedances. Second, the elimination of the high
dielectric GaAs substrate reduces capacitance. This improves coupling to the Schottky diodes and
increases receiver bandwidth. Finally, the assembly of the mixer is much simpler and a higher level
of repeatability is achieved. The fabrication process for the integrated diodes is described in [3],
and a view of one of the circuits is shown in Fig. 2.

Fig. 2. SEM of an integrated anti-parallel mixer circuit.

400 GHz Mixer Design and Testing
The mixer was designed using Ansoft’s High Frequency Structure Simulator [4] to model
the waveguide transitions, integrated-planar-diode and the quartz circuit. Coaxial probes were
artificially introduced at the two diode junctions during the finite element modeling to allow the
direct prediction of the diode embedding impedance [5,6]. The loop parasitics predicted for a
planar diode with 20 µm fingers was a finger-to-pad capacitance (C FP) of 2.5 fF and a finger
inductance (L F) of 10 pH. Harmonic balance simulations were performed for the Scottky diode,
which had an epitaxial layer doping of 4×10 17 cm-3 and an anode diameter of 0.8 µm. The
measured DC parameters for this diode were an ideality factor η=1.32, a saturation current
ISAT=3×10 -13 A, and a series resistance Rs=10 Ω . The zero bias junction capacitance was
calculated to be 1.5 fF per anode based on the anode diameter and the epitaxial layer doping. The
simulations predict a mixer conversion loss of 4.0 dB (DSB) and noise temperature of 300 K
(DSB) using 1.5 mW of LO power. The total conductor and dielectric loss for the horn,
waveguide, microstrip, and diode was estimated to be about 2 dB. Using this estimate the
predicted performance is a mixer conversion loss of 6 dB (DSB) and mixer noise temperature of
650 K (DSB). The simulations predict a usable RF bandwidth of better than 20% fixed tuned. The
LO bandwidth is difficult to estimate since it is closely linked to the amount of power available
from the LO source.
The local oscillator power for this mixer was provided by a Gunn oscillator near 100 GHz
with 75 mW output power driving a planar balanced doubler with output power greater than 15
mW at 200 GHz [7]. The sensitivity of the mixer was measured at room temperature using
broadband IF amplifiers covering the range from 2-12 GHz. An attenuator was used to vary the
IF noise temperature, thus allowing the measurement of the mixer parameters.
Fig. 3 shows a fixed-tuned frequency sweep of a 425 GHz mixer. The upper limit of the
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Fig. 3. LO Frequency sweep with fixed backshorts for 425 GHz subharmonic mixer.

frequency range was set by the Gunn oscillator and not the mixer. Fig. 4 shows a typical IF sweep
for the same mixer, indicating the broad IF bandwidth of this design. The diode’s IF impedance
was constant at about 100 Ω up to at least 12 GHz, and a mismatch to the 50 Ω amplifier
impedance was accepted. The slight increase in the mixer noise temperature at the highest
frequencies is caused by losses in the Duroid IF circuit, which was designed for operation up to 6
GHz, and could be shortened to improve IF bandwidth. An IF sweep for a 380 GHz mixer is
shown in Fig. 5. For this case the RF backshort was several wavelengths away from the circuit,
thus causing the increase in noise temperature seen at the higher IF frequencies.
The LO power coupling for these mixers was optimized for operation at 425 GHz, and the
425 GHz mixer required less than 2 mW of LO power. The LO coupling for the 380 GHz mixer
used the 425 GHz LO coupling circuit, and the LO power required increased to 7 mW. This LO
power requirement could be reduced by re-optimization and re-fabrication of the LO and
integrated diode circuit. Fig. 6 shows a fixed-tuned sweep of the LO frequency for the 380 GHz
mixer.
500 and 640 GHz Mixer Designs
Simulations were performed to evaluate the performance of subharmonic mixers at 500
GHz and 640 GHz. For the first iteration of the design it was assumed that the dimensions of the
finger/anode region of the diode were constant, while the rest of the circuit was scaled up to
higher frequencies. This compromise would allow the use of previously developed diode
fabrication techniques. However, as shown in Fig. 7, the simulations predicted that while the 500
GHz circuit still behaved reasonably well, the mixer's performance was severely degraded at 640
GHz. Further examination revealed that the loop resonance between the finger inductance and the
junction and parasitic capacitance was causing this degradation [8]. To overcome this
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problem, it was necessary to reduce the finger length and the spacing between the fingers, thus
pushing the loop resonance to higher frequencies. The predicted performance for the modified
design is shown in Fig. 7.
Another design possibility for the 640 GHz mixer is to operate above loop resonance [8].
For this configuration, the finger length and the spacing between the fingers is increased, thus
pushing the loop resonance down in frequency. The predicted performance for a 640 GHz design
with LF=40 pH and CFP=1.5 fF is also shown in Fig. 7. The bandwidth for the mixer above
resonance is predicted to be determined by external circuit consideration, and not by the loop
characteristics. The above-resonance mixer was also predicted to require a similar amount of LO
power and to have a similar sensitivity to fabrication and assembly variations as a belowresonance mixer. Using this configuration, the diode fabrication can be simplified, and the basic
circuit configuration used at much higher frequencies with little sacrifice in performance.
Conclusions
We have demonstrated a subharmonically pumped 380 GHz integrated-diode mixer with
broad fixed-tuned LO, RF and IF bandwidths and excellent sensitivity. The mixer was pumped by
an all-solid-state LO source. The mixer block was fabricated by standard split-block machining
techniques, but was specifically designed to be compatible with micromachining [9] and molding
technologies that have recently been demonstrated. The mixer design is also readily scalable to
higher frequencies.
This research has enabled us to efficiently design and build submillimeter wavelength
mixers that are not only highly sensitive, but also have enhanced mechanical robustness and large
fixed tuned bandwidth. The coupling of these new analysis techniques and the new integrated
diode technology can be easily extended to other circuit designs such as balanced and
subharmonic mixers and frequency multipliers, and will allow the development of a new

generation of SubMillimeter-wave Integrated Circuits (SMICs) for a wide range of scientific,
military and commercial applications.
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Introduction
The Stabilized Integrated FarInfraRed laser system (SIFIR, pronounced
V ILUH  IRU 1$6$*RGGDUG UHSUHVHQWV D
significant advancement in the state-of-theart for FIR laser systems.
The initial design goals for the
system were concentrated on ease of use,
portability, and frequency & amplitude
stability, and are presented in Table 1. As
will be described later, the majority of these
goals were met either by direct
demonstration or by design analysis.
Table 1: SIFIR initial design goals.
Characteristic

Abstract
DeMaria ElectroOptics Systems
(DEOS) has delivered a highly-integrated,
turn-key, Far-Infrared laser system to
NASA/Goddard Space Flight Center, as a
precursor for a system for SOFIA. This
system has a number of unique features
including: a permanently sealed-off 100Wclass pump laser, an absolute heterodyne
frequency lock for the pump laser, a folded
extended-service sealed-off FIR laser, all
electro-optics integrated within a compact
easily transported housing, and a GUI
controller. The absolute frequency lock not
only simplifies the automated tune-up
algorithms, but also improves the day-to-day
absolute frequency reproducibility of the
FIR output. This laser system is designed to
be an instrument that can be successfully
operated without extensive knowledge on
the part of the user. The specifications,
design, and performance results will be
presented here.
This work was supported by
NASA/Goddard Space Flight Center under
contract number NAS5-97007.

Priority

Goal

Reliability

1

Amplitude
Stability
Ease Of Use

1

FIR Operate
Sealed-Off

1

Range of
Operation
Prime Power
Long-Term
Absolute
Frequency
Stability
Integrated
Linewidth
Package Size

1

Operate without service
for > 5000 hours
<5 % long term
<1 % short term
Autonomous starting and
lockup, GUI interface
displays multiple
statuses, sealed-off FIR
operation (see next
characteristic)
Operate for 12 hrs with
<10% degradation in
output power
1-3 THz

Durability

2

Parameter
Recording

3

Mass
Internal FIR
Power Monitor

3
3

1

1
2

208-240 VAC, <3500 W
300 kHz @ 2 THz over 8
hours after thermalization

2

< 50 kHz @ 2 THz

2

<12x12x40” – head
Rack mount – controller
Handling consistent with
periodic transport
Software write file of
system parameters vs
time
50 kg for the laser head
An internal FIR power
detector

The SIFIR system uses the same
permanently-sealed-off
CO2
laser
technology DEOS employs in its
commercial CO2 lasers and in the spacebased FIR system presently under
construction at DEOS.1 The FIR laser

technology used in the SIFIR is a
combination of: development for the spacebased FIR system, previous development for
radar applications, and design efforts
focussed on this program’s needs.

SIFIR Configuration
The configuration for the SIFIR
system is illustrated in the photographs
presented in Figure 1 and Figure 2, the
drawing shown in Figure 3, and in the block
diagram displayed in Figure 4. The form of
the controller module was dictated by
Goddard’s requirements. The controller
could just as easily be a 24x24x22” box and
a separate lap-top computer for the GUI
interface.

interface, the system DC power supplies,
and the GUI control computer.
The Electro-Optic Module (EOM)
contains: the pump laser, the local oscillator
(LO) laser, the FIR laser, the IF offset-lock
electronics, the LO hill-climber loop
electronics, and the local loop supervisory
micro processor (µP).
The EOM is arranged in a “twodeck” H-structure where the pump laser and
LO laser are located on the “bottom deck”
and the FIR laser is located on the “top
deck”. The FIR gas handling system is
integrated within the housing and offers
access to four gas sources via “flip” valves
located on one end of the EOM housing.

FIR Laser Deck

SIFIR Electro-Optic Module

FIR Gas
Handling
Pump Laser Deck
SIFIR Rack-Mounted
Controller

Figure 1: Photograph of the SIFIR system with the
rack-mounted controller.
“Optical Table” Top

FIR Output Periscope

Figure 2: Photograph of the SIFIR Electro-Optic
Module (laser head).

The control module contains: the
laser RF power supplies, the main power

Figure 3: Drawing of the SIFIR EOM with the sides
removed.

Both of the CO2 lasers are RFexcited and permanently sealed-off; the FIR
laser operates sealed-off with an output
degradation of less than 10 % in 12 hours,
and can be operated without re-pumping for
days at a time. The limitations on sealed-off
operation of the FIR laser are caused by the
use of elastomeric o-rings in several
locations. These o-rings were used to
provide for easy change of output couplers.
While the system runs reliably it has
some behavior which will be improved prior
to use on SOFIA. This behavior manifests
itself as a requirement for the user to make
slight adjustments to the pump laser
differential micrometer grating control after

the first 20 minutes of operation and then
potentially every 4-5 hours if the
environmental temperature changes by ~ 5 C
over that time. There are primarily two
causes for this undesired behavior. First,
with the objective of obtaining larger pump
powers at the weaker pump lines a nonstandard waveguide geometry was selected.
While this did have the effect of increasing
the output power it did so at the expense of a
significant increase in alignment sensitivity.
Before the system was delivered, the
alignment was eventually optimized for
sensitivity instead of output power,
effectively removing a large percentage of
the output power gains achieved with the
non-standard guide geometry. The second
issue relates to the pump laser mounting
option. In order to minimize package size,
the pump laser was mounted directly to the
housing center plate. While this mounting
arrangement was also used for the LO laser
and functioned very well in that case, in the
pump laser it increased the alignment
sensitivity of the pump laser, owing to the
pump laser’s lower stiffness ratio. This was
further exacerbated by the waveguide
geometry issue. In the future the pump
laser will mounted via a 3-point mount to
the EOM housing.
This will slightly
increase the package height but Goddard has
indicated that this will be acceptable.
Control from
MC
DC ext
control
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Figure 4: Block diagram of the SIFIR system.

The block diagram presented in
Figure
4
illustrates
the
system
interconnectivity and shows where functions
are controlled by the µP vs by the system
GUI controller. This block diagram will be
further explained in the next section where
the details of the pump frequency locking
method are presented.

Pump Laser Frequency Control
The pump frequency control
approach is illustrated in Figure 5. In
operation the pump and LO laser’s gratings
are set to the same rotational line. The LO
laser is dither-stabilized to its line-center to
form a frequency reference at the CO2
frequency. A small sample of the pump
laser is then mixed with this LO laser in a
M22.50
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Figure 5: Block diagram of the pump-frequency
locking technique.

room temperature HgCdTe mixer. This IF is
then mixed with an offset synthesizer. The
resulting IF is processed through a delay
discriminator to generate an error signal for
the pump laser piezoelectric transducer
(PZT) control. The sign of the offset (ie.
below or above CO2 line center) is set with a
simple sign flip in the error loop circuitry.
The minimum offset obtainable with
this topology is determined by the
narrowness and steepness of the last IF filter
in the discriminator. In the present system a
surface-acoustic-wave filter was employed
and the minimum offset magnitude settable

Normalized FIR Efficiency

for stable performance was 3 MHz. This
minimum offset is sufficient to pump almost
any FIR line optimally and any FIR line
slightly off optimal.
The approach used in this work for
absolute pump frequency control is very
similar to an earlier technique applied for
investigation of Autler-Townes splitting2
and is a marked improvement in utility over
the 4.3 µm fluorescence Lamb dip locked
LO used in the past3 (as that technique
requires a cooled detector and a cumbersome
setup). However the fluorescence technique
offers better absolute pump frequency
accuracy (on the order of 3 kHz vs on the
order of 100 kHz for the present technique)
but this additional accuracy is not relevant
for most FIR pumping applications.
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Figure 6: FIR laser efficiency vs pump frequency for
a standing-wave resonator operating the 118.83 µm
line in CH3OH.

In considering the implications of
absolute pump frequency control one can
look at the FIR efficiency vs pump
frequency curve for a standing-wave FIR
laser operating on the 118.83 µm line in
CH3OH (see Figure 6).
The behavior
observed there is due to bi-directional
pumping creating a “transferred” Lamb dip
in the FIR gain.4 Thus to tune-up such a FIR
laser system the user must find both the
optimal pump frequency and the optimal
FIR cavity length. Owing to the broadness
of the efficiency curve this process will tend
to have a reproducibility error on the order
of 5-10 MHz, depending on line. This error

will then be transferred to the FIR via
Doppler pulling and absorption frequency
pulling, and manifest itself as a FIR
frequency reproducibility error. A lower
limit estimate of this error can be calculated
from the Doppler-only portion with

 ν FIR 
∆ν = ν epump 
 ,
ν pump 

(1)

where ∆ν is the FIR frequency error, νepump
is the pump frequency error, νFIR is the
nominal FIR frequency, and νpump is the
nominal pump frequency. This effect is
enhanced by absorption frequency pulling
and was recognized in the past and its effect
measured.5 Depending on the FIR line this
error can be on the order of 0.1 – 1 MHz. In
many applications this magnitude of error is
not significant but in sub-Doppler
spectroscopy this effect can be quite
significant.
While this certainly does not exhaust
the sources of frequency error it is a
significant contributor even in a stabilized
FIR system.
Another contributor, the
pressure dependence of FIR frequency, is
mitigated in this system by the fact that the
FIR laser operates sealed-off – improving
both the knowledge of pressure in the cell
and the control & stability of that pressure.
The pump frequency control
approach used here is one of the major
features of this system.
With this
configuration the pump laser’s offset can be
directly set via the offset-synthesizer. This
offers dramatic advantages not only in FIR
frequency reproducibility, but also in easy
tune-up.
The tune-up advantages stem from
the fact that the pump laser’s frequency can
be directly set to the optimal point. Thus
there is no need to separately optimize this
control at start-up. The user simply sets the
offset for optimal and then adjusts the FIR
cavity length
for
optimal
output.

Additionally the SIFIR system becomes a
tool for determining the absolute optimal
offset for any FIR line. In the SIFIR system
the µP handles the locking and monitoring
of the LO and pump loops, providing for a
simple GUI to allow the user to select the
pump frequency.
It should also be noted that the pump
laser is a true waveguide laser and has NO
mode adjustments required or available to
the user.

These serve to: allow the user to operate the
system without exciting the FIR laser, via
the pump beam shutter and its water-cooled
beam dump, and to send the majority of the
LO beam out of the EOM to check the
grating calibration or allow it to be
“dumped” into the chill-plate-mounted LO
beam dump. Both of these shutters are
controlled and monitored via the GUI and
µP.

Integration Optics
The optical system which integrates
this system consists of several parts: the
pump – to – FIR laser optics, the
heterodyne-offset optics, and the FIR power
sampling optics.
A photograph of the pump deck of
the SIFIR is presented in Figure 7. In that
LO Laser

Figure 8: Plan view photograph of the heterodyneoffset optics area of the SIFIR. The solid (red) line
represents the pump beam path. The dashed (blue)
line represents the LO beam path.

Pump Laser

RT HgCdTe Mixer

Figure 7: Photograph of the pump deck of the SIFIR
EOM. Note 6” rulers for scale.

figure both CO2 lasers and all of the CO2
optics (except for the two mirrors which
direct the pump beam into the FIR laser) are
visible.
A plan view of the heterodyne
optical area of the pump deck is shown in
Figure 8. The solid red line represents the
pump beam path, and the dashed blue line
represents the LO beam path. Also visible
are two shutters and two beam dumps.

The FIR power sampling optics
consist of a 8 µm Mylar beamsplitter, a
50 mm focal length polyethylene lens, and a
FIR thermopile detector.
While this
technique has significant wavelength and
polarization dependence, the GUI software
provides for independent individual
calibration for each FIR line or use of an
external power monitor also read by the
SIFIR’s controller.

FIR Laser
The FIR laser is a thermallycompensated design where the cavity length
is set via a differential micrometer and/or
PZT, and this length is maintained through
thermal compensation. DEOS staff have
extensive experience with this design
approach and have obtained frequency
stability results of 35 kHz over many hours
after thermalization. Additionally, through

careful attention to thermalization alignment
issues, this laser needs NO alignment
adjustments; only the cavity length ever
needs user adjustment.
The finite element analysis (FEA)
results used in the thermal compensation
design of the FIR laser are presented in
Figure 9. Those results are only valid after
warm-up and indicate a compensation
frequency performance of 26 kHz/C at
200 µm. From cold-start to thermalization
the uncompensated FIR cavity length change
was found to be

waveguide
sections
and
ferro-fluid
alignment feedthroughs. Heat is removed
from the guide sections via metal straps
secured from the guides to the water-cooled
housing. This basic laser design could also
be embodied in a ring configuration by
changing the I/O cavity. FIR pressure is
measured with a Pirani gauge. While this
gauge has a gas composition dependence, it
is perfectly applicable as a reference-foroptimal gauge.
The FIR laser performed well in
spatial mode, stability, and output power.
While the folded design decreases the size of
the laser it also decreases its efficiency by
roughly a factor of 1.7. At 118.83 µm in
CH3OH we obtained 125 mW in a clean
spatial mode (see Figure 11). The stability

Figure 9: FEA results for the thermal compensation
of the FIR laser. (These results are only valid after
thermalization.)

15 - 18 µm. This is a convenient result as
the FIR PZT has a range of 20 µm and the
GUI program includes an FIR auto-tuning
algorithm which can periodically correct for
this change during warm-up. The 3 µm
range of this measurement is due primarily
to submicron-scale slip-stick thermalization
shifts from one day to the next.
A photograph of the FIR laser is
presented in Figure 10. The FIR laser is a
folded standing-wave cavity with quartz
I/O Cavity

Heat-Removal Straps

Turn Cavity

Figure 10: Photograph of the FIR laser.

Figure 11: Spatial mode of the FIR laser at
118.83µm. (This is a digital picture of a liquid
crystal sheet image.)

of the output is viewed in two different
timescales: hours, and minutes. The longterm (over hours) stability was 5 %. This
was dominated by thermal effects in the
FIR-to-pump laser feedback. The short-term
stability (over minutes) was <0.2 %.
In typical operation the user simply
pumps the FIR laser out, fills the laser to the
desired pressure, closes off the pump, and
shuts the pump down. The user can then
expect the system to operate satisfactorily all
day (or even longer) without any additional
service.

Graphical User Interface (GUI)
Controller
The GUI controller is another major
feature of this SIFIR system. It provides for
the easy operation and monitoring of the
system by a user with little specific laser
knowledge. The system can be operated in a
“manual” start-up mode or in an auto startup mode.
In manual mode (or after auto startup completes) the CO2 lasers and their
frequency locks are controlled with virtual
buttons on the screen. Also displayed on the
screen are other system parameters
including: the status of all of the lasers,
their respective PZT voltages, the FIR
pressure, and the FIR power. The user has
the option of changing FIR lines (either
choosing from the catalog or manually
optimizing a “new” line) or writing
parameters for a “new” line into the catalog.
CO2 Laser Control Area

Pump Offset Control

laser. In any mode the user has the option of
having the system write a telemetry file
which records user and system actions/status
every ~3 seconds.
The automatic locking of the pump
laser is at the heart of the autonomous
operation of the SIFIR. A temporal view of
the auto pump lock algorithm is presented in
Figure 13. The algorithm ramps the pump
PZT and looks at the IF log video to
determine if the pump laser is near the
correct frequency offset magnitude, and then
looks at the order in which the Freq Hi and
Freq Lo bits toggle to determine if the sign
is correct. Once the correct offset has been
found the µP sets the pump PZT to this
position and closes the pump frequency
control loop via a MDAC. When the system
is first turned on (for the first 15-20 minutes)
this algorithm will not work reliably as the
cavity length is drifting too rapidly for the
PZT reset portion to leave the pump laser at
the correct frequency for lock capture.

IF Log Video

Discriminator
Freq. Hi Bit
Freq. Lo Bit

System Status Graphs

CO2 Laser Status

Figure 12: Screen "shot" of the GUI controller user
interface.

In auto start-up, the user selects the
desired line from the catalog and the system
locks the lasers and prompts the user when
FIR pumping can begin. At this point the
user checks the pressure in the FIR laser
against the optimal pressure recorded in the
on-line catalog and presses the “Open Pump
Shutter” button to begin exciting the FIR

Figure 13: Temporal view of the autonomous
acquisition algorithm for the pump-laser offset
frequency.

To automatically determine if the LO
loop or the pump loop need resetting, the µP
monitors the PZT voltages and initiates a
reset if these PZT voltages get within 10 %
of max or min voltage.

System Performance
The system performance can be
compared against the goals laid out in Table

1. This comparison is presented in Table 2.
All the goals but one were met. The laser
head mass goal (which was lower priority)
was 50 kg and in the delivered system the
head mass was 54 kg. The issue of
occasional pump grating differential
micrometer adjustments while not desirable,
did not significantly degrade the usability of
the system.
Effectively this system is
operated with occasional (every 4-5 hours)
user adjustment of two controls: the FIR
cavity length, and the differential control on
the pump laser grating mount. In the future
this
Table 2: System performance against initial goals.
Characteristic

Met

Measured How

Reliability

Yes

Amplitude
Stability

Yes

Ease Of Use

Yes

FIR Operate
Sealed-Off
Range of
Operation
Prime Power
Long-Term
Absolute
Frequency
Stability
Integrated
Linewidth

Yes

Life data from similar
pump and FIR lasers
Tested
<5 % over many hours
<0.2 % over minutes
GUI-driven control of all
major functions
Tested

Package Size
Durability

Yes
Yes

Parameter
Recording

Yes

Mass

No

Internal FIR
Power Monitor

Yes

Yes
Yes
Yes

Yes

Tested from 1.2 – 3.1
THz
208-240 VAC, 3000 W
Analysis & pump locking
reproducibility
measurements (Lamb
dip)
Measurements of pump
width and comparison of
measurements with
similar systems
Measured 12x12x38”
Measured performance
before and after repeated
moves.
Software write file of
system parameters vs
time
Goal was 50 kg, actual is
54 kg
Internal detector present
and used by controller.

system will operate with only one user
adjustment, the FIR cavity length control.
And even that control does not require
adjustment after thermalization.

Conclusions
The SIFIR system delivered to
Goddard Space Flight Center is a FIR laser
appliance. While the user has access-to and
control-of the system parameters in great
detail, these parameters are normally set and
maintained by the autonomous computer
controller. This approach yields a “user
system,” where the user can concentrate on
the measurement at hand instead of making
the laser work.
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Abstract
Studies of astrophysical emission in the far-infrared and submillimeter will
increasingly require large arrays of detectors containing hundreds to thousands of
elements. The last few years have seen the increasing from one to a few tens of
bolometers on ground-based telescopes. A further jump of this magnitude, to a
thousand bolometers, requires a fundamental redesign of the technology of
making bolometer arrays. One method of achieving this increase is to design
bolometers which can be packed into a rectangular array of near-unity filling
factor while Nyquist-sampling the focal plane of the telescope at the operating
wavelengths. In this case, the array becomes more nearly analogous to the arrays
used in the near-infrared which underwent a substantial growth during the last
decade. A multiplexed readout is necessary for this many detectors, and can be
developed using SQUIDs such that a 32×32 array of bolometers could be read out
using 100 wires rather than the >2000 needed with a brute force expansion of
existing arrays. Superconducting transition edge sensors are used as the detectors
for these bolometer arrays. We describe a collaborative effort currently underway
at NASA/Goddard and NIST to bring about the first astronomically useful arrays
of this design, containing tens of bolometers. This technology is well-suited to
low-background instruments such as SPIRE on FIRST and SAFIRE on SOFIA,
and can also be used in broadband, high-background instruments such as HAWC
on SOFIA.
Keywords: bolometer, far-infrared, submillimeter, superconducting, SQUID, detector
array, multiplexer, transition edge sensor
Introduction
Advances in bolometer fabrication have made possible the construction of submillimeterwavelength cameras with several tens of detectors (e.g., CSO - SHARC (Wang et al.
1996), JCMT - SCUBA (Holland et al. 1996), IRAM 30m (Kreysa et al. 1998)).

Currently, the sensitivity of these instruments is background-limited, so deep- and widefield surveys are limited by the number of detectors and the amount of observing time
available. In order to achieve a leap to a thousand detectors (of order the largest size
usable on current and foreseen telescopes), a scalable detector architecture must be
demonstrated. Such an architecture should deal with both the fabrication of an array and
the electronics used to read it out. Conventional technologies use semiconducting
thermistors as the detection element, with the alternative being superconducting transition
edge sensors. Another common feature of most bolometer arrays is the use of feedhorncoupled (typically spaced by 2f λ) arrays, with the alternative being a filled array (f λ/2)
of close-packed square bolometers. In this paper, we present a suggestion for an
architecture which can be readily scaled to kilopixel arrays using superconducting
sensors and a multiplexed amplifier technique (Chervenak et al. 1999) to reduce the
wiring overhead. In our implementation, we choose to use the close-packed geometry,
which yields an improvement in mapping speed per focal plane area (Bock et al. 1998).
However, the superconducting detectors can be used regardless of array geometry, and
are equally feasible for arbitrary array implementations.
Detector arrays of this type are currently being developed for use in the SAFIRE
instrument for SOFIA (Shafer et al. 2000) and for a ground-based spectrometer (Maffei
et al. 1994). A common figure of merit for bolometers is the Noise Equivalent Power
(NEP). This is the power that yield a signal-to-noise ratio of unity in a 1Hz bandwidth,
and is expressed in units of W/√Hz. For SAFIRE, observations of the CII line at
1900GHz (158µm) with a spectral resolving power of 1000, the maximum NEP for the
detectors must be 10–17 W/√Hz. NEP can be converted into an equivalent noise
temperature TN = NEP/(2k√∆ν) (Phillips 1988). In the above case, this yields a noise
temperature of around 8K. While not achievable with heterodyne spectrometers due to
the quantum limit, direct detection has no such restriction.
Superconducting Transition Edge Sensors
The transition between a superconducting and a normal state can be used as an extremely
sensitive thermometer. A thin film, held at its transition temperature, requires only a tiny
amount of power to warm it above its transition, increasing the resistance by a large
fraction. In fact, the superconducting transition can be very sharp, yielding a
dimensionless sensitivity d logR / d logT ≈ 1000 at best. Recently, we have fabricated
thin film superconducting bilayers of Molybdenum and Gold with transition temperatures
of around 0.5K. One such transition is shown in Figure 1; it features a bilayer with 400Å
of molybdenum and 750Å of gold, yielding a normal resistance of 220mΩ. Near its
transition temperature of 440mK, the sensitivity approaches 200.
Because the transition region is narrow (~1mK) compared to the temperature above the
heat sink (140mK above a 3He refrigerator at 300mK), the TES is nearly isothermal
across the transition. In use as a detector, the power applied to raise the TES into its
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Figure 1. Superconducting transition at 444mK for a Mo/Au bilayer.
transition region is nearly constant. This has the effect that the response becomes linear
to better than 1%, substantially better than the typical linearity achieved with
semiconducting thermistors.
To date, the best transition we have achieved with Molybdenum and Gold has yielded a
sensitivity of ≈1100. Many such devices have been made, with transition temperatures
reproducible to 2%. Additionally, the normal state resistances are very repeatable and
stray resistances are less than 3mΩ . This bilayer process allows the transition
temperature to be tuned by varying the relative thicknesses of the normal metal (Gold)
and superconducting metal (Molybdenum) layers. In this manner, detectors optimized
for performance in a variety of different optical loads (e.g. broadband imaging,
narrowband spectroscopy) can be produced.
In order to bias the TES, a voltage source of output impedance less than the TES
impedance – typically 100mΩ – must be provided. In a cryogenic environment this is
challenging, but can be solved simply by providing
a current bias to a very small shunt resistor in
1kΩ
RTES
parallel with the TES. Our bias circuit is shown in
LIN
Figure 2, in which a constant voltage source across a
1mΩ
LNyq
1kΩ resistor produces a constant current through the
1mΩ shunt resistor. The inductors shown are for
coupling to the SQUID amplifiers described below.
Figure 2. Bias circuit for a TES.

Because the sensitivity of a TES is so large (≈200 for the film in Figure 1 vs. ≈5 for a
semiconducting thermistor), a voltage-biased TES is stabilized by strong electrothermal
feedback (Irwin 1995). In this mechanism, an increase in temperature yields a sharp
increase in resistance, which reduces the current flowing through the TES, lowering the
bias power and decreasing the temperature. This enables the devices to be very fast (time
constants of ≈1ms) and has the added benefit of reducing Johnson noise so that phonon
noise dominates at low frequencies.
TES Bolometers
In order to make a detector of the appropriate sensitivity, we have fabricated monolithic
linear silicon bolometers using micromachining techniques (Figure 3). These bolometers
have slim silicon legs which provide thermal isolation and a 1mm2 absorber to couple to
the far-infrared light. The thermal conductance at the operating temperature determines
the optical power that the device is optimized for; current arrays are being fabricated for
operation with ≈1pW of optical loading. These linear bolometer arrays can be folded
such that the legs (and, therefore, electrical connections) are hidden completely behind
the absorber, allowing close-packing perpendicular to the array. In this way, a twodimensional array of large size can be made with near unity filling factor.
TES

Absorber

Empty Space

Si Legs

Figure 3. A single element from the middle of a linear array of TES
bolometers. The absorber is 1mm on a side.
A single linear array of bolometers is shown in Figure 4. Each pixel measures 1mm on a
side and is 1µm thick. The silicon legs are barely visible as two thin lines leading to each
pixel. An enlargement of the area around a single TES bilayer is shown in an inset. The
active area is approximately 50µm square. Once several of these linear arrays are folded,
they can be stacked closely, as shown in Figure 5. This mechanical assembly test yielded
a 5×32 array, as a proof-of-concept prototype for future 32×32 arrays.

Figure 4. SEM photograph of a single row of bolometers. The
enlargement shows the TES bilayer present on each detector.

Figure 5. Mechanical assembly of a 5x32 array of bolometers.
Bolometer Performance
Optical performance was measured in a test setup designed to calibrate low-background
detectors for SPIRE (Hargrave et al. 1999). This setup used a helium-cooled blackbody
consisting of a textured, black, carbon-loaded epoxy (Epotek 920) wall in a gold-coated
cavity. Selectable apertures allow the throughput to the blackbody to be chosen. The
blackbody can be heated to cover temperatures between 2K and 40K. A metal-mesh
bandpass filter at 350µm wavelength (850GHz) with a fractional bandpass of ~1/10
reduced the total transmitted power to be within the range of our bolometers, which were
designed to saturate (i.e., be driven normal) at 5pW. The result of the blackbody
calibration is shown in Figure 6, where the measured power has been corrected for a
bolometer absorptivity of 90%. The measured response follows the theoretical power
very well up to a saturation power of 2.1pW, about half the designed value. The
excellent linearity of TES bolometers is one of their best features.
In addition to calibration with the blackbody, the test setup permits an external source to
be used. In order to reduce the optical load to an acceptable level, a 1% transmissive
neutral density filter is placed in the beam. The time constant was measured by using a
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Figure 6. Measured power versus blackbody temperature for a heliumcooled calibration source, assuming a detector absorptivity of 90%.
rapidly chopping blade with a hot/warm load. An upper limit of τ≤2ms was found,
limited by the speed of the chopper. A Fourier transform spectrometer was used to
measure the frequency response, which was limited by the bandpass filter. No bandwidth
degradation due to inefficiencies in the absorbing coating were seen. Also, a beam map
was made, and excellent rejection of out-of-beam power was found.
In Figure 7, we show the Noise Equivalent Power (NEP) of a TES bolometer using an
Aluminum/Silver bilayer operating at a transition temperature of 568mK. The NEP over
the desired 10-100Hz bandwidth is 2.8×10-17W/√Hz. The phonon noise calculation is
shown as a blue curve, demonstrating that phonon-limited performance has been
obtained. Over a 100GHz bandwidth at 850GHz, this noise level corresponds to a
detector noise temperature of 3.2K. The measured noise levels of lower-transition
(440mK) devices have been about 20% above the phonon noise level, indicating excess
noise which is believed to arise from edge effects where the bilayer thicknesses are not
well defined. Recent results using Molybdenum/Copper bilayers appear not to have this
excess noise.
SQUID Amplifier
A low-impedance detector such as a superconducting TES is well-matched by a
superconducting SQUID amplifier. From a fundamental standpoint, a SQUID amplifier
functions as a magnetic flux to voltage converter, with extremely low output voltage
noise). A voltage-biased TES in series with a “pickup” inductor placed near a SQUID

NEP (W/√Hz)

10-16

10-17
100

102

101

103

Frequency (Hz)

Figure 7. NEP of a detector operating at 568mK. The phonon noise
calculation is shown as a blue curve, demonstrating that phonon-limited
performance has been obtained over the 10-100Hz signal band.
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will induce a changing flux through the SQUID when the TES resistance changes. As in
Welty & Martinis (1993), we use the first stage SQUID to drive a series array of SQUIDs
which yield a voltage gain of 100. This Series Array Amplifier can produce an output
voltage of the order of a millivolt, readily amplified by room-temperature electronics. As
shown in Figure 8, a single detector can be read out using eight wires.

Figure 8. A single SQUID amplifier circuit. Eight wires are needed to
read out one detector, assuming separate returns.

Multiplexed SQUID Amplifier
A SQUID amplifier can be switched rapidly between an operational state and an
inoperational, superconducting state by biasing the SQUID with roughly 100µA of
current. If we stack n SQUIDs in series with n+1 electrical “address” leads as shown in
Figure 9, driving current between an adjacent pair of leads will result in only one SQUID
being operational. With the other SQUIDs in the superconducting state, the output
voltage across the entire array is exactly the voltage across the one active SQUID. In this
manner, only one amplifier is necessary for n detectors, although at a data rate n times
faster. Adding in connections for a common TES bias and feedback signal, and a total of
n+7 wires are needed.
Address 0

LIN
Address 1

RTES 2

LIN
Address 2

...

...
Address N-1

RTES N

Total SQUID Output Voltage

RTES 1

LIN
Address N

Figure 9. A multiplexed SQUID amplifier reading out n detectors. A total
of n+7 wires are needed (assuming ganged biases).
A 1×8 SQUID multiplexer has been built and tested using the circuit described in
Chervenak et al. (1999). Two sine wave inputs were fed into a cold electronics setup so
as to mimic the modulation of a signal from infrared light. The multiplexed amplifier
was switched between these inputs, amplified, digitized. A sample time series of data at
this point is shown in Figure 5 of Chervenak et al. (1999). This data can be
demultiplexed to recover the original input sine waves, which demonstrates the excellent
fidelity of the amplifier. It should be pointed out that the TES is biased at all times, and
is low-pass filtered using an inductor with time constant L/R≈2µs to a response time
slower than the multiplex switching time. Effectively, the TES self-integrates so that the

multiplexer samples an integrated signal; no loss of signal-to-noise is introduced even
though the signal from each TES is read out for a shorter time. This is true provided that
the noise of the SQUID is substantially less (by a factor of more than √n) than that of the
TES. Furthermore, in order to remain stable, the devices must be sampled faster than
fL/R=(3+2√2)fTES ≈ 100 kHz.
Two-Dimensional Multiplexed SQUID Readout
When multiplexing a two-dimensional array consisting of m rows and n columns, an
advantage can be gained in that the columns share common address lines and only one
amplifier is needed. In the most straightforward wiring scheme, 4n+m+3 wires are
needed, as opposed to 8mn for a fully-wired array of discrete bolometers. Table 1
highlights the wiring advantage for multiplexed arrays, and describes the development
status of these arrays at GSFC/NIST. Future advances using cold semiconducting shift
registers (wherein a clock pulse will change the multiplex addressing, as opposed to the
present direct addressing) may be possible, further reducing the multiplexer wiring
requirements.
Table 1. Wiring advantage of multiplexed detectors versus directly-wired
detectors and the current state of development.
Columns

Rows

Detectors
1
8
16
32

Wires (nonmuxed)
8
64
128
256

Wires
(muxed)
8
15
19
27

1
2
2
4

1
4
8
8

1
32
64

32
32
64

32
1024
4096

256
8192
32,768

39
163
323

Status
Exists
Exists
Exists
In
fabrication
In design
In design
In design

Conclusion
We have demonstrated a superconducting transition in Molybdenum/Gold bilayers which
looks promising for use as TES films on sensitive bolometers. Noise Equivalent Powers
consistent with phonon noise have been measured, and optical efficiency of 90% has
been achieved. A multiplexed SQUID amplifier has been fabricated and is shown to
provide low-noise, high-fidelity readout of several TES detectors with a single signal
output. This architecture can be extended to two-dimensional arrays with relatively little
increase in the total number of wires. A large-format (thousands of detectors) bolometer
array can be made with this technology, having application in future far-infrared
instruments such as SPIRE on the FIRST telescope and SAFIRE on the SOFIA
observatory.
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COMPARISON OF TWO TYPES OF ANDREEV
REFLECTION HOT-ELECTRON MICROBOLOMETER FOR
SUBMILLIMETER RADIO ASTRONOMY
A.N. Vystavkin
Institute of Radioengineering and Electronics of RAS, 11 Mokhovaya Str., Moscow 103907, Russia
Review and analysis of results of theoretical estimations and measurements of characteristics of an Andreev
reflection hot-electron direct detection microbolometer for submillimeter radio astronomy made by different
researchers are given. The consideration is limited to the case when minimized in dimensions absorber of the
microbolometer is antenna-coupled and together with antenna are deposited directly onto substrate without a
membrane or spider-web and cooled to approximately 100 mK what provides the best noise equivalent power.
A comparison of peculiarities and characteristics of the microbolometers using two types of sensors - the SINjunction sensor and the transition-edge sensor (TES) with electrothermal feedback - for the read-out of a signal
arising from the electron temperature increment under the influence of submillimeter radiation is presented.
Advantages of the microbolometer with the second type of the sensor when the TES is used simultaneously as
the absorber of radiation are shown. Methods of achievement of the best noise equivalent power of the
microbolometer in such version as well as methods of the matching of the microbolometer with the incident
radiation flow and with the channel of the output signal read-out are considered.

1. Introduction.
One of the fundamental problems of the contemporary radio astronomy [1-3] is the problem of
the investigation of a celestial sphere electromagnetic radiation in the frequency region 0.3 - 3.0
THz as a result of what they are expecting an abundant information which will bring us forward
to the significant broadening of our ideas about the Universe. To attack this problem besides
highsensitive narrowband superheterodyne receivers [4] the broadband receivers of direct
detection type, most sensitive among which are the receivers based on hot-electron
microbolometers [5-8], are necessary. The choice of two types of receivers for frequency
region 0.3 - 1.5 THz [3], superheterodyne and direct detection types, is led mainly to the reason
that when they are observing weak but broadband radiation sources it may occur that the
sensitivity of narrowband superheterodyne receivers could be not enough and at the same time
the microbolometers as direct detectors due to their very wide frequency band will detect this
radiation. Besides as direct detection microbolometers do not need heterodyne pumping it is
much easier to construct multi-element receiving structures on their basis for an observation
spatially inhomogeneous distributed radiation sources though having not too high frequency
resolution. For many tasks of the submillimeter radio astronomy the noise equivalent power
(NEP) of direct detection microbolometers of order of 10 -17 - 10-18 W·Hz-1/2 is necessary [1-3,
9] and for some tasks in future the NEP down to 10-20-10-21 W·Hz-1/2 will be required [10].
2. Andreev reflection hot-electron microbolometer with a SIN-junction
as the output signal read-out sensor.
Amongst mentioned above hot-electron microbolometers Andreev reflection [11] one operating
at sub-Kelvin temperatures is recognized as the most promising [7, 8] because of its
comparatively high sensitivity and lowest time constant. The first concept of this
microbolometer was proposed in [7]. In the first experiments on the realization of this concept

[8] the microbolometer design was comparatively simple structure (the inset of Fig. 1)
comprising a normal metal film (Cu) with dimensions: 6- µ m- long, 0.3- µ m-wide, and 75-nmthick and lead electrodes of Al (the superconductor at temperatures <1.2 K) deposited on the
silicon substrate using the electron-beam lithography and triple-angle evaporation process. A
submillimeter radiation has to be absorbed by electrons in the normal metal film and heat
them. However due to difficulties of the leading a radiation into the cryostat at sub-Kelvin

Fig. 1. I-V characteristics of the SIN-junction. Solid
thin curves correspond to temperatures 40 mK (right)
and 300 mK (left) at zero bias current through the
absorber. Dotted thick curves correspond to a base
temperature of 40 mK with 20 fW (right) and 2 pW
(left) power dissipated in the normal metal absorber.
The scheme of measurements is given at the inset. The
power dissipated in the resistor R of the absorber is
Ib2·R: 1 - superconducting lead electrodes bringing
bias current into the absorber, 2 - copper absorber, 3 SIN-junction, 4 - superconducting electrode of SINjunction [8].

Fig. 2. Dependence V=f(Ib) at three fixed values of
SIN-junction current I and temperature T = 30 mK for
two absorber samples of 6- µ m-length (curves 1) and
12- µ m-length (curves 2) [12-14].

temperatures the measurements with the radiation were not made in first experiments and the
heating of electrons was realized by means of the d.c. biasing. Two circumstances lead to the
effective heating of electrons: (a) the superlow temperature ( ≤0.1-0.3 K) owing to what the
interaction between electrons and metal film through electron-phonon collisions and therefore
the energy transfer from electrons to the absorber lattice is extremely low, and (b) the
phenomenon of Andreev reflection of electrons at the normal metal - superconductor boundaries
which takes place without the energy transfer of electrons to the superconducting electrodes
[11]. At temperatures < 1 K the electrical resistance of the normal metal film does not depend
on temperature. By this reason unlike to classic bolometers when an increment of voltage drop
caused by the absorber resistance increase owing to the temperature increase due to the
absorber heating is measured - in case of the described microbolometer the voltage increment
at the SIN (superconductor-insulator-normal metal) junction (see Fig. 1) caused by the
increment of temperature of electrons in the normal metal film is measured. This junction was
made by the following way: before the deposition of the normal metal film (Cu) onto the silicon
substrate the 50-nm-thick and 0.2- µ m-wide strip of superconductor (Al) simultaneously with
lead electrodes (also Al) were deposited under the central part of the normal metal film (to be
deposited) and after that first one was oxidized [8]. I-V curves of the SIN-junction (examples of
what are shown at Fig. 1) at different absorber film temperatures T = Tph and the bias currents
Ib through the absorber where measured [8]. The experimental dependence of the electron

temperature Te on the d.c. power P = Ib2·R dissipated in the absorber film was calculated from
the I-V curves and plotted. The obtained dependence is fitted well with the theoretical
dependence:
Pe→ ph = Σv (Te5 - Tph5),
(1)
where Σ = 3.7 nW·K-5·mm-3 is fitting characteristic material parameter, and v is copper
absorber film volume. It follows from good coincidence of the form of the theoretical
dependence (1) and the experimental curve that a predominating mechanism of electron energy
flow out is the electron energy transfer to the copper film lattice through electron-phonon
interaction and other possible mechanisms of electron energy flow out do not give noticeable
contribution to this process. In the same time this means that the Andreev reflection of electrons
at the normal metal-superconductor boundaries takes place. A voltage responsivity calculated
from the I-V curves is SV ≅109 V/W at temperature 100 mK, what is in good agreement with
preliminary estimations of authors of [8]. The noise voltage measured at the input of the
-1/2
amplifier of SIN-junction output signal is
what at said above voltage
u n2 ≅3 nV·Hz
responsivity corresponds to the electrical (i.e. calculated from measurements at d.c.) NEP of
the microbolometer NEP = u n2 : SV ≅3·10-18 W·Hz-1/2.
The results similar to described above ones are obtained in [12-14]. The difference is that an
absorber was fabricated not of copper but of 3-nm-thick chrome sublayer for a better adhesion
with the substrate and 35-nm-thick silver layer with other dimensions of 6 - µ m-length and
0.25- µ m-width. Besides in said works measurements of the dependence of voltage over SINjunction on the current Ib through the absorber at two its lengths: 6 and 12 µ m and three fixed
SIN-junction currents I were made (Fig. 2). Practically the dependences at two different lengths
coincide. This means that the increase of the power Ib2·R dissipated in the longer absorber due
to its higher resistance R has been exactly compensated by the increase of the heat conductance
due to the larger volume v . This is one more confirmation that there is no substantial electron
energy transport through normal metal-superconductor contacts, i.e. this is one more
confirmation of the Andreev reflection at these contacts.
Initially the Andreev reflection hot-electron microbolometers with the SIN-junction sensors
were used as X-ray detectors [15, 16].
3. Andreev reflection hot-electron microbolometer based on superconducting
transition-edge sensor (TES) for the output signal read-out.
The application of a sensor based on superconducting transition (transition-edge sensor - TES)
with strong electrothermal feedback as output signal read-out sensor for the microbolometer of
described type using for detection of X-rays, neutrino and other atomic particles was proposed
in [17]. In such sensor a superconductor or a bilayer of superconductor and normal metal with
proximity effect is in good thermal contact with an absorber of X-rays [18], neutrino or other
atomic particles. A typical electrical circuit into which the TES as the microbolometer output
signal read-out sensor is connected is shown at Fig. 3 [19]. A practical circuit of the
microbolometer with TES for the detection of X-rays radiation is shown at Fig. 4. Lead
electrodes bringing current into the TES are made of a superconductor with significantly higher
critical temperature i.e. larger energy gap in comparison with the same value of the TES

structure to provide the functioning of Andreev reflection at the boundaries of the TES and
current lead electrodes. The microbolometer realized in accordance with the Fig. 4 was tested
and has shown à significantly higher sensitivity to X-ray radiation [20] in comparison with the
microbolometer based on SIN-junction as output signal read-out sensor of the same authors [15,
16].

Fig. 3. Schematic of the electrical circuit used to bias
the TES: 1 - TES, 2 – SQUID read-out circuit with
input coil ~0.3 µ H [19]. Fixed bias voltage is applied
from shunt resistance R ≅ 20 m Ω to the series
connection of the TES and SQUID input coil.

Fig. 4. Schematic of the hot-electron microbolometer
for X-rays radiation measurements based on the TES
with electrothermal feedback and the SQUID: 1 Si 3N4 membrane, 2 - silver absorber, 3 - SQUID, 4 TES, 5 - aluminum contacts [18]. The Si 3N4
membrane is used for the efficiency enhancement of
the X-ray photon energy conversion into the electron
thermal energy [15].

It is proposed in the work [20] to use the TES combined with the absorber for the detection of
the submillimeter and infrared radiation. An electrical circuit into which the absorber-TES
connected is the same as at Fig. 3 where 1 is now the combined absorber-TES which as in case
of the normal metal absorber of the microbolometer described in the previous paragraph is
deposited together with the bringing current lead electrodes onto a substrate, for instance, of
silicon. Issues of the leading-in submillimeter radiation into the absorber-TES are considered
below. In such version of the microbolometer the substrate with absorber-TES is cooled down
to a temperature lower than the temperature of the superconducting transition. The absorberTES is connected in series with the input coil of SQUID-picoammeter and the d.c. bias voltage
V from the shunt resistance ≅20 mΩ is applied across this series connection (Fig. 3). At the
mode of fixed bias voltage the equilibrium amount of electron energy and consequently of
electron temperature in the absorber-TES is automatically maintained at all area of the
superconducting transition due to an electrothermal feedback functioning in the following way
[17, 18]. During the process of absorption of the submillimeter radiation by the absorber-TES
the electrons in it are heated. The TES resistance R starts to increase with the heating of the
electrons and this leads to the decreasing of the dissipated Joule heat V2/R and of course to the
decreasing of the current V/R flowing through the TES. In the same moment the electron
temperature returns practically to the initial value and the resistance R becomes somewhat
higher. The return of electron temperature to the equilibrium value is taking place in accordance
with the relation [17]:

d∆Te
Pα
(2)
= − 0 ∆Te − G∆Te .
dt
Te
In the considered case when the heat coupling of electrons with the absorber-TES lattice is
significantly weaker than the heat coupling of the absorber-TES lattice with the substrate lattice
[17] C is electronic heat capacity, ∆Te - electron temperature increment, P0 = ΣvTe5 = GTe / 5 C

equilibrium value of electron power dissipated in the absorber-TES, G = dP / dTe = 5ΣvTe4 heat conductivity from electrons to the absorber-TES lattice, α =dlogR/dlogT - the
dimensionless measure of the sharpness of the superconducting transition.
In conclusion one may say that the increasing of power dissipated in the absorber-TES on
account of the additional power due to the absorption of the submillimeter radiation is
compensated by the decreasing of d.c. power corresponding to the Joule heat. At this time the
SQUID-picoammeter measures the decreasing of current - ∆ I what is the output signal of the
microbolometer. In the described process the replacement of the d.c. energy by the energy of
absorbed radiation takes place in the electron system and consequently this does not lead to the
change of energy flow from the electrons to the absorber-TES lattice under the radiation
influence. By this reason the effective time constant τ eff of this process is lower of the intrinsic
time constant τ e→ ph caused by the energy transfer from electrons to phonons in 1+ α /5 times
[17].
The bilayer of aluminum and silver was used as the absorber-TES in the work [18]: 30-nmthick Ag layer was deposited first and 17-nm-thick Al layer - second. The sharp
superconducting transition at temperature ~72 mK and <1 mK width between 10% and 90% of
the normal resistance was obtained (Fig. 5). The parameter α ≅1,200 was obtained in the cited
work and consequently τ eff τ e→ ph ≅1240
:
what corresponds to the strong feedback. The I-V
characteristic and the dependence of dissipated in the absorber-TES power on the bias voltage
V are shown at Fig. 6. The portion of I-V curve with the negative differential resistance and the
plateau at the dependence of dissipated power on the bias voltage due to the functioning of the
electrothermal feedback correspond to the superconducting transition area.
In the work [20] the estimation of the noise equivalent power of the microbolometer with TES
combined with the absorber made on the basis of measurement results at the d.c. is given. The
70 ×100 µ m2 width-to-length and 50 nm-thick Ag/Al bilayer as the absorber-TES having
temperature and electrical characteristics close to that shown at Fig. 5 and Fig. 6 was used.
Since the replacement of part of d.c. power with the absorbed radiation power takes place in
the microbolometer of described type it is easy to derive an expression for the current
responsivity: Prad= – ∆ I·V and the current responsivity SI= ∆ I/Prad= –1/V [17]. The beginning
of the superconducting transition in the cited work [20] takes place at V ≅ 0.5 µ V and
consequently SI ≅ –2·106 A/W. The measured root-mean-square noise current of the device
was i n2 ≅6 pA·Hz-1/2 what corresponds approximately to the measurement result obtained in
[21] as well. One may obtain the NEP of microbolometer from current responsivity and rootmean-square noise current. The result is: NEP = i n2 /|SI| ≅3·10-18 W·Hz-1/2.

Fig. 5. Characteristic of the superconducting
transition of superconductor-normal metal bilayer
with proximity effect: 17-nm-thick aluminum layer
deposited onto 30-nm-thick silver layer [18].

Fig. 6. I-V characteristic of the absorber combined
with the TES with electrothermal feedback and
corresponding dependence of power dissipated in
absorber-TES on bias voltage; one may see a plateau at
the power of 27 pW on the second dependence: 1 SQUID current I, 2 - power P = I·V [18].

4. Estimation of a maximum possible sensitivity of the microbolometer based on the
absorber-TES.
The NEP of the radiation detector which utilizes a bulk detection mechanism, for example the
heating of electrons or the intrinsic photoeffect (photoconductivity), and has a noise generated
in the whole volume of the detector and depending on its resistance, for example the Johnson
noise, is proportional to the square root of its volume v [22]:
NEP ∝ v .

(3)

The microbolometer under consideration based on the TES combined with absorber utilizes the
heating of electrons, i.e. the bulk (volume) effect, and its noise current spectral density is
determined by two components [17]:
2
2
2 2
4 kT n / α + ω τ eff 4kT
n/ 2
i =
,
⋅
+
⋅
2 2
R
1 + ω τ eff
R 1 + ω2τ 2eff
2
n

(4)

where the first component is the Johnson noise and the second one is the phonon noise, i.e. the
noise caused by thermal fluctuations during the energy exchange between electrons and
phonons. Not going into details we may indicate that both components have similar dependence
on the microbolometer resistance R. This means that the expression (3) is valid at two said
noise components as well. In [10] the same dependence of the NEP on v is presented taking
into account just the phonon noise what corresponds to the said above.
Using results of measurements of the current sensitivity and the noise current as well as the
estimation of the NEP of the microbolometer with the TES on the basis of the said

measurements in [20] and expression (3) one may estimate the NEP of the microbolometer
when its dimensions are decreased. On account of the fixed thickness of the microbolometer
( ≅50 nm [20]) which is the thickness sum of both layers of the bilayer determined
experimentally under condition of the obtaining the best parameters of the superconducting
transition one may modify (3) into
NEP ∝ l × w ,

(3’)

where l is the length and w is the width of the absorber-TES. The results of conversion of the
NEP of the TES-microbolometer to new dimensions using (3’) are given in the Table 1.
The first row of part I (for dimensions 100 ×70 µ m2) is the result of measurements and
estimations made in [20]. The second row of part I is the result of the conversion of the NEP in
accordance with (3’) to the dimensions l × w ≅ 6 × 0.3 µ m2 which has the microbolometer with
SIN-junction sensor [8] (see above). We remind that its electrical noise equivalent power is
NEP ≅ 3.10-18 W·Hz-1/2 (the same value as in case of the TES-microbolometer with l × w
=100 × 70 µ m2 !) .
Table 1
l × w , µ m2

NEP, W·Hz-1/2
I
≅3·10-18 [20]

100 × 70
6 × 0.3

≅4.8·10-20

0.5 × 0.2

≅1.4·10-20
II

1800 × 900
6 × 0.3

≅3.3·10-17 [23]
≅3.5·10-20

Result of the conversion of the NEP to new dimensions by means of (3’) using as a basis the
TES-microbolometer described in [23] is given in part II of the Table 1. It has the combined
absorber-TES made of tungsten (T C ~95 mK of W thin film [23]) with l × w = 1.8 ×0.9 mm2 and
thickness equal to 40 nm connected into the scheme similar to Fig. 3. Its NEP is ≅ 3.3·10-17
W·Hz-1/2 and the conversion to the dimensions l × w = 6×0.3 µ m2 gives NEP ≅ 3.5·10-20
W·Hz-1/2 what is close to the value in the second row of part I.
It is necessary to notice that the noise in [8] was caused not by the microbolometer itself but by
the amplifier of the microbolometer output signal and the authors of [8] have estimated that after
the reducing the noise of the amplifier by an order the noise will be caused by the intrinsic
noise of the SIN-junction sensor what corresponds to an order better (lower) NEP ≅3·10-19

W·Hz-1/2. And even in this case at the same absorber dimensions like in case of the
microbolometer with SIN-junction sensor the NEP of the microbolometer with absorber-TES
will be an order better. This is caused by the fact that whole volume of the absorber-TES is
working to generate the output signal of the microbolometer but not just a part of the absorber
overlapping with SIN-junction as in case of the microbolometer with SIN-junction sensor. The
experimental confirmation of the latter fact is the independence of the output signal of the
microbolometer with SIN-junction sensor on the power dissipated in the absorber at two its
lengths (Fig. 2): at doubled absorber length l the resistance R is also twice larger and at the
same bias current Ib the dissipated power Ib2·R in the absorber is also doubled but the
microbolometer output signal remains practically unchanged. All said means that the significant
portion of hot electrons in the absorber in case of the microbolometer with SIN-junction sensor
does not give contribution into the output signal, i.e. the corresponding power is lost (unused)
what decreases the effectiveness of this microbolometer in comparison with the
microbolometer with TES. It is possible to show this clear with the following judgement. One
may assume that instead of one SIN-junction the multiple SIN-junctions are arranged along the
whole length of the absorber and all output signal components of the microbolometer are
summed by means of a transformer with n primary coils and one secondary coil where n is the
amount of SIN-junctions. At 6- µ m-long absorber and 0.2- µ m-wide SIN-junction (see above)
n ≅30. In this case power losses of hot electrons are ≅ 29:30 for the single SIN-junction in
comparison with thirty SIN-junctions from the viewpoint of the generating of the
microbolometer output signal. When the noise of n SIN-junctions is predominating their noise is
summed in the transformer as

2
2
nuSIN
= n × uSIN
, i.e. the noise increases in

n times and

the NEP becomes better (decreases) proportionally to n : n. When the noise of the amplifier
of output signal of the microbolometer is predominating the NEP is improved (decreased)
proportionally to 1: n. In the case of predominating intrinsic noise of n SIN-sensors with equal
noise the NEP of SIN-microbolometer with l × w = 6 × 0.3 µ m2 will be NEP ≅ 3·10-19: n
W·Hz-1/2 = 3·10-19: 30 W·Hz-1/2 ≅ 5.5·10-20 W·Hz-1/2 what is close to the NEP of the TESmicrobolometer with the same absorber dimensions. This means that whole electron
temperature increment of SIN-microbolometer absorber is used now for the generating of the
output signal. However the creating of a design of the microbolometer with multiple SINjunctions appears problematic.
The third row in the Table 1 (part I) corresponds to the dimensions l × w accepted for
estimations in the work [10]. In this work the thickness of microbolometer is accepted equal to
10 nm unlike to the case of 50 nm what corresponds to estimation results given in the part I of
the Table 1. Besides it was proposed in the cited work to increase an electron energy relaxation
time in the absorber-TES up to τ e→ ph ~ 10-3 s due to the significant decreasing of its thickness
or/and by the irradiating it with high-energy ions. As the NEP depends on the electron energy
relaxation time as ( τ e→ ph )-1/2 [10] it has to be lower in ~70 times in comparison with the value
in the third row of the Table 1 on account of said two factors: the decrease of the film thickness
in 5 times and the increase of τ e→ ph approximately from 10 -6 to 10-3 s, i.e. in 103 times. This
corresponds to NEP ≅ 2·10-22 W·Hz-1/2 and agrees approximately with estimations in [10].
This impressive value requires a fabrication technology on the height of contemporary
technological equipment and moves the Andreev reflection hot-electron microbolometer nearer

to the absolute receiver which NEP is determined by the quantum fluctuations of incident
radiation [22, 10].
5. The matching of the TES-microbolometer with the incident radiation flow and the
output signal read-out channel.
It follows from the analysis made in the previous paragraph that for the achieving the best NEP
of the Andreev reflection hot-electron microbolometer with the combined absorber-TES one
should strive for a minimum possible volume of its working part, i.e. the absorber-TES. It
means that dimensions of the absorber-TES have to be chosen much less than the wavelength of
the incident radiation. To match so small absorber-TES with the incident radiation flow the
optical, to be precise - the quasioptical, focusing of the radiation onto the absorber-TES with
said dimensions is impossible because of the radiation diffraction phenomenon on it. By this
reason the absorber-TES has to be connected into the center of a planar antenna or into a
waveguide. The combination of the quasioptical focusing first, for instance by means of a lens
or a horn, and then the matching by means of the planar antenna or the waveguide is possible.
Before a further consideration of the problem of the microbolometer matching with the incident
radiation flow and the output signal read-out channel it is necessary to make more detailed
estimation of parameters of the microbolometer with the TES as the read-out sensor for instance
with dimensions l × w = 6 ×0.3 µ m2 using the conversion method already applied above (see
Table 1). We accept again the described in paragraph 3 TES-microbolometer with the
dimensions l × w = 100 ×70 µ m2 as the basis for the conversion. This microbolometer has the
d.c. and low frequency resistance R ≅0.2 Ω (approximately like as at Fig. 5). The bilayer is
working as a normal metal at frequencies of the incident radiation at hω > ∆ where in given
case ∆ is the energy gap of the superconducting bilayer structure. Besides the absorber-TES
thickness is significantly less than skin depth. Owing to these circumstances the bilayer
resistance Rω at the incident radiation frequency ω corresponds to its normal resistance [7], or
Rω = Rn ≅ 1 Ω . Parameters V, in2 , SI and NEP of this microbolometer are given above and
included into the Table 2 as well, I = V/R ≅2.5·10-6 A. We will carry out the conversion of
part of these values to the microbolometer with dimensions l × w = 6 ×0.3 µ m2 under
condition of the constant bilayer thickness as well as the constant current density through it
l
w
using the following formulas: R and Rω ∝ , I ∝ w , in2 ∝
(see (4)). By the way the
w
l
expression (3’) can be derived from these three ones. The rest parameters: V, SI and NEP are
calculated from first ones. The initial parameters for l × w = 100 × 70 µ m2 and results of
conversion for l × w = 6 ×0.3 µ m2 are given in the Table 2. The value of the NEP for l × w =
6 × 0.3 µ m2 coincides with corresponding value in the Table 1 what has to be. The values R,
Rω , V and in2 are primary parameters for the designing of the TES-microbolometer
including issues of connection the absorber-TES into the electrical scheme (Fig. 3) and of the
matching it with the antenna and the output signal read-out amplifier. The results of the carried
out estimation conversion of course have to be approved experimentally.

The experience of the development of submillimeter waveband receivers on the basis of SISmixers (see for example [24]) shows that planar antennas are more convenient than waveguides
for the purposes of the matching of receiving elements of small dimensions with the incident
radiation flow because they may be deposited onto the substrate together with a
receiving element, in our case with the microbolometer. Planar antennas can be
Table 2
l × w , µ m2

100 × 70

6 × 0.3

R, Ω

0.2

2.8

Rω , Ω

1.0

14

I, A

2.5·10-6

1.1·10-8

V, V

0,5·10-6

3·10-8

6·10-12

1.6·10-12

-2·106

-1/(3·10-8)

≅3·10-18

≅4.8·10-20

2
n

i , A· Hz

-1/2

SI , A/W
NEP, W·Hz-1/2

spiral, log-periodic, double-slot [24, 12-14, 25] or of other types. They as it was said are
fabricated by microfilm technology methods and the receiving elements are integrated into them.
Of course it is necessary to take care of antenna to be made of material with a minimum, better
zero, absorption of radiation. It is best of all to fabricate the antenna of a superconductor with
the energy gap ∆ more than hω of the incident radiation so as the antenna material to be
superconducting at all incident radiation frequencies. In case when the antenna is made of
superconductor its two parts may function as two electrodes as well bringing the bias current
into the absorber-TES what will provide the Andreev reflection at the boundaries between the
absorber-TES and the antenna. The efficiency of said above antennas is of order of 50% what
means that ~50% of the incident radiation flow is absorbed by the matched load in the antenna
center [25]. The matching problem of a microbolometer impedance of order of 10-15 Ω or less
with the output impedance of the antenna ~120 Ω deposited onto substrate, for instance silicon
or quartz, may be solved, for example, by means of the connection between the absorber-TES
and the antenna output the microstrip transformer of approximately λ/4 length, where λis the
wavelength of the incident radiation, fabricated by microfilm technology methods like it was
made, for instance, in [24] for the case of SIS-mixer.
The SQUID-picoammeter with the subsequent amplifying stages is the best solution for the
measurement of the output signal of the Andreev reflection hot-electron TES-microbolometer
because the noise current of the best SQUID-picoammeters is in2 ≅ 0.5 pA·Hz-1/2 [21] what is
approximately three times less in comparison with the estimated above intrinsic noise current of
the microbolometer at the resistance of units Ohm.

6. Conclusion.
The important results of the first works on investigation of the normal metal hot-electron
microbolometer with SIN-junction sensor for the signal read-out are the experimental
confirmation of the Andreev reflection of electrons at the boundaries of the normal metal
absorber and the superconducting lead electrodes when hot electron energy does not flow out
from the absorber to the electrodes as well as the estimation of the noise equivalent power of
such microbolometer. As the consequence of review and comparison of research results of
different authors on two types of the Andreev reflection hot-electron microbolometer made in
the present work the advantage of the superconducting transition-edge sensor (TES) with
electrothermal feedback used as the sensor for the read-out the signal of such microbolometer
compared with the single SIN-junction sensor for the same purpose is shown. The origin of this
advantage is that whole volume of the absorber participates in the generation of the
microbolometer output signal in case of the combined absorber-TES when only part of the
absorber does this in case of the single SIN-junction sensor. On account of this fact the
microbolometer with the TES combined with the absorber has at least one order better (lower)
noise equivalent power (NEP) in comparison with the microbolometer with the single SINjunction sensor having the same absorber dimensions. In the same time a design of the
microbolometer with multiple SIN-junction sensor looks too complicated and problematic. In
the first case the absorber-TES has to be made of a superconductor or as an bilayer of
superconductor and normal metal with the proximity effect under condition that its
superconducting transition temperature has to be somewhat higher than the microbolometer
temperature as well as the bias d.c. current and radiation lead electrodes into the absorber-TES
have to be fabricated of a superconductor with the energy gap much higher in comparison with
this value of the absorber-TES. The main way to achieve the best NEP of said microbolometer
is the reducing of absorber-TES dimensions limited by technology possibilities and the
application of the planar antennas for the matching of the microbolometer with the incident
radiation flow as well as the extralow-noise SQUID-picoammeter with SQUID input coil
connected in series with the absorber-TES and fixed bias voltage applied over this series
connection for the microbolometer output signal read-out and amplification. The NEP of the
microbolometer in such version of order of 10 -20 W·Hz-1/2 and lower is expected at the existing
technological possibilities. At present time experiments for the realization of the proposed
solutions are in progress.
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ABSTRACT - Improvements in device development and quasi-optical coupling techniques utilizing
pla nar an ten nas have led to a sig nif i cant achieve ment in low noise submillimeter wave re ceiv ers at pro gressively higher frequencies. Hot Electron Bolometric (HEB) receivers made of thin film superconducting
films such as NbN have pro duced a vi a ble op tion for in stru ments de signed to mea sure the mo lec u lar spec tra
for astronomical applications as well as in remote sensing of the atmosphere. Total system DSB receiver
tem per a tures of 500 K at 1.56 THz and 1,100 K at 2.24 THz were mea sured since the last STT Sym po sium.
These results are 13 and 20 times the quantum noise limit at the respective frequency (the DSB quantum
noise limit (hf/2k) is about 24 K at 1 THz). Typical best per for mance for Schottky bar rier mix ers is about
100 to 200 times the quan tum noise limit. The tech nol ogy of NbN Hot Elec tron Bolometric (HEB) mix ers is
pro gress ing from the one pixel plat form into a multi pixel sys tem and spe cial con sid er ations of the new requirements for such devices is emphasized. One important characteristic is the LO power consumption
which is in the hun dreds of nanowatts range and, there fore, makes NbN HEB mix ers ex cel lent de vices to integrate with a number of promising power sources under development as well as available technologies.
Furthermore, new developments are under way which will decrease the optical and microwave coupling
loss fur ther; in par tic u lar, im prove ment of the RF match of the de vice to the an tenna, op ti mi za tion of the input im ped ance of the IF am pli fier, and fur ther im prove ment of the NbN film ac tive me dium qual ity. Pre limi nary study of MgO sub strates shows an im proved IF band width. IF noise bandwidths in ex cess of 10 GHz
are expected in the near future.
The re cent re sults re ported here make the de vel op ment of fo cal plane ar rays with tens of HEB mixer elements on a single substrate for real time imaging systems in the THz region an achievable goal.

I. INTRODUCTION
The development of low-noise receivers in the THz frequency region is primarily motivated by the
need for low noise and low power consumption receivers for the next generation of space-based and airborne astronomical observatories (FIRST, SOFIA, etc.), as well as space-based remote sensing of the
Earth’s at mo sphere (EOS-MLS). Un til a few years ago, the only het ero dyne re ceiv ers avail able for the THz

region utilized nonlinear frequency-conversion devices which were either GaAs Schottky Barrier Diodes
(SBD) or InSb Hot Elec tron Bolometers (HEB). THz SBD mixer tech nol ogy has re cently made a tran si tion
from cum ber some whis kered di odes in cor ner-cube mounts to pla nar ver sions in wave guide. The Double
SideBand (DSB) re ceiver noise tem per a ture of SBD mixer receivers has remained es sen tially sta tion ary at
about (100-200)x hf/2k [1] (hf/2k is the quan tum limit for DSB re ceiver noise tem per a ture and is about 24 K
at 1 THz). Fabrication technology and material parameters limit the size of the monolithic junction and
therefore limit the noise temperature performance. In addition, SBD receivers require a few mW of LO
power. InSb mix ers have al ways been too re stricted in band width (only about 1 MHz) for most ap pli ca tions.
Below 1 THz, SIS (Superconductor/Insulator/Superconductor) mixer receivers have excellent noise temper a ture (only a few times the quan tum noise limit). The noise per for mance is lim ited to frequen cies be low
or about equal to the superconducting bandgap frequency.
Hot Elec tron Bolometric (HEB) mix ers, which use non lin ear heat ing ef fects in su per con duc tors near
their tran si tion tem per a ture, have be come an ex cel lent al ter na tive for ap pli ca tions r e quir ing low noise temper a tures at fre quen cies from 1 THz up to the Near IR. There are two types of super con duct ing HEB devices, the Phonon-Cooled (PC) ver sion [2], and the Dif fu sion-Cooled (DC) ver sion [3][4]. At pres ent, most
of the lowest recorded receiver noise temperatures have been obtained with the PC type HEB [5][6], although the dif fer ence is not very large. This pa per only de scribes the de vel op ment of the PC HEB. Superconducting HEB mixers also require much less LO power than SBD receivers (100 nW to 1 µW for PC
HEBs). The only practical LO source, presently available, is an FIR gas laser although solid state LO
sources with suf fi cient amount of power are un der de vel op ment and will be avail able in the f u ture. The present state-of-the-art of different THz receivers is compared in FIG. 1.

FIG. 1. Noise temperatures as a function of frequency for receivers in the terahertz regime.

The conversion gain and output noise of an HEB mixer can be calculated using what has become the
“stan dard” model for HEB de vices [7][8]. It is found that there is an optimum amount of LO power which
yields the minimum noise temperature. In practice the op ti mum re ceiver noise tem per a ture occurs for a
bias current which is about 30 - 40 % of the current in the resistive region of the I-V curve without LO
power. The stan dard model, which as sumes a uni form elec tron tem per a ture, is use ful for a first order descrip tion of the PC HEB, but can not give a com plete de scrip tion of the de vice. New mod els for the mixer
op er a tion for fre quen cies in the terahertz re gime as sum ing non-uni form elec tron tem per a ture are un der investigation [9].
The IF band width for the con ver sion gain is de ter mined by the ther mal time-con stant (τm) of the HEB
de vice. The HEB dis si pates the power it ab sorbs through a two-stage pro cess: the heated elec trons first emit
phonons, which will then be trans mit ted through the film/sub strate in ter face into the sub strate. An interface
re sis tance due to phonon mis match has to be taken into ac count, and this re sis tance var ies with the sub strate
upon which the thin film is de pos ited. To max i mize the IF band width, the film should be as thin as pos si ble
while still having good superconducting properties (high T c and low ∆T c). The mixer time-constant (τm)
also in cludes a fac tor which de pends on the self-heat ing of the bolometer [7]. The receiver noise temperature bandwidth (B NT) is wider than the conversion gain bandwidth (B G). The fact that the receiver noise
tem per a ture band width is two to three times wider than the con ver sion gain band width is a well-known feature of HEB mix ers. This char ac ter is tic can be un der stood if one re al izes that the main noise pro cess in the
device (temperature fluctuation noise) yields a noise output which falls at the same rate as the conversion
gain, flattening the net receiver noise dependence on the IF frequency.

II. DEVICE DESIGN AND FABRICATION
A typ i cal HEB de vice is made from a thin (3 to 4 nm) film of NbN de pos ited on a sub strate of sil i con,
quartz, sap phire or MgO by DC magnetron sput ter ing. Thin ner films are de sir able in or der to achieve wider
IF band width. The crit i cal tem per a ture of the NbN film is about 10 K, de pend ing on film qual ity and thickness, and ef fi cient mix ing oc curs at about half that tem per a ture. Much ef fort has been spent on improving
the qual ity of the NbN films, which is es pe cially crit i cal for the thin nest films. Above the super con duct ing
bandgap frequency (roughly 1 THz for these films), terahertz ra di a tion sees a re sis tance roughly equal to
the normal resistance, which is 300 Ω /square to 600 Ω /square. A device with an aspect ratio (length to
width) of from 1:5 to 1:10 will there fore match a typ i cal an tenna im ped ance of 75 Ω . The crit i cal cur rent of
a de vice is a few hun dred µA, while a typ i cal DC bias volt age is 1 mV. Since the de vice acts as a bolometer,
the ab sorbed LO power, which is a func tion of the de vice area, is mea sured by the de vice it self and is computed from its I-V curve. Our devices have a length of 0.6 to 1 µm and LO power from 0.5 to 1 µW.

Quasi-op ti cal cou pling is very con ve nient at the very high THz fre quen cies where waveguides become
in creas ingly dif fi cult to manufacture. We cou ple our de vices through a 4 mm di am e ter el lip ti cal lens made
from high-purity silicon. In order to facilitate testing over a wide range of frequencies, we have initially
used a log pe ri odic self-com ple men tary toothed an tenna. This de sign is scaled from the mil li me ter wave design in [10] and is il lus trated in FIG.2. Other antennas un der in ves ti ga tion in a num ber of lab o ra tories are
spi ral an ten nas, twin di pole/slot an ten nas, and slot ring an ten nas. We have used a log-pe ri odic an tenna with
a max i mum fre quency of 3.4 THz most re cently (des ig nated as An tenna C). Our log-pe ri odic an ten nas have
a 4:1 band width. The an tenna is fab ri cated from a gold film us ing lift-off li thog ra phy. At the moment, we
use no reflection matching for the silicon lens (er = 11.8). Optical losses should decrease by about 2 dB
once a suit able ma te rial for such coat ings in the THz range. One such ma te rial, which is un der investigation, is parylene [11][12].
The HEB receiver is cooled in an IRLAB liquid helium dewar, and THz radiation enters the dewar
through a 0.75 mm thick poly eth yl ene win dow, as shown in FIG.3. The mixer is con nected through a bias
tee and a semi-rigid coaxial ca ble to a cooled HEMT IF amplifier. In the most recent experiments, the IF
chain noise temperature was estimated to be 7 K with a bandwidth from 1250 MHz to 1750 MHz.
The LO source was a difluoromethane gas la ser, which could be made to lase ei ther at 191 µm wavelength (1.56 THz) or at 134 µm (2.24 THz) by choosing one of two or thogo nal po lar iza tions. It has an invar-supported struc ture which was de signed with ther mal com pen sa tion to main tain con stant cav ity length.
In or der to ob tain high power sin gle mode out put, uni form cou plers con sist ing of wire grids de pos ited on a
sil i con sub strate (also coated for high re flec tivity from 9-11 µm) were used. The la ser beam was mea sured
to have a Gaussian spa tial out put pro file with the first sidelobes 20 dB down. The FIR la ser was pumped by
an ex tremely sta ble two me ter long grat ing-tuned CO 2-la ser. The avail able power from the CO2-la ser was

FIG. 2. Log-periodic toothed antenna fabricated on a silicon substrate and attached to a silicon lens.
.

FIG. 3. Measurement setup for noise temperature.

about 200 W [13]. A 6 µm thick mylar win dow was used as beam split ter. A di elec tric lens was used to focus the la ser LO. The 50-100 mW out put power of the la ser was at ten u ated by crossed wire grid polarizers
in or der to set the op ti mum LO level. Al though me chan i cal chop ping of the hot/cold source is pos si ble and
some times used, a typ i cal mea sure ment was per formed by in sert ing a room tem per a ture ab sorber in front of
the LN2 load by hand. The IF out put power was de tected on a power me ter and re corded in a com puter with
the help of a Labview pro gram. The fact that it is pos si ble to per form the Y-factor mea sure ment with out the
use of a ro tat ing chop per is a trib ute to the ex cel lent am pli tude sta bil ity of the UMass/Lowell la ser used for
this ex per i ment. The am pli tude sta bil ity of the 1.56 THz la ser source, mea sured over a period of min utes,
with a rel a tively fast (0.1 s) in te gra tion time, was 0.3%. The sta bil ity was also ev i dent in the I-V curves recorded by our fast (about 50 ms) computerized recording system.

III. EXPERIMENTAL RESULTS FOR SINGLE-ELEMENT RECEIVERS
TABLE I gives a summary of data measured for devices which reached DSB noise temperatures at
1.56 THz of 500 K and at 2.24 THz as low as 1,100 K. The out put noise tem per a ture was mea sured by compar ing the to tal out put noise power in the op ti mum op er at ing point (with LO ap plied) with that of the de vice
in the super con duct ing state (the bias volt age was de creased to zero). Since the IF noise temper a ture was

TABLE I. SUMMARY OF NOISE DATA

f [THz]

Dev.# /

Tout [K]

T DSB [K]

T DSB,i [K]

Lc,tot [dB]

L opt [dB]

Lc,i [dB]

Ant.
1.56

6/C

110

500

180

9.5

4.5

5.0

2.24

6/C

110

1,100

180

12.9

7.9

5.0

known, we could find the out put noise tem per a ture (T out) from this mea sure ment. The op ti cal cou pling loss
was es ti mated from known losses in win dows, lens re flec tion loss, etc. The re main ing con ver sion loss is the
in trin sic con ver sion loss, L c,i, which can be cal cu lated from the ory ac cord ing to the stan dard model. A set
of consistent values of Lc,i, T out, and T R,DSB can then be obtained [8]. We have identified part of the increase (0.5 dB) in op ti cal losses from 1.56 THz to 2.24 THz as be ing due to a res o nance in the poly eth yl ene
window ma te rial. Also, the at mo spheric at ten u a tion is higher at 2.24 THz than at 1.56 THz. The thermal
noise power from the cold source had a path length of about 0.6 m be fore it reached the dewar window and
the es ti mated at ten u a tion over this path at 2.24 THz is 0.5 - 1 dB. There is still an un ex plained in crease of
about 2 dB. Some of the in creases in op ti cal losses are in ev i ta ble but care ful op ti cal d e sign should be able to
eliminate a part of this increase with frequency.

IV. FOCAL PLANE ARRAYS WITH INTEGRATED HEB RECEIVERS
In order to fully utilize the future space-borne and airborne facilities, it will be advantageous to develop Focal Plane Arrays (FPAs) which incorporate the new low-noise HEB receivers. In astronomical
THz observations, for example, one often wants to map an area such as an interstellar cloud or a galaxy.
The speed with which this map ping can be done will in crease in pro por tion to the num ber of ele ments in the
array. Such systems ex ist at mil li me ter waves in ground-based tele scopes [14][15]. There are well-known
limitations for the smallest beam spacings which can be obtained [16]. These can be discussed in terms of
the geo met ric spac ing ( ∆x) of ad ja cent el e ments in the ar ray. If each el e ment in the ar ray il lu mi nates a telescope at an f-num ber of f/D, then ideal sam pling of the fo cal plane im age at the Nyquist rate re quires that ∆x
= 0.5 x (fλ/D) [15][17]. There is no type of feed el e ment which is ca pa ble of be ing spaced this close while
still il lu mi nat ing the tele scope ef fi ciently [15][18]. About the best which has been achieved in prac tice is ∆x
= 1x(fλ/D), and corrugated horns, for ex am ple, which are very ef fi cient feed an ten nas, must be spaced at
about 2x(fλ/D) [15]. The displacement (N) of the telescope beam on the sky, mea sured in Full Width Half
Maximum Power (FWHM) beamwidths is also related to ∆x by N≈∆x/1.2λ(f/D) [16]. An array element
spacing of about 1.2x(fλ/D) thus corresponds to a spacing of adjacent beams on the sky of one FWHM
beamwidh.

There are two different methods for coupling dielectric lenses to an antenna array:
(i) a single-lens configuration; and
(ii) a multi-lens configuration.
If we first con sider the sin gle-lens case, the in di vid ual el e ments placed near the fo cus of the lens will ra di ate
a beam which has an f-num ber of roughly 1.0, i.e. a 56 de gree FWHM beam width. Filipovic et al. [19] an alyzed this case and de rived the min i mum spac ing pos si ble. To ob tain a rough es ti mate, we as sume a spac ing
cor re spond ing to one beam width, and find ∆x ≈λ0

ε r , or 35 µm for λ0 = 119 µm. This leads to very tight

con straints on any wir ing which has to be con nected to the de vices and an ten nas, and it is ob vi ously im pos sible to place the IF amplifiers close to the antennas.
The multi-lens con fig u ra tion, on the other hand, is much more flex i ble. The rel a tively smal l ( ra dius R ≈
10 λ0 ) el lip ti cal lens which we have de vel oped, lends it self well for use in this “fly’s eye” type of ar ray, see
FIG. 4. Both the LO and the in com ing sig nal are in jected through a quasi-op ti cal diplexer. The op tics thus
are un changed from our sin gle-el e ment ap proach. The beam width from each lens is ap prox i mately given by
1.2 x λ/(2R), and the lenses can be placed at a spac ing equal to their di am e ter (2R), i.e. ∆x=2R. The f-number of the array elements will be approximately 2R/λ (≈ 20), which may be about right for a typical
Cassegrain telescope, with out re course to fur ther fo cus ing. The beam-scan (N) will be about one FWHM
beam width. The an gu lar res o lu tion (an gu lar spac ing be tween ad ja cent pix els) will thusbe about equal to the
diffraction-limited beam width of the tele scope, which is typ i cal of the best res o lu tion obtainable for FPA
receivers as discussed above.

FIG 4. A portion of an HEB THz focal plane array.

The FPA can not use the log-pe ri odic toothed an ten nas which we have em ployed so far since these are
un-necessarily large. The focal plane array system is also not likely to require the very wi de band width of
these an ten nas. We in stead pro pose a slot-ring an tenna as shown in FIG. 5 (a dou ble-slot an t enna would also
be possible). The slot-ring an tenna has been dem on strated in a four-el e ment ar ray for a 35 GHz monopulse
radar [20] and also, for ex am ple, in 94 GHz MMIC receivers [21]. This an tenna is lin early po lar ized and can
re ceive ra di a tion in ei ther of two per pen dic u lar po lar iza tions. There are sev eral pos si ble con fig u ra tions to explore. FIG. 5 shows one such con fig u ra tion in which the LO and RF are in jected in the same po lar iza tion as in
our pres ent sin gle lens re ceiver. The IF is ex tracted through a coplanar wave guide ( CPW) from the point on
the ring at which the THz fields have a null. It is im por tant to use air bridges in or der to can cel the even mode
on the CPW. In the above-mentioned monopulse radar project, the LO and sig nal were in jected in op po site
po lar iza tions through a sim ple wire grid and two (re versed) Schottky bar rier mixer di odes were placed at the
45 de gree po si tions across the ring thus form ing a bal anced mixer. HEB de vices can not be re versed, as can
Schottky di odes, but one or two de vices could be placed at the 45 de gree po si tions and this would al l ow very
ef fi cient LO in jec tion (ide ally with out any loss) through a wire grid. The sig nal would also be in jected without loss, ide ally. The RF im ped ance of the HEB de vice(s) would be ad justed in the usual way by vary ing its
(their) as pect ra tio for op ti mum cou pling to the ring. Dif fer ent types of fil ters can be t ried on the IF line in or der to pre vent leak age of the RF and LO through the CPW. FIG. 5 and FIG. 6 show dif fer ent ver sions of this.
The en tire sil i con chip with an ten nas and NbN mixer de vices would be fab ri cated in one pro cess. MMIC
HEMT am pli fier chips (size about 1 mm 2) would be in te grated with the mix ers by in sert ing them in etched
wells in the sil i con sub strate, and trans mis sion lines could be routed on a thin layer of spun -on di elec tric. FIG.
7 shows a wide bandMMIC am pli fier un der de vel op ment in col lab o ra tion with Chalmers Uni ver sity of Technol ogy [cour tesy of Her bert Zirath]. The am pli fier will in clude (on chip) the ap pro pri ate im ped ance trans for ma tion as well as bias cir cuitry for the HEB de vices. A nom i nal band width of 4-8 GHz will be suit able for

FIG 5. HEB device coupled to a slot ring antenna
with coplanar waveguide output for the IF.

FIG 6. A different version of the slot ring antenna/HEB device.

many anticipated system applications. An other im por tant con sid er ation is to min i mize the DC power consumption of the MMIC am pli fier.
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Abstract
To achieve nearly quantum limited noise temperatures around 1 THz
in Nb SIS mixers NbTiN is used as stripline material because its high DC
conductivity and gap frequency above 1 THz should minimize RF losses.
However, one expects problems at the Nb/NbTiN interface due to an energy
gap discontinuity. Indeed, the measured I-V curves show features that are
absent in all Nb SIS mixers or Nb junctions with normal metal striplines.
These include the gap voltage backbending and a severe gap voltage reduction in the pumped case. In an analysis of the unpumped case, it was
previously shown that the backbending feature is caused by the DC heat
trapped at the Nb/NbTiN interface and that the heat ow is limited by the
electron-phonon interaction time. In the present paper, the analysis is extended to the pumped case by introducing an additional power contribution
to explain the severe gap depression. This additional power results from the
energy spectrum of the photon assisted tunneling electrons as given in the
Tien-Gordon theory. Theoretical ts are obtained that faithfully reproduce
the main features of the anomalous pumped I-V characteristcs.
1

Introduction

Until recent experimental results obtained at the Space Research Organization
of the Netherlands (SRON) and Delft University of Technology, [1,2] the lowest
noise temperature around 1 THz was obtained using a Nb SIS mixer with Al
tuning circuits. [3] However, a major limiting factor in the mixer performance
is the loss in the aluminum striplines. [4] Therefore, one strategy to improve on
these results is to use a superconducting stripline material with an energy gap

above the signal photon energy. NbTiN has been shown to be a good candidate
both because of its frequency gap larger than 1 THz and its low RF loss. [5{12]
However, because of the energy gap discontinuity at the Nb/NbTiN interface one
expects problems with this structure. Understanding these is essential to evaluate
the mixer performance.
2

Anomalous I-V characteristics

The device structure of the Nb SIS mixers with NbTiN striplines investigated here
is shown in Fig.1(a). The Nb junction is sandwiched between two NbTiN leads,
which, in combination with an insulator SiO2 layer, form a stripline that functions as an integrated tuning circuit for the mixer. The SIS device is a standard
Nb/Al{AlOx/Nb junction with an area of typically 0.6 m2. Junctions with two
critical current densities, 6.5 and 12 kA/cm2 , were used. The thickness of both
Nb electrodes is 90 nm. The top and bottom NbTiN leads are 400 nm and 280 nm
thick, respectively. The critical temperatures of Nb and NbTiN in the device were
measured to be 9.1 K and 14.3 K. Device fabrication is described elsewhere. [11]
The rst I-V measurements on these devices were presented earlier [11] and are
reproduced in Fig.2. These showed two striking features believed to be caused
by the presence of the gap discontinuity. Firstly, a severe gap depression which
worsens with increasing pumping level. Secondly, the gap depression can be seen
within the same curve as a backbending of the gap voltage.
3

Unpumped case

The energy diagram of Fig.1(b) corresponds to the device structure for the two
electrodes biased at the Nb gap voltage and shows the di erent energy gaps of
Nb and NbTiN. The tunneling electrons see a potential barrier at the Nb/NbTiN
interface. In a previous paper [13] we showed that in such a situation there is no
quasiparticle trapping. Instead, the charges are Andreev re ected at the interface.
As a result, charge is transported across the interface but the quasiparticle equilibrium temperature is raised in both electrodes. Here the assumption is made
that the electron-electron interaction time is short enough to obtain a Fermi-like
electron energy distribution in the junction. The BCS theory is used to determine
the electron temperature from the backbending data, which yields the energy gap,
, through the following expression, [14]
h p i
1 = Z h! tanh (2pkT ) 1 2 + 2 d;
(1)
N (0)
0
2 + 2
where N (0) is the density of states at the Fermi level, is the BCS interaction
constant and h !c is the Debye frequency and is much greater than kTc, where Tc is
c
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Figure 1:

(a) Sketch of the cross-section of a Nb SIS junction with NbTiN striplines. (b)
Energy diagram showing the relative energy gaps of Nb and NbTiN under the application of a
bias voltage Vgap equal to the gap voltage of Nb.
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Figure 2: Anomalous pumped and unpumped I-V characteristics of a Nb/Al{AlOx/Nb junction

with NbTiN striplines at a local oscillator frequency of 895 GHz and a bath temperature of 4.7
K.

the critical temperature of Nb. It was further shown that the heat ow is governed
by the electron-phonon interaction time which acts as the heat ow bottleneck of
the system and the heat balance equation is given by
PDC = heat (T Tb );
(2)
where PDC is the DC power in the junction; T and Tb are the electron and bath
temperatures, respectively. The heat transfer coeÆcient, heat , is given by
vCe
;
(3)
heat =

eph

where Ce is the electron heat capacity, eph the electron-phonon interaction time
and v the junction volume. Using the above, agreement with the DC I-V characteristics was demonstrated. In particular, quantitative agreement with the backbending data was achieved.
4

Photon assisted tunneling contribution

However, when the RF signal is coupled into the mixer the severe gap reduction
shown in Fig.2 cannot be explained by Eq.2. Indeed, PDC is only of the order of
100 nW, whereas the heating power required to produce the gap depression of, say,
the dash-dotted pumped curve in Fig.2, ranges from 200 to 300 nW, depending
on the accuracy of the heat transfer coeÆcient as obtained from the backbending
data. Essentially, there are only two other power sources in our system that could
possibly account for this additional required contribution. Firstly, the photon
assisted tunneling (PAT) mechanism is responsible for the energy spectrum of the
photon assisted tunneled electrons according to the Tien-Gordon picture. [15] In
standard junctions, this added energy, delivered in multiples of the photon energy
to the electron bath, escapes by heat di usion. However, in the presence of heat
trapping it will have to be dissipated within the electron bath, thus contributing to
the overall junction heating. Secondly, because the mixer operates above the gap
frequency of Nb, some RF dissipation in the junction is also expected. Let us rst
turn to the photon assisted tunneling mechanism. Tucker and Feldman [16] give
an expression for the dissipative component of the local oscillator (LO) current,
0 , across the mixer
ILO
0
ILO

=
=

X1 J ( )[J ( ) + J ( )]I (V + nh!=e)
X11 2n J ( ) I (V + nh!=e)
n

n=

n

2

n

n=

1

1

dc

n+1

dc

(4)

where Jn( ) is the nth order Bessel function and its argument, = eVLO =h !, is
the ratio of the energy associated with the LO voltage across the junction to the

photon energy; Idc is the measured unpumped I-V characteristic and V is the bias
voltage. We assume here that VLO is a constant. Therefore, the photon assisted
power, PP AT , is the AC power associated with the dissipative current and is given
by
PP AT

=
=

0 VLO
ILO

X12 nh! J ( )I (V + nh!=e):

n=

2

dc

n

1 e

(5)

Intuitively, one can understand Eq.5 in the light of the Tien-Gordon theory [15]
which pictures the pumped I-V characteristic as resulting from the sum from minus
to plus in nity of the unpumped characteristic shifted by multiples of the photon
energy and weighted by the corresponding Bessel function, i.e.
Ipumped =

X1 J ( )I (V + nh!=e):
2

n=

1

n

dc

(6)

One sees that Eq.5 multiplies the number of photon assisted tunneled quasiparticles by their corresponding energy, namely nh !, for each value of n.
5

Theoretical fits to the anomalous pumped I-V curves

In order to produce theoretical ts of the pumped I-V characteristics, dedicated
voltage-biased measurements were obtained, taking care to suppress the supercurrent and associated Shapiro steps, which are present in Fig.2. The pumped and
unpumped experimental curves used for the theoretical calculations in this section are shown in Fig.4. The pumped measured data is used to calculate the DC
power, PDC , and is simply the product of the current by the voltage at each bias
point. The photon assisted power, PP AT , is calculated using Eq.5, where Idc(V ) is
the unpumped measured data. An appropriate value for the Bessel function argument, , or, equivalently, VLO , must also be chosen. However, since the actual LO
power seen by the junction cannot be measured, VLO must be treated as a tting
parameter. Its choice will be discussed later in this section. Fig.3 shows a plot of
PDC , PP AT and their sum, PT otal = PDC + PP AT , as a function of bias voltage.
Using PT otal instead of PDC in Eq.2 one can calculate a temperature pro le as a
function of bias voltage, T (V ), also shown in Fig.3. T (V ) is chosen to be constant
upon reaching the critical temperature of Nb, which corresponds to the junction
transition to the normal state. One can then calculate a unpumped theoretical
I-V characteristic using the usual expression
Z
1
1
I =
N (E )N (E eV )[f (E ) f (E eV )]dE;
(7)
dc
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1
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Figure 3: DC, PAT and total=DC+PAT heating powers (nW), and junction temperature (K)
corresponding to the DC+PAT case, versus bias voltage (mV).

where Rn is the normal state resistance, and taking care to assign to the density
of states, N (E ) = N (E; T ), and the Fermi-Dirac distribution function, f (E ) =
f (E; T ) the temperature pro le T (V ). Fig.4 shows the I-V characteristic so obtained and labeled I (V; T (V )).
It should be appreciated that the calculated unpumped curve, I (V; T (V )), has
the same gap voltage as the pumped data, unlike the measured unpumped curve.
Furthermore, by inserting this theoretical curve into Eq.6 one obtains the curve
labeled "Tien-Gordon" in Fig.4. This latter procedure is used to t the LO voltage
across the junction, VLO . The fact that both the reduced gap and the photon step
level are reproduced in the t using only VLO as tting parameter, points to the
self-consistency of our physical picture of the gap depression mechanism. However,
as it stands, the calculated I-V characteristic fails to reproduce the correct photon
step onset. This is due to the fact that, according to Eq.6, the photon onset
re ects the gap voltage value shifted by a multiple of the photon energy. In fact,
in our anomalous case, one should be careful that the value of the gap changes
with the bias voltage according to the temperature pro le. Hence, Eq.6 should be
adjusted as follows,
Ipumped =

X1 J ( )I (V + nh!=e; T (V ));
2

n=

1

n

dc

(8)

where Idc(V + nh !=e; T (V )) is now calculated and given by Eq.7, the density
of states and the Fermi-Dirac distribution functions shifted by multiples of the

Figure 4:

150

100

50

0
0.0
0.5

1.5

2.0

2.5

Measured pumped
Measured unpumped
I(V,T(V))
Tien-Gordon

1.0

Voltage (mV)

3.0

3.5

4.0

photon energy are also a function of the temperature pro le T (V ), for all values
of n, and are given by N (E + e(V + nh !); T (V )) and f (E + e(V + nh !); T (V )),
respectively.
Fig.5 shows the resulting ts to pumped data for two di erent pumping levels.
Again, VLO is the only tting parameter and it can be seen that several anomalous pumped data features are reproduced. These are the gap depression, the
photon step level, the photon step onset and the subgap current below the photon step onset. Deviations from the data are also present. Firstly, there is the
smoothing of the measured photon step, which is usually ascribed to quasiparticle lifetime e ects. Hence, if no smoothing functions are applied, the theoretical
counterparts are generally characterized by much sharper gap and photon step
onsets. [17] Secondly, the excess current in the measured data just above the gap
could be explained by the fact that actual junctions are not, strictly speaking,
SIS structures, on which the calculations are based, but more closely resemble
SNIS structures, where N stands for the thin Al layer. Hence, the corresponding density of states will be modi ed accordingly. Thirdly, the calculated curves
show an abrupt transition to the normal state around 3.1 mV, not present in
the data. Here, the assumption of a constant heat transfer coeÆcient used for
the ts, via Eq.2, breaks down. In fact, Eq.3 clearly indicates that heat should

Pumped and unpumped data for a Nb/Al{AlOx /Nb junction with NbTiN striplines
at a local oscillator frequency of 845 GHz and a bath temperature of 5.7 K; the calculated
unpumped I-V curves using the temperature pro les due to the total power, the DC power only
and the PAT power only. The calculated pumped I-V curve using the total power temperature
pro le plugged into Eq.6 is also plotted.
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Figure 5: Pumped data of a Nb/Al{AlOx/Nb junction with NbTiN striplines at a local oscillator frequency of 845 GHz and a bath temperature of 5.7 K for two di erent pumping levels
tted using Eq.8.

be temperature-dependent, however, since the temperature-dependent behavior
of the electron-phonon interaction is rather complex and strongly dependent on
material parameters, [18] it has been left out of this analysis. SuÆce it to say that
heat seems to vary very slowly with temperature across the bias voltage range
of interest only to deviate signi cantly near the critical temperature. There are,
nevertheless, indications that an abrupt transition to the normal state has been
observed albeit at a higher bias voltage. [19]
Through the above exercise, it has been shown that the DC and PAT heating
power contributions can reasonably explain the experimental data. This suggests
that the possible contribution from RF absorption is negligible. Taking into account the t resolution as well as the measurement error in the heat transfer
coeÆcient, it can be estimated that the RF absorption in the junction, if present,
should be less than 10% of the photon assisted tunneling contribution.
6

Conclusion

In conclusion, the heat trapping mechanism and the electron-phonon interactionlimited heat ow process responsible for the gap voltage backbending in the unpumped case are shown to be also responsible for the severe gap depression in the
pumped case, provided one takes account of the additional heating power introduced by the photon assisted tunneling process. As a consequence, the proposed

solution [13] to reduce heating by increasing the Nb volume, while keeping the
junction area unchanged, is also applicable in the RF case. Furthermore, in addition to explaining the backbending and gap depression anomalies quantitatively,
the anomalous pumped I-V curves are also satisfactorily described theoretically.
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ABSTRACT
Waveguide SIS mixers are presented in which Nb/Al-AlOx/Nb tunnel junctions are
integrated with both NbTiN/SiO2/NbTiN and NbTiN/SiO2/Al tuning circuits. The mixers
with a NbTiN/SiO2/NbTiN tuning circuit yield relatively low receiver noise temperatures
between 700 and 830 GHz, but their sensitivity drops significantly above ~ 850 GHz. In
contrast, low-noise heterodyne mixing near 1 THz is observed in mixers incorporating a
NbTiN/SiO2/Al tuning circuit. In particular, an uncorrected receiver noise temperature of
585 K is measured at 970 GHz. From an analysis of the receiver sensitivity and gain, it is
determined that the loss in the NbTiN ground plane is low (≤ 0.6 dB) below 970 GHz. A
decrease in receiver sensitivity above 1 THz is attributed to an onset of rf loss in the
NbTiN.
1. INTRODUCTION
The specifications of the HIFI instrument for the Far-Infrared Space Telescope
(FIRST) require the development of THz SIS mixers with receiver noise temperatures of
3.5hν/k (i.e. 160 K at 960 GHz). Although mixers incorporating Nb/Al-AlOx/Nb tunnel
junctions and Nb wiring layers have been shown to yield receiver noise temperatures as
low as 2hν/k below the 680 GHz superconducting gap frequency of Nb [1], Nb tuning
circuits become very lossy at higher frequencies [2]. Indeed, above 800 GHz, wiring of a
high-conductivity normal metal, such as aluminum, has been shown to yield significant
improvements in receiver sensitivity [3], with a best-reported receiver sensitivity of
840 K at 1042 GHz [4]. However, it has also been shown that losses in the Al wiring
layers and excess shot-noise in high-Jc Nb/Al-AlOx/Nb SIS junctions (Jc > 10 kA/cm2)
combine to limit the sensitivity of these receivers to ~ 500 K at 1 THz [5-6].
A significant improvement in 1 THz receiver sensitivity will require a corresponding
reduction in tuning circuit losses. This may be achieved in two ways. Certainly, an
improvement in the quality of high-Jc SIS junctions will yield a reduction in the noise of
mixers with normal-metal tuning circuits. However, the ultimate goal of producing

quantum-limited THz receivers will require the development of low-loss superconducting
wiring layers with a gap frequency of ~ 1.2 THz or higher. NbTiN, a compound
superconductor previously used for thin-film coatings in rf cavities [7], is one promising
candidate to fill this need.
Previous work has shown that NbTiN layers with Tc = 14.3-15.5 K can be integrated
with Nb-based SIS tunnel junctions to produce both quasi-optical [8-9] and waveguide
[10-11] mixers. Based on the BCS relationship between Tc and the superconducting
energy gap (Fgap ~ 3.52·kBTc/h), it is expected that these NbTiN-based tuning circuits will
be low-loss up to 1.05-1.14 THz. Indeed, the observation of AC Josephson resonances in
I-V characteristics at voltages up to 2.2 mV provides evidence of low-loss performance
around 1 THz in these tuning circuits [8-9,11]. Furthermore, the recent demonstration of
a receiver noise temperature of 205 K at 798 GHz for a mixer incorporating a NbTiN
tuning circuit [12] confirms that NbTiN wiring layers are very low-loss up to at least
800 GHz. However, despite these promising results, it remains to be shown that that
NbTiN tuning circuits can be used to produce low-noise receivers for frequencies up to
~ 1.2 THz.
In this paper, we demonstrate waveguide SIS mixers in which standard
Nb/Al-AlOx/Nb tunnel junctions are integrated with NbTiN/SiO2/NbTiN and
NbTiN/SiO2/Al tuning circuits. The direct-detection and heterodyne sensitivities of these
devices are presented for frequencies between 0.7 and 1.05 THz. Additionally, the
receiver noise and conversion gain of a mixer with a NbTiN/SiO2/Al tuning circuit are
analyzed to evaluate the RF performance of the NbTiN ground plane at 970 GHz. The
parallel development of a quasi-optical THz mixer with a NbTiN/SiO2/Al tuning circuit is
discussed elsewhere in these proceedings [13].
All of the receiver noise temperatures presented here are calculated using Planckcorrected effective temperatures for the blackbody signal loads and the receiver optics.
Corrected noise temperatures, calculated from the measured receiver noise using
estimates of the frequency-dependent loss in the receiver optics (beamsplitter, vacuum
window, heat-filter, and lens) are also presented. This allows the intrinsic mixer
performance to be more easily evaluated. Furthermore, the corrected noise temperatures
can be directly compared with the HIFI mixer specifications, which are defined for the
ideal case of zero optical loss in front of the mixer.
2. MIXER DESIGN AND FABRICATION
THz mixers are fabricated by integrating standard 1-µm Nb SIS junctions
(Jc ~ 7.5 kA/cm2) with a 300-nm NbTiN ground plane and either a 400-nm NbTiN or a
400-nm Al + 100-nm Nb wiring layer, as seen in Fig. 1a. The twin-junction tuning
circuit shown in Fig. 1b is used to efficiently couple radiation from the waveguide probes
to the SIS junctions over a relatively broad rf bandwidth. A 10-µm wide microstrip
transmission line connects the two junctions, which are separated by 4-7 µm. The

400 nm Al + 100 nm Nb
250 nm SiO2 + Anodization
200 nm SiO
2

Nb SIS Junction

300 nm NbTiN
Al2O3 Interface Layer
Fused Silica Substrate

10 µm
(a)

(b)

Figure 1. a) Cross-section of the NbTiN/SiO2/Al tuning circuit (in the NbTiN/SiO2/NbTiN
tuning circuit, the Al + Nb wiring is replaced with 400-nm of NbTiN and the 200 nm SiO2
passivation layer is not present). b) Optical microscope image of the twin-junction tuning
circuit. The optically defined SIS junctions are nominally 1 µm2. The transformer length and
junction separation are varied to tune the circuit resonance.

junctions are connected to the waveguide probes by a microstrip impedance transformer
6-µm wide and 18-26 µm long. The waveguide probes and the rf choke structures (not
shown) are designed for a 1 THz waveguide mixer block with waveguide and substrate
channel dimensions of 120×240 µm2 and 90×90 µm2, respectively. Table 1 summarizes
the tuning circuit geometries of the six devices for which results are presented in this
paper.
The mixers are fabricated on 200-µm thick fused quartz substrates using processes
similar to those described previously for the fabrication of devices with NbTiN and Al
striplines [10,11,14]. The primary differences with respect to the previously described
Table 1. Tuning circuit parameters for the six devices discussed here.
NbTiN / SiO2 / NbTiN

NbTiN / SiO2 / Al

Device #
c14
c72
c07
c13
c37
c71
Tuning Section
7x10
4x10
5.5x11
7x11
5.5x11
4x11
Transformer
26x6
20x6
20x7
23x7
20x7
18x7
Junction Area
1.0
1.0
0.58
0.58
0.67
0.64
Wiring Layer
400 nm NbTiN, 14.3 K
400 nm Al + 100 nm Nb
Dielectric
~ 250 nm SiO2
~ 250 nm SiO2
2
Junction
Nb/Al-AlOx/Nb, 28 Ω·µm2
Nb/Al-AlOx/Nb, 28 Ω·µm
Ground Plane
300 nm NbTiN, 14.3 K
300 nm NbTiN, 14.3 K
(all lengths and widths are given in µm, junction areas are in µm2)

processes are: (1) the Al + Nb wiring layer is defined using a lift-off process (instead of
the etch process used for a NbTiN wiring layer), and (2) in the devices with the Al + Nb
wiring, a 200-nm SiO2 passivation layer is added to protect the Al from chemical attack.
The NbTiN ground plane and wiring layer are deposited using a process that was
previously shown [10,15] to reproducibly produce films with Tc = 14.3-14.4 K and
σ16K ≈ 0.9×106 Ω-1m-1. Based on previous measurements, the sputtered Al layer is
expected to be in the anomalous limit, with σ4K ≈ 2×108 Ω-1m-1. Note that Nb is added to
the top of the Al wiring layer to reduce the dc and IF series resistance of the upper wiring
layer portion of the rf choke structure.
3. DC I-V CHARACTERISTICS
Representative dc current-voltage characteristics are shown in Fig. 2 for one mixer
with a NbTiN/SiO2/NbTiN tuning circuit (c14) and one mixer with a NbTiN/SiO2/Al
tuning circuit (c37). For the devices with a NbTiN/SiO2/NbTiN tuning circuit,
measurements at 4.6 K yield Vgap = 2.6-2.63 mV, Rn·A ≈ 28 Ω·µm2, Rn ≈ 14 Ω (thus,
A ≈ 1.0 µm2 per junction), and R2.0/Rn = 14-17. In comparison, measurements at 4.6 K of
the devices with a NbTiN/SiO2/Al tuning circuit yield Vgap = 2.7-2.82 mV,
Rn·A ≈ 28 Ω·µm2, Rn = 20-24 Ω (thus, A = 0.58-0.7 µm2 per junction), and
R2.0/Rn = 10-17. Measurements of these same devices at ~ 2.8 K yield an improvement in
junction quality – Vgap = 2.84-2.90 K and R2.0/Rn = 13-40.
One point of note is that dc heating of the junction electrodes is minimal in the
devices with a NbTiN/SiO2/Al tuning circuit, as seen from the large gap voltage and the
absence of back-bending in the current-voltage characteristic of device c37 in Fig. 3.
This is in contrast to both present and previously reported [11] results from devices with
a NbTiN/SiO2/NbTiN tuning circuit. This previously observed dc heating has since been
shown to be caused by the presence of a heat-flow barrier at the Nb/NbTiN interfaces due
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Figure 2. Current-voltage characteristics of a device with a NbTiN/SiO2/NbTiN
tuning circuit (c14) measured at 4.6 K and a device with a NbTiN/SiO2/Al
tuning circuit (c37) measured at 4.6 K and 2.8 K. The gap suppression in c14 is
attributed to heat trapping in the junction electrodes due to the large
superconducting energy gap in NbTiN relative to that in Nb [16].

to the larger superconducting energy gap of NbTiN relative to that of Nb [16]. Replacing
one NbTiN layer with Al removes this barrier, allowing heat to escape from the junction
into the Al wiring.
4. RF MEASUREMENT SETUP
RF measurements are performed in both tuneable and fixed-tuned 1-THz waveguide
mixer blocks. The tuneable mixer block, previously used in the study of Al-stripline SIS
mixers [3], is a split-block design incorporating a sliding backshort tuner, while the fixedtuned mixer block has a stamped backshort cavity extending 60 µm from the bottom of
the substrate channel. Both mixer blocks have a 120x240 µm2 waveguide, a 90x90 µm2
substrate channel, and a diagonal horn with an 11º cone angle. Radiation is coupled into
the mixer block through a 100-µm Mylar vacuum window at 295 K, a Zitex G104 heatfilter at 77 K, and a high-density polyethylene lens at 4 K.
The direct-detection spectral response of the mixer is measured using a Michelson
interferometer in which the optical path can be evacuated to eliminate water vapour
absorption lines. Heterodyne sensitivity is measured using a 295-K / 77-K hot-cold
measurement, a carcinotron plus doubler operating between 700 and 740 GHz, BWOs
operating between 830 and 1100 GHz, and Mylar beamsplitters of 6, 14, and 49 µm
thickness. IF output power from the device is coupled to the cryo-amplifier through a
bias-T and an isolator. Following amplification at 4 K, the signal is further amplified and
bandpass filtered at room temperature. Using an unpumped mixer as a calibrated noise
source, the noise and gain of the IF system are determined to be 3-5 K and ~ 68 dB at
1.46 GHz, over an 85 MHz band-width.
Fig. 3 presents the estimated rf transmission spectra of each of the optical elements
in the signal path. The transmissions of the 14 and 49 µm beamsplitters have been
calibrated using the Michelson interferometer and a SIS mixer as a direct detector in the
800-1000 GHz range, while the transmission of the 6 µm beamsplitter and 100 µm
vacuum window are calculated from previously measured optical properties of Mylar.
The transmission of the lens is approximated as a sum of an absorption loss in 3 mm of
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Figure 3. Estimated transmissions of the optical components in the signal path.

HDP (an approximate average thickness for the lens) plus incoherent reflection losses at
each surface. The rf loss in the Zitex heat-filter is low enough to be hard to accurately
measure. As a rough estimate, a loss of 5% is assumed.
5. NbTiN/SiO2/NbTiN TUNING CIRCUIT DEVICE RESPONSE
The direct-detection and heterodyne response of the two devices with a
NbTiN/SiO2/NbTiN tuning circuit are shown in Fig. 4. Both devices are measured using
the tuneable mixer. Each direct-detection response curve is for a fixed backshort position
– curves c14 and c72a are for a 60 µm backshort depth, while curve c72b is for a
backshort depth of 180 µm. For the heterodyne measurements, the backshort position is
optimized at each frequency. The mixer block temperature is ~ 4.6 K for all of these
measurements.
Considering the direct-detection results in Fig. 4a, it is noted that the spectral
response of these devices agrees with qualitative predictions of the tuning circuit
performance – for the two devices presented here, decreasing the separation from
7 µm (c14) to 4 µm (c72) shifts the resonance to a higher frequency. Unfortunately, a
quantified comparison of the measured and predicted device responses is difficult due to
a lack of 3-D electromagnetic simulations and/or scale-model measurements of the
waveguide, waveguide probe, and rf choke designs used in this work. Thus, it is difficult
to use the measured direct-detection response to verify the rf properties of the NbTiN
ground plane and wiring layers.
From the heterodyne results in Fig. 4b, it is seen that these devices are relatively
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Figure 4. (a) Fixed-tuned direct-detection response of the two devices with a
NbTiN/SiO2/NbTiN tuning circuit. Both devices are measured in the tuneable mixer (c14
and c72a – depth = 60 µm, c72b – depth = 180 µm). (b) Measured and corrected receiver
noise temperatures for the same two devices. The corrected noise temperatures are
calculated from the uncorrected data and the estimated optical losses in the beamsplitter,
dewar window, heat-filter, and lens (see Fig. 3 for the loss estimates).

sensitive in the 700-830 GHz range – device c14 produces a receiver noise temperature of
435 K at 700 GHz, while c72 produces noise temperatures of 395 and 455 K at 760 and
830 GHz, respectively. Correcting for the previously estimated losses (see Fig. 3) in the
14 µm beamsplitter, vacuum window, heat-filter, and lens, the effective noise at the
mouth of the horn is estimated to be ~ 190-235 K over the same frequency range.
The relatively low-noise performance of these devices demonstrates that the
NbTiN/SiO2/NbTiN tuning circuits are relatively low-loss up to at least 830 GHz.
However, one point of concern is the general absence of high sensitivity above 850 GHz
in these, and other, devices with a NbTiN/SiO2/NbTiN tuning circuit. This may be
partially attributed to spreading inductances introduced by the embedding of the 1-µm
junctions in a 10-µm wide microstrip (these will effectively lengthen the tuning section,
pushing the circuit resonances to lower frequencies). However, the concern is that, due
to poor nucleation of NbTiN on SiO2, a poor-quality interface layer may be present at the
bottom of the NbTiN wiring layer. This interface layer, which could be of non-negligible
thickness, may introduce excess tuning circuit loss at frequencies well below the
predicted NbTiN gap frequency.
Independent of the rf properties of the NbTiN ground plane and wiring layer, the
direct-detection response of device c72 does demonstrate that a moderate improvement in
rf coupling can, for some devices, be obtained by tuning the backshort cavity depth.
Thus, it is hoped that further improvements in receiver sensitivity may be obtained by a
careful optimization of the integrated design of the waveguide, rf choke structure,
waveguide probes, and on-chip tuning structure. However, increasing the cavity depth to
improve the peak sensitivity also introduces a high-frequency cut-off, reducing the fixedtuned bandwidth of the device. Thus, the potential for improved sensitivity may be
limited by rf bandwidth specifications (i.e. 800-960 GHz and 960-1120 GHz for HIFI
Bands 3 and 4).
As a final note on the results presented in Fig. 4, the 70 GHz ripple seen in the
direct-detection response of device c72 is observed in the direct-detection responses of a
range of waveguide and quasi-optical devices, in multiple measurement cryostats. Thus,
it is believed to be an intrinsic property of the measurement instrument.
6. NbTiN/SiO2/Al TUNING CIRCUIT DEVICE RESPONSE
The fixed-tuned direct-detection responses of the four devices with a NbTiN/SiO2/Al
tuning circuit are shown in Fig. 5. Devices c07, c13, and c71 are measured in the
tuneable mixer block – the response of c13 and c71 are shown for a backshort depth of
60 µm, while the two curves shown for c07 correspond to backshort depths of 60 µm and
120 µm. Device c37 is measured in a fixed-tuned mixer block with a 60-µm deep
stamped backshort cavity. Note that the Michelson interferometer is evacuated to
eliminate water vapour absorption lines in all of these measurements.
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Figure 5. Fixed-tuned direct-detection response of the four devices with a NbTiN/SiO2/Al
tuning circuit. Devices c07, c13 and c71 are measured in the tuneable mixer (c07a, c13,
c71 – depth = 60 µm, c07b – depth = 120 µm). Device c37 is measured in a fixed-tuned
mixer (depth = 60 µm). All measurements are performed in vacuum.

As was the case for the devices with a NbTiN/SiO2/NbTiN tuning circuit, the directdetection response of these mixers agrees qualitatively with predictions of the tuning
circuit performance – decreasing the junction separation from 7 µm (c13) to 5.5 µm (c07
and c37) and 4 µm (c71) causes the resonance to shift to higher frequency, as is expected.
Unfortunately, the lack of a detailed model for the embedding impedance of the mixer
make it difficult to use these results to quantify the rf properties of the NbTiN ground
plane. However, it is noted that all four devices share a similar high-frequency roll-off at
~ 1 THz, despite having significantly different low-frequency roll-offs. This high
frequency cut-off is believed to be evidence of increasing rf loss in the NbTiN ground
plane above 1 THz.
The measured receiver noise temperatures for the same four devices are shown in
Fig. 6a for measurements at 4.6 K and ~ 2.8 K. Uncorrected receiver noise temperatures
as low as 445 K at 895 GHz (at 4.6 K, with a 6 µm beamsplitter) and 585 K at 970 GHz
(at ~ 2.8 K, with a 14 µm beamsplitter) are obtained. Furthermore, 3 combinations of
junction separation, transformer length, and junction area (c13, c37, and c71) produce
similar responses near 1 THz, with receiver noise temperatures and conversion losses of
585-620 K and 12-13 dB at 950-970 GHz. Note that the ~ 20 % improvement in the
response of device c13 upon cooling from 4.6 to 2.8 K is typical of the improvement
observed in these devices.
Combining the estimated optical losses in front of the mixer (see Fig. 3) with the
Planck-corrected temperatures of each element, the measured receiver noise temperatures
in Fig. 6a are corrected and replotted in Fig. 6b. The resulting corrected noise
temperatures at 4.6 K are 275 K at 895 GHz for device c07 and 320-350 K at
950-970 GHz for devices c13, c37, and c71. The corrected receiver sensitivities at 2.8 K
for devices c13, c37, and c71 are 260-285 K at 950-970 GHz.
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Figure 6. (a) Measured receiver noise temperatures for the four devices with a
NbTiN/SiO2/Al tuning circuit. c07 and c71 are tuned measurements, while c13 and c37
are fixed-tuned measurements. The observed improvement in sensitivity upon cooling for
c13 is representative of the effect also seen in c37 and c71 (~ 20 % from 4.6 to 2.8 K).
(b) Corrected noise temperatures calculated from the uncorrected data in (a) and the optical
loss estimates in Fig. 3 for the beamsplitter, vacuum window, heat-filter, and lens.

The dip in receiver sensitivity at 980-990 GHz seen in Fig. 6 for both c13 and c37 is
due to an atmospheric water vapour absorption line. Independent of this absorption line,
the noise temperatures of devices c13, c37, and c71 all rise significantly above 1 THz.
This agrees with the previously noted drop in direct-detection sensitivity in this frequency
range, giving further evidence of an onset of rf loss in the NbTiN ground plane above
1 THz.
7. NbTiN GROUND PLANE LOSS ANALYSIS
Focussing on the device that produces the highest receiver sensitivity near 1 THz
(c37 at 2.8 K), the receiver noise and gain at 970 GHz are analyzed to identify the factors
limiting sensitivity. To simplify the analysis, the twin-junction tuning circuit is
approximated by a single SIS junction with an area equal to the total area of the two
junctions (A = 1.34 µm2, Rn = 21 Ω). Using the rf voltage match method [17] and
measured pumped and unpumped I-V characteristics, the embedding admittance for the
model junction is estimated to be 0.12 + 0.037i Ω-1 at 970 GHz. Using this embedding
Table 2 – Receiver noise and gain
breakdown for c37 at 970 GHz and 2.8 K
Optics
Tuning Circuit
Mixer (DSB)
IF chain
Total Receiver

TN (K)
126
0
77 + hv/2kB
5
586

G (dB)
-2.4
-3.2
-7.2
0
-12.9

admittance, the DSB mixer gain and noise are calculated using the 3-port Tucker theory
[18]. Note that the mixer noise calculation also includes a bias-dependent charge
quantization (q/e = 1 + 0.45·Vgap/Vbias) to account for the enhancement of shot-noise by
multiple Andreev reflection [19].
From this analysis (summarized in Table 2), it is determined that there is ~ 3.2 dB of
excess loss at the input to the mixer, after correcting for the estimated losses in the
receiver optics. As a first-order approximation, this loss is attributed to the
NbTiN/SiO2/Al tuning circuit. A separate calculation of the coupling of radiation from
the waveguide probes to the SIS junctions predicts a loss in the Al wiring layer of 2.6 dB
(assuming the Al to be in the anomalous limit, with σ4K = 2×108 Ω-1m-1, and NbTiN to be
a loss-less superconductor). The remaining 0.6 dB is thus an estimate of the loss in the
NbTiN ground plane.
Unfortunately, the accuracy of this estimate is limited by uncertainties in the optical
losses, the embedding admittance, and the surface resistance of the Al wiring layer.
However, it is also assumed that the waveguide, the Al/Nb portion of the rf choke, the
SiO2 dielectric layer, and the Nb junction electrodes each contribute zero rf loss. Thus, it
seems safe to say that the NbTiN ground plane used in these devices is, indeed, relatively
low-loss at frequencies up to 970 GHz.
8. DISCUSSION
Reviewing the receiver noise analysis summarized in Table 2, it is noted that there is
room for further improvement. In particular, the estimated tuning circuit loss and DSB
mixer noise are both relatively high (3.2 dB and 77 K, respectively). Thus, it may be
possible to produce a somewhat more sensitive device if a similar tuning circuit loss can
be combined with junctions with lower leakage currents. Furthermore, it is expected that
the incorporation of recent improvements in the fabrication of very-high current-density
junctions (Jc ~ 30 kA/cm2) [20-21] should make it possible to significantly reduce the
tuning circuit loss while maintaining, or even reducing, the mixer shot-noise.
Although the mixers with a NbTiN/SiO2/Al tuning circuit yield promising results at
frequencies up to 970 GHz, the observed sensitivity cut-off at ~ 1 THz remains a
concern. In particular, this is ~ 50 GHz lower than the gap frequency estimated from the
BCS relationship between Tc and the superconducting energy gap (Fgap ~ 3.52·kBTc/h and
Tc = 14.3 K predict Fgap ~ 1050 GHz). There are several possible explanations for this
discrepancy between the predicted and measured cut-off frequencies. Of these, two are:
1.

The Tc of the NbTiN film used here is lower than has been demonstrated for films
deposited on an MgO substrate or at an elevated substrate temperature
(Tc ~ 16-17 K) [8]. Thus, it is possible that the physical mechanisms that reduce Tc
in these films may also affect the relationship between the energy gap and Tc.

2.

Because the estimated penetration depth in the NbTiN ground plane is approximately
equal to the layer thickness (290 nm vs. 300 nm), radiation in the tuning circuit will
penetrate to the bottom of the NbTiN layer. Thus, if the initial stages of NbTiN film
growth produce a poor-quality interface layer, that layer could induce loss in the
tuning circuit below the predicted NbTiN gap frequency.

Additional measurements and analysis are needed to fully explain the upper cut-off
frequency of these tuning circuits. However, one means of improvement is clear – the
use of higher-Tc NbTiN layers deposited on MgO and/or elevated-temperature substrates.
This should increase the cut-off frequency at least proportionally to the increase in Tc
(i.e. to at least 1120 GHz for Tc = 16 K). Note that the high dielectric constant of MgO
makes it less desirable than fused quartz as a substrate material for waveguide mixers.
However, an MgO substrate would be compatible with a quasi-optical mixer design, such
as that presented elsewhere in these proceedings [13].
9. CONCLUSIONS
SIS mixers in which standard Nb SIS junctions are integrated with
NbTiN/SiO2/NbTiN and NbTiN/SiO2/Al tuning circuits have been fabricated and tested
as both direct and heterodyne detectors.
Mixers with a NbTiN/SiO2/NbTiN tuning circuit produce receiver noise
temperatures as low as 395-455 K between 700 and 830 GHz. Correcting for optical
losses, the corresponding effective noise at the mouth of the horn is estimated to be
195-235 K.
From this relatively low-noise performance, it is clear that the
NbTiN/SiO2/NbTiN tuning circuits are relatively low-loss up to at least 830 GHz.
However, the poor sensitivities of these devices above 850 GHz raise concerns that a
poor-quality interface layer at the bottom of the NbTiN wiring layer may introduce
tuning circuit losses below the NbTiN gap frequency.
Using mixers with a NbTiN/SiO2/Al tuning circuit, receiver noise temperatures as
low as 445 and 585 K are obtained at 900 and 970 GHz, respectively. Correcting for the
optical losses in front of the horn of the mixer yields corrected noise temperatures as low
as 260 K at 970 GHz. These results represent the first demonstration of relatively lownoise performance in a 1 THz SIS mixer incorporating a NbTiN-based tuning circuit.
Furthermore, this represents a significant improvement over the best previously reported
1 THz receiver sensitivity (840 K at 1042 GHz for an Al stripline device [4]).
Analyzing the device with the highest sensitivity at 970 GHz, it is determined that
the most significant contributions to the corrected receiver noise are a DSB mixer noise
of 77 K and 3.2 dB of rf loss in front of the mixing element. Of this 3.2 dB, the Al wiring
layer is estimated to contribute 2.6 dB of loss. The remaining 0.6 dB is thus an estimate
of the loss in the NbTiN ground plane at 970 GHz.

Unfortunately, these results also indicate that the NbTiN ground plane may have a
cut-off frequency of ~ 1 THz. However, it is argued that it should be possible to extend
the range of low-noise mixer operation to at least 1.12 THz by incorporating NbTiN
deposition processes previously shown to produce films with Tc ≥ 16 K [7-8].
Furthermore, it is hoped that further optimization of the device parameters will push the
range of operation to at least 1.2 THz, while also improving receiver sensitivities below
1 THz.
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ABSTRACT
The balanced mixer is fabricated on a 2 x 1 mm quartz substrate which contains an RF
quadrature hybrid and two SIS mixers. These components are realized in capacitively-loaded
coplanar waveguide, which minimizes stray coupling between adjacent components and
coupling to undesired modes in the thick quartz substrate. Signal and LO waveguides are
coupled to separate ports of the main substrate via suspended striplines. The mixers were
fabricated using the UVA Nb/Al-oxide /Nb process. Over the 225-300 GHz band, the mixer
noise temperature was 37-48 K and the overall receiver noise temperature was 46-78 K DSB,
both referred to outside the cryostat. The LO-to-RF isolation was >12 dB, which we hope
to improve by reducing leakage of power under the substrate between the LO and signal
ports.

INTRODUCTION
At the 1996 THz Symposium we proposed designs for single-chip balanced and sideband
separating SIS mixers [1]. Results for a 200-300 GHz sideband separating mixer were
reported at the 1998 THz Symposium [2], and the present paper gives results for a balanced
SIS mixer in the same band.
Balanced mixers have been used in commercial and military equipment since before
WWII. They have three advantages over single ended mixers: (i) a LO coupler or diplexer
is not required ahead of the mixer, (ii) the required LO power is substantially less than that
of a single-ended mixer with an LO coupler, and (iii) sideband noise from the LO is
*
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suppressed. LO power is usually coupled into a single ended mixer using a directional
coupler or beam splitter. If the signal loss through the LO coupler is to be kept small, the LO
loss must be substantial, typically 15-20 dB and most of the LO power is wasted. The
balanced mixer has a separate LO port with efficient coupling so the required LO power is
reduced by 12-17 dB relative to the simple single-ended mixer with LO coupler. In a single
ended mixer, noise from the LO source in the signal and image bands is coupled into the
mixer and converted to the IF. Depending on the nature of the LO source, its (sideband)
noise temperature may be room temperature or higher. If the LO source has an effective
noise temperature of 300 K at the sideband frequencies, then with a 15-20 dB beam splitter
it will contribute 10-3 K in each sideband at the input of the mixer, which may be
comparable with the intrinsic noise temperature of the receiver itself. With some LO sources
we have observed a considerably higher excess sideband noise — as much as 50 K of
sideband noise at the input of the mixer with some frequency multipliers in the 200-300 GHz
range. In a balanced mixer, sideband noise is suppressed by an amount depending on the
phase and amplitude balance through the mixer.
Balanced mixers require the relative phasing of the signal and LO at the two component
mixers to differ by 180-. This can be achieved either using a 180- hybrid (transformer or
magic-T) or a 90- hybrid (3-dB directional coupler). In the present work we use the latter,
as shown in Fig. 1, because the quadrature hybrid is more easily realized as a planar circuit.
One output of the IF (180-) hybrid contains the down-converted signal (upper and lower
sidebands), and the other contains the down-converted LO sideband noise.

Fig. 1. Schematic diagram of a balanced mixer of the type used in this work.

The LO noise rejection of a balanced mixer depends on accuracy of the amplitude and phase
matching of the signal and LO through the two branches of the circuit. Fig. 2 shows the
effects of amplitude and phase imbalance in a balanced mixer. It is seen that the rejection
is quite insensitive to asymmetries in the mixer — even with 2 dB amplitude imbalance and
15- phase imbalance, the LO noise rejection is over 15 dB.

Fig. 2. LO noise rejection of a balanced mixer as a function of amplitude
and phase imbalance.

DESIGN
The layout of the balanced mixer is shown in Fig. 3. It is based on that described in [1]
and uses the same capacitively loaded coplanar waveguide (CLCPW) and quadrature hybrid,
as shown in Figs. 4 and 5. The component single-ended mixers are as described in [3]. They
have four SIS junctions in series and are designed with low IF parasitic capacitance and
inductance to allow operation with an IF as high as 12 GHz.

Fig. 3. Balanced SIS mixer for 200-300 GHz. Left: the main
substrate connected to the signal and LO waveguides by
suspended striplines. Above: The main substrate, 2 x 1 mm
fused quartz 0.0035" thick, showing the CLCPW quadrature
hybrid and the pair of component single-ended mixers.

Fig. 4. A length of capacitively loaded coplanar waveguide (CLCPW) on a thick
fused quartz substrate [1]. Z0 = 50 Ω. Dimensions in microns.

Fig. 5. Quadrature hybrid for 200-300 GHz [1].

FABRICATION & ASSEMBLY
The mixers were fabricated on chemically polished fused quartz wafers 30 mm diameter
and 0.25 mm thick. The SIS junctions are formed on small islands of Nb/Al-oxide/Nb
trilayer. An SiO layer 200 nm thick is deposited around the junctions, and an additional 370
nm in the CLCPW sections. Vias connect the ends of the tuning stubs and the bridges in the
CLCPW section to the base electrode. JPL's gold overlayer technique [4] was adapted to our
process; since gold does not naturally oxidize, an in-situ physical cleaning of the surface of
the junction counter electrode is avoided prior to depositing the Nb interconnection layer.
Omitting the physical cleaning step has two advantageous: any native Nb and Al oxides
which have grown after deposition of the junction SiO insulation will remain, and the SiO
insulation layer will not be disturbed. Both these factors tend to prevent micro-shorts
between the wiring and base electrodes, and we have been able to fabricate junctions with
200 nm insulation layers without resorting to anodization techniques.

In the gold overlayer process we used a separate DC magnetron sputtering system to
deposit layers of Au(1-2 nm)/[Cr(4% wt.)-Au](28 nm) on top of the trilayer wafer after an
ion gun clean. The Cr-Au mixture was used to increase the physical durability of the
over-layer. Prior to the trilayer etch, the Cr-Au layer is etched in a solution of 10 g I, 40 g
INH4, 400 ml DI water, and 600 ml ethanol, which we have found etches Cr-Au films
containing as little as 0.4% (wt.) Cr more repeatably and uniformly than pure Au films.
A new quadlevel resist, composed of NFR 200nm/polyimide 200nm/Nb 40nm/NFR
(imaging resist) [5] was used as the etch mask in the junction step. The Au/Cr-Au layer is
wet etched and the Nb junction defined with an SF6+CHF3+N2 RIE. It was found that the
presence of Au in the plasma and in contact with the Nb layer reduces the anisotropy of the
Nb etch. The bottom NFR layer was included as it was found to enhance the anisotropy of
this Nb etch. The polyimide is included in the quadlevel structure because a trilevel resist
of NFR/Nb/NFR will not liftoff satisfactorily due to the lack of a suitable chemical stripper
for the NFR. After the junction etch and SiO deposition, a liftoff of the self-aligned
quadlevel resist is performed with NMP [6]. Since the NFR is not fully removed with this
stripper, the liftoff is followed by an oxygen plasma etch.
The vias, which connect the ends of the tuning stubs and the bridges in the CLCPW
section to the base electrode, can be accomplished in two ways. The first is to use large area
junctions, and the second uses a direct contact from wiring layer to base electrode. We have
chosen the second approach to avoid possible internal resonances in large-area junctions used
as vias. Since an in-situ cleaning step is not used in our Nb wiring process, a second Au
overlayer was defined on top of the base electrode after removing the Au/Cr-Au and Nb
counter electrode from the via sites.
After dicing, the individual mixers were thinned to 0.0035" using a dicing saw as a
surface grinder. (More recently, we have been using a lapping machine to thin the whole
wafer with an accuracy of ±0.0002" [7].) The mixer chip was connected to its suspended
striplines with 0.0001" gold ribbons using Indalloy #2 solder [8] and Supersafe #334 flux [9].
Soldering to the mixer chip is done using a parallel gap welder [10] with a 0.005" x 0.010"
soldering tip and a 900 ms heating pulse. Gold ribbon connections were also soldered to the
IF/DC pads. The assembly was placed, circuit side down, in the lower half of the mixer
block and the IF/DC connections made. Gold crush wires, 0.0007" diameter, between the
edges of the main substrate and the block ensure a good ground contact when the upper half
of the block is bolted in place.
MEASUREMENTS
The mixer was tested in a vacuum cryostat cooled to ~4 K by a Joule-Thompson
refrigerator. The incoming RF signal enters the cryostat through a plastic film vacuum
window [11] supported by a 0.125" sheet of expanded PTFE [12]. It passes through a 50-K
infrared filter, also made of 0.125" expanded PTFE, a PTFE lens at 4 K, and into a scalar

feed horn. The LO is connected to the mixer through an (overmoded) stainless steel
waveguide. A 4 K IF plate containing a coaxial switch and 50-ohm IF calibration
components, similar to that described in [13], enables the noise temperature at either port of
the balanced mixer to be measured. The IF noise temperature, including the coaxial switch,
two isolators, and a directional coupler, was 3.6 K at 1.4 GHz.
The balanced mixer has separate SMA DC/IF connectors for each component mixer.
These were connected through cables of equal length to the 4 K 180- IF hybrid [14].
Bias-T's [15] on the other side of the hybrid were connected through isolators to the IF
switch. No IF impedance transformer was used between the junctions and the 50-ohm IF
plate. A DC magnetic field was applied to the mixer to suppress the Josephson currents in
the junctions.
Fig. 6 shows the I-V characteristics of the two component mixers with and without LO
power applied. The critical current, IC = 118 µA, was determined from the measured
quasiparticle current rise, ∆Igap, at the gap voltage using the relation IC = (π/4).∆Igap. An SEM
was used to measure the junction diameter, 1.5 µm, from which the critical current density
JC = 6700 A/cm2 is deduced.

Fig. 6. I-V characteristic of the two component mixers with LO power applied (light curve)
and without LO power (heavy curve). Each mixer has four junctions in series. The bias point
is indicated by the marker. FLO = 225 GHz.

Measurements were made using RF hot and cold loads (room temperature and liquid
nitrogen) in front of the receiver with the IF switch connected in turn to each output of the
IF hybrid. The calibrated IF plate enables the mixer noise temperature and conversion loss
in each channel to be deduced, and also the overall receiver noise temperature. The LO
sideband rejection is simply the quotient of the conversion losses measured at the two IF
ports. Fig. 7 shows the DSB mixer and receiver noise temperatures as functions of LO

frequency; note that both noise temperatures include the contributions from all the input
components (vacuum window, IR filter, lens, horn). Fig. 8 shows the LO sideband rejection.

Fig. 7. Mixer and receiver noise temperature
(DSB).

Fig. 8. LO rejection.

DISCUSSION
The performance of the balanced mixer was very close to that of the single-ended mixer
[3] on which it was based. It is clear that the loss of the CLCPW quadrature hybrid and
transmission lines is not significant in this frequency band.
The variation of the LO rejection with frequency in Fig. 8 results from a small amount
of leakage between the signal and LO ports of the balanced mixer chip, whereby some LO
power enters the component mixers through the signal port and spoils the amplitude balance
and phasing of the LO at the two mixers. Likewise, some signal power enters the LO port,
with a similar effect. This leakage does not originate in the CLCPW circuit of the balanced
mixer but at the transitions from the suspended striplines to the mixer chip. We suppressed
this leakage to the present level using pieces of MF-112 absorber [16] above and below the
mixer substrate. (The absorber does not affect propagation on the CLCPW lines as their
fields are contained within a small region close to the line.) Further improvement should
result from a wider substrate on which the RF and LO ports are further apart so the signal and
LO leakage components will be more completely absorbed.
The down-converted signal appears at the ∆ port of the IF hybrid while the downconverted LO sideband noise appears at the Σ port. By reversing the bias polarity on one of
the component mixers, the outputs are reversed, with the signal appearing at the Σ port [17].
In practice, one normally requires only the down-converted signal and not the LO noise, in

which case it is possible to replace the IF 180- hybrid in Fig. 1 with a simple T-connection
and operate with opposite bias polarity on the two component mixers. It is important to note
that replacing the 180- hybrid with a simple T-junction results in a change in the IF load
impedance seen by the component mixers. The (desired) in-phase IF signals from the two
mixers each see, at the T, an IF load impedance twice that of the actual load, while the outof-phase IF signals from the two mixers see a virtual short circuit at the T.
An alternative way to obtain efficient LO coupling and rejection of LO sideband noise
is to use a single-ended mixer preceded by a tuned diplexer — often a quasi-optical MartinPuplett interferometer is used at millimeter and submillimeter wavelengths. This has the
advantage of using a simpler mixer but requires a mechanically tunable diplexer if the
receiver is to operate at different frequencies. Furthermore, with the Martin-Puplett type of
diplexer, the bandwidth over which good LO noise rejection (> 10 dB) and low signal loss
(< 0.4 dB) are obtained is restricted to ~ 40% of the IF center frequency. By comparison, a
balanced mixer based on a broadband RF quadrature hybrid requires no tuning and should
be useable with a multi-octave IF, such as the 4-12 GHz IF currently planned for the ALMA
radio telescope.
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Abstract - The high cost of fabricating waveguide components is one of the primary factors
limiting the development of terahertz technology. This paper reviews the development of an
inexpensive micromachining technology that is suitable for the frequency range from 500 GHz
through 5 THz. Our first effort was a 585 GHz direct detector that allowed us to measure the
beam patterns of our new micromachined horn antenna. The results were quite good and
matched both theoretical predictions and the patterns of a low frequency scaled model of the
horn. More recently, a high quality 585 GHz mixer was assembled and tested. The performance
was equivalent to that obtained from a traditionally machined block, Tmix,dsb = 1,200K. We are
now extending this technology to 1.6 THz. A sideband generator and a mixer circuit are being
fabricated and the first circuits demonstrate excellent control of the critical features. This paper
overviews the new micromachined block fabrication process, summarizes our measurements at
585 GHz and shows the first fabrication results at 1.6 THz.
I. THE FABRICATION PROCESS
The block fabrication process presented here is a modified version of the process
reported in several previous conference publications [1,2,3]. As in the previous work, our new
process begins with the formation of a modified diagonal horn by selective crystal etching of a
silicon wafer through a silicon dioxide masking layer. This etch creates a very suitable horn
structure with easily controlled flare angle and aperture and very good (>90%) Gaussian
coupling efficiency [4]. Next, a thin layer of photoresist is spun onto the wafer and exposed to
mark the precise position of the waveguide. An automatic dicing saw is then used to slit-cut the
waveguide for each half of the block. The photoresist and oxide layers are then removed.
The next step is to form the microstrip circuit channel that runs perpendicular to the
waveguide. This is achieved with an ultra thick photoresist known as SU-8 [5]. This resist can
be exposed by standard UV lithography to depths of up to 1 mm. The SU-8 layer is
intentionally made thicker than our desired channel depth. This resist is then exposed through a
mask that protects the horn, waveguide and channel areas. The wafer is then developed to clear
the unexposed resist and the wafer is hard-baked. This cures the SU-8 into a plastic layer that
remains as a permanent part of our mixer. This plastic is then lapped to the desired thickness on
a commercial wafer lapping system. Lapping allows control of the depth of the channel to
within a few microns and eliminates any problem with the planarity of the original SU-8
surface.
Alignment grooves are then diced into the wafer, the sample is coated with metal by a
combination of sputtering and electroplating and the individual components are diced. Both the

dicing and alignment grooves are patterned in the SU-8 layer to facilitate proper alignment on
the wafer. A three-inch process wafer yielded twelve complete waveguide pairs. The result is
shown in Fig 1. Note that the features are much sharper than is possible with traditional
machining and the fixed backshort is defined with lithographic precision.
II. MIXER ASSEMBLY AND TESTING
To assemble the mixer, a quartz microstrip circuit with an IF filter, a waveguide probe
and an integrated GaAs diode is placed in the microstrip channel [6]. Bond wires attached to
the circuit are then attached to the block for the IF return and to the center pin of the coaxial IF
connection. Metal shims are placed in the alignment grooves and these shims guide the two
halves precisely into place. This yields excellent alignment and the flat SU-8 surface formed by
lapping yields no visible gap between the halves.
A molecular gas laser provides an LO source at 585 GHz and a hot/cold load source is used
as a calibrated signal. The LO and signal are spatially combined in a diplexer and coupled to
the horn through an off-axis parabolic mirror. The lowest system noise temperature measured
was 1,700K and a graph of the system noise temperature versus the input noise temperature of
the IF amplifier indicated a mixer noise temperature of 1,200K and conversion loss of 8dB (all
DSB). The system noise temperature is plotted versus LO power in Fig. 2. The mixer requires
about 1 mW of power for optimum performance and the performance is still quite good down
to 0.2 mW. These are essentially the same values obtained when a similar integrated mixer
circuit was tested in a traditionally machined metal block [6]. The antenna pattern of the
micromachined horn is shown in Fig. 3. There is a slight asymmetry in the beam but this can be
corrected by adjusting the depth of the horn etch.
III. FIRST TRIALS AT 1.6 THZ
The success achieved at 585 GHz has encouraged us to use this fabrication process at
higher frequencies. Both a 1.6 THz mixer with an integrated GaAs-on-quartz diode circuit and
a whisker-contacted sideband generator are planned. The sideband generator uses a novel
varactor diode architecture that has been shown to generate unprecedented power and
efficiency at this frequency, > 50 _W and —14 dB respectively 7].
[ The result of the first
fabrication trial is shown in Fig. 4. The features are again very crisp and the control of all
critical dimensions is better than we have obtained from the best commercial suppliers of
traditional metal blocks. Our next goal is to test the performance of these circuits.
IV. DISCUSSION
We have fabricated split block mixer housings for 585 GHz and 1.6 THz with standard
semiconductor processing techniques including crystallographic silicon etching, ultra-thick
photoresist, automatic dicing and wafer lapping. The results indicate better dimensional control
and sharper features than have been demonstrated with traditional machining. The 585 GHz
mixers have been RF tested and yield essentially the same performance as the traditional blocks
with a diagonal horn antenna. The 1.6 THz designs have not yet been tested, but the
dimensional quality is exceptional. This process is readily scaled to even higher frequencies
and these blocks have survived rapid immersion in liquid nitrogen with no degradation. Thus,
we believe this technology can potentially be used for SIS, HEB and Schottky, mixers

throughout the terahertz band. Thus, micromachining has been demonstrated as a viable
solution to greatly reduce the costs of submillimeter-wave receiver components.
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Fig. 1: Two views of the 585 GHz split-block mixer, top: the flared horn, waveguide and
microstrip channel, and bottom: a view of the waveguide, backshort and part of the
channel. Note the extremely sharp features. Also, the bottom of the channel is the
metallized silicon surface. The microstrip channel width is 120 µm.

Fig. 2: A graph of system noise temperature versus LO power. The best measured result
was 1,700K (DSB).

Fig. 3: The measured antenna pattern of the 585 GHz mixer. The slight asymmetry can
be removed with a better selection of the silicon etch depth.

Fig. 4: The first 1.6 THz micromachined waveguide components. The microstrip channel
is 60 m wide and 25 micron deep.
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Abstract
Laser micromachining techniques can be used to fabricate high-quality waveguide and quasioptical components to micrometer accuracies. Successful waveguide designs can be directly
scaled to THz frequencies. This technology holds much promise and may permit the
construction of the first fully-integrated THz heterodyne imaging arrays. At the University of
Arizona, we will soon complete the construction of a laser micromachining system
specifically designed for fabricating THz waveguide and quasi-optical structures. Once
operational, we plan to use the system to construct prototype THz 1x4 focal plane mixer
arrays, AR coated silicon lenses, THz LO sources, and phase gratings. The system can be
used to micromachine structures up to 6 inches across. In the paper we will discuss the design
and performance of the laser micromachining system, how it compares to other
micromachining technologies, and illustrate the type and range of components this exciting
new technology will make accessible to the THz community.
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Abstract
We have developed low-loss MEMS switches for 70-120 GHz applications. The MEMS switches
are integrated on a high-resistivity silicon substrate, and are built in a coplanar-waveguide
configuration. The MEMS switches are fabricated using a thin gold bridge, suspended 1.5-2.5 um
above the center conductor of the cpw line. The MEMS bridge is 250 um long with a width of 2540 um, depending in the height of the bridge. The inductance of the bridge is around 10 pH, and
the MEMS switch is designed to resonate in the down-state position at 70-80 GHz by choosing
the down-state capacitance to be only 500 fF. This results in a high isolation at W-band
frequencies since, at resonance, the isolation is given by the series resistance of the switch and not
by the down-state capacitance. Typical performance, to be shown at the conference, is an
isolation better than 20 dB with an insertion loss of less than 0.1 dB at 80-100 GHz.
We have also developed two MEMS switches configured in a Pi-match circuit. In this case, the
up-state reflection coefficient is less than —20 dB over the entire W-band frequency range, and the
down-state isolation is better than —30 dB over 80-100 GHz. The Pi-match circuit is quite small
(less than 100 um) and therefore, the insertion loss in the up-state position is only 0.2 dB. This
represents state-of-the-art performance at W-band frequencies for MEMS switches, and is much
better than PIN diode or FET switches.
The application areas of MEMS switches is in low-loss phase shifters, low-loss tunable matching
networks at the input and output of multipliers, and low loss tunable filters for receiver
applications.
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ABSTRACT

A novel GaAs based Schottky diode fabrication process has been developed that enables
increased design flexibility and robust implementation of monolithic circuits well into the
THz frequency range. The fabrication technique builds on the already demonstrated
membrane technology for 2.5 THz mixers [1, 2]. Realizing that the small size of the
active devices at these frequencies might not require extensive mechanical support, the
thick GaAs frame around the device/circuit has been eliminated. Additionally, increased
use of metal beam leads is made to provide not only DC connections, but also RF tuning
elements, and handling/support structures. This technology allows designers to rethink
their approach to high frequency circuits, by permitting many different types of circuit
implementations, which were previously not possible with existing technology. We
illustrate the flexibility and potential of this technology by presenting two multiplier
circuit designs, a 1.2 THz tripler and a 2.4 THz doubler. Both circuits are based on
balanced configuration and utilize split waveguide blocks. These circuits are currently
under fabrication and once done will be used for the High Frequency (HIFI) instrument
on the Far Infrared and Submillimeter-wave Telescope (FIRST).
1

INTRODUCTION

Millimeter and submillimeter heterodyne observations will improve our understanding of
physical phenomena present in the universe, the solar system and Earth s atmosphere. To
help these studies, several space missions will soon fly instruments with heterodyne
receivers working at frequencies up to 2.7 THz (FIRST, EOS-MLS, ROSETTA). High
frequency non-cryogenic mixers and local oscillators (LO) are critical to the successful
implementation of these missions. The goal of the technology development presented
here is to enable design, fabrication, and robust implementation of solid-state components
into the THz range.
For years, Schottky mixers developed for the THz range have employed point contact
single diodes with corner cube structures. These whisker contacted diodes have worked

well for frequencies even above 2.4 THz [3] but the implementation of this technology,
especially for space based missions, suffers from a number of disadvantages as pointed
out in [1]. Similarly, current development of high frequency multiplier sources also relies
on whisker contacted Schottky diodes. Though these whisker based circuits have worked
at frequencies as high as 1395 GHz (about 17 µW of power with an input power of 7 mW
from a carcinotron source [4]) they tend to suffer similar disadvantages, in that assembly
tolerances are extremely tight and can substantially affect RF performance. Moreover,
multiple diode configurations are extremely difficult to implement and reliability and
bandwidth limitations continue to be a source of concern. To overcome these drawbacks,
the monolithic membrane-diode (MOMED) process was developed, integrating Schottky
diode mixers with RF filter circuitry on a 3-micron thick GaAs membrane suspended
across a frame [1]. Mixer circuits based on this technology have shown excellent
performance at terahertz frequencies [2]. The MOMED technology can be utilized for
making multiplier circuits into the THz range but it was soon realized that the relatively
thick GaAs frame limits the design flexibility especially when it comes to utilizing splitblock housings. In order to adequately address this concern and further solidify planar
technology for supra THz circuits it was clear that the MOMED technology must be
further developed.
2

THE FRAMELESS MEMBRANE

In the MOMED approach, a thin (2-3 µm) insulating GaAs membrane bridge is left under
the diode and RF filter regions, and a thicker support frame falls outside the active area.
The membrane bridge can then be coupled to single-mode coaxial and waveguide circuits
fabricated by more traditional machining techniques. A picture of a completed MOMED
chip is shown in Figure 1. These circuits have proven to be robust and easy to handle
with state-of-the-art performance [2]. However, one important draw back found during
the design of high frequency multipliers using this architecture, is the necessity of having
ports normal to the membrane. In other words, the RF waveguides have to be normal to
the membrane, thus reducing the possible implementations. Furthermore, the huge frame
(about 1x1mm2) takes up a large amount of real estate on the GaAs wafer, thus reducing
the number of circuits that can be fabricated at one time.
To adequately address these limitations, the MOMED technology is being extended by:
• Eliminating the thick GaAs support frame to increase design flexibility.
• Developing new beam lead structures to provide RF probes, tuning elements,
mechanical support and DC bias contacts.
• Implementing multi-diode schemes to expand circuit possibilities.
• Shrinking overall circuit dimensions to increase devices per wafer.
• Maintaining or developing structures that can assist in circuit handling.

Figure 1 A 2.5 THz mixer [1,2] on a 3 µm thick GaAs membrane. The central strip is 30 µm wide and is supported by
a large 50 µm thick frame, which lies outside the active region. Beam leads extend from the membrane and frame for
DC contact and IF removal.

The resulting structures from this technology development will be based on GaAs
membranes but will be frameless. This approach results in several significant advantages:
• First, it provides increased design flexibility: The elimination of the frame means that
thick GaAs no longer lies in the plane of the membrane. It allows for the waveguides to
launch in the same plane as the membrane, as in a split waveguide implementation.
• Second, because the membrane is not supported by a frame, the membrane size and
shape can be dictated by the circuit needs rather than constrained by the surrounding
frame.
• Third, the drastically reduced total size of the chips (one order of magnitude) means
that more designs and variations can be laid out on a given wafer.
One important consideration is the handling, made difficult by the reduced size and the
absence of a protective large structure. However, the use of a small sacrificial frame ,
described below, may eliminate this concern. Moreover, at supra-THz frequencies, the
very small dimensions of the chip implies a reasonable thickness to length aspect ratio
providing for adequate strength. Preliminary tests of circuits that lack support frames
(Figure 2) indicate that the 3µm thick GaAs membrane is strong enough to support
diodes and some circuit elements and does survive mounting into a waveguide block [5].
A further improvement in the implementation scheme for these structures is achieved by
the extensive use of beam leads. The advantages are a simplified assembly (no soldering,
as chips are dropped in and support beam leads bonded to block), a simplified bias
scheme requiring no wire bonds, the possible implementation of low loss, high bandwidth
antennas/circuits using air as the dielectric. Again, one possible drawback is handling, as
the beam leads may turn out to be rather sensitive to bending.

To protect the beam leads during handling and assembly, we are implementing a
metalized membrane frame around the chip, connected by means of small metal tabs
(Fig.3). This sacrificial frame provides a handle during positioning of the chip in the
waveguide block. Once the support and bias beam leads are tacked to the block, the
frame is released by severing the small connecting tabs.

Figure 2 Three views (bottom, side and top) of a 2.5 THz mixer on a 3 µm thick GaAs frameless membrane (designed
by RAL[5]). The membrane is 30 µm wide. Beam leads extend from the membrane for support and assembly, DC
contact and IF removal.
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Figure 3 Example of a sacrificial frame supporting a 2.4 THz doubler chip (details of the design will be presented
later). The frame is used for handling, and the metal tabs are cut after bonding of the beam leads to the block.

3

FABRICATION TECHNOLOGY

The fabrication of the membrane devices essentially follows the process outlined for the 2.5Thz GaAs monolithic membrane-diode mixers reported earlier [1]. The epitaxial layers are
MBE or MOCVD grown on semi-insulating GaAs. The diode structure consists of a 150nm
of 5 x1017 /cm3 n-type Schottky layer, a heavily doped (5x1018 /cm3), one micron thick n+
layer for low-resistance ohmic contacts on a 50nm Al0.5Ga 0.5As etch-stop layer.
Supporting these layers is a 3µm thick undoped GaAs membrane layer and a lower 400nm
thick AlGaAs etch-stop layer. The ohmic contacts are an alloyed Au/Ge/Ni/Ag/Au
metalization, recessed into the n+ GaAs layer. Device mesas are defined using a
selective etch containing BCl3, SF6, and Ar in an electron cyclotron resonance (ECR)
reactive ion-etch system (RIE), making use of the upper AlGaAs etch stop layer.
Interconnect metal is then deposited to the height of the mesas. This is important for the
anode definition, where the sample is covered with over 3 µm of PMMA, which is
subsequently thinned using acetone spray, until the tops of the mesas and interconnect
metal are just visible. This lower layer of PMMA forms a support for the
PMMA/copolymer/PMMA tri-layer that is used for the electron-beam defined anodes.
This resist structure allows the Ti/Pt/Au anode metal to bridge the gap between the
interconnect metal and the actual Schottky contact area on the active mesa. Figure (4)
shows the anode bridge of a 2.4 THz doubler circuit. At these frequencies Schottky
contact dimensions are sub-micron, necessitating the use of e-beam lithography in their
definition.
Following anode metalization and lift-off, silicon nitride is deposited using plasma
enhanced chemical vapor deposition (PECVD). This acts as the dielectric for any
required MIM capacitors in addition to passivating the diodes. A subsequent air-bridged

metal step forms the top contact to the capacitors in addition to providing connections to
the on-mesa ohmic metal areas.
The first membrane-related processing step lithographically defines the membrane areas
of the circuits from the topside of the wafer. An RIE of CF4/O2 is used to remove the
silicon nitride layer, followed by an ECR RIE of the 3µm GaAs membrane layer, again
using BCl3/SF6/Ar, in order to stop on the lower AlGaAs etch stop layer. By defining
the membrane during front-side processing of the sample rather than backside
lithography, critical spacing between the circuit elements and the membrane edge can be
maintained. However, the wafer topography following the membrane etch requires that
the final front-side metalization, to define the circuit beam leads, be air-bridged from the
top of the vertical-walled membrane layer to the field area, 3µm below. This 1-2µm
thick metal layer will provide bias connections, mechanical support and RF tuning
elements for the circuits.
The wafer is next mounted topside-down, using wax, onto a suitable carrier wafer, e.g.
silicon, glass or sapphire. The GaAs substrate is thinned then removed by lapping,
polishing and, finally, wet etching. A selective wet etch of H2O2 and NH4OH is used that
will stop on the AlGaAs layer below the membrane. A brief non-selective etch
(phosphoric acid/hydrogen peroxide/water) is then used to remove the AlGaAs etch stop.
At this point the circuits are separated and can be removed from the carrier wafer by
dissolving the mounting wax in an appropriate solvent and collecting the chips on filter
paper.

Figure 4. SEM image of one diode in the 2.4 THz doubler circuit. At the center is the device mesa mostly covered by the
ohmic contact metalization. The anode finger bridges from the interconnect metal, at left, to the 0.14 µm by 0.6 µm Schottky
contact on the GaAs mesa.

4

MULTIPLIER DESIGNS AND PERFORMANCE

The multiplier designs currently being developed at JPL are focused towards meeting the
LO requirements for the High Frequency (HIFI) instrument on FIRST. Two of the
multiplier designs that are made possible due to the development of this technology are
discussed in this section.
4.1

Tripler to 1.2 THz

The tripler design to 1.2 THz uses a balanced configuration, where two diodes appear as
anti-parallel for the odd harmonics (including the fundamental), and parallel for the even
harmonics (Fig. 5). This configuration has the advantage of confining the second
harmonic idler to the diode loop, reducing the design complexity. The input and output
matching circuit need to consider only first and third harmonics, and the required idler
tuning can be performed in the diode loop. Such a configuration had been tried
previously [6] with limited success. However, the difficult idler tuning optimization is
now greatly facilitated by the availability of 3-D electromagnetic simulators.
The circuit is implemented in coplanar waveguide which facilitates the biasing of the
diodes, as they appear in series at DC. The idler tuning is accomplished by optimizing the
length of the diode air-bridges. This approach has the advantage of making the circuit
very simple, but has the drawback of reduced bandwidth. The extra inductance needed
for tuning the second harmonic affects the third harmonic match, providing a highly
inductive embedding impedance. The resulting matching circuit becomes fairly high Q,
hence reducing the realizable bandwidth. However, in this specific case, we were able to
compromise the efficiency slightly to achieve the desired bandwidth for FIRST( the
predicted 3dB bandwidth is around 15 %). The input and output signals are coupled to the
waveguides by means of E-field probes. The diodes are matched to the probes using a
very simple high-low impedance matching circuit. On the output side, this is reduced to
only one step. This is desirable to reduce loss, and increase the membrane mechanical
stability. The membrane is held in the inter-waveguide channel with the help of beam
leads, clamped between the two halves of the split waveguide block. The bias is provided
via a pad and a line running on one of the beam leads, while the other beam lead is
shorted, providing the DC ground.
Using a full simulation of the waveguide and circuit structures together with an harmonic
balance simulation of the diodes [7], we find an efficiency better than 1% over the
required bandwidth for FIRST, and up to 2% in the lower part of the band. This result is
for 10 mW input power, yielding an approximate output power of 100 µW over 1104 to
1272 GHz. A very strong roll-off is found at the upper end of the band. It is due to the
appearance of higher order evanescent modes in the output waveguide, coming from the
interaction with the circuit channel. The next iteration will resolve this problem and a
relatively flat response across the design range is expected.

Output waveguide

Wide beam leads
For support &
DC/RF ground

RF probe beam leads
GaAs membrane

Input waveguide

Figure 5 Sketch of the 1.2 THz tripler layout showing the E-plane probes in the input and output waveguides.

4.2

Doubler to 2.4 THz

The doubler from 1.2 THz to 2.4 THz is designed in a balanced doubler configuration,
which provides isolation between the input and the output of the circuit. The general
operating principle is the same as for lower frequency doublers, and is described in [8]. In
this design, the input signal is coupled directly to the diodes, whereas the output is
coupled to the output waveguide by means of an E-field probe. The input matching is
done entirely using the waveguide structure. The output matching is realized using
different slot dimensions for the inter-waveguide channel, which changes the impedance
of the coaxial line. A small open stub is used on the input side of the diodes to tune out
some of the varactor capacitance. As with the tripler, the membrane is held in the block
by two metal beam leads formed monolithically with the circuit and diodes. Figure 6
shows the final design. Both the 1.2 THz tripler and the 2.4 THz doubler are currently in
fabrication.

RF probe
beam lead

3 um GaAs
membrane

Output
waveguide

Input waveguide

Figure 6 Sketch of the 2.4 THz doubler. The shorter beamleads provide a ground contact and mechanical support for
the chip

5

CONCLUSIONS

An innovative and practical scheme of building Schottky diode based circuits for very
high frequencies has been proposed which relies on the recent advances made in the
fabrication of membrane based structures. The frameless membrane technology allows
for the design of monolithic circuits with increased flexibility and lower loss. The
enabling power of this technology is demonstrated by the two designs presented that are
under fabrication and would be extremely difficult if not impossible to implement with
presently available technologies.
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Abstract
A novel semiconductor fabrication process has been developed at the Jet Propulsion
Laboratory for millimeter and submillimeter-wave monolithic integrated circuits. The
process integrates the active devices, Schottky diodes, with planar metallic transmission
lines. To reduce the RF losses in the passive circuitry, the semiconductor substrate under
the transmission lines is etched away, leaving the metal suspended in air and held only by
its edges on a semiconductor frame. The frame also allows the circuit to be handled and
mounted easily, and makes the whole structure more robust. Moreover, this technology
allows for the diodes to be positioned precisely with respect to the circuitry and can be
scaled for higher frequency applications. Metallic beam-leads are used extensively on
the structure to provide mechanical handles as well as current paths for DC grounding
and diode biasing. To demonstrate the utility of this technology, broadband balanced
planar doublers based on the concepts in [1] have been designed in the 200 and 400 GHz
range. Extensive simulations were performed to optimize the diodes and design the
circuits around our existing device fabrication process. The 368-424 GHz circuits were
measured and achieve 15% peak efficiency at 369 GHz. The 3-db bandwidth of the fixtuned doubler is around 9%. The maximum output power measured is around 6 mW and
drops down to 1mW at 424 GHz. This represents the highest frequency waveguide based
planar doubler to date known to the authors.

1 Introduction.
High-resolution spectroscopy missions for astrophysical, Earth and planetary
observations are increasingly in demand [2]. The objective of the Far-Infrared and
Submillimeter Space Telescope (FIRST) mission is to study the formation and evolution
of galaxies in the early universe, stellar formation, and the interstellar medium [3,4]. The
heterodyne instrument for FIRST (HIFI) is intended for high resolution observations of
molecular lines in bands stretching from 500 to 2700 GHz, many of which can only be
made from space because of atmospheric absorption. For maximum sensitivity these
heterodyne instruments use either superconducting insulating superconducting (SIS) or
hot electron bolometer (HEB) mixers.

The mixers require local oscillator (LO) power in the range of tens of microwatts for the
SIS mixers and hundreds of nanowatts for the HEBs. The goal of the technology
development program at JPL is to enable construction of solid-state LO sources into the
THz range which achieve the required output power over bandwidths of ten percent or
more. Using current technology this requires a cascade of doublers and triplers. For
example, Figure 1 depicts the FIRST band 5 receiver LO system along with the
bandwidth and power requirements [5]. Complex missions such as FIRST require up to
100 or more multiplier units. Due to the large number of required multiplier components,
a modular design which reduces cost and simplifies assembly is essential. Additionally,
the multipliers must be rugged enough to withstand the temperature, shock and vibration
extremes associated with space missions, and must go through a rigorous space
qualification process to demonstrate compliance with mission demands.

Figure 1. FIRST LO band 5 receiver. Bandwidth is 14 %.
There has been considerable development and improvement of planar Schottky diode
multipliers in the last few years. However, the required power and bandwidth
performance specifications for the FIRST LO sources remain challenging. The highest
frequency multiplier circuit reported to date is a tripler to 1395 GHz, which produces
about 17 mW of power with a input power of 7 mW from a carcinotron source [6]. The
diode used in this multiplier is a whisker contacted Schottky and the circuit is a
traditional crossed waveguide block. The highest frequency all solid state multiplier
chains reported to date are around 1000 GHz. These used InP Gunn diode oscillators at
111.2 GHz followed by two whisker-contacted triplers in series and obtained output
powers of 60-120 µW [7].
At lower frequencies, balanced planar Schottky diode multipliers have been reported in
the 350 GHz range with about 5 mW of output power [8]. Balanced doublers incorporate
symmetrical pairs of diodes to simplify the circuit design. It is now possible to design
and build very high power multipliers in the 150-320 GHz range that can be used to drive
follow on stages. A number of variations of the balanced doubler concept [9] have
yielded very impressive results [8−11]; 80 mW at 140 GHz, 76 mW at 180 GHz, and 15
mW at 270 GHz have already been demonstrated. In order to implement multiplier chains
to 2500 GHz it is essential that the lower frequency stages be capable of handling large
input powers around 250 mW.

Referring to Figure 1, the work described in this paper is on the two lower frequency
doublers shown in gray. The final tripler is currently being processed using a somewhat
different technology, and is described in a companion paper [12].

2 Substrateless technology.
The multipliers each consist of two components — the nonlinear solid state device (the
Schottky diode) and the surrounding input, output and impedance matching circuitry. To
meet the challenges of space missions successfully it is important to refine and advance
both of these critical elements further. As the frequency increases and all relevant
dimensions shrink, it becomes difficult to separate the device from the circuit. This
makes it important to optimize processing in combination with circuit topology,
assembly, and testing procedures.
Submillimeter-wave multiplier technology is undergoing a revolution in implementation
and realizable performance, for two main reasons. First, the incorporation of planar GaAs
diode MMIC topologies into high frequency circuits has progressed tremendously. This
progress stems from improvements in the accuracy and reproducibility of the most
dimensionally critical elements due to the use of e-beam lithography and the blending of
traditional metal machining with semiconductor micromachining. Second, the availability
of high performance CAD tools and models now permits much greater accuracy in the
analysis and optimization of circuit performance.
The implementation of GaAs discrete diode chips is limited at very high frequencies for
several reasons. In the most successful lower frequency balanced doubler designs [8−11],
a small planar diode chip is mounted into a metallic waveguide block by means of solder
or silver epoxy. DC bias and RF output coupling is implemented by means of a bond
wire, a precision-machined coax structure, or a quartz circuit between the block and the
chip [8,9]. A different approach has the diode chip soldered directly to a quartz-based
filter which is placed into the waveguide block. Wire bonds are then used to connect the
quartz circuit to the block [10,11,13]. In spite of the success of these designs, as the
operating frequency increases, these assembly techniques become excessively difficult.
For instance, the constraints of reduced waveguide size, increasing substrate loss and
higher order mode suppression dictate the use of very thin substrates at these frequencies,
and the circuits must be very precisely aligned with the waveguide structure.
In order to circumvent these limitations we have demonstrated a new technology that can
work well into the THz range. This technology relies on standard processing techniques
such as stepper lithography and reactive ion etching to fabricate the diode structures on
the front side of the wafer. After front side processing is completed a backside procedure
is used to remove all of the GaAs under the matching circuit. Only a GaAs frame is left
where necessary to support the matching structure. The Schottky diodes are formed on

one edge of this frame. The resulting substrateless structure thus has an all metallic
matching circuit with no underlying dielectric and the active devices incorporated
monolithically. The structure is physically much larger than previous diode chips thus
allowing easier handling and mounting. Moreover, beam leads placed on the structure
improve heat transfer and simplify the assembly procedure when mounting in the
waveguide block.

3 Design methodology.
The multipliers are designed using a three-step process. The first uses a non-linear circuit
simulator and a diode model implementation developed at JPL. This model is used with
the harmonic balance simulator to optimize the dimensions, doping profile, and number
of diodes to be used in the circuit. This process yields the diode junction characteristics
and embedding impedances which give the best performance.
Secondly, the multiplier input and output matching circuits are then designed using an
electromagnetic (EM) finite-element simulator. The numerical output of the EM
simulator comprises scattering parameter matrices referenced to the diode and waveguide
ports. The diode ports are attached to probes on each anode so that the individual
embedding impedances for each diode can be calculated directly. The parasitics
associated with the diode (mesa, air bridges) are thus included as part of the passive
circuit. To simplify and speed up the process, the passive circuitry is divided into small
elements at electromagnetically appropriate points, giving several S-parameter matrices.
These are entered into a linear simulator along with the embedding impedances found
using the non-linear simulator. The linear simulator is then used to analyze and optimize
the impedance matching input and output circuitry. Finally, the diode non-linear models
and the EM simulator S-parameter matrices of the complete passive circuits are combined
in the non-linear simulator to determine the total efficiency and power performance of the
multiplier.
More details on the simulation methods used for calculating embedding impedances for
the diodes and the passive structure were presented in References [9,14,15]. This method
has shown to produce good results, and is the basis for much of the recent breakthrough
in multiplier performance below 1 THz [8—11]. Very good agreement between the results
of this analysis approach and measurements has been found at least up to 350 GHz.
The 200 and 400 GHz doublers are designed to operate with input powers of 200 mW
and 40 mW respectively. In order to handle these power levels without compromising
efficiency more than one pair of diodes must be utilized. The 200 GHz design uses an
array of six diodes and the 400 GHz design uses four.
The designs shown here have been based on the assumption that it is desirable to position
the diodes in the input waveguide with most of the output matching circuitry close to the
devices; hence, the complicated structure between the waveguide probe and the diodes

shown in Figure 2. The input impedance matching is accomplished in the input
waveguide using the full to reduced height waveguide step, the backshort position and the
diode geometry. The line extending across the output waveguide is an E-field probe,
terminated on the right with a lowpass filter for DC bias. The diodes are grounded to the
waveguide block with the two beam leads shown on the left. The beam leads on the right
extending from the top and bottom of the GaAs frame are included only to make handling
and positioning of the circuit in the waveguide block easier. The filter is a lowpass type
which, while large, is effective, straightforward to design and does not require any special
processing or additional assembly steps. The beam leads at the right (coming off the bias
filter metal) are bonded to a single-layer chip capacitor as a DC standoff. From there a
bond ribbon is connected to the input DC bias connector.

Figure 2. Schematic of 400 GHz doubler in block. 200 GHz version looks similar.
In the future the single layer capacitor used on the DC bias side of the output waveguide
will be used without the low-pass filter, reducing the chip size by half. It is also possible
to integrate a bypass capacitor directly on the monolithic chip. This makes the assembly
alignment less dimensionally critical since a substantial fraction of the DC bypassing is
achieved on chip. To further simplify the structure some of the output matching can be
performed using stubs near the diode. A single short line will replace the matching
structures between the diodes and output guide. The remainder of the output impedance
matching is accomplished in the output waveguide.

4 Testing and results.
4.1 Test Set.
The test set is depicted in Figure 3. It consists of a W-band oscillator followed by a
variable attenuator to compensate for oscillator output power variations. In the setup

shown the oscillator is a BWO, although a YIG oscillator followed by a sextupler has
also been used. Following the attenuator is a W-band solid-state power amplifier (PA)
module. This includes a driver connected to a magic-T splitter feeding two PA modules.
Their outputs are combined in another magic-T followed by a low-loss isolator before the
200 GHz doubler.

Figure 3. 400 GHz test set. (a) Block diagram. (b) Photo.

Figure 4. 200 GHz doubler in block. (a) Complete chip. (b) Closeup of diode region.
If this doubler is the device-under-test (DUT), a directional coupler is inserted between
the isolator and the DUT with a W-band power meter in the coupled arm for monitoring

input power to the device. For testing the 400 GHz doubler the coupler is not used to
maximize input power into the first doubler, which is directly connected to the second
doubler as shown in the photo. In this case, a power sweep is made using the University
of Massachusetts wideband calorimeter to determine the 200 GHz input power profile. In
either case, during the DUT measurement the calorimeter is used to measure the output
power. For the 400 GHz measurement a pass-through harmonic multiplier is inserted
between the BWO and the attenuator to precisely measure the input frequency.

4.2 Assembly.
After completion of fabrication several 200 and 400 GHz doublers were assembled into
waveguide blocks. For assembly the single-layer DC bias chip capacitor is first mounted
into the empty block with epoxy. The SMA bias connector is then assembled into the
block and a bond ribbon is added to between the connector and the bias capacitor. At this
point the devices are simply placed into the channel of the block as shown in Figures 4
and 5. The grounding beam leads are bonded to the block surface with a bonding wedge,
and the bias beam leads are similarly bonded to the capacitor top surface. Finally the
block halves are assembled together.

Figure 5. 400 GHz doubler in block. Inset shows closeup of diodes on frame.
4.3 Results.
The first doublers to be mounted and measured were the 200 GHz type. They showed an
efficiency of 8 % over a narrow bandwidth, much less performance than designed. After
further analysis it was found that there were several problems with the design. First, due
to a machining error, the blocks that were delivered did not conform to the specified
tolerances. Also, a design error made the circuit very susceptible to the positioning of the

circuit in the block, as well as to variations in the machining of the block. These
difficulties have been fixed in the next design iteration.
The performance of one of the 400 GHz doubler measured is portrayed in Figure 6. The
efficiency varies between 8 and 15 % over the lower half of the band, with output power
of 4 to 6 mW. This is the highest power and efficiency we know of reported to date over
a comparable bandwidth for a varactor doubler.

Figure 6. Measured efficiency, output power and input power of 400 GHz doubler.

5 Conclusions.
State-of-the-art multiplier performance using a new technology has been demonstrated.
This technology is based on suspension of the passive circuitry across an etched
semiconductor frame on which the active diodes are fabricated. This substrateless
technique represents a new stage enabling the fabrication and performance of planar
multipliers in the sub-millimeter and terahertz frequency range. A maximum power of 6
mW with a 3db bandwidth of 34 GHz has been demonstrated at 378 GHz. Work is
continuing to improve the performance of the current designs along with an effort
towards scaling this technology toward the 700 to 1000 GHz range.
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I.

Introduction

Calabazas Creek Research, Inc. is funded by the National Aeronautics and Space Administration to develop efficient, light-weight, backward wave oscillators (BWOs) for applications from 300 GHz to 1 THz. These devices are needed as local oscillator (LO) sources
in heterodyne receivers. Very low noise heterodyne receivers are needed at submillimeter
wavelengths for low-background radioastronomy observations and remote sensing of
comets, Earth and other planetary atmospheres. Above 100 GHz, only BWOs have broad
tunability (over 100 GHz) and high output power (~1 mW); however, they are heavy (over
20 kg), consume a lot of power (270 W), required water cooling, and have poor output
mode purity. Figure 1 shows a BWO of this design inside its magnet at the Jet Propulsion
Laboratory in Pasadena, CA.

Figure 1. Current state of the art BWO in
operation at JPL. The BWO is located inside
the cylindrical permanent magnet structure.

Many important molecules play a key role in the energy balance, chemistry, and dynamics
of interstellar molecular clouds, planetary atmospheres, and cometary coma. High resolution observations of these species are needed to understand the structure and evolution of
the galactic and nearby extragalactic interstellar medium. Heterodyne instruments are
required for these observations at ground-based observatories such as the Caltech Submillimeter Observatory, airborne observatories such as the upcoming NASA SOFIA (a 747
aircraft with a 2.5 m telescope), and the ESA Far Infrared and Submillimeter Telescope
mission. Currently there are no compact, low-power, broadband LO sources, even above a
few hundred GHz. Such a source would enable new science missions and enhance the science return of a given mission as well as expedite the laboratory development of the
receiver system.
The technical objectives of the current program are as follows:
• Incorporate a depressed collector to improve the efficiency and eliminate water cooling,
• Improve the electron gun and configuration of the slow wave structure to increase
interaction efficiency and reduce body current,
• Improve the output coupling to increase mode purity,
• Reduce the magnet system size and weight,
• incorporate in improved mounting system to facilitate BWO installation and alignment.
In this paper, the various design improvements for the BWO will be covered. Efficiency
improvements to the electron gun, slow wave structure and collector will be covered in
Section II. In Section III, the design of the output mode coupler will be addressed. Conclusions are given in Section V.

II. Efficiency Improvements
The purpose of the depressed collector is to recover energy from the spent electron beam
emerging from the slow wave circuit. Because the electronic efficiency of the BWO is
very low, on the order of 1%, a significant amount of the original beam energy is available
for recovery. A schematic diagram of the BWO is shown in Figure 1.
A rectangular electron beam is emitted from the cathode in the presence of a high magnetic field. The beam interacting with the slow wave structure is ‘carved out’by the beam
scraper section. This is an innovative approach to beam generation for a series of parallel
slow wave structures. The beam scraper is manufactured as part of the slow wave structure
which assures precise alignment between the fins of the scraper and the pintles of the slow
wave structures. The beam is precisely shaped for optimum interaction and is relatively
insensitive to misalignment of the cathode with respect to the circuit. The slow wave
structures are currently separated by only 34 microns, yet the positioning of the cathode
has only a minor effect on optimum performance.

Unfortunately, it is precisely this characteristic that limits the amount of beam energy that
can be recovered by a depressed collector alone. Electron beam energy intercepted by the
beam scraper becomes body current and is unavailable for energy recovery. To reduce the
amount of energy lost to the body, the circuit can be modified to use four parallel slow
wave structures rather than the existing five. In addition, the electron beam can be reduced
in size and the separation between slow wave structures increased to 50 microns. To
reduce the beam voltage, the periodicity of the slow wave structures can be shortened such
that the maximum voltage requirement will be 4000 volts instead of 6000 volts.
Collector

Electron beam

Cathode

Beam Scraper

Slow wave circuit
Figure 1. Basic configuration of the existing BWO design
Three-dimensional beam simulations were performed to generate a precise energy balance
for the existing tube. The final disposition of the original beam power is provided in the
following energy balance:
•
•
•
•

Beam scraper
Conversion to RF
Interception by slow wave structure
Collector

17%
1%
5%
77%

Simulation results indicate that approximately 3% of the power deposited on the collector
cannot be recovered because of velocity spread in the beam.
The next major power loss, however, is the energy intercepted by the beam scraper.
Reducing the beam size and modifications to the slow wave structure can reduce the
power lost to the beam scraper by approximately 30%. Additional power savings is
achieved by the reduction in beam voltage, because the beam current should not change
significantly. The estimated input power requirements with a depressed collector for 600

GHz operation would be 15 W and for 700 GHz operation would be 36 W.
Several alternative depressed collector implementations have been
explored. The configuration
shown in Figure 2 consists of a
flat ceramic insulator brazed
between two tungsten or molybdenum plates. Issues related to
this configuration are the thermal
conduction through the ceramic,
the possible increase in secondary
emission of tungsten or moly over
copper, and the stresses generated
in the ceramic by steep temperature gradients. The heat is incident
on the collector over a very small
region (70 x 300 microns).

Figure 2. Alternative implementation of
depressed collector

Combining all the improvements
collector and circuit improvements would reduce the input power from the present 270
watts down to approximately 15 watts. The estimated input power versus incremental
improvements to the BWO is shown in Table 1. The improvements are listed in order of
increasing technical difficulty in implementation.
Table 1: Estimated Input Power versus Incremental Improvements
Modification

Input Power (W)

Current Design

270

Depressed Collector

80

Reduced Beam Voltage

50

Circuit Modifications

40

Cathode Grid

15

III. Output Coupler
Experience at the Jet Propulsion Laboratory indicates that the output mode purity from the
current BWO is relatively low. These observations were confirmed by analysis. This
means that a significant proportion of the output power is unusable, effectively reducing
the output efficiency of the device. The RF power is coupled from the slow wave struc-

tures through a 30 micron gap in the circuit. The rectangular waveguide at the slow wave
structure is 30 microns high and 2.4 mm wide in the existing BWOs. The waveguide transitions to a final height of 1.2 mm in a distance of 8 mm. The principle source of the poor
mode purity appears to be the coupling from the slow wave circuit to the 30 micron by 2.4
mm waveguide. The waveguide at the slow wave structure is extremely overmoded and
excited by an electric field that extends over approximately one eighth of the waveguide
width. More than 30 waveguide modes can propagate; however, only 5 or 6 will couple to
the excitation field in the slow wave structure. Decomposition of the electric field within
the waveguide indicates that only 25% of the power will be coupled into the fundamental
waveguide mode.
An obvious way to improve this situation is to reduce the width of the waveguide at the
slow wave structure. This will result in power being excited in only the fundamental
mode, which will quadruple the usable output power over that of the current design. The
new slow wave circuit design has a total width of 230 microns, while the wavelength at
600 GHz is approximately 500 microns. This implies that the waveguide width can be
reduced to approximately 260 microns, which will support only the fundamental rectangular waveguide mode at the low frequency end of BWO operation.
It is desirable to have a Gaussian output from the tube due to the low loss and relatively
large dimensions of quasi-optical components used to guide and transform the Gaussian
beam mode. Several options were considered for generation of the Gaussian mode. Corrugate horns are very efficient generators (98%) of the Gaussian mode but are difficult to
manufacture. Rectangular horns are easier to construct but have lower efficiency (8488%). Potter horns have higher efficiency (96%) but over a narrow bandwidth.
In Potter dual-mode horn designs, the hybrid mode mix (TE 11/TM11) necessary for efficient coupling to the Gaussian mode is generated by a sudden transition in the circular
guide. While this is an effective way to generate the required mode mix it suffers from
several deficiencies. First, this transition introduces a mismatch which requires compensated. Second, the transition must occur in a region that is cutoff to all modes higher than
the TM11 mode. This means that if a large wavelength aperture is desired, the transition
must be followed by a taper which can introduce unwanted mode conversion in addition to
adding excess electrical length. The combination of the transition and separate taper result
in a design with limited bandwidth.

Radius (mm)

We have developed a new approach to gen2.5
erate the hybrid mode by use of a computer
optimized, non-linear smooth variation in
2
the wall radius (Figure 3). This shape com1.5
bines the necessary mode conversion as
part of the taper to the desired output aper1
true. Since there is no abrupt transitions in
the wall radius, the frequency sensitivity is
0.5
reduced. A comparison of the efficiency
and return loss of this new design (normal0
0
5
10
15
20
Axis (mm)
ized to nominal frequency) was done
against designs published by Potter[1] and
Figure 3. Non-linear wall variation
Pickett[2]. As can be seen in Figure 4, the
used to generate hybrid mode.
non-linear design approach has the advantage of higher peak coupling efficiency
(>99%), larger bandwidth and improved return loss than the other horn designs while also
having a larger aperture area. The polarization coupling factor is also higher than the comparison designs which are shown in Table 2. The waveguide modal amplitudes at the aperTable 2: Polarization Coupling Factor
Design Type

εpol

Non-Linear

0.999

Potter

0.986

Pickett

0.933

ture were calculated by a multi-mode analysis code (Cascade[3]) and the coupling of the
waveguide modes to the fundamental Gaussian mode by means of the Gauss-Laguerre
beam-mode analysis technique[4].
Coupling from the rectangular waveguide circuit output to the circular, Gaussian mode
horn is done through a sudden rectangular to circular transition with matching transformer
sections. The return loss of this component is greater than -30 dB across the output band.
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Figure 4. Comparison of Gaussian coupling and return loss for non-linear taper
profile and other published designs. (a) Fractional Gaussian coupling versus
normalized frequency. (b) Return loss versus normalized frequency.

IV. Conclusions
This proposed effort will address each the drawbacks of existing BWOs using modern
innovations in tube and magnet technology which have already been demonstrated. Successful development will result in devices that require significantly less input power (as
low as 15W), have reduced weight (8 Kg or less), require much less cooling, and provide
significantly improved mode purity. In addition, the power supply for the BWO tube will
be smaller and less complicated. Such an LO source would have a significant impact for
researchers developing low-noise mixers for heterodyne instruments. It would greatly
facilitate the laboratory development of these sensors. This would reduce development
costs and time for heterodyne receivers for NASA observational programs. In addition,
the potential reduction in required input power to 10 W would allow these sources to be
used directly in instruments for aircraft platforms (such as SOFIA), long-duration balloon
platforms, and even space missions
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I. Introduction
Two groups of current carriers naturally coexist in the quasineutral regions (QRs)
of the base of ballistic diodes and field-effect transistors (FETs). They are (Fig.1): 1.
traversing ballistic current carriers emitted by a
source and absorbed by a drain, and 2.
nontraversing (nonparticipating in a current flow)
carriers, which are in the equilibrium with the
drain current reservoir. As a result of interactions
between these carrier streams a two-stream
instability appears and develops in such diodes
and FETs if they have appropriate material and
geometrical parameters.
The 2-stream instability (2-SI) goes back
to the pioneer works of J.R. Pierce [1]. It appears
both in gas discharge plasmas and solid state
plasmas if these plasmas contain two (or more)
Fig.1. Two streams in a ballistic diode: 1
— traversing ballistic carriers, 2 — mobile components with different directional
nontraversing carriers being in the
drift velocities. In the 60-s the 2-SI in electronequilibrium with the drain reservoir.
hole plasma of bulk InSb was adjusted for
description of K-band coherent microwave
radiation [2,3]. V.I. Ryzhii and his co-authors [4,5] first paid attention to the 2-SI
manifestations in ballistic and quasiballistic electron transport for short-base n+nn+diodes.
The 2-SI is a result of collective plasma oscillations of both above-mentioned
carrier groups. In this work we study analytically dispersion relations for the 2-SI in the
QRs of the ballistic diodes and FETs and consider numerically development of this
instability in the short-base diodes and FETs.
II. Two-stream instability
The dispersion equation for plasma oscillations in the QR of the bulk base diode has
conventional form for the model cold stream in cold plasma [6]:

ω 12
ω 22
+
=1
(ω (k ) − kv) 2 ω 2 (k )

(1)

where ω 1,2 are the plasma frequencies of electrons in the streams 1 and 2 (Fig.1):

ω 12, 2 = e 2 n1, 2 κ D m1, 2 ,

(2)

v is an electron velocity in the stream 1. For the parabolic dispersion relations we have in
the QR not only m1 = m2 = m , but also n1 = n2 = n0/2. Therefore: ω 12 = ω 22 = ω 02/2
and we obtain from Eq. (1):
1
ω (1, 2, 3, 4) (k ) = (1 2)kv ± k 2 v 2 + 2ω 02 ± 2(ω 04 + 2k 2 v 2ω 02 ) 2   .

 


(3)

The instability occurs if
|kv| < 2 ω 0 .

(4)

In accordance with [6] this instability is always convective. Current oscillations appear as
a result of globalization of this instability in the
finite (short-base!) diodes with shorted (or
terminated in a sufficiently small resistance)
drain and source.
The condition of Eq. (4) means that the
considered instability can occur only for
sufficiently low voltages across the diode. Since
kmin ~ 2π/l′ ( l′ is a length of the QR ) we can
obtain
v max =

2eVmax ω 0
≅
l′
m
π

(5)

and Vmax ≅ en0l′2/2π 2κD , where n0 is a donor
Fig.2. Gated ballistic diode (ballistic FET).
concentration. The maximal frequency is of
Symmetric version: d1 = d2 = d; κD1 = κD2.
order ω 0 and does not depend on the length l′.
Asymmetric version: κD1=κD2; d1 = d; d 2 _
We are interested in high electron
.
concentrations and in small masses to raise ω 0 .
For the top- and bottom-gated n-channel base (Fig.2), that is for the FET ( with 2
gates ) the dispersion equation, which is analogous to Eq. (1), has a form:

g1k
g k
κ D1
κ D2
+ 22 =
+
,
2
(ω (k ) − kv )
ω (k ) tanh kd 1 tanh kd 2

(6)

where g1,2 = e2N1,2 / m1,2 , and N1,2 are sheet electron concentrations of the 1 and 2 groups
(streams) in the channel; m 1,2 are their effective masses. For the parabolic electron
dispersion, m1 = m2, but now N1 ≠ N2 (unlike the bulk base case). This is because the
gate potentials VG1,2 ( see Fig. 2 ) govern the full channel concentration N = N1 + N 2
mainly by taking from the concentration N 2 of only immobile electrons. The mobile
( traversing! ) electrons carry the current, and this current determines their concentration
N1 . The concentration N2 depends on VG1,2 - V , where V is the potential of the QR
and for a certain value of V = VS we have N2 = 0, and the current saturates. Of course
we have no 2-SI in the saturated regime because of absence of the second stream. But
for V < VS we have both streams with N 2 < N1 , and the 2-SI is possible. This
instability for the ballistic FETs was discovered by Sukhanov with coauthors [7,8].
In a symmetrical case, when d1 = d2 = d , κD1 = κD2 = κD, Eq. (6) transforms to:
G1
G2
1
+
=
,
(7)
(ω (k ) − kv) 2 ω 2 (k ) k tanh kd
where G1,2 = e2N1,2/2κDm . In an asymmetrical case, when d1 = d , κD1 = κD2 = κD ,
d2 → , and we obtain
G1

G2

1
1
+
.
(8)
(ω (k ) − kv)
ω (k ) 2k tanh kd 2 k
In a case of the ungated channel ( d1, d 2 → ) we have the asymptotic formula with
1/|k| on the right-hand side of Eq. (8). Due to existence of tanh kd on the right-hand
sides of Eqs. (7) and (8) the instability changes its type: it becomes absolute (instead of
convective).
The numerical calculations (see below) show that the result of this absolute
instability is stratification of the sheet concentration in the conducting channel of the
FET. This stratification depends on the concentration (N) and the gate-channel distance
(d). If an amplitude of the stratification and its spatial period are small, this stratification
does not impede development of oscillatory regime. It seems that there appears
convective instability of the anew formed stratified stationary state. As a result of this
secondary convective instability, we obtain the same current oscillations and terahertz
radiation. But if the amplitude and spatial period of electron concentration strata are
large, the anew formed state is stable and we can not obtain oscillatory regime.
The main problem which must be solved to implement 2-SI terahertz generators is
blocking pair electron-electron interactions between electrons from different streams
(groups). We have to protect their collective plasma interaction and to avoid their pair
(fluctuative) interaction (scattering). This scattering leads to energy and momentum
exchange and transforms two streams into a single united stream ( see, for example, [9] ).
As a result we lose the 2-SI. To avoid this undesirable fact we suggest to reconstruct a
2

+

2

=

design of ballistic FET: to replace metallic gates by semiconductor gates with electron
concentration which is approximately equal to the concentration N1 = N of mobile
(traversing) carriers in the main channel at saturation regime. This design allows
obtaining a certain FET structure with mobile (traversing) electrons only in the main
channel ( the 1-st stream ) and with immobile electrons in the additional channel ( that is,
in the semiconductor gate ). These nontraversing electrons form the 2-nd stream. Plasma
interaction between streams occurs across the barrier layer of width d, and it is effective
for kd < 1. If l′ >> d this interaction is sufficiently effective for all actual k. The range of
pair scattering is short and can be suppressed (similarly to the well-known suppression of
electron-ion scattering by the modulation doping ). The dependence of the interlayer
electron-electron scattering on the distance d was considered in great detail (see [10]
and references therein). The inverse characteristic time τD-1 of this scattering decreases
with d at least as d - 4.
The simplest dispersion equation describing the studied two-stream interaction for
the considered two-channel structure ( Fig.3) has the form ( for the saturated regime ):
GI
(ω (k ) − kv) 2

+

G II

ω 2 (k )

=

tanh kd
k



k 2 G I G II

1 +
2
2
 (ω (k ) − kv) ω (k )  ,



(10)

where GI,II = e2 NI,II / 2κDmI,II , and indexes I and II relate to the main and the additional
channels, respectively. Voltages VD and VG ( see Fig.3) redistribute concentration NI and
NII . Only their sum N = NI + NII is constant and is determined by the summary doping.
For kd << 1 the complex conjugate roots of Eq. (10) have the approximate form:
 δG 
ω (1, 2) (k ) ≅ k G d 1 − 

G 

2



 1 −  δG  ± i 3 / 2 +  δG   ,

G 
 G  


(11)

1
(GI + GII ) , δG = 1 (G I − G II ) ,
2
2
and the instability disappears only if GI = 0 or
GII = 0. For presaturated regimes in such
structures three different streams (groups) of
electrons participate in plasma oscillations:
mobile electrons in channel I and immobile
electrons from both channel II and channel I,
and we deal with three-stream oscillations.

where G =

Fig.3. Two-channel ballistic FET.

III. Numerical results
IV-characteristics for 5 different samples of n+nn+-ballistic diodes with quasibulk
material bases are shown in Fig.4. The
quasibulk material is formed of 2Delectrons (with a parabolic dispersion in
plane) tightly stacked to each other without
any clearance. Such a material differs from
a real 3D-bulk material only in the density
of states. All of these bases are of the
length l = 0.15 µm, which allows us to
consider electron transport for voltages up
to 0.12 V as quasiballistic. The samples
with n 0 < 1017 cm-3 do not display any
current oscillations. The samples with n0 ‡
1017 cm-3 demonstrate oscillations initiated
by the 2-SI. For the samples with n 0 ‡
Fig.4. IV-characteristics of n+nn+-ballistic
1.5_1017 cm-3 Fermi energy _F = 0.025 eV
diodes. Parameters: T = 30 K , l = 0.15 _m, m =
selected for source and drain contacts is
0.067m0, _F = 0.025 eV, n0 = 5_1016 cm-3 (1),
16
-3
17
-3
17
-3
7.5_10 cm (2), 10 cm (3), 1.5_10 cm
insufficient to keep the effective cathode
(4), 2_1017 cm-3 (5).
regime. Therefore N-shaped IVcharacteristics appear. It leads to explosion
of current oscillation amplitudes. The frequencies of oscillations (in THz) are indicated
alongside the characteristics. Distributions of the oscillating electron concentration in the
n+nn+-ballistic diode base (with n0 = 1017 cm-3 ) are shown in Fig. 5. Time interval
between each neighboring curves is 0.75 ps. We see a certain travelling wave in the QR
and an almost standing oscillation in the depletion layer.
The same as in Fig. 4 oscillation portraits but for three FETs with a single gate
(d2 _ ) and with quantized electrons in
the channels are shown in Fig. 6. The
presented samples are of the same
parameters (doping, gate potential, Fermienergies of electrons in the drain and
source,etc.) but they differ from each other
in the gated base length. We see that
oscillations are more intensive in the longer
samples but the maximal frequency is in
the shortest of them. Dependences of
oscillation amplitudes and frequencies on
gate potentials VG are shown in Figs. 7 and
Fig.5. Snapshots of concentration distribution n
8. We see both smooth frequency tuning
in sample 3 from Fig.4. Applied voltage is
and sharp variations. In both cases gate
0.075 V.
potential VG changes oscillation frequency
in wide ranges.

Figure 9 demonstrates development of absolute instability in asymmetric gated
ballistic FET with extended distance channel-gate ( d = 0.048 µm ). As a result of this
extension, the amplitude of concentration stratification is very high and a period of strata
is also large. This stratification impedes oscillation regime, but it is not displayed here.
This work is supported by NSF.

Fig.6. IV-characteristics of asymmetric ballistic
FETs of different base lengths l: 0.125 _m (1),
0.15 _m (2), 0.175 _m (3). Fermi-energies of
source-contact _F(S) = 0.06 eV and drain-contact
_F(D) = 0.015 eV; V G = -0.03 V, N 0 = 4_1011 cm-2,
d = 0.016 _m. Other parameters are the same as
in Fig.4.

Fig.8. Dependence of FET drain current ID on
gate potential V G (A). Dependences of gate
potential VG and drain potential VD on time t (B).
Up to t = 150 ps both V D and VG increase
simultaneously. After t = 150 ps V D is constant,
and VG continues to increase. Parameters: l = 0.4
_m, lG = 0.32 _m, N 0 = 2_1011 cm-2, _F(S) = 0.025
eV, _F (D) = 0.025 eV. Other parameters are the
same as in Fig.6.

Fig.7. Dependence of FET drain current ID on
gate potential V G (A). Dependences of gate
potential V G and drain potential V D on time t
(B). Parameters: l = 0.35 _m, length of the gate
lG = 0.28 _m, N0 = 2_1011 cm-2, _F(S) = 0.035 eV,
_F (D) = 0.0175 eV. Other parameters are the
same as in Fig.6.

Fig.9. Distribution of electron concentration N in
asymmetric ballistic FET for different applied
voltages V D : 0.7 V (1), 0.63V (2), 0.53 V (3),
0.42 V (4), 0.35 V (5), 0.3 V (6), 0.27 V (7), 0.25
V (8). Parameters: l = 0.2 _m, d = 0.048 _m, N0 =
5_10 11 cm-2, V G = -0.03 V. Other parameters are
the same as in Fig.6.
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Backward diodes are a version of Esaki tunnel diodes that are useful for mixing and
detection. Ge backward diodes in particular have been used as temperature insensitive, zero
bias square law detectors, capable of translating low level RF power into DC voltage or current
with extreme linearity and low noise. However, Ge diodes are difficult to reproducibly
manufacture, are physically fragile, and are limited to the tens of gigahertz range. Planar doped
barrier (PDB) diodes can also operate as zero bias detectors, to over 100 GHz, but are difficult
to produce in large numbers due to the challenging doping tolerances required. Here we
demonstrate specially designed Sb-heterostructure-based backward diodes grown by molecular
beam epitaxy. These diodes have superior figures of merit compared to Ge diodes, especially
the current density and junction resistance, and are reliably reproducible and physically rugged.
Estimates indicate frequency operation comparable or superior to PDB diodes should be
achievable. Millimeter wave detector arrays containing thousands of diodes are now feasible
for the first time at 94 GHz and above.
The material system of interest here is the InAs/AlSb/GaAlSb nearly lattice matched
combination. For small positive bias the electrons tunnel from the InAs through the AlSb
barrier into the p-type GaAlSb. At high enough bias the InAs conduction band edge
becomes higher than the GaAlSb valence band maximum at the interface and the current is
blocked. Negative bias induces the electrons from the GaAlSb valence band to tunnel into
the InAs conduction band in a monotonically increasing manner. This asymmetry in the
current flow produces the large nonlinearity near zero bias desired for backward diodes.
We deposited the InAs/AlSb/GaSb tunnel diode layer structures by molecular beam
epitaxy on semi-insulating GaAs substrates. The Table lists the series of samples grown
and the Figure shows the I(V)'s of several. Also included for comparison is a similar
commercial Ge diode which had been chosen for a square law radiometry application,
remote atmospheric temperature measurement.
A large overall current density, consistent with a large backward to forward current
ratio, is necessary for maximizing the frequency response of the diode. The substitution of
tunneling through the thin AlSb barrier instead of Zener tunneling through the band gap is
the critical enabling difference as compared with the conventional Esaki diode. The
quantities of most direct relevance in the Table are rJ, the junction resistance, and γ, the
curvature coefficient: rJ=dV/dI and γ=d2I/dV2/(dI/dV), at V=0. rJ is specified for a 100
µm2 area in the Table, whereas γ is not directly proportional to area. RJ ≡ rJ×(100
µm2/Area) has several roles in the design of the circuit, and is very important for
determining the voltage sensitivity and the frequency response. Its optimum value depends
on the particular circuit implementation. γ should be as large as possible. It contributes
directly to the small signal rectifying action of the diode, and thus its current and voltage
sensitivity .

Samples 2114 and 2407 have values of γ comparable to the Ge diode, but rJ is an order of
magnitude less. Thus for a given desired RJ, determined by circuit considerations, the area can be
decreased by this factor relative to the Ge diode, as can the intrinsic diode capacitance (assuming
the capacitance per area is similar). Since the parallel current path created by this capacitance is one
of the major limitations on frequency response, this decreased value should allow much higher
frequency operation, perhaps several hundred gigahertz.

Sample

ND (cm-3) x (%Al)

VP (volt) VV (volt) JP (A/cm2) r (Ω)
J

γ (1/volt)

2114

7×1017

0

0.085

0.260

2930

13.0

14.4

2112

2×1018

0

0.125

0.315

3010

20.3

8.56

2113

5×1018

0

0.21

0.380

4460

34.5

4.30

2116

2×1018

20

0.125

0.230

308

261

4.11

2117

2×1018

20, 0

0.115

0.205

505

113

10.9

2407

7×1017

10, 0

0.070

0.230

1980

15.7

19.1

Ge

-

-

0.065

0.245

172

182

15.9

Sample parameters and measurements. VP and VV are the peak and valley voltages. JP is the peak
current. rJ is the junction resistance for a 100 µm2 area. γ is the curvature coefficient.
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I(V) characteristics of Sb-based backward diodes and a Ge diode.
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ABSTRACT
Phase gratings have found an important application in the submm wavelength range with the development of heterodyne arrays in the past few years.
These devices can be used as efficient beam splitters to match the signal beam
of a single local oscillator source to an array of detector devices such as SISmixers or HEBs. Here we report on a phase grating developed for CHAMP the Carbon-Heterodyne-Array of MPIfR - which is currently operating at the
Caltech Submillimeter Telescope on Mauna Kea [1]. For further applications,
such as heterodyne arrays for higher frequencies, we continued our work on
designing phase gratings to enhance their efficiencies and to provide solutions
for future array projects. Here we report on an algorithm we have developed
as a design tool for phase gratings providing solutions for any desired array,
nearly independent on the desired beam configuration.

Introduction
The periodic modulation of the amplitude and (or) the phase of an electromagnetic
wave generates a set of waves, called diffraction orders, propagating in discrete
directions. Devices stimulating these effects are well known as diffraction gratings
for the visible region of the electromagnetic spectrum. A scalar formulation of
diffraction at a periodic structure modulating an incident wave can be expressed in
Fourier optics [2] by the complex Fourier transform
Z

A (x, y) =

∞

Z

∞

−∞ −∞

0

0

0

0

b (x , y ) · t (x , y ) · e

−2πi(xx0 +yy 0 )
λf

dx0 dy 0

(1)

in which the complex field b(x’,y’) of the incident wave is modulated by the periodic
structure as expressed by the transmission function t(x’,y’). The distribution of the
diffracted field A(x, y) appears in the focal plane of the transforming lens with focal
length f . The wavelength λ and f , which is the distance between the structure
and the lens appear as scaling factors in the equation. (x, y) and (x0 , y 0) are the
coordinates in the object and frequency domain related by the transform.
With this equation the determination of the grating structure is reduced to the
calculation of t (x0 , y 0), which is the result of the inverse Fourier transform. In case

of

|a (x0 , y 0)|
=1
(2)
|b (x0 , y 0)|
a phase only modulation is achieved. If the complex field of the incident wave and the
desired intensity distribution in the far field is determined by the specific application,
the transmission function has to be found which fulfills the condition (2). The result
of this consideration is that in case of a phase only modulation there is no direct
analytic solution of the problem but an iterative way of calculating equation (1) can
be found.
In the following two methods are considered leading to a solution of the problem.
Both are based on the equations mentioned above. The method considered first was
given by Dammann and Klotz [4]. Here the set of possible transmission functions
is reduced by a quantisation of the phase levels and a limitation in the number of
transition points where the function changes from one phase level to another. An
additional reduction can be achieved by taking into account given symmetries of
the specific application. How this method can be realised numerically is reported
in several publications [4] [5] [6] [7]. Here we focus on a solution of such a grating
implemented in the CHAMP LO-optics.
A second method is based on a so called Phase-Retrieval Algorithm, which uses the
known functions in eq.(1), kA(x, y)k and b(x0 , y 0), as well as an initial estimate for the
far field distribution of the phase of A(x, y), to calculate the inverse FFT to obtain
t(x0 , y 0), belonging to b(x0 , y 0). This Fourier pair then leads, after the calculation of
the FFT, to a new and better estimate for the far field phase of A(x, y), giving the
initial function for the next iteration.
The idea of this algorithm was given by Gerchberg and Saxton [8] and has been
applied in areas where phase information has to be found out of single intensity
measurements. The method has been adapted to find the transmission function for
a given grating problem.
2

|t (x0 , y 0)| =

THE DAMMANN METHOD
The main simplification in Dammann’s method is the separation of the two-dimensional
transmission function into a set of two one-dimensional functions. The combination
of such one-dimensional solutions can only lead to a regular grid array of K × N
beams. Table I lists the obtained efficiencies for chosen values K and N, which
are binary or with 4 allowed phase levels Φ between the transition points. With
the higher level gratings the efficiency can be increased significantly as shown in
the table. Although with the chosen even symmetry for the grating period it is
impossible to generate the array configuration of a CHAMP-subarray, we used the
found solutions for K=3 and K=4 with four phase levels to couple 8 of the 12 generated beams to the subarray. The FFT according to eq. (1) is shown in fig.I for
the given problem. The grating structure (blue curve) is illuminated by a gaussian
beam (left figure). For simplicity, the grating should be positioned at the waist of
the illuminating beam so that the phase of the incident wave can be assumed to be
flat. The beamwaist, ω0 , should have the same size as the period of the grating as
mentioned in [3]. However changing the size of the beamwaist within ω0 ≥ d/2 does

TABLE I Efficiencies of two-dimensional gratings, binary and four-level type in
comparison
2×2 3×3
binary 65.8% 44.1%
4-level
80.3%

4×4 5×5 3×4
50.0% 59.4% 46.9%
68.9% 74.0% 74.4%

3×5 4×5
51.2% 54.5%
77.1% 71.4%

not affect the results significantly because the information remains in the real and
imaginary parts (fig.I). If the beamwaist becomes smaller than d/2 more and more
information gets lost. In the worst case the complete wave is delayed by the same
value which couples the energy only into the zero diffraction order.
The result of the transformation is shown in the real and imaginary part in fig.I,
as well as the calculated amplitude and phase of the diffracted field. As the transmission function and the illuminating beam are of even symmetry, amplitude and
phase of the image are also even functions. However it is also possible to generate
even symmetric images with an odd symmetric transmission function (translation
symmetry). In this case the zero diffraction order is rejected because the symmetry
implies a transition point at the center of the period [9].

FIGURE I A gaussian beam illuminating a grating surface (4-level type) is shown
in the left picture. The next graph shows the modulated amplitude (real and imaginary part) as it is transformed. The resulting real and imaginary part of the
diffracted field is shown in the following graph. Finally the intensity and phase
of the generated image shows an array of 3 beams.
Realisation
The fabrication of the surface structure on the material PTFE has been made with
a nc-machine in the workshop of our institute. PTFE has been chosen because its
refraction index at submm wavelengths minimizes the reflections at the surfaces.
The machining of this material however is difficult due of the smoothness of this
material. Instead of combining the one-dimensional solutions by adding the phase
structures and realizing the complicated structure on the PTFE surface we fabricated a grating layer of each one-dimensional solution and combined the physical

layers to a two-dimensional device. This method has the advantage that only grooves
have to be machined on the material. In addition each layer can be characterized
in the experiments and can be combined with various other layers.
Fig.II shows photographs of the two types of fabricated layers, each of them as a
one-dimensional grating. For an accurate combination of the layers there is a reference edge on each layer to achieve the desired two-dimensional phase delay. Fig.III

FIGURE II Photographs of both PTFE-layers fabricated on a nc-machine. The
left photo shows the grating generating a linear 3-beam array, the photo on the right
shows the equivalent grating for a 4-beam array. The square PTFE-plates have a
length of 80mm. Each of them carries 3 periods of the specific structure.

FIGURE III Results of the antenna measurements (red) in comparison with the
theoretical expected intensity distributions. (black) at 460.2GHz (left) and 492GHz
(right) for each of the grating layers. The results are in good agreement with the
theory. Only for the higher orders differences of about 10% occur.
shows the experimental results compared to what is expected from theory. The generated linear arrays with 3 and 4 beams completely agree with the theory in order of
the accuracy of measurement. Only differences are that the higher orders are seen
at the 10% level. This shows that any effects to the assumption of a real gaussian
illumination without any variation in phase of the incident beam are negligable in
case of the potter horn antenna used in the experiment.
With measurements at various frequencies, 460.2GHz (4νcenter = 15GHz) and

492GHz (4νcenter = 17GHz) the frequency dependence of the gratings could be
verified. The expected change of the diffraction angles, as well as of the relative
intensities are shown by the experiment. Fig.IV shows the intensity measurements
for several combinations of the two solutions, 3 × 3, 4 × 4 and 3 × 4 arrays. Because
the experiments are based on the heterodyne detection of the signals, an accurate
experimental value for the achieved efficiency cannot be given here, as the measurement of the detected power with and without the devices is required which implies
different beam coupling between the signal source and heterodyne receiver. However the accurate scaling of the parameters for the phase delay is indicated by the
rejection of the zero order by more than 20dB in case of the 4×4 array. After the

FIGURE IV Two-dimensional diffraction spectra for combined grating layers for
K=3 and K=4. Coordinates are given in mm. The measured intensities are shown
in a dB scale.
measurements of the generated intensity distributions it also has to be verified that
the device is able to couple a suitable amount of power to an array of SIS-mixers.
For this test the components of the CHAMP L.O. system have been set up on an
optical frame as shown in fig. VI.
The output power of the frequency stabilized gunn oscillator is adjustable by a
mechanical attenuator to vary the power injected into the mixer. A potter horn antenna couples the rf-output of the multipliers to free space generating a beamwaist
of 1.1mm. A HDPE lens transforms this waist (7mm) to one at the input of the
gaussian telescope lens pair. The intermediate waist (16mm) of the gaussian telescope, 2f =900mm, illuminates the phase grating mounted at the waist position.
The generated signal array was then coupled into a SIS mixer device via a MartinPuplett-Interferometer which could be moved together with the mixer to each array
matrix position. The IV-curves then monitored the detected L.O. signal. Starting
with one position the L.O. signal power was adjusted to obtain a minimum noise
temperature for the mixer. It was seen that the injected L.O. power gave a huge
margin because the mixer showed a typical normal resistance feature indicating
a sufficient coupling efficiency. After attenuating the power for maximum mixer
performance on one position, the noise temperatures for each array position was
measured and compared.
The measured iv-curves as well as the total power responses for the noise measurements at a frequency of 492GHz are shown in fig. V, according to the position in

the subarray. The differences in injected L.O. power was indicated by the noise
performance variation to be less than 10%.
The described technique of testing the device operating as a L.O. injection system
has the advantage of being independent of the mixer’s characteristics by using the
same mixer for all measurements. Otherwise the results would include the individual behaviour of each mixer, such as its sensitivity to the L.O. signal caused
by the individual backshort adjustment or like the individual noise performance itself. Therefore the measured noise temperature variation here characterizes only the
functionality of L.O. injection.

FIGURE V Current/voltage and
power/voltage curves of the mixer at
various subarray positions. To be independent of the variable characteristics of several mixers the curves are obtained by a single mixer moved to the
various positions of the subarray detectors.

FIGURE VI CHAMP L.O. optics.
With folding both optical paths the
system could be integrated on a mounting plate of 1m in diameter. In the foreground one of the two L.O. sources is
visible. The grating is mounted under
the gold plated flat mirror injecting the
signals into the cold optics of CHAMP.

THE PHASE-RETRIEVAL ALGORITHM
As mentioned in the previous section the Dammann method can only provide solutions for regular matrix arrays because of the required separableness of the transmission function. In case of non regular arrays a full two-dimensional consideration of
eq. 1 is necessary. Hence we apply a phase retrieval algorithm, recovering the phase
of an object out of the information given by the intensity distributions of the desired
image and the illuminating beam. This method is based on the idea of Gerchberg
and Saxton [8] and therefore often called Gerchberg-Saxton-Algorithm. The principle
of the algorithm is to Fourier transform between the two domains back and forth
changing the functions in a way that they fulfill the constraints given by the required
beams. The adaptation of this principle to the foregoing grating problem is formulated in fig.VII. The algorithm is starting with the desired intensity distribution
and a first guess for the phase distribution Φ0 of the complex field. Transforming

FIGURE VII Flow chart of the algorithm for the grating problem. After initialization of the image with a(x, y) and Φa0 (x, y) (green) the algorithm starts with an
inverse FFT. In the object domain bk (x0 , y 0 ) is replaced by the illumination function
b(x0 , y 0) (yellow), after the FFT a0k (x, y) is replaced by the desired image a(x, y)
(yellow). With a monotone decrease of the error function a0k (x, y) approximates a
solution.
this function via an inverse complex two-dimensional FFT yields phase and amplitude distributions in the object domain where the grating is located. The amplitude
however does not fulfill the requirement for a gaussian illumination due to the fact
that the phase only modulation is a special case of solution. Therefore the amplitude b0k (x0 , y 0) has to be replaced by the the desired illumination of gaussian shape
b(x0 , y 0) before transforming back. After the FFT a result for the diffraction image
is obtained. The efficiency and the differences are calculated to monitor the current
status of the results. Before starting the next iteration the amplitude of the diffraction image is replaced by the desired intensity distribution. The phase remains as a
new estimate for the next iteration.
The FFT treats the functions in discrete form as
A(x, y), B(x0 , y 0) → A(m, n), B(p, q) , described by

Amn
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X
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1 MX
=
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is the discrete formulation of eq. (1) as considered in [10].
To characterize the transmission function, merit functions are calculated by
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giving the efficiency achieved at the kth iteration the grating efficiency, and an error
function k
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indicating how the intensity in the desired orders is equalized.
Realization
The algorithm has been realized on a HP-UNIX workstation which operates two fast
processors and provides sufficient memory for the huge amount of data. The main
part of the program is a routine for the two-dimensional FFT which has been derived
from Numerical Recipes in C [10]. However the routine was slightly modified to a
higher accuracy because rounding errors with the original routine led to significant
effects during many iterations.
The data, two-dimensional arrays, have sizes 2N × 2M . The FFT itself has then to
treat 2N +M +1 array values. The time the computer needs for a single iteration is
minimized by careful choice of values for N and M which includes a consideration
of a useful sampling of data [11] to avoid aliasing. The results presented in the
following were calculated with M, N=9 which was related to a computing time of
10 seconds per iteration and a memory allocation of 31MB. The program follows
in principle the steps of the flow chart given in fig. VII. In addition the values for
the efficiency and error are calculated. An integrated module gives the option to
determine an order of quantisation of the transmission function and to change this
order during the algorithm iterations to implement practical constraints given by
the mechanical fabrication procedures.
Results
The first problem solved by the algorithm is the 2-4-2 configuration of a CHAMP
subarray. As mentioned the data arrays were dimensioned as 512×512 pixel arrays.
The offsets for the desired diffraction orders amn are ±16 and ±48 pixel in the main
axis and ±32 pixel in the second axis of the array. The widths of the gaussians
are 12 pixels. Fig.VIII shows the results for several phases during iteration. The
left column lists the grating structures Φbpq , the column in the middle lists the
generated intensity distribution a0mn and the far field phase is listed in the right
column of the figure. The top row shows the result after the 1st , the 5th and the
30th iteration. As indicated by this sequence the intensities in the undesired higher
orders are more and more reduced by further iterations. The monotone decrease of

the error becomes visible considering the intensity distributions of fig.VIII, after 30
iterations the intensity is distributed equally over the desired orders of the array.
Up to 5 iterations, there are diffraction orders visible between the desired orders
indicating that all even orders are rejected as stimulated by the even symmetry of
the transmission function. Indeed the initial estimate for the phase distribution in
the far field has been chosen to be even which makes the complex initial function for
the first FFT symmetric. This has been done to force the algorithm to find a solution
on a short time scale. Using another estimate, such as a random distribution for
the initial phase, yields similar results but increases the number of iterations needed
by a factor of 10. It is obvious that the values for the error function have a strong
dependence on the chosen initial phase distribution.

FIGURE VIII Intensity (top) and phase modulation (bottom) after 1,5 and 30
iterations (left to right) of the algorithm. Colours are scaled from zero (black) to
2π (white) and zero to unit for intensity.
Quantisation of phase levels
Simplifying the phase structure can be advantageous for a physical realization of the
application of such solutions. Therefore the program is able to implement an order
of quantisation of the phase levels (l=2,4,8,16,...). After each iteration the resulting
phase distribution is digitized as:
Φkmn →

2π
· s,
l

(7)

with s as an integer in the range 0 to l chosen that
Φkmn −

2π
· s = min .
l

(8)

Fig. IX shows the results obtained for several quantisation levels. Although the
algorithm is limited by the strong quantisation, reasonable results can be obtained.
As expected, the more the phase structure is simplified by the chosen order of
quantisation the less the efficiency and the higher the value of the error function
(see fig. X) is obtained. A digitization to 8 phase levels seems to be possible without
significant changes in the devices performance. Going to 4 allowed phase levels there
is a significant increase on the error function and the efficiency is limited to 68%.
Better results were obtained when the digitization started later after 15 iterations as
it is indicated by the dashed lines in fig. X. With this method the results for a four
level structure is similar to a 32 level type. In conclusion it is shown that it is possible
to simplify the phase structure without significantly changing the performance. This
makes the described method interesting for application in practice. Other array

FIGURE IX Generated intensity distributions for 2,4 and 8 discrete phase levels and the resulting grating surfaces (below) are shown. For the binary case the
algorithm leads to a translation symmetric transmission function which achieves a
significantly better result than for the 4-level type. The 8-level type has nearly the
same performance as a non digitized solution (less than 10% decrease of efficiency).

FIGURE X Convergence of the algorithm for 2 (pink), 4 (blue), 8 (green), 16
(black) and 32 (red) allowed phase levels. The left graph shows the grating efficiency,
the right graph shows the error function. Digitization was performed at the start
of the algorithm except for the dashed lines digitization started after 15 iterations
yielding better results.
configurations can be easily calculated because the algorithm only requires for the
initial function given by the desired array. Some examples are shown in fig.XI.
During testing the algorithm a variety of configurations have been calculated without
discovering any limits of this method.

FIGURE XI Some examples of grating solutions for array generation. Between
the more exotic configurations, as a circle or a cross, the hexagonal configuration of
beams is often used for array receivers. The extension for more beams is possible.
In case of the circle the Oth diffraction order has been very well rejected.

Distributions without symmetries
In the following we consider an intensity distribution which has no kind of symmetry.
The interesting difference here to the previous calculations is that a desired intensity
which can be considered as a frequency in the image domain according to its offset
does not have an identical intensity at the same negative frequency.

A photograph 1 , has been digitized as the desired image to be generated by an
illuminated phase grating. Fig.XII shows the result for the generated image after
1500 iterations on the left which can be compared to the original image on the right
side of the figure. The result is a surprisingly accurate reproduction of the desired
image. Only 2% of the intensity is coupled to the outer region not belonging to the
image. The size of the original 164×180 pixels is according to 29520 diffraction orders
in the image domain. The data field for the calculations had a size of 1024×1024
(allocating 123MB of workspace) to avoid aliasing. This huge number of diffraction
orders is mirrored in the phase structure of the grating shown in the center of fig.XII
as a fine structured distribution. The variation of the phase seems not to have any
order of direction as it is to be expected from the original image. But it becomes
visible in the graph that there are two structures overlaid, a fast changing structure
(dark blue and white) and a second with a smooth variation in phase.

FIGURE XII The picture on the right shows the original picture a photo with
a resolution of 164×180 pixels to be generated by a holographic phase structure.
This structure is shown at the center of the figure as a result after 1500 iterations of
the algorithm. On the left the generated image is presented, a surprisingly accurate
reproduction of the original.

Outlook
We reported on the successful application of phase gratings as quasi-optical local
oscillator beam splitter as used for our heterodyne array receiver CHAMP. The
transmission gratings fabricated of PTFE were calculated by use of the Dammann
Method. The experiments and, finally, their implementation in a working system,
demonstrate that this type of device provides solutions for a variety of array receiver systems in the submm- and terahertz region for the future. With the phase
1

The photo shows the author’s three year old daughter

algorithm, as reported here, gratings can be calculated for every type of beam configuration, especially for non regular arrays. A first prototype for this kind of grating
is planned for the near future as it is foreseen for the CHAMP-D project [12], a copy
of the existing system covering the 450µm window of the atmosphere.
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Abstract: We demonstrate a method for generation of narrow bandwidth THz fields by optical
rectification, a nonlinear interaction between a 150-femtosecond optical pulse and a periodically-poled
lithium niobate crystal. We present time-domain measurements of both amplitude and phase of the THz
electric field, along with power spectra. At low temperature (13 K), the signal from a 1.2 mm long crystal
is peaked at 1.80 THz with a bandwidth (FWHM) of 0.07 THz; the THz power is approximately 1.5 µW.
Optical rectification in PPLN could provide a useful source field for characterization of THz sensors.

1. Nonlinear optics
The field of nonlinear optics is considered to have begun with the experiment by Franken
et al. in 1961, in which the optical harmonic (second harmonic generation — SHG) of a
ruby laser was produced by nonlinear interaction with a quartz crystal [1]. By
nonlinear optics we mean that the interaction between the optical field and the medium,
typically a crystal, depends on the field strength in a nonlinear manner. One generally
creates nonlinear fields by inducing a nonlinear polarization in the crystal with a strong
optical field and measuring the radiation emitted by the decay of the polarization.
In traditional, linear optics, the polarization induced in a medium is proportional to the
electric field incident on the medium. This is expressed in the equation P = _ E.
However, with the advent of lasers, and in particular, short-pulsed lasers, electric fields
sufficiently large so that linear polarization approximation fails are easily attained. In
general, therefore, one must expand the polarization as a power series in the applied field:
P = χ (1) E + χ ( 2) E 2 + χ (3) E 3 + L = P (1) + P ( 2) + P ( 3) + L

(1)

The term proportional to E gives the familiar linear polarization. In this paper, we are
primarily interested in the second-order term, P(2). This term is responsible for such
effects as second-harmonic generation, sum- and difference-frequency generation,
parametric amplification and oscillation, and optical rectification.
As a concrete example of a second-order nonlinear effect, we will briefly examine
difference frequency generation. We represent two fields as E1 = A1 exp[i_1t] and E2 = A2
exp[i_2t]. Consider the polarization arising from the mixing of E1 with E2*:
P ( 2) = χ ( 2) A1 exp[+ iω 1t ] A2∗ exp[−iω 2 t ] = χ ( 2 ) ( A1 A2∗ ) exp[i (ω 1 − ω 2 )t ]

(2)

It is immediately evident that the polarization oscillates with the difference frequency _ =
_1 - _2. This polarization acts as a source term in the wave equation:
 2 1 ∂2 
∂ 2 P( z, t )
 ∇ − 2 2  E ( z , t ) = − µ 0
,
c ∂t 
∂t 2


(3)

and we see that, because of the induced nonlinear polarization, there exists a radiated
field at the difference frequency between the two applied fields [2,3]. Other second-order
nonlinear interactions are, of course, possible. In the laboratory, a specific orientation of
a nonlinear crystal will usually favor only one type of interaction.
The nonlinearity of specific interest to us is optical rectification, which one may think of
simply as the degenerate case of difference frequency generation [4]. In optical
rectification, the two fields come from the same laser. For a continuous-wave laser, the
effect of the polarization is to induce a static DC voltage inside the crystal. Since the
second derivative of such a polarization is zero, this term gives no radiation in the farfield. The case is very different for short-pulsed lasers. If the two fields in equation (2)
come from the same pulse, then our expression for the polarization simplifies to:
P (2 ) (t ) = χ ( 2) [ A(t ) A∗ (t )] = χ ( 2) I (t ) ,

(4)

where I(t) is the optical pulse s intensity profile. The net effect is to strip away the
rapidly varying ( ~ 1015 Hz) optical carrier frequency, and leave only the relatively slowly
varying ( ~ 1012 Hz) pulse envelope.
For pulses on the order of 100 femtoseconds, this corresponds to a polarization changing
on sub-picosecond time-scales. If we prefer to visualize this process in the frequency
domain, we may consider that a 100-femtosecond optical pulse has a spectrum on the
order of a few terahertz (THz), and therefore terahertz frequencies may be generated if
the optical pulse spectrum is sufficiently broad to support difference frequency
generation between different spectral components of the same pulse.
For generating short bursts of coherent THz frequency light, a widely applied method is
optical rectification in a velocity-matched medium. To maximize conversion efficiency,
the optical pulse should travel with the same speed through the crystal as the THz wave,
i.e. the group velocity of the optical pulse should be equal to the phase velocity of the
THz wave. Under this condition, the forward-propagating THz wavefronts from different
parts of the crystal interfere constructively, and at the output of the crystal, a substantial
THz field is emitted. The radiated THz field has a peak frequency on the order of 1 THz,
is extremely broad-band (_f ~ 1-2 THz), and consists of a single- or few-cycle pulse. The
most common means of achieving this are with a pulsed laser operating around 800 nm
and a <110> ZnTe crystal [5].

In lithium niobate, the optical group velocity is larger than the THz phase velocity, and so
the two beams walk-off each other as they propagate through the crystal. The optical
beam leads the THz beam by one optical pulse-length after a walk-off length
lw =

cτ p

(5)

nTHz − nopt

In equation (5), _p is the optical pulse duration, n THz and n opt are the phase and group
indices of the THz and optical fields, respectively, and c is the vacuum speed of light.
For crystals significantly longer than _ w , only the front and back surfaces produce
polarizations which contribute to the far-field THz field; everywhere else in the crystal,
the polarization is constant and therefore nonradiative [6].
In a velocity-matched medium, it is clear that a long crystal corresponds to a large
interaction length, which enables the generation of strong THz fields. In a medium with
a velocity mismatch, the effective interaction length is the walk-off length. A crystal
longer than the walk-off length is inefficient, since most of the polarization induced will
be nonradiative. To generate a strong THz field, we use quasi-phase matching in a
velocity-mismatched medium to circumvent this defect. We discuss these ideas in the
following section.
2. Periodically-poled lithium niobate
Ferroelectric molecules such as lithium niobate (LN) possess a non-zero electric dipole
moment even in the absence of an applied field. An edge perpendicular to the domain of
a unipolar LN crystal is patterned with a photoresist grating of the desired domain
structure. This edge is then covered with a thin metal film. A large (~ 20 kV/mm) field
is applied, which is sufficient to reverse the polarity of the domains where the metal
makes contact with the LN crystal, but is not strong enough to affect the domains below
the photoresist layer [7].
Because the direction of a domain is a manifestation of the orientation of the molecules
within a domain, for optical purposes, it is convenient to think of poling as directing the
orientation of the crystal s optic axis. Domains that are anti-parallel have opposite sign
nonlinear susceptibilities, _(2). In bulk PPLN, one domain in the crystal generates a THz
pulse with the opposite polarity as the previous domain. This is shown schematically in
figure 1. If the domain lengths are approximately equal to the walk-off length, the
radiated THz fields from neighboring domains will connect smoothly and have a narrow
spectrum centered about
ff =

c
2ld (nTHz − nopt )

.

(6)

Our effective interaction length therefore increases from the walk-off length to the entire
length of the crystal. In our experiments, this increase is approximately a factor of 40 (see
section 3). By generating a polarization through many domains of the crystal, we are
able to generate a multi-cycle THz waveform, whose structure is determined mainly by
the domain structure of the crystal. If the domains of a periodically-poled crystal reverse
polarity on a scale _d ≅ _w, then radiated field due to optical rectification is essentially a
convolution of the crystal s domain structure with the pulse intensity envelope [8].

Fig. 1: Schematic diagram of the nonlinear polarization induced in the PPLN crystal.

3. Experimental procedure and results
A schematic of our experiment is shown in figure 2. In the figure, THz beams are shown
as dotted lines, and optical beams are solid lines. The laser source for the experiments is
a Ti:Sapphire regenerative amplifier, which produces 150-fs pulses at 800 nm with a
repetition rate of 250 kHz [9]. The index of refraction over a broad range of THz
frequencies has been measured to be approximately 5.2 [10]; we measured the optical
group index to be 2.3 at room temperature. Using these values and our laser pulse
duration in equation (5), we calculated a walk-off distance of approximately 24 microns
in the crystal. We therefore chose a z-cut PPLN crystal, 1.2 mm long with a domain
length of 30 microns for this work. The pulse energy incident on the sample is 400 nJ,
focused to a spot size of roughly 100 microns. This signal beam was modulated at 50
kHz for lock-in amplifier detection. An off-axis parabolic mirror collimated the THz
radiation from the PPLN. We measured the THz signal by electro-optic sampling. An
optical probe pulse with a known polarizaton state co-propagated with the THz pulse. A
second off-axis parabolic mirror focused both the probe and THz pulses onto a 1-mm
thick, <110> ZnTe sensor crystal.

Fig. 2: Experimental set-up.

Free-space electro-optic sampling (FS-EOS) is an extension of conventional electro-optic
sampling techniques used for characterizing local electric fields [11-13]. This method
provides a means to measure the amplitude and phase of the THz field over a broad
detection bandwidth. The main idea of FS-EOS is that the THz field modulates the
optical properties of a crystal, and that modulation is probed with an optical beam. The
THz electric field induces a birefringence in the sensor crystal, which in turn causes a
phase retardation in the optical pulse. The phase retardation is proportional to the THz
field strength, and gives a change in the polarization state of the optical beam. We
measured the THz field strength by measuring the amount of polarization rotation in the
optical probe beam with a pair of balanced photodiodes. Because of the excellent
velocity matching between the THz and optical pulses in ZnTe, we can achieve ~ 200
femtosecond resolution of the THz pulse [14].
In figure 3(a), we show the THz waveform at room temperature, and in figure 3(b), its
power spectrum. The main features of the signal are oscillations under an exponentially
decaying envelope. At room temperature, we measure a peak frequency of 1.67 THz,
with a bandwidth (FWHM) of 0.13 THz. Because the THz wave propagates through the
crystal more slowly than the optical beam, smaller time delays correspond to signal
emitted from near the back surface of the crystal, while larger time delays correspond to
the part of the signal from closer to the front surface of the crystal. The emitted field
from the back end of the crystal is significantly larger than that from the front end. We
see that our main limitation at room temperature is absorption of the THz wave as it
propagates through the PPLN crystal. The absorption loss due to phonons is expected to
reduce at lower temperatures [15].

To reduce the absorption loss, we performed the same experiment with the PPLN crystal
at 13 K. As shown in our time trace of the waveform, figure 3(c), absorption essentially
vanishes at low temperatures. Figure 3(d) is the power spectrum at low temperatures,
from which we measure a peak frequency of 1.80 THz and a bandwidth of 0.07 THz. We
can attribute the discrepancy between the peak frequencies at low and room temperatures
to several factors. At low temperatures, the crystal shrinks and so our domain lengths
shorten, which increases our peak frequency. Also, the real parts of the indices of
refraction may have some temperature dependence.

Figure 3: Time traces and power spectra of the THz field at room temperatures (a, b), and 13 K, (c, d).

To generate even narrower bandwidth fields, we tested a 7.2 mm PPLN crystal, with 30
micron domain lengths. At 18 K, this crystal generated 1.81 THz radiation with a
bandwidth of 18 GHz (data not shown).
It is interesting to examine one of our room temperature scans over a large time window,
as in figure 4(a). What we find is that the oscillations do not finish in a simple manner.
After the exponential envelope has decayed, a beat pattern arises. This is a result of a
counter-propagating THz polarization in the crystal. When the optical beam reflects off
the back surface of the crystal, it induces a polarization which propagates in the opposite
direction as the optical beam. This signal has a peak frequency of

fb =

c
2ld (nTHz + nopt )

(7)

and lags the co-propagating signal in time. To see this effect more clearly, we can
produce a time-frequency spectrogram of figure 4(b). Figure 4(b) is a wavelet
decomposition of our signal with a Morlet basis [16,17]. At early times, we see the copropagating signal, followed by both the counter-propagating signal, and a reflection of
the co-propagating signal. The low frequency wave is peaked at 0.67 THz, with a
bandwidth of 0.03 THz. Detailed measurements of this low-frequency wave await
further study.

Figure 4: (a) Trace of the THz wave over a long time window; (b) Time-frequency wavelet
spectrogram. Brighter areas correspond to higher powers.

To determine the power and spectral brightness of the THz field, we measured the
radiated field with a bolometer. For a 400 nJ pulse, we measure approximately 1.5 µW
of THz power at low temperature from the 1.2 mm PPLN. This corresponds to a spectral
brightness of approximately 20 µW/THz in the 1.75-1.85 THz frequency range, as
compared to approximately 0.5 µW/THz for the same frequency range in ZnTe. When
focused to a spot size of 300 microns, the peak electric field for our THz pulse is on the
order of 8 x 104 V/m.

4. Modeling the THz field
To solve for the radiated field, we must first calculate the polarization as a function of
position and time in the crystal. For a tractable result, we assume a gaussian plane-wave
pulse propagating in the z direction of a dispersionless medium:
E ( z , t ) = E0 exp[i(ω 0 t − k 0 z ) exp[−((t − z / v g ) / τ p ) 2 / 2]

(8)

where vg is the group velocity of the optical pulse, c/nopt, _0 is the center frequency of the
optical carrier, k0 is its propagation constant, and E0 is the peak field. In principle, we use
this pulse shape as the source of our polarization in equation (4), and then solve equation
(3) for the THz frequency field. In practice, however, direct time-domain solutions are
difficult to calculate; the problem become much more manageable under Fourier
transformation to the frequency domain. The wave equation in the frequency domain
becomes an inhomogeneous Helmholtz equation:
 ∂2
ω2 
 2 + n 2 (ω ) 2  E ( z , ω ) = − µ 0ω 2 P( z , ω )
c 
 ∂z

(9)

In equation (9), n(_) is the complex refractive index, and we have already accounted for
the linear part of the polarization, so that here, P(z,_) is only the nonlinear polarization.
A convenient way to solve this equation is by the method of Green s functions. Because
Green s functions for the Helmholtz equation are well-known [18], and the case of an
optical rectification inhomogeneity has also been studied in detail [19,20], we will simply
give the results of the calculation. At the back surface of the crystal ( z ′ = L), the radiated
field from each position, z ′ , is:
E ( z ′, ω ) ∝ χ ( 2) ( z ′, ω )ω 2 exp[−(ωτ p / 2) 2 − iω{( nopt − nTHz ) z ′ / c + LnTHz / c}]

(10)

This equation may then be Fourier transformed back to the time domain, and integrated
over the crystal to yield the measured THz signal as a function solely of time.
Simulations of the THz field are shown in figure 5. Figures 5(a) and (b) are the time
domain and power spectrum simulations, respectively, and include a THz absorption
term. When the absorption term is included in the THz index, we attain very good
agreement between our calculated field and our measured field at room temperature. The
spectrum shown in 5(b) is peaked at 1.72 THz and has a bandwidth of 0.10 THz. For the
low temperature data, no such absorption term is needed to model the data accurately, as
in figures 5(c) and (d). The spectrum in figure 5(d) is also peaked at 1.72 THz (we did
not account for index changes and crystal contraction at low temperatures in the
simulation), and has a bandwidth of 0.08 THz.

Figure 5: Numerical simulations of the THz field, with absorption (a, b), and without absorption (c, d).

5. Summary & future prospects
Research into generation of narrow-bandwidth THz sources has been vigorous recently.
Photomixing on THz antennas offers a usable source of continuous wave THz, but
antenna response severely limits the power available from such devices on the highfrequency end [21]. Other research has focused on pulse-shaping techniques. To limit
the radiated bandwidth, pulse-shapers for the optical beam [22,23] and also for the THz
signal itself [24] have been demonstrated. Pulse-shaping, however, is intrinsically
inefficient. In contrast to these methods, we demonstrate a method for generating
narrow-bandwidth THz by engineering the nonlinear crystal itself to produce the desired
waveform.
Ultimately, we anticipate that other poled materials will surpass PPLN as a medium for
THz waveform generation. Poled polymers have large nonlinear coefficients [25], and
could provide a strong THz system if they are able to be periodically-poled. For
spectroscopic and sensing applications, chirped poled media (i.e. poled so that the
domain size increases as one moves laterally across the crystal) could be an extremely
useful source of tunable THz radiation.
In summary, we have shown that optical rectification of a femtosecond pulse in a
periodically-poled lithium niobate crystal gives rise to a THz waveform which largely

depends on the domain structure of the poled crystal. In particular, narrow bandwidth
waveforms may be achieved by a proper choice of domain length in a periodic crystal.
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SuperMix Now Available
F. Rice, J. Ward, J. Zmuidzinas, and G. Chattopadhyay
California Institute of Technology, 320-47, Pasadena, CA 91125, USA.

SuperMix, an extensive C++ software library written to aid in the design and optimization of highfrequency circuits, is now available for free download at www.submm.caltech.edu/supermix. Over
the past year SuperMix has been used to develop a terahertz quasioptical SIS receiver design and to
optimize the design of a low noise 4-8 GHz HEMT IF ampliﬁer. SuperMix is brieﬂy described in [1].
Containing over 30,000 lines of extensively-documented source code, the SuperMix class library is
ﬂexible and complete, allowing users to quickly write, compile, and run sophisticated circuit simulations of arbitrary complexity. By representing circuit components as C++ class objects, the library
provides for natural, nearly self-documenting code which reads more like a circuit description than
a program. Although primarily intended for superconducting submillimeter circuit design, SuperMix
provides a complete set of circuit elements suitable for frequency-domain simulations from DC to the
terahertz range. Its lumped elements include detailed HEMT transistor models as well as passive components. Its high frequency distributed elements include standard components such as transmission
lines, hybrids, attenuators, etc. What sets SuperMix apart, however, is its inclusion of SIS quasiparticle
tunnel junctions and physical transmission line components such as microstrip and CPW lines. The
physical transmission line objects can be built up from layers of normal metal and superconducting ﬁlms
and real dielectrics. These components are speciﬁed by their material characteristics and dimensions
which SuperMix uses to determine electrical behavior.
SuperMix can perform full harmonic balance calculations of SIS quasiparticle receiver designs of
arbitrary complexity as well as mixer gain and noise analyses using any number of harmonics and
including any number of superconducting tunnel junctions. Its algorithms and capabilities in this
regard are described in [2].
SuperMix performs circuit calculations using a wave matrix representation and automatically includes full noise calculations. It can freely convert results between wave and impedance or admittance
representations. Supermix includes a sophisticated multiparameter optimizer. Users can quickly tailor
the optimizer’s error function to their exact needs; the optimizer can then control any set of device
parameters in order to reﬁne a circuit design. To achieve this level of ﬂexibility, SuperMix contains a
rather complete numerical math library for manipulation of complex-valued matrix, vector, and scalar
functions and objects. It includes robust linear algebra, interpolation, integration, root ﬁnding, and
minimization routines.
SuperMix includes a large set of formatted input and output routines for complex-valued matrix
and vector data. SuperMix can construct interpolated circuit elements from Touchstone formatted
data. If the provided routines are inadequate for a speciﬁc application, the user can easily add to
the input/output capabilities using an extensive set of primitives. Of course, since the user creates
simulations by writing a C++ program, the full capabilities of the standard C++ class libraries are
available as well.
SuperMix is designed to run under Unix or Linux. It currently requires the free g++ (or gcc)
compiler, available on most systems. It has been thoroughly tested on Solaris and Intel Linux platforms.
Information regarding the system requirements and how to install and use the library are provided in
the README ﬁles accompanying the library distribution ﬁle.
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Simulated performance of multi-junction parallel array SIS
mixers for ultra broadband submillimeter-wave applications
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1. INTRODUCTION
Heterodyne receivers using Superconductor-Insulator-Superconductor (SIS)
tunnel junction mixers are the most sensitive at millimeter and submillimeter
wavelengths [1]. They are widely employed at ground-based radiotelescopes worldwide,
and increasingly in air-borne and space-borne receivers, notably in projects now under
development (SOFIA, FIRST, ISS). Today, an important part of the research in this field
aims at developing receivers combining ultra wide bandwidths (around 30% relative or
more) with ultra low-noise capabilities (a few times the quantum limit), with no
mechanical tuning. This goal has been an incentive to explore either new tunnel barrier
materials or new types of circuits.
Most mixers use end-loaded single-junction [2,3] or twin-parallel junction [4]
designs, where an inductive circuit tunes out the capacitance of the tunnel barrier for the
right frequency. In such circuits, the SIS junction’s quality factor Q=ωRC —where R
and C are respectively the junction normal resistance and capacitance—sets the
maximum achievable relative bandwidth over which the SIS junction can be tuned and
impedance-matched to a given source impedance [5]. This matching/tuning bandwidth
limitation inevitably translates into conversion gain and mixer noise temperature
bandwidth upper limits.
In practice, tuning circuits are integrated with the SIS junctions in thin film
technology. They often consist of strongly coupled microstrip structures using either
superconductor or normal metal films depending on frequency [6]. A classical circuit
with one junction is illustrated in Fig. 1.
Recently, a new kind of SIS mixer based on a distributed array of N (N>2)
junctions parallel-connected by microstrip lines was proposed by the Nobeyama Radio
Observatory (NRO) group [7] to free the RF coupling bandwidth—and hence the mixer
bandwidth—from the junction's RC product. It can also be viewed as the discrete
version of the distributed non-linear quasiparticle SIS mixer proposed by Tong et al [8],
also offering high sensitivity over wide bandwidths. The very encouraging experimental
results reported by the NRO group [9,10] suggest that this type of circuits might be ideal
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to provide tunerless mixers with quantum-limited sensitivities and arbitrarily large
bandwidths.
These results have triggered our interest in these circuits as potential solutions
for wideband tunerless DSB mixers, such as those needed for FIRST/HIFI. We also
believed some optimization could still be done in order to improve the response of the
arrays over a particular bandwidth.

2. PECULARITIES OF SIS PARALLEL ARRAY MIXERS
The SIS parallel array proposed by the NRO group [7, 9, 10] consists of a
microstripline periodically loaded with identical SIS junctions or, put differently, of a
number of cells composed each of a junction and a section of microstrip which will
resonate at some frequency. In its principle, such a distributed array strongly resembles
the long distributed SIS junction mixer investigated by Tong et al [8,11] which yielded
excellent measured heterodyne performance (conversion loss above -3dB and DSB
mixer noise temperature around 20 K from 400 GHz to 500 GHz). They have over their
cousin one advantage, though, in that they do not require electron beam lithography to
fabricate the long junction, and therefore are a much more accessible technology.
In their simulations, Shi et al have changed the length of microstrip line between
two adjacent junctions, and the number of junctions. They could show that a parallel
array allows—unlike single-junction tuning circuits—mixer bandwidths much larger
than ∼1/ωRC and that, the larger the number of junctions, the better the mixer and the
wider the bandwidth [7]. In their experiments [8], they could clearly confirm the
improvement on noise and bandwidth gained by going from a five- to a ten-junction
array. They measured Trec (DSB) around 200 K and at some frequencies as low as 100 K
from 320 to 530 GHz, using a 10-junction array with jc=3.5 kA/cm2. According to these
authors, the bandwidth of arrays with large numbers of junctions (N>5) should be
independent on the value of Q, and the length of microstrip between two junctions
should not be too critical a tuning factor.
One big advantage of parallel arrays is to alleviate the need for high current
density junctions—that one usually confronts with single-junction mixers in an attempt
to reduce RC—which not only complicates the SIS device fabrication, reduces the yield,
but also degrades the I-V quality. At submillimeter wavelengths one often shoots for 1020 kA/cm2 SIS tunnel barriers. At lower current densities, with single-junction tuning,
the junction's impedance transformed by the microstrip, Zt = Rn/(1+Q2), would become
exceedingly small and hard to match to the source. On the other hand we know that at
high current densities SIS mixers are doubly penalized: first, their conversion efficiency
drops due to the smoother I-V bend and larger subgap leakage current; second, the
excess shot noise caused by multiple-Andreev reflections increases, and can up to
double the mixer noise [12]. In comparison, parallel arrays then only need a few
kA/cm2. Indeed, if jc0 was the current density required for a single-junction tuning
circuit mixer, one could use arrays with a current density of only jcN ≈ jc0/N.

There is a limit to the number of junctions that can be packed in a parallel array
mixer, however, since it will be a technological challenge to produce high-quality
wafers with N identical junctions on every chip when N is too high.
Both in simulations and experiments, Shi et al. have noticed ripples across the
band, both on the DSB mixer noise (fluctuations of several 100 K) and on the gain (up
to 5 dB). We have found similar noise and gain curves (Fig. 2) when we simulated the
same arrays with N=5 and N=10 that were described in [7, 9]. Actually, our mixer noise
and gain simulations of parallel arrays—although using a different algorithm—have
qualitatively confirmed all features of the mixer performances reported by Shi et al.
These authors hinted at a few avenues which could be explored to minimize these
ripples, one of them being to play with the array parameters at our disposal: junctions
size, spacings between junctions, width of microstrips.
Grossly, a parallel array mixer with N SIS junctions functions as a non-linear
filter with N poles. To take full advantage of this property—and to minimize the
ripples—we have made the spacings between two adjacent junctions non-uniform along
the array.

3. DESIGN OPTIMIZATION
Obviously, many non-uniform array configurations would be solutions to the
problem and would be hard to guess, so we needed a software to efficiently optimize the
electrical lengths and characteristic impedances of the striplines connecting the
junctions. We did that using HP Libra's optimizer. We fixed the technological
parameters (e.g., microstrip dielectric layer, junction's capacitance and normal
resistance) and set as free parameters the spacings (electrical lengths) between junctions
and the microstrip width (impedance) to run the circuit design optimization. The criteria
of convergence were to reach a certain coupling bandwidth and to stay below a certain
level of ripple. With similar initial and limit conditions fed into the optimizer, several
different array configurations came out.
In previous works, the source impedance was simply assumed to be the
characteristic impedance of the microstrip line leading to the array. This is not so in the
case of a practical mixer, and the whole embedding impedance, including waveguide
cutoff and RF coupling response must be considered. The source impedance assumed
for our circuit optimization was derived from independent 3D EM simulations of our
tunerless waveguide mixer mount, well suited to broadband applications in the 480
GHz-650 GHz range and available for heterodyne tests [13]. This mixer mount provides
the input of the integrated circuits with a nearly constant and real impedance of ∼70 Ω
over the whole bandwidth, as shown in Fig. 3.
Then, we took these sets of optimized electrical lengths and characteristic
impedances of the microstriplines to a Mathcad program, to translate these into physical
dimensions. The software computes the S parameters of any superconductive 1-D
microstrip circuit [6], and takes into account the fringing field via Wheeler's formulas.

The Mattis-Bardeen formalism which describes the RF losses in the superconductor in
the vicinity of the gap frequency was not used here. Table 1 provides the geometries of
three parallel arrays A, B and C, optimized for slightly different frequencies; as an
example, the mask of one is shown in Fig.4. Their expected S11 response is shown in
Fig5. All have N=5 junctions. We chose this number as a reasonable compromise
between fabrication complexity and yield constraints, and parallel array efficiency. In
the calculations, we assumed the use of Nb/SiO/Nb microstriplines and of Nb/AlOx/Nb
junctions characterized by a current density jc=10 kA/cm2 and a specific capacitance
CJ= 80 fF/µm2 (the empirical law CJ (fF / µm2 ) = 40 + 4⋅ jc (kA / cm2 ) [1] was used).
Before simulating—or measuring—the heterodyne performance of these array
mixers, we needed to apply the same optimization treatment to the design of more
conventional single-junction and twin-parallel junction mixers, to make meaningful
comparisons. In the single-junction design, the SIS junction impedance is matched to
the desired source impedance by one short inductive section of microstrip followed by
two cascading ‘quarter-wave’ sections. All the impedances and electrical lengths of this
'maximally flat’ Tchebychev transformer were optimized for our bandwidth using HP
Libra, prior to being converted into actual superconductive microstrips dimensions.
A non-periodically SIS loaded transmission line is a strongly non-linear device,
however, and our circuit optimization has entirely skipped that fact, oversimplifying the
true nature of SIS junctions. On one hand we have neglected the non-linear Josephson
tunneling currents. On the other hand we have traded the non-linear, bias- and LOdependent quasiparticle conductance for the plain normal conductance. Therefore, the
array was optimized for energy transfer only, on the basis of its similarity with a passive
N-pole filter, and not as a mixing device. But our noise and gain simulations based on
quantum theory of mixing will later tell us whether optimizing the junction array this
way also optimizes its mixing properties. Let us add that we have used HP Libra not
only to optimize the circuits for a given R and C, but also to select these two parameters
after a statistical analysis in the case of single-junction circuits. The typical dispersion
range on fabrication parameters was plugged in, and the current density and junction
area were chosen, not on the basis of the best results but instead of the best yield to
expect for any given run.
Assumed fabrication
parameters:

Cell
number
(N=5)

Optimized cell geometry : L(µm) x w(µm)
Circuit ’A’

Circuit ’B’

Circuit ’C’

Junction current density Jc:
1
49.5 / 4.5
44 / 5
58 / 4
10 kA/cm²
Junction capacitance CJ:
2
6/5
7/7
14 / 5
80 fF (1µm² area)
3
12 / 5
11 / 7
12 / 5
Penetration depth λ (Nb): 85nm
4
42 / 5
44 / 7
58 / 5
Dielectric constant εr(SiO): 5.7
Dielectric thickness h:200 nm
5
20 / 5
18 / 7
32 / 5
Table 1. Technological parameters assumed for the design and optimized geometries (i.e. length and
width of the microstrip cells) of 5-junction arrays A, B and C.

4. ARRAY MIXER PERFORMANCE ANALYSIS
We have merged the theory of superconductive microstrip lines with the quantum
mixing formalism developed by Tucker [1], in the three-port approximation, within a
specially developped software allowing us to simulate the heterodyne performances of
the SIS mixer circuits, regardless of the number of junctions. The algorithm for the
mixer noise temperature and conversion gain calculation is based on the work by Tong
et al [11], which was applied to the theory of mixing in superconducting quasiparticle
non-linear transmission lines. Figure 6 shows the equivalent circuit corresponding to the
calculation. The source admittance Ys directly relates to the embedding impedance
Zemb(ω) seen by the array at its feeding point. The array is terminated by some
admittance Yt—in our case Yt=0 for an open circuit. Each cell i corresponds to a small
section of microstrip line loaded with the ith junction of admittance Yc,i+jCiω, and can be
fully modelled by its ABCD matrix, defined in the small signal analysis by:
 vi   Ai Bi   vi +1 
 
  =
 ii   Ci Di   ii +1 
In the three-port approximation model, small currents ii and voltages vi are 3x1 column
vectors projected upon the upper and lower sidebands (ω+1,-1) and the intermediate
frequency (ω0); and every admittance is therefore represented by a 3 x 3 conversion
matrix: these matrices are diagonal for linear admittances (Ys and Yt), and non-diagonal
for all the non-linear quasiparticle admittances Yc,i responsible for frequency
conversion. Since the array's dimensions are comparable to the wavelength in the
microstrip, all conversion matrices Yc,i must include the LO phase variation at the SIS
junction location. The ABCD matrix defining the parallel array circuit is defined by:
N
 An Bn   vn   A B  vn 
 vo 
=
 
  = 
  ∏
 io  n=1  Cn Dn   in   C D  in 
Since in=Yt.vn, we can derive the complete conversion admittance matrix of the array:
(C+ D ⋅ Yt )
i
Yarray = 0 =
v0 ( A + B ⋅ Yt )
If we define the augmented admittance Yaug as the sum of the source admittance Ys(ω)
and Yarray, we can compute the conversion efficiency of any parallel array mixer:
GSSB = 4 ⋅ Re(Ys (ω1 )) ⋅ Re(Ys (ω 0 ) ) ⋅ Z 01aug

2

where Zaug = (Yaug)-1.
A similar equivalent circuit as in Fig. 6 was used to calculate the single sideband
mixer noise of the junction array. We added to each cell m a current source (connected
in parallel) modelling the shot noise produced by the mth junction (Again, all small
currents and voltages are 3x1 column vectors transformed by the same 3x3 admittance
matrices as above). We can legitimately assume that these shot noise sources from
different junctions are not correlated, and therefore the total noise produced by the array

at the IF port is merely the sum of the shot noise contributions from all junctions. Since
the averaged noise voltage produced at the IF port by any mth junction is
Vnm

2

=

1

1

∑ ∑ Z ⋅(Z )

k =−1k ’=−1

m
0k

m *
0k ’

⋅ Hkkm ’

the SSB mixer noise temperature of the whole array can be written:
Re(Ys (ω 0 ))
2
N
TSSB =
⋅ ∑m=1 Vnm
k B ⋅ GSSB
The algorithm was programmed in C++ and run on a Pentium PC under Linux
environment. The software called several input files containing the circuits parameters
and geometries, and the complex impedance for all frequencies calculated with CSTMafia. For each run, the LO pump and the bias voltage could be swept across a chosen
range; the output files contained both the noise-optimized data but also the complete set
of non-optimized values. The LO voltages across the junctions—calculated using
Withington et al's voltage update method [14]—were also stored separately as output
data.

5. RESULTS
Using the software, we could compute the mixer gain and noise to expect from all the
circuits that had been already optimized with HP Libra, and for any frequency, bias
voltage and LO incident power. First, we tested our code using for inputs the
technological parameters and the geometry of the circuits analyzed by Shi et al [7], for
the same numbers of junctions and equivalent inter-junction spacings (i.e., same ωL/Rn),
and having set the source impedance to the same value (a typical microstrip source
impedance for the center frequency). Figure 2 provides a sample of these simulations.
Our results were strikingly similar to those of NRO, in spite of the different algorithm
used; we found the same conversion gain and noise, and in particular, large ripples in
those curves at the exact same frequencies where they were observed by the NRO group.
Yet, we noticed that our ripples would tend to be rounder and smoother than those,
peaking rather sharply—especially in the noise curves, found by Shi et al.
We could confirm the major influence of the spacing lengths on the frequency
occurrence of the ripples and the band roll-off. We also investigated junction arrays with
spacings across the array non-uniform, and arbitrarily varied. They showed a mixing
performance degradation at certain frequencies and an improvement at some other, in an
unpredictable manner. Optimizing the non-uniform arrays was the next step to set the
roll-off at the right frequency and to contain the noise ripple within acceptable limits.
In order to compare them to the S11 calculations, all our mixer noise and gain
calculations now assumed the use of one-square-micron junctions with a current density
of about 10 kA/cm2 (R=20 Ω, C=80 fF), regardless of the number of junctions. The

technology parameters (films thicknesses, dielectric constant, fringing field factor) were
kept identical.
Fig.7 shows the heterodyne performance to expect from the optimized classical
approach: a junction end-loading a three-section Tchebychev transformer, similar to the
drawing in Fig.1, superimposed with that of the simplest SIS array of all: a twin-parallel
junction circuit designed for the same frequency band. At every frequency, the voltage
bias and LO power—the latter being shown on the same figure—were optimized for
minimum double-sideband mixer noise. With no surprise, we find that the twin-parallel
circuit provides substantially wider bandwidth than the single-junction with its matching
transformer, and seems sufficient to achieve a relative 30% bandwidth—at least when
one uses a quasioptical antenna or a waveguide mount for which the embedding
impedance is almost purely real and constant.
Fig.8 shows the calculated optimum DSB mixer noise temperature, DSB
conversion gain, and consumed LO power for the 5-junction array labelled 'A' (see
Table 1). The design of this array was particularly aimed at the 480-640 GHz
bandwidth. By far, it provides the widest bandwidth of all, clearly extending beyond the
55% relative bandwidth that can be displayed on the graph. The noise bandwidth is
therefore larger than what had been projected from Mathcad/HP-Libra S11 calculations.
On the other hand, the ripples in the noise and gain curves do not quite reproduce what
was seen in Fig.5. This is only half a surprise, and it demonstrates the need for a full
Tucker mixer analysis to discriminate efficiently between several parallel array circuits
prior to fabrication, and obviously, to finely understand the heterodyne results in the
laboratory. In particular, it is clear that the predicted array's behaviour is drastically
changed when one replaces the constant source impedance usually assumed for mixer
analyses by the complex—and more realistic—mixer mount impedance which changes
with frequency. The conversion is much better than –8 dB over the whole band, with
conversion gain possible at some frequencies.
The LO power required to pump optimally a given type of SIS circuit is a major
criterion for practical submillimeter-wave receivers. In a single-junction circuit with a
three-section transformer, the LO power reaches a maximum of about 250 nW at the
center of the band, where the conversion loss and the mixer noise both undergo a local
maximum (see Fig. 7); this is a plain consequence of the 'twin-peak'-shaped response of
such Tchebychev transformers when stretched to their maximum available bandwidth,
and it could already be seen in the S11 parameter. The twin-parallel junction offers a
slightly broader bandwidth, as expected, a similar LO power of 300 nW with, too, local
minima coinciding with the local maxima of the mixer noise and conversion loss.
We see in Fig. 8a that for an optimized 5-junction array, the LO power is not five
times higher than that needed for a single junction of same current density, as one could
have expected; the LO is almost constant across the band, near 300 nW, about equal to
the amount of LO needed for a single-junction mixer at the center of the band. This
point is to relate to an important issue in arrays: the uniformity with which the LO
power is being absorbed by the junctions. The LO pumping level is a critical factor for
the SIS mixer performance, thus it is important to know whether some junctions of the

array are insufficiently or over-pumped; playing a fully passive tuning role; simply
contributing noise to the mixer. Because of the phase delays between two adjacent
junctions, we expect a non-uniform array to exhibit a complex, non-uniform LO power
distribution, changing with frequency. This is precisely what the five curves of Fig. 9
show us in the case of ’A’. They represent, plotted versus frequency, the calculated
distribution of the LO voltage (normalized to hf/e) across each of the 5 junctions of an
array. The interweaving of the curves as frequency changes seems to corroborate the
importance of the LO phase in the array, causing unequal pumping and possibly unequal
mixer noise contribution.
From our results, it appears that the arrays were probably correctly optimized for
energy transfer (the mixer bandwidth is creectly centered, and larger than expected from
the S11), but not necessarily for heterodyne mixing (the conversion loss is a little high;
there is more ripple than expected in the conversion gain and in the noise). We
conclude, therefore, that a true optimization for sensitivity-bandwidth of the array
design requires one to apply a complete mixer analysis to those circuits.
Yet, the non uniform junction distribution resulting from our considering the
arrays as bandpass filters and their optimization, looks like a positive step. The ripples
are less than in the periodically loaded arrays and the theoretically achievable mixer
noise bandwidth is wider. We can safely conclude that with minor improvements the
N=5 circuits will provide mixer bandwidths much wider than 1/RC with a DSB mixer
noise less than three times the quantum limit.

6. PERSPECTIVES
Obviously, more than one parameter can be played with to curtail the broadband
response of a parallel array SIS mixer. We have varied the intervals between junctions
only, but we could have made the junctions area (hence their capacitance) non uniform
as well. We found that the distribution of the LO voltage in the array is non-uniform due
to the LO phase, and this needs further investigation. Possibly, certain array
configurations, although optimum from the standpoint of the S11 response, provide lousy
mixer performances because some of the junctions are under- or over-pumped, and
merely add noise to the array. Should this turn out to be a problem, we suggest the
arrays be optimized not via their spacings between junctions, but via the junctions areas,
therefore allowing a uniform—and appropriately defined–electrical length for all
microstrip cells.
The Tucker formalism of quantum mixing is most often used in its simplest
three-port approximation, generally justified by the large capacitance of SIS junctions,
shorting the LO harmonic frequencies at the expense of quasiparticle tunneling. The
strongly non-linear response of the parallel array mixer, however, compells us to look
into at least the first LO harmonic in the mixer analysis. In another work [15], we report
on the analysis of noise and gain in a parallel 3-junction array using both the three-port
and the five-port approximations. Comparing the simulation results, we found a

substantial difference in the gain bandwidth, which one could possibly attribute to the
importance of the first LO harmonic. We will soon apply this 5-port mixer analysis to
arrays with any number of junctions.
Another area of investigation deals with the incidence on mixing performance of
the Josephson effet in these devices. One should expect such parallel arrays—analog to
a parallel-connected SQUIDs—to exhibit dynamical regimes of the Josephson tunneling
current, including fluxon motion, as one applies an external magnetic field. From the
standpoint of the electrical model, distributed arrays of small junctions are identical to
long Josephson junctions. Hence one should expect their I-V characteristics to display
the equivalent of well-known features like Zero-field steps and Fiske steps. It remains to
be seen, from simulations and experiments, whether these peculiar AC current regimes
will be sources of noise or instabilities for the SIS mixer or not. This problem pertains
to how one should quench the LO-driven Shapiro steps with an external magnetic field,
as currently done with SIS receivers.

7. CONCLUSION
We have used a combination of softwares to optimize the design of parallel-array SIS
mixers with N=1, 2 and 5 junctions for the same band 480-640 GHz. The electrical
lengths separating two adjacent junctions were made non uniform in order to curtail the
bandpass filter-type response of those circuits over a desired band (more than 30 %
relative bandwidth around 560 GHz) and in particular to minimize the ripples reported
in the case of periodically loaded arrays. We have applied a three-port Tucker mixer
analysis to these optimized designs, to investigate their expected mixer noise
temperature and conversion gain versus frequency, bias voltage and LO power. We used
the embedding impedance of our waveguide mount—computed by a 3D EM software—
as the source impedance. We confirm the strong qualitative difference, in terms of mixer
noise, conversion gain and LO power needed versus frequency, between the singlejunction, twin-parallel junction mixers and the 5-junction array mixers. The level of
ripples in the noise is slightly higher than anticipated from the optimization phase. Also,
not all three optimized parallel-junction circuits behave identically. Although it seems
easier to achieve a flat mixer noise over a 30 % relative bandwidth using the twinjunction mixer, parallel array mixers with N=5 can produce much larger bandwidths at a
comparable sensitivity. The required amount of LO power is nearly constant over the
whole band and does not exceed that needed by a single-junction mixer at the band
center. As anticipated, the distribution of LO voltage within the 5-junction array is not
uniform: certain junctions do most of the mixing while others only act as tuning
elements; however, in our design, the junctions swap roles as LO frequency changes.
This can explain the increase of LO power consumption being non-linear with N as
reported by Shi et al.
It may be too early to conclude that multi-junction array mixers are the most
solid answer to the need for tunerless broadband mixers. But it is safe to say that they

represent a satisfying alternative to single-junction and twin-parallel junction mixers.
Aiming at the specifications we used for the simulations (jc=10-15 kA/cm2; 1-µm2
Nb/AlOx/Nb junctions), we have begun the fabrication of batches of circuits at our
facility and will report on the heterodyne measuremens later. In this study, we have
chosen N=5 as a reasonable trade-off between performance and complexity, but more—
or less—junctions could have been used. Of course, the unique broadband properties of
optimized parallel SIS arrays apply not only to heterodyne mixing but also to direct
detection.
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FIGURES

Fig.1. (a) top and (b) cross-sectional view of a typical single SIS junction microstrip tuning circuit, using a
Tchebychev transformer.
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Fig. 2. Simulation of the gain and noise of a periodically loaded 5-junction array mixer, with d=15, 20 and
25 µm spacings. The source admittance was set to 8 Ω and assumed frequency independant.
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Figure 6. Equivalent circuit of noise analysis in the parallel junction array. The quasiparticle non-linear
admittance is represented by its 3 x 3 conversion matrix, and the shot noise produced by the junctions are
represented by current sources connected in parallel at the output of each cell.

600
P OL (1 j)

DSB Noise Temperature (K)
Optimum LO power (nW)

Tm DSB (1j)

500

P OL (2j)
Tm DSB (2j)

400

300

200

100

0
400

450

500

550

600

Frequency GHz

650

700

750

Figure 7. Optimal LO power and double-sideband mixer noise temperature to expect for a single and twinjunction circuits.

600

DSB Noise Temperature (K)
Optimum LO power (nW)

P OL (5 j)

500

Tm DSB (5j)

400

300

200

100

0
400

450

500

550

600

650

700

750

Frequency GHz

Gm DSB (5j)

2

o
p
ti
m
u
m

Gm DSB (5j)

0
-2
-4

D
S
B
m
i
x
e
r
g

-6
-8
-10
400

450

500

550

600

650

700

750

Frequency GHz

Figure 8. (a) Optimum mixer noise and LO power and (b) optimum conversion gain, calculated for
the 5-junction array ’A’.

1,4
1
2
3
4
5

VLO (normalized to hf/e)

1,2

1

0,8

0,6

0,4

0,2

0
400

450

500

550

600

650

700

750

Frequency (GHz)

Figure 9. LO voltage distribution within the 5-junction array ’A’, versus frequency. The junctions are
numbered from 1 (at the entrance) to N=5 (at the open end of the array).

INTEGRATED SUPERCONDUCTING RECEIVER
AS A TESTER FOR SUB-MILLIMETER DEVICES
AT 400-600 GHz
S. V. Shitov1, A. M. Shtanyuk2, V. P. Koshelets1, G. V. Prokopenko1,
L. V. Filippenko1, An. B. Ermakov1, M. Levitchev3, A. V. Veretennikov4,
H. Kohlstedt3 and A. V. Ustinov5
1

Institute of Radio Engineering and Electronics, Russian Academy of Sciences
(IREE RAS) 103907 Moscow, Russia
2

3

Institute of Applied Physics, Russian Academy of Sciences (IAP RAS)
603600, Nizhny Novgorod, Russia

Institute of Thin Film and Ion Technology (ISI) Research Center Juelich
D-52425 Juelich, Germany
4

Institute of Solid State Physics, Russian Academy of Sciences,
142432, Chernogolovka, Russia
5

Physics Institute III, University of Erlangen-Nuernberg
D-91058 Erlangen, Germany
ABSTRACT

We report on design and first application of a laboratory-purpose tester which can in
situ detect spectrum of sub-millimeter wave emission within frequency range of 400600 GHz from virtually any compact low-power source working within temperature
range below 100 K. Both the receiver and the sample are placed in vacuum inside a
laboratory test stick of diameter 50 mm, which is cooled down in a standard transport
vessel for liquid helium. The sensor of the tester is designed on a base of the
superconducting integrated receiver (SIR) chip working below 5 K. The chip sensor,
beside the quasi-optical SIS mixer, contains an internal electronically tuned
superconducting local oscillator, that provide low-noise operation at the level below
300 K DSB at central frequencies of 480-520 GHz as measured with a black body at
the position of the test source. The signal detected by the SIS mixer is boosted by a
helum-cold low-noise amplifier (G=20 dB, TN=10 K) within frequency range 12 GHz and then by a second room temperature amplifier (G=53 dB, TN=90 K) both
mounted within the same test stick. The output level is sufficient for direct application
to most of standard RF recorders, e. g. for a spectrum analyzer. To detect weak
signals, a compact chopper-wing has been designed and placed at the input of the
receiver module. Details of design and main test data measured at DC and RF are
reported.

INTRODUCTION
The main goal of the project was development of a sensitive laboratorypurpose heterodyne receiver for detection and spectral study of radiation from variety
of superconducting oscillators such as a flux-flow oscillators (FFOs), Josephson array
oscillators or HTc structures and possibly from coolable semiconductor sources. To
enable such a test for oscillators working at different temperatures, the non-contacting
(quasi-optical) scheme is the most natural choice. A SIS mixer with integrated planar
antenna can be a solution for the front-end of the receiver [1, 2].
It is well-known that SIS mixers are the most sensitive devices for heterodyne
reception in the frequency range of 100-1000 GHz with the noise temperature limited
only by the quantum value hf/k [3, 4]. However, the large size, weight and expenses
of a regular (room temperature) submm local oscillator along with necessity of use a
cryostat with optical window are that serious limitations for extensive use of the SIS
receivers in laboratories. To overcome these drawbacks, the concept of a
superconducting local oscillator that can be integrated with the SIS mixer has been
proposed [5]. Such an oscillator based on FFO has been developed and tested
experimentally showing promising performance. Both frequency and phase locking of
the FFO to a reference source has been recently demonstrated [6-8]
The operation of the quasioptical superconducting integrated receiver (SIR)
[8] at the frequency 500 GHz with the noise temperature of about 100 K, which is just
6 times exceeds the quantum limit, has been demonstrated [10]. This chip-size
heterodyne sensor can detect radiation as week as 10-13 W in the frequency range 300700 GHz (with few exchangeable chips or sensor heads provided). Each set can cover
band of about 100 GHz. The estimated cost of the microcircuit can be of the order of
$1,000 which is much lower if compare to that minimum of about $25,000, - price of
a conventional set for the equivalent submm oscillator which may consist of BWO,
powerful magnet and high voltage power supply, but the cryostat with SIS mixer is
not included! Use of SIR chip, which is that ”two-in-one” device with low power
consumption, seems very promising for laboratory scale instrumentation. For all these
reasons the superconducting integrated receiver was chosen as a heterodyne sensor
for laboratory-purpose research on sub-mm emission from a coolable sources which
can be mounted at short distance from the sensor in the compact cold environment,
e.g. within laboratory test stick.
EXPERIMENTAL DETAILS
A. Design of the stick receiver
Simplified drawing of the tester receiver cooled down in a transport dewar
with liquid helium is presented in Fig. 1. The device is designed as a stick made from
stainless steel tube of diameter 50 mm and 1200 mm long, which fits into a standard

Fig. 1. Simplified drawing of a laboratory-purpose tester which can in situ detect
spectrum of sub-millimeter wave emission from coolable sources within frequency
range of about 400-600 GHz: (1) – receiving chip on silicon lens; (2) – emitting
sample on silicon lens; (3) – focusing lens/infrared filter; (4) – magnetic shielding for
receiving chip; (5) – vacuumed permalloy shield; (6) – source switch/chopper; (7) –
calibration load; (8) – heat sink chains for receiving head and for IF amplifier; (9) –
cold IF amplifier; (10) – signal coaxial cables and bias wiring; (11) – buster IF
amplifier; (12) and (13) – receiver output and coaxial cable for sample; (14) and (15)
– dc connectors for bias of receiving head and sample; (16) and (17) – safety valve
and vacuum pump connector; (18) – dewar with liquid helium.

vessel for liquid helium. To protect magnetic-sensitive samples from unwanted
interference, the vacuumed permalloy shield is installed at the end of the stick using a
precise cone connection. The sample shelf is equipped with a heater, thermometer,
magnetic coil, rf coaxial cable and waveguide (2.4 mm x 1.2 mm). To check the noise
temperature of the receiver head, which is mounted at higher position, the variabletemperature load (black body) was put at the position of the sample. A compact
chopper-wing has been developed on the base of a mechanical relay, which can
provide the switching rate of a few hertz. This chopper can switch the input of the
receiving head between the sample and the calibration load.
The exchangeable receiving head, which is presented in Fig. 2(a), has its own
double-layer magnetic shielding from led (internal layer) and from permalloy
(external one). The SIR sensor (1) is installed in the depth of the shield (4), as shown
in Fig. 1, and mounted at the flat back of the silicon elliptical lens with antireflection
coating [10]. Being combined with the focusing lens, the double dipole antenna SIS
mixer [2, 10] provides the beam of about 10 degrees wide pointed to the sample
source (2) which can be also equipped with its own lens. An additional focusing lens
(3) and/or an infrared filter can be mounted at the adjustable aperture ring of the

(a)

(b)

Fig. 2. Photographs of exchangeable receiving head (length 76 mm and diameter
32 mm): (a) magnetic shield is mounted; the input aperture and connectors are seen on
the top; (b) magnetic shield is dismounted; the bias circuit and IF filters, including
dual directional coupler (-23 dB), are mounted on the walls of the cooper block; the
SIR chip of size 4 mm by 4 mm is seen on the top (in the center).

receiving head. The bias circuit contains an IF filter and a printed dual directional
coupler (-23 dB) which are mounted inside the shield of the receiving head as shown
in Fig. 2(b). Three semirigid coaxial cables are connecting the receiver head: one
cable for the cold IF amplifier and two others for the dual directional coupler, which
is used for testing both the amplifier performance and the SIS mixer output reflection
loss (not shown in Fig. 1). The receiving head is designed as compact as 32 mm in
diameter and 76 mm in length; it can be installed not only in a dipstick as shown in
Fig. 1, but also in practically any cryostat or close-cycle cooler which provides a cold
flange with temperature of about 5 K or lower.
To prevent the receiving head from the excessive heat provided by the first
balanced IF amplifier (G=20 dB, TN=10 K [11]), this amplifier is installed at a
separate shelf, which has its own thermal contact to the LHe bath. All dc wires
coming to both the receiver and the sample are mounted to a special heat sink PCB.
The second IF amplifier (G=53 dB, TN=90 K [11]) is installed at the top of the stick at
300 K inside the connector box, also in vacuum. To avoid electrical chocks to the
receiving chip during the connection procedure, a safety relay is used to short
sensitive terminals of the device.
B. Test results and discussion
Performance of the receiver was tested using computer system IRTECON
[10], which electronically controls both the SIS mixer and the FFO. IV-curves of the
SIS mixer obtained during the self-test procedure are presented in Fig. 3. The IVcurves of the local oscillator (FFO) are presented in Fig. 4 as it is being tuned with
magnetic field (each IV-curve is swept at a constant magnetic field). The quasi-color
(in gray scale here) is indicating the pump level provided for the SIS mixer.
Processed data on the pump level can reveal the frequency response (about equal to
instantaneous bandwidth) of the SIS mixer since the coupling circuit of the FFO is
much more broadband. Note, that the useful frequency range of the receiver can be
essentially wider, than the -3 dB band of the mixer pump (about 420-510 GHz from
Fig. 3), because spectral density of a weak narrow-band signal can easily exceed the
spectral density of the noise signal of a few thousand Kelvin. Since the noise
temperature of the receiver measured with the calibration load is below 300 K (DSB),
it is easy to estimate, that a narrow-band signal as weak as 0.1 pW can be detected at
IF assuming the signal spectrum to be narrower than 10 MHz.
The spectral resolution of the receiver is about 1-10 MHz, that is defined by
the linewidth (LW) and stability of the free-running FFO. The spectra wider than IF
band (from 1 GHz to 2 GHz in our case) can be measured by scanning LO frequency,
i.e. in the FFO scan mode. Doing this, one can scan FFO in 1 GHz steps integrating
signal within complete IF band. To get the coarse spectral information “on-the-fly”,
the IRTECON controlling system is being modified. Presence of a signal can be then
detected “by eye” using a graph in quasi-color, which shows amplitude of IF power

(c)
(d)
(b)
(a)

Fig. 3. IV-curves of SIS mixer: unpumped (a) and pumped by FFO at 428 GHz (b),
461 GHz (c), and 500 GHz (d).

Fig. 4. IV-curves of FFO tuned by magnetic field. The frequency of this Josepsontype local oscillator in proportional to bias voltage (about 484 GHz per each mV),
while delivered power is proportional to the bias current. The dashed curve indicates
the region of sufficient pump level.

Fig. 5. Response at IF detected for relatively strong emission from a spare receiver
chip (i.e. from second FFO) installed at the place of the test device (see Fig. 1).
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Fig. 6. Relatively wide IF spectrum from weak (attenuated) test source (second FFO)
which was tuned for broad-band emission (see text and [12]).

vs. FFO frequency similar to pump level of the SIS mixer as in Fig. 4. Note, that to
subtract the noise floor, at least one reference scan is necessary with signal source
turned off. The detected spectra can be corrected to the frequency response of the
receiver. For this purpose the data on mixer pump can be used.
The spare chip receiver (SIR) on the elliptical lens was used as a specimen of
the emitting source, as shown in Fig. 1. The fact, that some LO power is leaking from
the SIS mixer towards antennas and eventually emitted [10], was used in this
experiment. The measured spectrum of the FFO is presented in Fig. 5 showing mutual
instability of two oscillators [6] which is mainly due to unwanted EMI. Since the
possibility of frequency/phase locking of the FFO is experimentally proven [6-8], it
can be introduced for the stick receiver in the future to resolve finest spectra. The
example of a wide and low intensity spectrum is presented in Fig. 6. This spectrum is
obtained from the sample SIR with its FFO biased at higher dynamic resistance
producing emission of wider linewidth [12]. An absorbing film mounted at the
aperture of the receiving head introduced extra attenuation.
CONCLUSION
A new submillimeter quasioptical laboratory-purpose heterodyne SIS receiver
has been developed and tested successfully within frequency range 400-600 GHz.
This receiver does not need a separate submillimeter local oscillator since uses ultracompact Superconducting Integrated Receiver (SIR) chip with its internal
electronically controlled local oscillator. The receiving head is developed as a
compact general-purpose device, which can be used in variety of setups including a
dipstick or an optical cryostat. Authors hope that this development is a beneficial step
towards wider use of superconducting receivers in laboratory studies.
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Abstract:
Few-moded or over-moded horns are now being proposed for far-IR space receiver
systems, e.g. the High Frequency Instrument (HFI) on the ESA PLANCK Surveyor.
In such systems individual waveguide modes can couple independently to an
overmoded detector (such as a bolometer in an integrating cavity). We consider in
detail the case of a cylindrically symmetric configuration consisting of a corrugated
conical horn connected to waveguide filter also corrugated, such as is proposed for the
HFI instrument. Such antenna feeds have the advantage of high coupling efficiency
combined with low sidelobe level beam patterns. In the paper we present two
alternative techniques for modelling few moded horn antennas. The first is based on a
scattering matrix description of propagation in a non-uniform wave-guide structure,
while the second approach uses hybrid mode solutions for a waveguide with
corrugated walls. We also present computed and experimental data for an example
prototype HFI horn.
1. Introduction
Few-moded or over-moded horns are finding application in far-IR detector systems
where high efficiency is required with the low sidelobe response pattern associated
with single mode operation. Using standard techniques borrowed from antenna
engineering it is possible to model such partially coherent multi-moded horns in a
straightforward way [1,2]. We assume that the horn is connected to an integrating
cavity containing a black-body source/detector via a wave-guide filter which limits
the number of modes that can propagate (see Fig.1). This is best achieved by the use
of a flared section at the back of the waveguide, which is then coupled without an
impedance mismatch to an integrating cavity. In this configuration the black-body
detector/source independently (incoherently) couples to the individual spatially
coherent modes of the wave-guide at the cavity end. Only non-evanescent modes
propagate through the filter, of course, and there will be scattering of power between
modes if the wave-guide is not of uniform cross section (as for example if the guide is
corrugated). The calculation of the radiation pattern (including diffraction effects)
then amounts to summing the far-field radiation pattern of each non-evanescent mode
at the cavity end of the horn/waveguide structure.

The scattering matrix description of non-uniform wave-guides based on mode
matching is a powerful computational method and can be used to predict the beam
patterns of corrugated horn antenna feeds. The technique is especially useful if the
number of corrugations per wavelength is not very large, as then the surface
impedance hybrid-mode description referred to below may become unreliable [3]. In
the mode matching approach the profile of the waveguide plus horn is replaced by a
series of uniform waveguide segments, and the longitudinal cross section can then be
viewed as a series of steps. The technique involves matching the total electric and
magnetic fields at each junction between the uniform segments so that conservation of
complex power is maintained. The technique is discussed in detail by Olver et al [4].

Figure 1. Corrugated horn and waveguide filter feeding an integrating cavity
The surface impedance model can also be used in predicting the radiation pattern of a
corrugated horn and waveguide in the limit of many corrugations per wavelength. The
waveguide is considered as having a surface defined by the edges of the corrugations
with different impedances in the axial and transverse directions [3]. The true modes of
propagation of such a system cannot be pure TE or TM, but rather a hybrid
combination that depends on the depths of the corrugations and the radius (width) of
the guide. The application of the boundary conditions leads to the modal propagation
coefficients and transverse wavenumbers of a complete set of such hybrid modes. The
surface-impedance method is simple and quite accurate and is particularly useful in
the design of the wave-guide filter section. However, when the waveguide radius is of
order one wavelength, space harmonics must be included if an accurate cross-polar
pattern is to be modelled [3].
2. Mode Matching Approach to Multi-moded Horns
The mode scattering properties of the system as a whole or any section of it can be
represented by a single scattering matrix S. The reflection and transmission
characteristics are determined by the usual equation (see for example Olver 1994 [4]):

B
 A  S11
 D = [S ]C  =  S
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S12   A
,
S 22  C 

where A and B are vectors containing the forward and reflected mode coefficients,
respectively, looking into the system at the input side, and C and D are vectors of the
incident and transmitted mode coefficients, respectively, looking into the system at
the output plane. We now summarize the derivation of the S scattering matrix for a
cylindrically symmetric waveguide structure (corrugated or smooth walled).
For cylindrical waveguides the transverse electric fields of the corresponding two
orthogonal sets of TE modes and two sets of TM modes are:
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where pnl represents the lth zero of Jn ( z ), and qnl represents the lth zero of dJn/dz (z)
[5]. The constant of proportionality has been chosen to make ∫A |elte/tm|2 rdrdφ equal to
unity. The two possible orthogonal modes for each value of n and l arise from the
choice of the z component of the appropriate field being either proportional to cos(nφ)
or sin(nφ) . On ordering the guide modes by their cutoff wavelength (so that those of
odd order are TE while those of even order are TM) any coherent field propagating
within the waveguide filter and horn can be represented by:
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where: e n, 2l −1 = e n,l , e n, 2l = e n ,l , and it is understood that the summation is also over

both orthogonal mode sets.
Because of the cylindrical symmetry of the junction discontinuity, in propagating
through the waveguide and horn only scattering between modes of the same azimuthal
index and same z-component dependance on cos/sin(nφ) is possible. It is therefore
convenient to compute the overall scattering matrix S (n) for each azimuthal order
separately. First it is necessary to divide the overall waveguide/horn structure into a
series of segments with a step discontunuity occuring at the beginning and end of each
section. At a step disconituity where the guide radius increases from a to b the
submatrix elements of the scattering matrix S(n) can be written as:

S11 = ( R * + P + Q −1 P) −1 ( R * − P + Q −1 P)
S 21 = 2 (Q + P ( R*) −1 P + ) −1 P

S12 = 2 ( R * + P + Q −1 P) −1 P +
S 22 = −(Q + P ( R*) −1 P + ) −1 (Q − P ( R*) −1 P + )

where for both the TE and TM modes defined above Rij = (1 / Z nlTE / TM ) ∗ δ ij , and
Qij = (1 / Z nlTE / TM ) * δ ij

a

and cross coupled powers Pij = ∫ e anl × (h bnl ’ )* dA , with
0

appropriate values for the guide impedance Z [5], and i and j determined by the
ordering of the TE/TM modes. Note the equations here differ slightly from those
presented in Olver [4]. The superscripts a and b on the e and h fields indicates the
appropriate guide radius for the mode. The P ij can be evaluated from the following
expressions for the cross coupled power between the modes on either side of the
discontinuity:
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For a step in which a > b then S11 (a>b) = S22 (a<b), S12 (a>b) = S21 (a<b), S21 (a>b) =
S 12 (a<b), and S 22 (a>b) = S 11 (a<b). The propagation of the mode along the
waveguide sections can also be described in terms of propagation "scattering"
matrices. For a given azimuthal order the overall scattering matrix for the horn and
waveguide can be derived by cascading the scattering matrices for the sections in the
appropriate way [4]. At the end of the horn the fields are launched into free space.
There is a sudden jump in the impedance and there may be significant reflections at
that point. We can model this effect to a good approximation by assuming the horn
aperture lies in an infinite ground plane. This in turn can be modelled by a very large
step into a waveguide of infinite diameter. Finite element analysis can be applied to
the real horn aperture configuration, if low level sidelobe effects are important.
The modes at the horn aperture then propagate without scattering to the far-field. In
the example multi-moded horns we have chosen to analyse all of the waveguide

modes at the entrance to the waveguide section are assumed to be equally excited.
The far field pattern for the horn plus waveguide and flare is then given by:
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where c and s refer to the two possible orthogonal modes for a given ni. The beam
patterns on the sky correspond to the field patterns produced after scattering by the
individual modes at the cavity entrance to the waveguide/horn structure added in
quadrature. Note in the above sum the subscripts n refers to the azimuthal order of the
mode, and for i and j odd or even the modes are TE or TM, respectively. The results
of modelling the beam pattern performance of one of the prototype horns for the HFI
on the PLANCK Surveyor using the mode-matching approach is discussed in section
4.
3. Surface Impedance Model.
A corrugated horn or waveguide is considered as having a surface defined by the
edges of the corrugations with different impedances in the axial and transverse
directions [3]. The characteristics of the true hybrid TE/TM modes of propagation
depend on the depths of the corrugations and the radius (width) of the guide. The
fundamental mode in a very wide cylindrical waveguide with corrugation depths of
λ/4 is the balanced hybrid HE11 mode used in predicting the radiation patterns of
single moded corrugated horns. In a multi-moded horn we will still obtain higher
order balanced hybrid modes, where such modes all have zero transverse fields at the
horn aperture edge. The effective impedance for any currents flowing across the
corrugations is infinite, so that H φ is zero and E φ is also zero if there are many
corrugations per wavelength. Consequently, such horns will produce beam patterns
with low sidelobe levels because of the gradually tapered fields at the horn aperture.
Away from the balanced hybrid condition higher sidelobe levels are to be expected as
the effective surface impedance across the corrugations is no longer infinite. This may
be an issue for the design of broadband horn feed systems.
In the throat of a horn the effective impedance produced by the corrugations becomes
mode dependent and is also non-infinite even for slot depths of λ/4. However, it is not
necessary to maintain the balanced mode condition in the waveguide at the back of
the horn as long as one knows the propagation characteristics. The critical issue for a
few-moded horn is the mode filtering properties of this waveguide section. In order to
determine which modes can propagate in a corrugated waveguide it is necessary to
solve the characteristic equation for the propagation coefficient β (i.e. the guide
wavenumber). In this approach the waveguide is regarded as consisting of an inner
region of radius r1 bounded by an impedance surface determined by the corrugation

slot depth. For this to be valid there must be a sufficient number of corrugations per
wavelength so that they effectively mimic a continuous surface. It is assumed that the
slots are narrow and only a single non-propagating TM mode is capable of existing in
the slots.
Matching the admittance of the mth order TM mode in the slot with that of the mode
in the inner region of the guide yields the characteristic equation for β [3]:
2
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 S m (kr1 , kr0 ) ,
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where K2 + β 2 = k2, r o is the radius to the bottom of the corrugation and Sm(x, y) is
given by the equation:
S m ( x, y ) = x
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For the hybrid modes the z components of the electric and magnetic fields for the two
possible orthogonal modes are defined to be:
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H z (r , φ ) = a m y 0 ΛJ m ( Kr )
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where y0 is the admittance of free space. The transverse fields can be derived from the
z-component of the fields [5]. The requirement that the φ component of the electric
field be zero at the corrugations yields the following relationship between Λ and β:
Λ=−

mβ / k
.
Fm ( Kr1 )

The cut-off condition β = 0 yields either Fm(Kr1) = 0, where the mode is pure TE-type
in the limit, or Fm(Kr1) = Sm(kr1, kr0), where the mode exhibits pure TM properties in
the limit. In the former case the boundary condition corresponds to that of a TE mode
in a guide of radius r1, while the latter corresponds to a TM mode in a uniform
waveguide of radius r0. For fixed values of r1 and r0 as the frequency is increased the
high frequency cut-off condition is eventually reached where β/k tends to ∞.

Figure 2 shows dispersion curves for modes of azimuthal order 1. As kr1 increases
from the low-frequency cut-off, a balanced-hybrid condition is reached where Λ2 = 1.
For high frequencies the HE11 mode is balanced hybrid when the corrugation depth
approaches λ/4. A fast-wave to slow-wave transition takes place at k = β (dashed
line). Beyond this, in the slow-wave domain, a high-frequency cut-off eventually
occurs where β/k tends to infinity and the mode terminates. Figure 3 shows a plot of
the high-frequency cut-off values for the HE11 and a selection of other modes.
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Figure 2. Dispersion characteristics for modes of azimuthal order 1 in a corrugated
waveguide with r1/ro = 0.6.
Charts such as Figure 3 can be used to determine the bandwidth of corrugated guide if
certain modes are to be propagated. Within the surface impedance model, a mode is
sustained with increasing frequency over the range in which the corrugation depth
increases by slightly more than λ/2.
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In the case of the high-frequency cut-offs, higher-order space harmonics have a nonnegligible effect, and an error, depending on the mode and waveguide parameters, is
to be expected for the SI model predictions. Olver [4] shows these to be of the order
of 10%.
As the wave-guide flares out into the horn, the value of β, K and Λ all change as is
clear from Fig. 2. The x- and y-components of the far field patterns of the nl hybrid
modes in the guide can be shown to depend on:
e x ,nl = (β / k + Λ )I n ,l −1 (sin θ ) cos(n − 1)φ + (β / k − Λ )I n,l +1 (sin θ ) cos(n + 1)φ ,
e y ,nl = ( β / k + Λ ) I n,l −1 (sin θ ) sin( n − 1)φ + ( β / k − Λ ) I n ,l +1 (sin θ ) sin(n + 1)φ ,

for the two orthogonal polarisation directions, where In,l(sinθ) represents the integral:
a

I n,l (sin θ ) = ∫ J n ( p nl r / a) J n (kr sin θ ) exp(−ikr 2 / 2 L) rdr ,
0

where a is the radius of the horn aperture, and L is the axial length of the horn. Thus,
the corresponding intensity patterns can be shown to be:

Pnl (θ ) ∝ [( β / k + Λ ) I n,l −1 (sin θ )] + [( β / k − Λ ) I n,l +1 (sin θ )]
2

2

If we assume that the hybrid modes independently couple to the cavity then the
overall pattern will be given by: P(θ) = ΣnlPnl(θ).
4. Experimental Results
Some preliminary results for multi-moded horn operation, both experimental and
theoretical are included here for comparison. The test waveguide corrugated structure
is one of the prototype HFI back to back conical horns manufactured for the
PLANCK Surveyor [7]. The horn/waveguide structure is 92.75 mm in length and has
an aperture diameter of 12.43 mm at the output side. The horn was optimised for
single mode operation at 150GHz, but also tested in multi-mode operation at 240GHz.
The groove depth is thus 0.5 mm at the horn aperture (i.e. quarter wavelength deep at
150GHz), with both a corrugation and groove width of 0.25 mm, (i.e. 4 corrugations
per wavelength at 150GHz). In the filter section the waveguide has r1-ro = 0.5 mm
and r1/ro = 0.6. A schematic diagram of this type of horn is shown below Fig. 4.
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Figure 4. Back-to-back horn configuration.

The experimental FTS spectral transmission measurements of the horn/waveguide are
plotted in Figure 5. The high- and low-frequency cut-offs, the fast-wave to slowwave transition point and the balanced hybrid point for the HE11 mode in a waveguide
with r1/ro = 0.62 are also marked. The fall-off in efficiency before the high-frequency
cut-off may be due to the fast to slow wave transition increasing the losses in the
guide and affecting the on-axis gain of the beam pattern of the horn.
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Figure 5. The transmission of a pair of back to back conical corrugated horns joined
by a waveguide section with r1-ro = 0.5mm and r1/ro = 0.62 at its narrowest point

Figure 6 shows the comparison of the theoretical mode-matching model with
experimental data taken at 150GHz for single mode operation. The source is plane
polarized and spatially coherent (a frequency doubler fed by a Gunn oscillator).
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Figure 6. Spot frequency beam patterns for HFI prototype back to back horn at 150
GHz.
Figure 7 shows the broadband experimental measurements for the same horn centred
at 240GHz with a 25% bandwidth using an incoherent source (mercury arc blackbody
source at 2000 K). At 240 GHz we expect to see multi-mode operation. The
experimental data compare well with mode-matching model model predictions, where
the broadband numerical data was obtained by running the model at the centre and
edges of the band and combining the resulting numerical outputs. The experimental
data were taken with the test horn in a dewar, with some resultant vignetting at the
dewar window suffered by the beam for angles bigger than 20 degrees.
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Figure 7. Comparison of experimental data with numerical model results at 240 GHz.

The narrower far-field patterns also shown in Fig. 7 are theoretical beam patterns for
the same horn at the centre of the frequency band (i.e. at 240GHz) using both the
surface impedance and mode-matching approaches. These results show in this case
both approaches are in good agreement with each other. It is found from a hybrid
mode viewpoint for a horn with an aperture of 6 mm radius, and corrugations of depth
0.4 λ, that β > 0.99 k, with K = 3.7103, 2.35339 and 3.74811, and that Λ = 0, 1.133
and 1.170, for the H01, HE11 and HE21 modes, respectively. In this case the modes are
not pure balanced modes (which require Λ = +1 for HE modes), although they are
close to meeting the condition. Thus, at least in this example, the depths of the
corrugations are not very critical in terms of causing a deterioration in the low
sidelobe levels.
5. Conclusions
In this paper we have discussed two different approaches to modelling corrugated
horn-filter configurations. These types of horns are planned for use as incoherent
detector feeds for bolometric detector systems on forthcoming space missions. Good
agreement with experimental measurement performed on a prototype horn antenna for
the HFI instrument was recorded.
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ABSTRACT
The spectral response of quasioptical hot-electron bolometer (HEB) mixers has been
measured with a Fourier transform spectrometer. In this study we have measured mixers
with a wide range of twin-slot antennas with slot lengths ranging from 26 µm up to
152 µm. For all designs, the measured center of the direct detection response was lower
than predictions based on a Method-of-Moment (MoM) calculation of a simplified mixer
embedding circuit model. This model took into account the slot antennas and the
coplanar waveguide embedding circuit, but not the parasitic effects associated with the
couplings of these elements or the HEB device geometry. The frequency shift becomes
particularly significant at frequencies beyond 1 THz, and is in excess of 20% for the
smallest antennas. Such large shifts reduce the radiation coupling efficiency by more
than 3 dB, and hence increase the mixer noise temperature unnecessarily. To resolve the
discrepancy between the observations and the model predictions we have introduced two
essential refinements into the MoM model which account for (1) the coplanar waveguide
(CPW) to slot-antenna transition, and (2) the inductance associated with the effective
narrowing of the CPW center lead as represented by the HEB bridge. The results of these
model refinements prove to have a small effect on the real-part of the embedding
impedance but a dramatic effect on the imaginary-part. In fact, the inductance of the
narrow microbridge dominates the estimated frequency shift. Thus we find that properly
modeling the entire embedding circuit and the device geometry leads to a better
agreement with the measured results.

Introduction
Previously reported results by Karasik et al.[1] have shown the center frequency of
the peak direct detection response of HEB mixers employing a twin slot-antenna and
CPW embedding circuit to be lower than anticipated by up to 20%. The magnitude of the
shift is especially dramatic for antenna designs at the very highest frequencies, where
HEB mixers have shown their most competitive performance. For example, a twin-slot
antenna design, which has been scaled from a 600 GHz design to 2.5 THz, has a peak
response at about 2 THz[2]. That is a shift of 500 GHz. Several explanations have been

proposed, such as the effects of finite metal thickness[3], limitations of scale-model
predictions when extrapolating into the THz frequency region, and parasitics associated
with transitions between circuit elements.
In this paper we will report the results of an extensive experimental study of HEB
mixers with six different twin-slot antenna designs. The spectral response and hence the
center frequency is measured with a Fourier-transform spectrometer. Method-ofMoments (MoM) calculations of both a simplified model[4] and a more complete model
of the mixer embedding circuit will be compared to the measured results. Understanding
the limitations of the circuit models and hence causes of the frequency shift will be
critical to designing HEB mixers having a peak response at a desired frequency.
Ultimately, this will make possible the design of high-frequency heterodyne mixers that
obtain the best possible mixer noise temperatures.

Experiment
Figure 1(a) shows an SEM photograph of our 2 THz HEB mixer. The submicronsized HEB device (i.e. “microbridge” in the figure) is connected to the twin slot-antennas
by CPW transmission line[5]. On the right a flared-shaped center conductor is used as the
first element of the intermediate frequency (IF) filter structure (a total of six high and low
impedance sections were used).
Sa
Wa
a b
l
La

y

x

(a)

(b)

FIG. 1.(a) Photograph of HEB antenna structure. The superconducting bridge is located
at the center and coupled to the twin-slot antenna via CPWs. (b) Schematic layout of
physical structure used in the simulation with the relevant dimensions defined.

Figure 1(b) defines the relevant parameters for the model we will present in the second
half of the paper. The length of the gap between the CPW terminals is l and the width of
the microbridge is w (not shown in the figure).

The direct detection response of the HEB devices was measured using a Bruker
IFS120HR Fourier-transform spectrometer. The spectral resolution during the runs was
set to 1 cm-1 (3 GHz). A mylar beamsplitter thickness of 50 µm was used for the
152 µm-long slot antenna in order to obtain sufficient signal-to-noise at frequencies
below about 1 THz. All the higher frequency twin-slot antennas were measured using a
23 µm-thick Mylar beamsplitter which yielded sufficient signal for the range 1 – 3 THz.
For the spectral measurements, the HEB was either constant-current or constantvoltage biased. No difference in the output spectrum was observed for the two different
bias schemes. The method used during the measurement was chosen based on better bias
stability and lower noise in the output signal. The HEB was operated in a 4 K LHe
vacuum-cryostat with an optical access port. The device temperature was set to the
transition edge temperature at ≈6 K. To facilitate stable temperature and minimize the
LHe boil-off rate, the mixer block inside the cryostat was mounted on an aluminum post.
By applying a dc bias voltage to a heater resistor affixed to the mixer block, the
temperature of the block could be controlled and held constant to a precision of ±10 mK.
The bias point and the mixer block temperature was chosen to maximize the
interferogram signal.

Spectral Response Measurement
Table 1 summarizes the properties of the seven devices measured. We have denoted
the antenna design with two numbers: the intended center frequency of the design, νc, and
the length of the slots, La.
Table 1. Mixer characteristics.
Mixer

Antenna Design
w
νc [THz]/La [µm]
[µm]
1
2.5/26
0.1
2
2.5/33
0.1
3
2.5/36.5
0.1
4
2.5/36.5
0.15
5
1.65/44
0.1
6
1.9/48
0.15
7
0.6/152
0.15
‡
RDevice is the HEB device DC resistance
†
Ic is the device critical current
§
Tmeas is the transition temperature

l
[µm]
0.2
0.1
0.1
0.3
0.2
0.3
0.15

RDevice‡
T = 295K
34
100
81
75

RDevice‡
T = 4K
15
18
18
25
46
25
32

Ic†
[µA]
240/200
185/171
225/107
300/120
78/56
172/100
125/50

Tmeas§
[K]
5.03
6.1
6.4
6.7
5.5
5.68
4.88

In Fig. 2 we show the spectral response for mixer 1 and 7, which is representative of the
data sets. The spectra have been normalized to the Mylar beamsplitter transmission
which was measured using a pyroelectric detector. The response of this reference
detector is assumed to be independent of frequency in the range of interest. The
measured bandwidths are typically on the order of 50%, increasing slightly for the

highest frequency mixers with the shortest antenna slots. The additional peaks around
1.8 THz for the 152 µm twin-slot antenna are due to a low signal level when using a
50 µm Mylar beamsplitter. The measurements typically required the averaging of
300 spectra having a resolution of 1 cm-1 to achieve the signal-to-noise level displayed in
fig. 2. A Gaussian fit was used to find the center and FWHM of the curves.
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FIG. 2. FTS direct detection response of two mixers (#1 and #7) having slot-antenna
lengths equal to 152 µm and 26 µm, respectively.

Table 2 gives a summary of the antenna parameters for each mixer and the measured
center frequency. The circuits (CPW lines and slots) are approximately scaled for each
frequency, although for the smallest ones, the device fabrication process limited the
smallest dimensions of the CPW. Two types of transitions between the slot and the IFfilter were implemented – an abrupt and a tapered transition. The influence on the center
frequency and bandwidth is not exactly understood, but based on the current data their
influence is found to be secondary. The last column shows the predicted center
frequency based on a MoM calculation when treating the twin-slot and CPW as separate
elements (that is, no interaction between the two is included). The calculation of the
antenna impedance was done using a Fortran code obtained from G. Chattopadyhah[6]
(similar calculations have been published by several groups). This antenna impedance is
then transformed through the length of the CPW line to the device terminals. The
coupling efficiency, η, to the HEB device is found using the following well-known
impedance-mismatch expression:
2

Z
− 2Z1
η = 1 − HEB
,
Z HEB − 2 Z1
where ZHEB is the device impedance (assumed to be real) and Z1 is the impedance looking
into each terminal. Since we assume that the HEB RF impedance is real, the peak
response occurs when the imaginary part of the embedded circuit impedance is zero.

Table 2. Antenna parameters, measured and calculated center frequencies.
Mixer
1
2
3
4
5
6
7

La
(µm)
26
33
36.5
36.5
44
48
152

Wa
(µm)
3
3
2
2
4
2.6
8.3

Sa
(µm)
19
19
19
19
25
25
79.2

a
(µm)
3
3
2
2
4.5
3
8

b
(µm)
4
4
3
3
6
4.4
11

Zcpw
(Ω)
35.6
35.6
39.4
39.4
35.6
38.6
36.4

IF-Filter
abrupt
abrupt
tapered
tapered
abrupt
tapered
tapered

νc Measured
(THz)
2.22
2.19
2.02
2.01
1.60
1.71
0.54

νc Calculated
(THz)
2.98
2.60
2.31
2.31
2.01
1.76
0.57

The three smallest designs are very similar. The intention was to progressively
shorten the slot length, and by way of this empirical method to achieve a center frequency
of 2.5 THz. This approach worked initially: shortening the slots from 36.5 µm to 33 µm
did increase the resonant frequency by the expected 10% or 200 GHz. Further reducing
the slot length to 26 µm, however, did not shift the peak response by a proportionate
amount. In fact, the shift was as little as 30 GHz. It became clear that some other
important physical effect was playing a significant role in determining the frequency
response besides just the slot antenna length. The largest discrepancy between the
observation and the calculated peak response is for the smallest antenna design (a shift of
about 25%).

FIG. 3. Photograph of HEB device center region. Terminal connection design is tapered
over a distance of about 1 µm with a flare angle of 45°. The bridge is the faint horizontal
bar connecting the two terminals. For the CWP shown, the center conductor width is
2 µm and the gaps are 0.5 µm.

Discussion
The discrepancy between the theoretical predictions and the mixer direct spectral
response made clear that our model is incomplete. In this section we present an improved
model of the slot antenna/CPW/HEB-microbridge and show that significantly better
predictions are possible. The model predicts the general trends that will drive the next

generation mixer designs and helps to better predict the location of the HEB mixer peak
response.
The first improvement is to include the transition between the CPW line and the slot
antennas. The fringing fields at these junctions add a parasitic reactance to the circuit.
The second refinement will be to take account of the reactance (inductance) of the very
narrow HEB bridge. Figure 3 shows an SEM photograph of the center region of the
embedding circuit. The microbridge is the faint gray horizontal stripe connecting the two
terminals. The tapered transition region was introduced to ease alignment during
fabrication. The analysis of this geometry has been performed using a previously
developed MoM code[7]. This code was written to take account of the reactive energy of
the bend and the narrowing of the center conductor.
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FIG. 4. Dependence of embedding impedance on frequency for several different
microbridge sizes. The resonance frequency occurs where the imaginary part passes
through zero. (b) The microbridge dimensions used in the simulation.

In Fig. 4 we show the results of the calculation for the mixer with 152 µm-long slotantennas. To illustrate the general behavior we varied the size of the HEB microbridge
while keeping the CPW and slot dimensions fixed. For the largest microbridge (8-by8 µm2) the predicted peak response (i.e. where the imaginary part of the impedance
crosses zero) is 555 GHz, which is very close to the measured 554 GHz. When the width
of the source region is decreased to 4 µm, the inductance due to the reduced width of the
bridge increases and the imaginary impedance increases by about 15 Ω at 555 GHz.
Since the frequency dependence of the imaginary impedance is relatively flat, this leads
to a large shift in the zero crossing and, hence, the location of the peak coupled power. A
shift in the opposite direction can be accomplished by decreasing the length of the bridge
and keeping the width constant. This predominantly affects the capacitive reactance of
the gap between the center leads of the CPW. Finally, the location of the peak response

is unaffected when keeping the length-to-width ratio constant (4-by-4 µm2). The real part
of the impedance is barely influenced by the change of the device geometry.
The above example clearly demonstrates the strong influence of the HEB device
geometry on the predicted location of the peak. In the next example we have calculated
the center frequency of the mixer with a 26 µm twin-slot antenna structure. Since the
computational burden on our straightforward MoM implementation is quite large, we
employed the following constraints: (1) use a 1 µm resolution (λ0/110) which results in
~200 piecewise sinusoidal (PWS) functions; (2) set the length of the bridge to 2 µm; and
(3) vary the bridge width from 3 µm to 1 µm. Figure 5 shows a summary of the results.
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FIG. 5.(a) Real and imaginary amplitude of the normalized electric field along the xdirection at 2.75 THz. Inset shows the orientation of the seven PWS functions in the
device region. (b) Shift in peak response due to reducing the device width. The gap
length is kept constant and sufficiently long to minimize the influence of any capacitative
induced effects.

Figure 5(a) illustrates that the real part of the electric field (i.e. magnetic current) is
completely unaffected by the bridge width. The imaginary part, however, depends
dramatically on the transverse dimension. For the 3 µm-wide bridge (solid line) the
imaginary part is slowly varying as a function in the gap’s transverse direction. For the
2 µm case (dashed line) a more significant growth of about 6 Ω is observed at the center
of the bridge. As the bridge is further reduced to 1 µm (dash-dotted line), the increase
amounts to 25 Ω, which is of the same order of magnitude as the real part of the
impedance. The fact that the electric field tends to be peaked in the surrounding of the
microbridge can easily be explained. As the bolometer region becomes small in terms of
wavelength, the concentrated current flow through the bridge tends to radiate a Hankel
function shaped electric field[7]. The singularity of this field is logarithmic as the width
approaches zero. Thus, we expect a logarithmic growth of the imaginary part of the
electric field at the center. This qualitative behavior was observed at all frequencies
investigated, and the impact of this behavior is quantified in Fig.5(b).
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FIG. 6. Summary of experimental data from mixers with six different length twin-slot
antenna designs (•).
Center frequency of simplified model predicted using
G. Chattopadyhah’s code[6] (solid line). Results of model for the 26 µm twin-slot antenna
including parasitics (+). The HEB bridge is either 1, 2 or 3 µm wide.

The zero Ohm level (resonance) is crossed at 2.91 THz as predicted earlier (see
Table 2). In this case the HEB device is as wide as the CPW center conductor, and so
there is no additional inductance associated with it. However, the resonance frequency is
about 3% lower than the 3 THz, which is predicted for the slots and CPW without any
interaction. Thus this small shift (3.0 to 2.91 THz) is due to the reactance of the junction
of the CPW line with the slot antenna. When a 2 µm-wide device is introduced, a jump
of 6 Ω is observed. Associated with this augmented reactive energy is a shift downward
of the resonating frequency to 2.85 THz. A further shift to 2.67 THz follows upon
decreasing the device width to 1 µm. It is evident that a further reduction downward in
resonating frequency would follow when one further reduces the width of the
microbridge. The example has shown that the predominant source of the downward shift
is due to the inductive reactance associated with the bolometer itself, while the shift due
to the CPW-to-slot junction is small by comparison. We expect to be able to account for
the observed 25-30% shift when introducing the actual width of 0.1 µm of the bolometer.
Of course, the final calculation will have to take account of the much shorter bridge
length, between 0.1 to 0.3 µm. The added capacitance will compensate and shift upwards
the resonance frequency somewhat. This “gap capacitance” can potentially be used to
provide a low-Q (i.e. broadband) tuning of the device inductance. In Fig. 6 we have
summarized the experimental results and the predictions obtained from the two models
used to explain the data.
Taking into account the constriction of the RF current caused by the narrow width of
the HEB device proved to significantly influence the predicted center frequency. More

importantly, using the refined model made it possible to identify the key source of
discrepancy between the observed behavior and predictions. Especially at the highest
frequencies, the inductance of the microbridge causes the large frequency shift.
Conclusion
This paper has presented FTS measurements of THz HEB mixers with a large range
of twin slot-antenna designs. A discrepancy had been noted in the actual location of the
peak response and predictions based on MoM calculations using a simple circuit model.
Refinements of this model, including the CPW-to-slot junction and the narrow width of
the HEB device, lead to both an understanding of the causes for the discrepancy and
better predictions. The realization that the HEB bridge inductance is responsible for a
dominant part of the shift is a breakthrough.
Although further refinements in the model description – possible analytical models –
are required to accurately describe the extremely short and narrow bridge correctly, this
paper makes a significant contribution in identifying the key elements responsible for the
observed downward frequency shifts.
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Abstract
The necessity of liquid helium for detectors and sources makes THz space and balloon
missions heavy, bulky, and expensive. Tunable Antenna-Coupled Intersubband Terahertz (TACIT) detectors are predicted to operate at temperatures above 4K with
good sensitivity. Modeling predicts that TACIT detectors could be operated as direct
detectors at 20K with 300K background-limited sensitivity. This exibility in operating temperature comes from the semiconductor quantum well heterostructures that
are used in the detectors. Semiconductor materials and processes also give TACIT
detectors exibility in absorption frequency, time constant and other operating parameters. With this exibility, it is predicted that TACIT detectors could be made
fast enough to operate as sensitive mixers with multi-Gigahertz bandwidths.
A process for making TACIT detectors has been developed. A brief description of
TACIT detector fabrication and operation is presented. Flexibility in TACIT detector
operating parameters is discussed.

1 Introduction
Astronomical observing from space requires sensitive detectors, which with current
technology must be cooled with liquid helium. Liquid cryogens add to the weight and
size of satellites, and so add signi cantly to the overall mission cost. Liquid cryogens
also add to the complexity of operating satellites and can limit mission duration. For
all of these reasons, detectors are desirable that are sensitive while operating without
liquid cryogens. These detectors would also be useful in a broader array of applications
since they wold be more sensitive than current high-temperature detectors such as
Schottky diodes.

Low-power mechanical coolers such as hydrogen sorption coolers can o er milliwatt cooling powers at 20K. Current state-of-the-art detectors for space missions are
low-temperature composite bolometers and low-T superconducting devices. Composite bolometers rely on low temperatures for a large signal to noise ratio. Low T
superconductors would be fully in the normal state above 20K, and so would also
not be useful. Semiconductor devices, however, including Schottky diodes and FET
ampli ers, can operate above 20K. Semiconductor materials also o er great exibility
in designing devices, such that it is possible to design sensitive detectors to operate
at these warmer temperatures.
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This paper presents how Tunable Antenna-Coupled Intersubband Terahertz
(TACIT) Detectors can be operated above 20K with high sensitivity. First the structure and fabrication procedure for a TACIT detector will be discussed. Next the
detection mechanism will be described. Then, using a model presented in a previous
paper,[1] predictions for operation characteristics will be presented. Lastly, the exibility of TACIT detectors to be tailored for di erent applications will be discussed.

2 Device
TACIT detectors are made from semiconductor quantum well heterostructures. Current TACIT designs are based on a GaAs/Al0 3Ga0 7As structure with two quantum
wells, shown in Fig. 1. One quantum well is for the active channel region, and the
other is designed to connect to the back gate antenna leaf. Electrons are supplied to
each quantum well by silicon doping layers outside the wells. The channel quantum
well is 400
Awide, which sets the tunable range of the detector. The device consists
of a two-level mesa surrounded by GaAs where the quantum wells have been etched
away, as shown in Fig. 2. The lower mesa level gives electrical access to the back gate
quantum well. The device has four electrical terminals, front and back gates and a
source and drain.
:

:

Current TACIT detectors are fabricated from the semiconductor heterostructure
wafer in ve processing steps. The rst two steps are chlorine-based reactive ion
etches to form the two-tiered mesa structure. Then layers of Ge, Au, and Ni are
evaporated onto the sample and annealed to form the ohmic contacts. Next, Ti and
Au are evaporated onto the sample to form the antenna. Lastly more Ti and Au are
evaporated to create thick metal contacts for wire bonding. The detectors are then
cleaved apart, and each one is mounted in a copper sample holder for testing.
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Figure 1: Schematic of one GaAs/Al0 3Ga0 7As heterostructure being used for a prototype TACIT detector.
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3 Operation
The basic operation principle of TACIT detectors is that THz light is absorbed in
an intersubband transition by electrons in the channel quantum well. with the result
that the in-plane resistance of the device changes. There are many mechanisms that
can be used to cause the change in resistance. This paper will discuss only one of
these mechanisms, but two other mechanisms, one bolometric and the other impurity
scattering, have been presented in previous papers.[2, 3]
THz electric elds are concentrated and coupled into the detector with a planar
metal antenna. The TACIT detector has four electrical terminals for which signals
must be brought to or from the active region. The THz elds are coupled to the front
and back gate by a log-periodic toothed antenna. DC voltages are also applied to
the antenna leaves via inductive meander lines which block the THz currents. The
source and drain are connected to larger contact pads away from the active region
by straight wires. This combination is less than ideal, since the straight metal lines
can act as a dipole antenna and can also capacitively short the log-periodic antenna.
Since there are no published four-terminal antenna designs that are purely planar,
for future devices we will use designs that will have a layer of dielectric and a second
metal layer to allow the metal leads from the source and drain to cross over the metal
of the antenna.
The antenna serves a second important function. The leaves of the antenna are
used to change the polarization of the THz electric elds so that they can be absorbed by the electrons in the quantum well in an intersubband transition. Linearly
polarized light hitting the antenna at normal incidence induces currents in the antenna leaves. The front gate antenna leaf goes up the side to the top of the mesa.
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Figure 2: Schematic view of a TACIT detector. Ohmic contacts electrically connect
the back gate antenna leaf with the back gate quantum well, and the source and drain
contacts to the channel quantum well.
The back gate antenna leaf is electrically connected to the back gate quantum well
by an ohmic contact, allowing the oscillating currents to ow from the antenna leaf
through the back gate quantum well to the material under the active region. Thus,
the THz oscillating electric elds in the active region of the detector are polarized in
the direction perpendicular to the quantum well (polarized in the growth direction.)
This allows the electrons in the quantum well to absorb the THz radiation in an intersubband transition, which is forbidden for THz elds in the plane of the quantum
well. In most previous THz quantum well detectors, the THz oscillating elds were
in the plane of the quantum well, and coupled to the electrons via other mechanisms,
such as in-plane electron heating. Intersubband transitions are resonant transitions
and so yield much stronger coupling between electrons and THz light.
For TACIT detectors, absorbing THz light yields a change in the in-plane electrical
resistance of the device. Current TACIT detectors accomplish this by nearly depleting
the electrons out of the channel quantum well such that those remaining are trapped
in potential uctuations. The electrons, localized in puddles, can only carry current
by hopping conduction, yielding a high e ective resistance. Electrons absorbing THz
radiation can go to higher energy states that are not localized and thus can carry
current with a much lower e ective resistance. By analogy with the metal-insulator

Noise equivalent power
8x10;16 W/Hz1 2
Time constant
33ps
Operating (lattice) temperature
20K
THz frequency (tunable)
2.4-4.5 THz
Size of active area
4m2
Vertical separation of gates
3430
A
10
Charge density
8x10 cm;1
Oscillator strength
0.9
Source-drain voltage
2mV
Source-drain resistance
1k
Mobility ratio
100
=

Table 1: Model parameters for a TACIT detector operating characteristics.
transition for electrons in a quantum well, we expect to be able to achieve a ratio of
e ective electron mobilities of around 100.[4] Following modeling presented previously
(see Eq. 6 in Ref.[1]), this electron mobility ratio yields a detector that is predicted
to have background-limited sensitivity with feasible device parameters, as shown in
Table 1.
TACIT detectors have a exible design allowing them to be optimized toward
di erent operating characteristics. Since the THz (RF) and source/drain (IF) signals
travel in di erent directions, the electrical circuits for each frequency can be designed
independently. Additionally, having both a front gate and a back gate allows the
charge density and absorption frequency to be independently tuned. By applying a
DC voltage on both gates with respect to the channel quantum well, the density of
electrons in the channel can be varied. This allows the mobility contrast mechanism
mentioned above to be implemented, or could allow the RF impedance of the device
to be tuned to precisely match the antenna impedance. By applying di ering DC
voltages to the gates, an electric eld is created across the quantum well, which tunes
the intersubband absorption frequency, as shown in Fig. 4.
The time constant of TACIT detectors can also be tailored to t applications.
The time constant can be in the range of a few ps to 1 ns. Longitudinal optical (LO)
phonons couple strongly with electrons, making energy relaxation via LO phonons a
fast process, taking around 1ps. However, the minimum energy of an LO phonon in
GaAs is 36meV (corresponding to a temperature of 420K). Since the energy spacing
between the lowest subbands is much smaller, cold electrons in these subbands can
only emit acoustical phonons. Purely acoustic phonon cooling at a 10K electron
temperature yields a time constant of 1ns.[5] However, if the electron temperature
is raised to 50K, the time constant is lowered to below 10ps. The energy of the
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Figure 3: Attenuated transmission
measured as a function of frequency
for a piece of the heterostructure wafer
drawn in Fig. 1.

180
160
140
120
100
80
60
-2.5 -2 -1.5 -1 -0.5 0 0.5
Electric Field (mV/nm)

Peak Position (1/cm)

Transmission Coeff. (a.u.)

1.1
1
0.9
0.8
0.7
0.6

Figure 4: The frequency of peak absorption can be tuned by applying a
bias voltage across the detector heterostructure.

majority of electrons is still too low to emit an LO phonon, but a few electrons
in the high energy end of the Fermi distribution can, which signi cantly lowers the
time constant of the whole electron gas. Another cooling mechanism that can take
part in small semiconductor devices is di usion of the hot electrons out of the active
region. Di usion cooling has been used in many submicron-sized superconducting hot
electron devices. However, the electron mobility of modulation-doped semiconductor
quantum wells is orders of magnitude larger than for superconductors, so di usion
cooling in semiconductor devices can dominate for devices that are as long as a few
microns. Thus di usion will add to phonon cooling for many semiconductor devices.
The physical dimensions and operating temperatures of TACIT detectors can be
chosen to optimize the time constant for a particular application. The time constants
can be chosen to be small enough that TACIT detectors could be used as mixers with
several GHz predicted intermediate frequency (IF) bandwidth.
The potential barrier walls of quantum wells are suciently deep to allow semiconductor-based TACIT detectors to be operated at temperatures of tens of Kelvin.
Electrons are still well con ned in the quantum well at electron temperatures around
50K. Quantum well heterostructures can be tailored to have strong or weak con nement, as needed, by adjusting the materials used to form the wells. Thus TACIT
detectors do not inherently lose all their sensitivity at elevated electron temperatures
as low-T superconductors do. Material selection and device patterning can also allow
control over thermal properties of electrical transport.
c

4 Project Status and Future Work
TACIT detectors have been processed in the UCSB cleanroom facilities. Work is
underway to simplify the device design and make a new batch of detectors designed
to allow easier study of the detection mechanisms. First, a device structure will be
implemented that does not have an antenna, so that operating characteristics will
all be due to the detector, and not to a non-optimal four-terminal antenna design.
The THz electric elds will be made perpendicular to the plane of the quantum wells
by re ecting a free-space propagating, linearly-polarized THZ beam o the device
through a silicon prism or lens. In the vicinity of the metal front gate, the electric
eld is constrained to be perpendicular to the gate, and so will be perpendicular to
the quantum wells. Direct absorption measurements will be made. Also planned are
more and better diagnostic structures, such as contacts for Van der Pauw resistivity
measurements, which will be incorporated in or near the detector structure. With
these changes the behavior of the TACIT detector can be studied more directly.
Once the TACIT detection mechanisms are veri ed and more closely studied,
then work can proceed on improving and optimizing TACIT detectors for use as direct
detectors or for use in THz mixers. Work could also begin on a next-generation TACIT
detector that uses two additional voltage-controlled gates to control the in-plane
electrical transport. Modeling predicts that mixers incorporating these advanceddesign TACIT detectors could achieve quantum-limited sensitivity while operating at
a bath temperature of 20K.
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Abstract
We present the development of SIS mixer for the band 1.1-1.25 THz of the
FIRST heterodyne receiver. The choice of the SIS mixer for the THz frequency
receiver is motivated by a relatively low output mixer noise of 20-30 K and by a
low intrinsic conversion loss of about 3-5 dB at the frequency of interest. This
allows one to consider a possibility to build an SIS receiver with equivalent
DSB receiver noise temperature close to 2-3 hν/k in the 1-1.3 THz band.
The SIS mixer is using a quasi-optical design with Si hyper hemispherical lens
and with a planar twin slot antenna. The two NbN/AlN/Nb 0.7 µm2 area
junctions are used in the mixer. The Josephson critical current is close to 45
kA/cm2 and in the middle of the band RωC≈5.
The ground plane of the mixer circuit is made of NbTiN. The critical
temperature of the NbTiN film deposited at the Si substrate is close to 16 K.
The tuning circuit of the junctions is made of a normal metal.
The expected loss in the junction tuning circuit is about 1 dB and the overall
receiver conversion loss is expected to be close to 7 dB. The mixer testing is
under way.
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A Compact, Fiber-Pigtailed, Terahertz Time Domain
Spectroscopy System
D. Zimdars, J. V. Rudd, and M. Warmuth
Picometrix, Inc., P. O. Box 130243, Ann Arbor, MI 48113-0243
1. INTRODUCTION

Terahertz time-domain spectroscopy (TDS) is a field that has been steadily
growing in research labs over the last 11 years1 with demonstrated spectroscopic
applications in semiconductors,2 liquids,3,4 and gases,5 as well as more recent applications
based on 2D-imaging.6 However, even with the interest outside of the ultrafast
community given to terahertz spectroscopy and imaging (such as the system initially
developed by Nuss and co-workers and popularized as “T-Rays” ),7 the
commercialization of a THz TDS system has been hindered by its complexity. In order to
build a TDS system, skills in ultrafast lasers and optics, semiconductor physics, and submillimeter waves optics are required. Even if all of the individual components, from the
photoconductive antennas to the silicon lenses, were available for purchase, the resulting
system would not be useful in most manufacturing or even laboratory environments due
to the complexity and instability of free-space optical systems. For these technical
reasons, it has been simply not feasible, until now, to take advantage of THz
spectroscopy techniques outside of specialized laser science laboratories.
In order to make T-Rays available for general use in the labs of all scientists, we
have designed and built a fiber-delivered T-Ray system. The central enabling technolgy
of the Picometrix system revolves around two fiber-pigtailed, hermetically sealed
modules that work as the T-Ray transmitter and receiver. These devices are installed
inside two larger cases that hold not only the electronics necessary for the modules, but
also the millimeter wave optics used to collect and collimate the T-Ray beams. Two
fiber-optic and electrical umbilical cords attach these cases to a control box, which
contains the computer-controlled, fiber-delivered delay system as well as the fiber optic
splitter and optical monitors. Finally, an advanced computer program gives the user the
ability to control the entire system and take data without having to align any optics
beyond the input fiber. This system represents a major leap forward in the accessibility of
ultrafast optics to the general research community as well as a first step in getting this
extremely useful tool into more general use.
2. THE T-RAY SYSTEM
Figure 1 shows a working fiber-pigtailed terahertz system, while Figure 2 shows a
schematic of the system, detailing the components inside each of the boxes. While the
group velocity dispersion control (GDC), in the upper right corner of the picture, and the

laser (not shown in Figure 1), must be coupled by free-space optics the remainder of the
system is free of the need for an optical table. The control box in particular can sit on a
shelf or the floor and not take up valuable space on an optical table. The terahertz cases
must be aligned in order to maximize both their signal and their bandwidth, but the
required accuracy can be obtained and kept with a simple optical rail and inexpensive
alignment components as shown in Figure 1. Furthermore, once the desired alignment for
one’s particular measurement is determined a mounting bracket can be machined for
these two cases, which will then lock them in place for future use.

Control Box

Transmitter Case

GDC

Receiver Case

Figure 1. The major components of the TDS T-Ray spectroscopy system, less the
femtosecond laser and control computer. With the exception of the GDC in the upper
right, the other three components do not necessarily have to be on an optical table. The
components necessary for imaging are also not shown.
The photoconductive system is powered by a 100-fs laser that works between
750-850 nm and delivers at least 20 mW of optical power. This laser then double-passes a
grating-dispersion compensator (the GDC) that imparts negative group-velocity
dispersion (GVD) onto the pulse, stretching it to a length of about 5 ps. This stretched
pulse is then coupled into a 780-nm singlemode fiber, which delivers the pulse to the
control box. The positive GVD of the 5-meters of fiber in our system adds to this
negative GVD, compressing the pulse as it travels along the fiber to the terahertz
transmitter (Tx) and receiver (Rx). Although the third-order dispersion is additive in
these two systems, this only becomes a problem for pulse widths below about 70 fs

and/or fiber lengths greater than about 10 meters. By using a rugged laser that has low
variability over time, high-efficiency gratings, as well as by controlling the beam
dimensions, GDC systems with 80% of the laser power being coupled into the
singlemode fiber have been demonstrated.8 Since our output electrical signal saturates
when optical powers greater than about 10 mW are coupled into the input fiber, this
corresponds to only 12.5 mW of total power needed to run the system.
Once the light is in the optical fiber it is taken to the control box, where it is then
split into two beams. The first (the pump) is sent directly to the T-Ray transmitter, while
the second (the probe) is delivered via fiber to the dual delay system. The delay rail
consists of an approximately 20 Hz scanner that has an excursion of 40 ps sitting on top
of a stepper-motor rail with a total travel corresponding to 1 ns and speeds ranging from
5-50 ps/sec. This probe pulse is then coupled back into a fiber and delivered to the T-Ray
receiver. Both output fibers go through a 99/1 splitter, which picks off 1% so that the user
can monitor the power delivered to the transmitter and the receiver by looking at the
calibrated readouts in the software.
The two-meter long optical cables deliver the short pulses to the cases while the
electrical cables deliver bias voltages to both the receiver amplifier and the transmitter as
well as transmit the received signal back to the control box for processing by the
computer. Both cases hold their respective fiber-pigtailed module in alignment with the
collimating lens such that the terahertz beam exiting the cases has no spatial chirp and is
parallel to the case itself. The lenses are 1.5” in diameter with a 3” focal length, and may
be made from high-resistivity silicon so that the T-Ray radiation is not absorbed or
dispersed by the lens material, or from high density polyethylene for low Fresnel loss.
The receiver case also contains a circuit board with the signal amplifier. Finally, the beam
path inside the cases is purged with dry nitrogen and sealed in order to eliminate water
vapor absorption in this part of the beam.
The T-Ray beam path between the two cases can be used collimated to go
through, or reflect off of, large samples, or the user can introduce two more silicon lenses
in between them in order to introduce a focus for imaging. Due to the fiber delivery, the
two cases can be switched from transmission mode to reflection mode in minutes.
Miniature, packaged terahertz transmitter and receiver modules
The heart of the entire system shown in Figures 1 and 2 is the packaged
transmitter and receiver modules shown on the left hand side of Figure 3. These modules,
which contain a low-temperature grown GaAs (LT-GaAs) antenna as the
photoconductive element, also have a relay lens and fiber anchor inside of them. The
fiber is permanently aligned to the THz antenna with sub-micron precision and the
module is back-filled with an inert gas and then hermetically sealed using standard
telecom packaging methods. The photoconductive device, which has a 2-mm bowtie
antenna, is attached to a high-resistivity silicon, aplanatic hyperhemispherical lens which

To Computer

helps couple the radiation out of the package efficiently without causing beam
diffraction. The module is less than 1 inch long by ½ inch square and weighs only a few
ounces. This THz module is robust and suitable for use in industrial remote sensing as
well as in laboratory spectroscopy.

Rapid and Long Delay Rails
Fiber Box
Power & Signal
Conditioning
Electronics

GDC

PD

Laser
100-fs
800 nm

Optical & Electrical Cables

Tx

Transmitter Case

Rx

Thz Optics

Receiver Case

Figure 2. A schematic showing the components found in each of the boxes shown in
Figure 1. The signals going to computer consist of the amplified terahertz signal, the
position signal from both delay rails, and the photodiode signals. PD: two photodiodes.
Dashed lines represent the terahertz beam.
The right hand image in Figure 3 shows a fiber coupled THz transmitter aligned
with a conventional hi-resolution XYZ stage with differential micrometers. This
laboratory unit is approximately 8 x 8 x 8 inches in dimension and weighs more than 5
pounds. It is still superior to previous THz transmitters in that the fiber coupling of the
laser source does not rigidly constrain its location. This flexibility has been used to
measure the beam patterns from both collimating and aplanatic substrate lenses in both
the H and the E-planes from 0 to 50 degrees. Such a measurement would have been
impossible using older, free-space systems.9 However, such a laboratory demonstration
unit remains impractical for commercial use since the femtosecond optical pulses must be
manually focused with sub-micron precision onto the photoconductive LT-GaAs bow-tie
THz antenna using bulky translation stages. Also, despite the precision of these mounts,
they are still more susceptible to both vibration and thermal misalignments than the
packaged modules.

Figure 3.
Left: A fiber-pigtailed T-Ray transmitter module measuring 1”x 0.5”x
0.5” and weighing only a couple of ounces. The silicon hyperhemispherical is visible on
the left side of the module. Right: A fiber-coupled THz transmitter aligned with a
conventional hi-resolution XYZ stage with differential micrometers. This laboratory unit
is approximately an 8” cube and weighs more than 5 pounds. It is still superior to
previous THz transmitters in that the fiber coupling does not rigidly constrain its location,
as does conventional free space optics.
System performance
The T-Ray system was used with 1 mW of optical power going to both the
transmitter and the receiver. The bias on the transmitter was set at 24 volts and the
receiver amplifier had a voltage gain of 500. The rapid shaker for this particular system
gave a 30-ps excursion at a scan rate of 22 Hz. Figure 4 shows the temporal terahertz
waveform, the noise on this waveform, and the signals Fourier transform. The dotted
trace in all three graphs corresponds to a one-second-acquisition time, corresponding to
22 averages. The solid trace shows a 5-minute average, corresponding to 6,600 averages.
Using the peak-to-peak voltage noise on the inset temporal graph, we obtain a signal to
noise of about 600 to 1 for the one-second average and about 10,000 to 1 for the fiveminute average. The 10% bandwidth for both traces extends from 0.03 to 1.5 THz with
usable bandwidth to 2 THz in the one-second trace and past 3 THz for the 5-minute
average. As evidence for this the water absorption lines at 2.64 and 2.77 THz are clearly
visible. Looking at our data we find that the position of these lines to be accurate to
within the 33 GHz resolution given by our 30-ps window.
While the signal to noise of this system is typical of other photoconductive and
electro-optic terahertz systems, the optical power requirements, as well as the voltage
requirements, are not. The system used to produce the results given above has used the
same photoconductive elements as the transmitter and receiver for over a year without
damaging a single one. Typical voltage damage to these devices occurred consistently at
a bias of greater than 40 volts and more than 11 mW of optical power. By using them at
such a reduced level, the longevity of these sensitive elements is assured.
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Figure 4. Shown are a one-second average (dotted line) and a five-minute average (solid
line). The insert in the time graph shows the first 3 ps of the time data to show the noise
in the two traces. The Fourier transform on the right shows accurate water absorption
lines out to 2.77 THz.
3. IMAGING
Imaging is one of the most exciting applications of THz time-domain
spectroscopy. T-ray images may be taken using transmission or reflection geometry. By
analyzing the THz waveform in either the time domain (material homogeneity or
thickness variations) or the frequency domain (frequency-dependent absorption) as well
as by other methods, images identifying material properties can be constructed. Due to
the huge spectral range of the time-domain system, looking at various places across the
terahertz spectrum can form true hyperspectral images. Non-polar solids (such as
plastics) are generally at least partially transparent in the 0.2 to 5 THz range. Non-polar
liquids are transparent as well, whereas polar liquids, such as water, are highly
absorptive. This is because absorption in the THz range of the electromagnetic spectrum
is generally due to the rotational motions of dipoles within a material. Crystals formed
from polar liquids are substantially more transparent because the dipolar rotations have
been frozen out, however these crystals may exhibit phonon resonances in the THz range.
Metals completely block THz pulses. Polar species within a gas may have sharp, strong
rotational transitions in the THz range.
These T-Ray images can complement or replace existing imaging methods based
on mid-IR or ionizing radiation. Furthermore analytical T-Ray images can be made of
objects, which would be impossible using these conventional methods. For example polar
species could be identified within the image of a flame, even in the presence of strong
incoherent background radiation. This is because the photoconductive time gating of the

THz pulse provides extraordinarily good signal to noise by only sampling the ultrafast
THz pulse. No thermal shielding or cryogenic cooling is required for a photoconductive
THz detector.
Some examples of published T-Ray imaging applications include: identifying
raisins in a box of cereal by water content; establishing the rate of water evaporation and
uptake in leaves; examining circuit interconnects in packaged IC’s; reading text in
envelopes or beneath paint; identifying the number of almonds in a candy bar; identifying
tooth decay; and locating watermarks in various currencies.10,11 Not all of these images
are what one might expect in a real-world application, and that is because, until now, TRay imaging has been restricted to researchers with the ability to hand-construct a
complete THz imaging spectrometer. Understandably, most of the researchers taking
these images were primarily concerned with the physics of THz generation and
propagation. The images were taken more to illustrate THz science rather than to
examine the properties of the imaged object. However, with the availability of a
commercial turnkey T-Ray imaging spectrometer, T-Ray imaging and spectroscopy is
accessible to those who want to examine the benefits of T-Ray imaging but who are not
necessarily experts in the field.
The imaging described in the proceeding section was performed with reasonably
simple computer control and much post-processing. In order to make this kind of
terahertz imaging truly accessible to all users, an intelligent interface has to control the
large amounts of data being generated by it. To address this need, we have developed a
software system based on LabView that has the look and feel of a standard Windows®
program and allows a user to not only take real time terahertz waveforms, but also allows
one to do 2D imaging quickly and easily.
The software has four modes of operation: Rapid Scan, Long Scan, View Scans,
and Image. The screen shot in Figure 5 shows the Rapid-Scan screen. On the left hand
side of the screen is a control bar that allows the user to jump between these four modes
of operation as well as enter the ‘Settings” screen, which allows the user to monitor the
optical power in the transmitter and receiver fibers, enable or disable the imaging
capabilities of the software, and setup the DAQ settings for the data acquisition card
used.
In the Rapid Scan screen the user gets updates at a rate of about 5 Hz that allows
one to do live tweaks to the system and also allows a user to setup for an image very
rapidly. When averaging many traces the acquisition rate equals the scan rate of the
shaker (about 20 Hz). The long slider bar across the top of the main graph corresponds to
the shakers position on the long rail. This absolute time scale can be displayed on the
rapid-scan time axis, which then allows the user to take a background trace at one spot on
the rail, and then analyze data taken at a different spot further down the rail. For example,
if the long rail was at 60 ps for the background trace, and then a thick sample was placed
in the beam, the user could simply move the long rail (by dragging the position box or by
typing in a long rail position), and then determine the total delay by tracking the

background with one cursor and the transmitted pulse with the other. This frees the user
from having to do long scans, which are plagued by low-frequency noise and long-term
drift, but still allows them to take advantage of the full one-nanosecond of delay offered
by the long rail. There are times, however, when a long scan is absolutely necessary, for
instance, when trying to get fine resolution of sharp resonances, or when looking at
complicated pulses that last for more than 40 ps.

Figure 5. Rapid-scan acquisition screen for the time-domain terahertz spectrometer
software. The main graph shows two time-domain traces. The white trace is the live,
rapidly updated THz scan which has passed through a latex balloon. The gray trace is a
saved background scan. The secondary graph shows the Fourier transforms of the two
traces.
The THz image acquisition and display screen for our imaging spectrometer is
shown in Figure 6. As in Figure 5, the control bar to the left allows the user the ability to
jump between the various modes of operation. In the image screen the user has the choice
of either setting up for and collecting an image or loading a previously taken image and
re-analyzing it using new criteria. In order to acquire an image, the user usually first
looks at the sample in various locations and sets up the cursors to examine the parameter
of interest such as was done in Figure 5. Once this is done, the user then sets up the

parameters of the image consisting of the starting point, size, resolution, and number of
averages for the desired image.

Figure 6. Software’s image-acquisition and display screen. The user sets the image size
and resolution in the upper right. The full T-Ray waveform is stored for each pixel. The
waveform for the pixel under the image cursor is shown in the lower left. In this case the
cursor is on a pixel without any data corresponding to it, so the screen is only showing
the live data. The image shown is a transmission image of the integrated electric field
from 0.4 to 2.0 THz.
The T-Ray image shown in Figure 6 is a transmission image of a commonly used
passive RF proximity access card (the vertical rectangle at the top of the card is the
support clip). The card is an opaque ABS polycarbonate laminate with a Lexan skin
measuring 85.5 x 53.9 x 2.5mm3. Interior to the card is a metallic inductor and antenna
structure, which is unique to each card.
To generate a T-Ray image using the software, the user sets the rectangular scan
matrix size and resolution (upper right hand corner Figure 6). The image in Figure 6 was
scanned at a resolution of 75 X 100 pixels in 1-mm steps for a total of 7500 pixels. The
user chooses an initial analysis; here the integrated electric field from 0.4 to 2.0 THz was
chosen. Other frequency or time domain analyses could have been chosen. The software
is also capable of generating a 1 dimensional time sequence image or graph. The user
presses the “Acquire” button and the object is scanned automatically and the image is

generated. The full THz waveform is stored for each pixel. This allows multiple image
analyses to be performed on the same image data set without having to re-scan the object.
4. CONCLUSION
We have developed a time-domain terahertz system based on fiber-pigtailed,
hermetically sealed modules that will allow users unskilled in ultrafast photonics to do
terahertz spectroscopy and terahertz imaging. This system needs less than 10 mW of
optical power and has nearly two decades of spectrum extending from 0.03 to 2 THz. The
integrated nature of this system, with its turnkey operation and user-friendly software
should help push the use of THz technology and ultrafast optics to new and hitherto
unexplored markets.
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Abstract

A simple and efficient modified harmonic-balance technique is presented. This new
algorithm is suitable for the large-signal time-dependent analysis of nonlinear millimeter
wave circuits. The accurate design and successful implementation of very high frequency
nonlinear circuits requires both a detailed understanding of the physical operation of the
active devices and of how these nonlinear devices interact with the linear embedding
circuit. This work addresses the specific task of establishing a robust simulation tool that
combined this novel modified harmonic-balance circuit analysis technique with a physicsbased hydrodynamic transport model device simulator. A comparison with the accelerated
fixed-point (AFP) harmonic-balance technique has been made through an evaluation of a
Schottky-diode multiplier. The result shows that this approach can be used to realize
improved multiplier operation with a minimal time of numerical computation.
I. INTRODUCTION
The development of computer-aid analyses of highly nonlinear circuits requires both a
detailed understanding of the physical operation of the active devices and of how these
nonlinear devices interact with the linear embedding circuit. Traditionally, the nonlinear
active devices are modeled by the lumped quasi-static equivalent circuit analysis.
However, this equivalent circuit model has lost validity at higher frequency millimeter
wave where the large-signal nonstationary phenomena begin to dominate device operation.
It is clearly that a physics-based numerical device model is required for the active device
analysis. In an earlier investigation, drift-diffusion and Monte Carlo based harmonicbalance algorithms have been utilized. The drift-diffusion model is a low-order
approximation of the Boltzmann transport equation, it implies that mobility of the carrier
is only a function of the local electrical field and it does not take account of the nonstationary characteristics such as carrier heating and velocity overshoot. The Monte Carlo
simulation has difficulty in treating low-field region. Also, the statistical noise in the
solution and the intensive amount of computation time required make this model
impractical for device design. An alternative approach is hydrodynamic transport model,
which is obtained by taking the first three moments of the Boltzmann Transport Equation
[1]. Comparing to quasi-static equivalent circuit and drift-diffusion model, hydrodynamic
model is more accurately in treating high-field, nonstationary, and hot-electron effects.

The specific focus of this paper is on energy transport effects and their influence on the
harmonic multiplication within reversed-bias Schottky-barrier varactor diodes. Equally
important to the characterization of diode multipliers is the optimization of the nonlinear
element to the externally coupled embedding impedance. Here, the second-harmonic
power (i.e., current and voltage) of the matched diode is optimized before constraints on
embedding impedance, local voltage and dc bias are specified. The key of this approach is
the reduction of systems variables by an efficient mathematical ordering of the
optimization procedure. Specifically, this new method reduces the typical optimization
problem (i.e., where device and circuit are considered simultaneously) for a doubler,
where 2 harmonics are considered, from n+2 variables to n variables. As will be shown,
this approach leads to a significant computational advantage for Schottky-diode multiplier
design.
In this paper, a one-dimensional time-dependent simulation algorithm is presented which
employs a fully hydrodynamic transport equation [1,2] with two-valley mobility model to
describe the diode physics within the depletion and bulk regions. These studies assume a
reversed-biased situation and employ appropriate boundary conditions at the barrier
interface. In addition, this work combines the physically accurate diode model with a
modified harmonic-balance algorithm to determine diode-circuit designs that maximize
power generation and/or power efficiency in the second harmonic [2]. The modified
harmonic-balance method utilizes a novel two-step procedure where the available doublerpower and the second-harmonic diode-impedance is first derived as a function of first and
second harmonic diode excitation. The harmonic diode-voltages and second-harmonic
diode-impedance at the optimum power-point are then used to define the matched
embedding impedance and the optimum local-oscillator (LO) voltage. The utility of this
simulation tool is illustrated by comparing to prior studies, by others, that employed
traditional drift-diffusion transport models, Monte Carlo transport models and a
conventional harmonic-balance algorithm. Specifically, this work demonstrates a
computationally efficient and accurate physical description as well as a more robust
approach for circuit optimization.
II. PHYSICS-BASED DIODE MODEL
These multiplier studies utilize a physics-based Schottky-diode model accurate for both
momentum and energy relaxation effects. Here, a one-dimensional time-dependent
simulation algorithm is implemented that employs a fully hydrodynamic transport model
(i.e. first three moments of the Boltzmann equation) to describe the diode physics within
the depletion and neutral regions. The application this type of approach will be necessary
for GaAs diodes operating at terahertz frequencies because energy relaxation is important
above 300 GHz and momentum relaxation is important above 1 THz. While our method is
fully amenable to momentum relaxation these initial studies will consider device operation
below 1 THz. These studies consider the large-signal operation of a Schottky-barrier

varactor frequency multiplier and will therefore consider diodes under time-dependent
reverse-bias up to the breakdown voltage.
Set of equations of the hydrodynamic model in the single-gas approximation has been
written in [1,2] together with appropriate boundary conditions. We have used in [2] one
valley approximation. However more adequate description of GaAs Schottky diodes can
be obtained utilizing a two-valley model [3]. We’ll extract the mobility and the energy
relaxation time from this model.
Consider a semiconductor material whose energy band structure can be approximated by a
two-valley model with an energy separation ∆UL between the upper and lower valleys. The
collision terms are modeled by the relaxation-time approximation. The energy collision
term is expressed as
(

∂ wn
w − w0
)c = − n
,
τw
∂t

(1)

where w o = 3 k B To 2 is the equilibrium energy at the lattice temperature To , τ w is the
energy relaxation time, k B is the Boltzmann constant. The average electron total energy
w n is defined using the thermal approximation
wn =

3
k BTe + η∆ UL
2

(2)

where Te is the electron temperature, η is the fraction of the electrons in the upper valley.
The energy separation between the upper and lower valleys ∆UL is set to 0.29 eV in this
work. The total energy relaxation time is given by
1 1− η
η
=
+
.
τ w τ wL τ wU

(3)

The energy relaxation time in the lower-valley and upper-valley are τwL=1.5 ps and
τwU=0.8 ps, respectively. The fraction of the electrons in the upper valley and is given by
η=

nU
r
=
nU + nL r + 1

(4)

where nL and nU are the electron densities in the lower valley and upper valley. The ratio
of electron densities r is defined as
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(5)

where mL and mU are the density-of-states effective masses of lower valley and upper
valley are set equal to 0.063 m0 and 0.55 m0, respectively. The temperature dependent
electron mobility is obtained by
µ n = (1 − η ) µ L + ηµ U .

(6)

where µL and µU are the electron mobility in the lower valley and upper valley,
respectively. The mobility can be approximated by [4,5]
µL =

µ 0L
µ0 L
, γL =
2
qτ wL v sat
1 + 3k B γ L (Te − T0 ) / 2
L

(7)

µU =

µ0U
µ0U
, γU =
2
qτ w U v sat
1 + 3k B γ U (Te − T0 ) / 2
U

(8)

and

where the saturation velocities for lower-valley vsatL and upper-valley vsatU are set equal to
3.2×105 m/s and 1.×105 m/s, respectively. These values were obtained by fitting Monte
Carlo simulation results. The low-field, doping-dependent mobility for two valleys are
expressed as [1]
µ0L =

µ 00 L
,
1 + [log( N T ) / BL ]n

µ0U =

µ 00 U
1 + [log( N T ) / BU ]n

(9)

where N T is the total doping density (here total ionization is assumed, so N T = N D ).
Here, µ00L=0.85 m2/V-s, µ00U=0.26 m2/V-s [6], n = 23, and BL=23, and BU=26 are used.
As to boundary conditions discussed in [2] we have to change the phenomenological
energy-flux boundary condition
S n ( 0 + ) = v M n M δ k B T0 − v S n( 0 + ) (δ k B Te ( 0 + ) + η∆UL ) ,

(10)

where δ= 2 .5 is used.
III. VARACTOR FREQUENCY-MULTIPLIER NUMERICAL SIMULATION
While an accurate model for the physical diode is very important as one attempts to design
varactor multipliers at very high frequencies, the ability to effectively couple the device to

the proper embedding impedance is of paramount importance. In fact, the majority of the
analytical and numerical effort involved in realizing efficient multipliers is expended in the
matching of the nonlinear device to the embedding circuit [7]. For example, many
harmonic-balance methods have been derived (e.g., multiple-reflection algorithm [8] and
accelerated fixed point [9]) to improve the matching of the various harmonics between
nonlinear device and linear circuit. Here the difficulty lies in the large number of iterations
that are required to optimize power-efficiency of a given nonlinear element over both
embedding impedance and local oscillator (LO) voltage. This problem becomes
compounded for optimization over the physical diode design and in circuits that contain
many nonlinear device elements. Of course, in some situations where multiple diodes are
involved equivalent-circuits can be developed that reduce groups of diodes to a single
nonlinear element [10].
When a conventional harmonic-balance (HB) algorithm is applied to the analysis of a
varactor-doubler the problem is to optimize the second-harmonic generation. Here,
embedding impedances are selected for the first- and second-harmonic circuits and shortcircuit conditions are assumed at the higher harmonics. While there are many HB
techniques one of the most popular is the multiple-reflection algorithm [8] that seeks to
smooth transients via the introduction of a loss-less transmission-line section. This
relaxation method, which in some cases requires long convergence times, has been
improved by Tait [9]. Regardless of the exact mathematical algorithm employed, the
primary challenge in the design of a doubler is to determine the embedding impedance that
will yield the maximum second-harmonic power. In the conventional approach, the
physical model of the Schottky diode is used in conjunction with the HB algorithm to
optimize the second-harmonic power. Specifically, the HB technique will iterate between
the Fourier-domain solutions of the circuit(s) and the current/voltage harmonics derived
from steady-state time-domain simulations of the diode. Since this combined Fourierdomain and time-domain analysis inevitably leads to extensive iterations and to a large
computational cost, it is natural to seeks alternative methods that reduce the numerical
burden of the optimization task. In the simulations presented here, a new two-step
procedure has been utilized to achieve this goal. This modified HB algorithm introduces a
new optimization constraint that enables a natural separation of the device-circuit problem.
Specifically, this procedure allows the current/voltage harmonics of the nonlinear device to
be optimized independently of the external circuit. Subsequently, the optimum embedding
circuit can then be derived from a very simple analysis.
Harmonic-Balance Technique
The harmonic-balance circuit analysis applied in this paper is the accelerated fixed-point
(AFP) method [9]. The iterative process is repeated until the harmonic components of the
voltage converge to within a specified tolerance factor of their steady-state value for all
harmonics. In this work, the tolerance is set to 0.1%. There is one thing to remind that
AFP algorithm has one adjustable convergence parameter Z0, the fictitious transmission

line characteristic impedance. The chosen value of Z0 can affect the convergence property
of the iteration.
Modified Harmonic-Balance Technique
The key to this simplified approach is to formulate the optimization-problem of the
varactor-doubler in a completely different way. Specifically, to recognize that the
available-power of the diode at the doubler-frequency may be optimized a priori (i.e.,
independent of the external circuit) and that the Fourier results can be used, subsequently,
to determine the embedding impedance and LO voltage. While this technique represents,
in a manner of speaking, an inverse transformation of the conventional problem, it is
completely valid and offers definite computational advantages. The technique has been
outlined in [2].
In present analysis we have included the frequency-dependent parasitic impedances as
additional contributions to the linear device embedding circuit. It is important to note that
the parasitic impedances of interested here are external to the active region of the
nonlinear device. The matching embedding impedances are given by
Z nCircuit = Z nLinear − Z nParasitic .

(11)

where Z nLinear are the matching linear impedances determined using equations from [2].
The power incident from the pump at the input port is
Pin = VC 1 I C1 2 + ( I C21 + I S21 ) Re{Z1Parasitic } / 2 .

(12)

The power delivered to port 2 with impedance Z 2Circuit is
Poutput = − (VC 2 I C 2 + VS 2 I S 2 ) 2 − ( I C2 2 + I S22 ) Re{Z 2Parasitic } / 2

(13)

where VC1, VC2 and VS2 are the dc, first, and second harmonic voltages, respectively. The
current harmonics IC1, IC2, IS1 and IS2 are supplied by Fourier transforms of time-domain
simulations from the physical diode model.
Note that this new approach offers an immediate reduction in problem complexity as
compared to the conventional HB approach. Specifically, the traditional HB method will
maximize the nonlinear diode-circuit problem over LO voltage (dc and ac) and over the
real and imaginary parts of the first- and second-harmonic embedding impedance which is
a six-dimensional space. It should be noted that this reduction from N to N-2 in the double
problem also occurs in the analysis of a varactor-tripler due to symmetry considerations.
As shown, the traditional HB technique requires two iterations. For each mapping over
the six-dimensional LO-impedance space, one must perform convergent iteration to

balance the harmonics between the embedding impedance and the nonlinear device. On the
other hand, the modified method invokes allowable constraints on the available diode
power and the embedding impedance(s) (i.e., are always matched to the diode impedance)
to reduce the optimization space by two variables. Furthermore, this method only requires
a trivial calculation in the second step to derive the final impedance(s) and the LO voltage.
In simplest terms reducing the degrees of freedom allows for a significant reduction in
computation.
IV. SIMULATION RESULTS
Both harmonic-balance and modified harmonic-balance simulations were utilized with the
hydrodynamic diode model to study Schottky diode multiplier operation at a doublerfrequency of 200 GHz. Here, the earlier varactor diode investigations that were presented
in [11] were considered for comparison purposes. The GaAs Schottky diode considered
was UVA-6P4 with an epitaxial doping density of n D ≈3.5 ×016 cm-3, epitaxial thickness
of 1.0 µm, anode diameter 6.3 µm. Experimental results including input power and dc bias
were obtained from [12] and were used as the input data for both algorithms. Frequencydependent parasitic impedances of the UVA 6P4 varactor we used here are similar to
those of [8].
Harmonic-Balance Technique
Since we want to compare our result with Monte Carlo transport model, we have the
same constraints as [11]. The following constraints are set on the embedding circuit
impedances
X Circuit
Z 1Circuit = R1Circuit + jX 1Circuit ,
Z 2Circuit = R1Circuit + j 1
.
(14)
2
The embedding impedances of higher harmonics were taken equal to zero. The optimized
results obtained from the hydrodynamic model for four simulated input powers are shown
in Table Ι. The simulated result for output power versus incident pump power is shown in
Fig. 1. The experimental result and simulated results obtained from the drift-diffusion
(DD) and Monte Carlo simulators [11] are also shown in this figure. As seen in this figure,
the drift-diffusion model with dc field-dependent mobility is not suitable for high
frequency. Since the drift-diffusion model with constant ac mobility did not include the
velocity saturation effects, it overpredicted at high input power. The optimal power results
of the hydrodynamic model are in good agreement with the result obtained from the
simulation of the drift-diffusion model with constant ac mobility at low input power and
the result derived from the Monte Carlo simulation at high input power. The output
current and voltage waveforms for 18.8 mW pump excitation are shown in Fig 2.
Table I. AFP Harmonic-Balance simulation result by hydrodynamic model

Incident Pump
Power
(mW)
7.5
18.8
29.6
47.0

Output Power
(mW)

Pout/Pin (%)

Z1 (Ω )

Z2 (Ω )

3.06
7.69
9.55
11.91

40.85
40.92
32.27
25.34

31+ j 207
47+ j 234
61+ j 234
73+ j 254

31+j103.5
47+j117
61+j117
73+j127

Modified Harmonic-Balance Technique
The optimized results obtained from the modified harmonic-balance technique
hydrodynamic model for four simulated input powers are given in Table ΙΙ
. The optimized
results are better than the results from the harmonic-balance (AFP) technique as shown in
Fig 3. As seen in the figure, the modified harmonic-balance technique got higher optimized
results than the harmonic-balance (AFP) technique. Unlike the traditional HB technique
where the fictitious transmission line characteristic impedance has to be carefully chosen,
there is no fictitious impedance needed in the modified HB technique. The output current
and voltage waveforms for Modified Harmonic-balance method is shown in Fig .4.
Table II. Modified Harmonic-Balance simulation result by hydrodynamic model
Incident
Pump
Power
(mW)
7.5
18.8
29.6
47.0

Output
Power
(mW)

Pout/Pin (%)

VLO (V)

Z1 (Ω )

Z2 (Ω )

3.23
8.06
9.83
12.08

43.10
42.89
33.22
25.71

1.062
1.945
2.759
4.025

18.7+ j199.4
25.1+ j229.6
32.1+ j227.7
43.0+ j240.5

46.2+j97.2
68.8+j116.0
81.5+j120.8
86.3+j133.6

The comparison of results by two techniques shows that the efficiency is a rather flat
function of the second harmonic embedding resistance if the first harmonic resistance is
matched in appropriate way.
V. CONCLUSIONS
In conclusion, a simple and efficient modified harmonic-balance technique is presented.
This new algorithm is suitable for the large-signal time-dependent analysis of nonlinear
millimeter wave circuits. A robust simulation tool that combined this novel modified
harmonic-balance circuit analysis technique with a temperature-dependent hydrodynamic
transport model device simulator has been established in this paper. In comparison to the
drift-diffusion model, this temperature-dependent hydrodynamic model can more
accurately describe the nonstationary high frequency dynamics and velocity saturation of

the electron. In addition, the computational time is much reduced over that of the Monte
Carlo method. The results and simulation-time requirements for a Schottky-diode
multiplier study have been compared to that utilizing the harmonic-balance algorithms.
These results show that this approach can be used to realize improved multiplier operation
with a minimal time of numerical computation. This model will be used in the future to
optimize multiplier operation at terahertz frequencies.
The authors wish to acknowledge the support of the U.S. Army Research Laboratory,
Army Research Office.
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Figure 1. Experimental and AFP theoretical second harmonic output power versus
incident pump power for the UVA 6P4 frequency doubler subject to 100 GHz excitation.
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Figure 2. AFP Harmonic-balance current and voltage waveforms for 18.8 mW pump
excitation.
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Abstract

We present the experimental and astronomical results of the tunerless waveguide 810GHz SIS receiver. The Nb/AlOx/Nb junctions associated with a broadband tuning
circuit, namely parallel connected twin junctions, are fabricated at Nobeyama Radio
Observatory. The tuning microstrip line is made of a Nb thin lm. The lowest receiver
noise temperature is 580 K (DSB) measured at 810 GHz, in which the noise contributions of the RF-input section alone and the IF-system account for about 4 % and 20 %,
respectively. Note that the applied magnetic eld with a permanent magnet to suppress the Josephson e ect is 700 - 800 Gauss and the SIS mixer is cooled down to 3.9
K. The Rsub(2mV)/RN is 16, which suggests relatively good quality of the junctions.
This SIS mixer was installed on the receiver of the Mount Fuji submillimeter-wave
telescope. We have detected the submillimeter-wave spectral lines of CI (3P2-3P1 :
809.3432 GHz) and CO (J=7-6 : 806.651 GHz) in the Orion A molecular cloud.
2

Introduction

Radio astronomy at millimeter and submillimeter wavelengths has made rapid progress
by using the heterodyne mixing with Superconductor-Insulator-Superconductor (SIS)
tunnel junctions. The Nb-based SIS mixer associated with various types of integrated
tuning structure has achieved the low receiver noise temperature of a few times the
quantum limit (3 - 5h!/k). Recently, the sensitive THz SIS receiver has been required for space-borne astronomical and atmospherical observations. According to
the Mattis-Bardeen theory [1], the loss of Nb-stripline increases remarkably due to the
photon absorption (breaking Cooper-pairs) above the gap frequency of Nb (21=h 
680 GHz. 1 is minimum energy of one quasiparticle excitation). Therefore, Nbbased SIS mixers using low-loss materials such as NbTiN [2, 3, 4], NbN [5, 6] and Al
[7, 8, 9, 10] as a microstrip line circuits have been extensively studied theoretically
and experimentally. However, Winkler et al. showed analytically that SIS mixer can
be used up to twice the gap frequency (41=h) [11]. Lange et al. investigated the noise
performance of a Nb-based SIS mixer at 600 - 1500 GHz and compared the results

with the quantum mixing theory [12]. Honingh et al. accomplished the receiver noise
temperature of less than 950 K at 780 - 820 GHz using xed tuned SIS waveguide
mixers [13].
We have developed the Nb-based 500-GHz waveguide SIS mixer associated with
parallel connected twin junctions (PCTJ) [14, 15], which have been used for the receiver
system of the Mount Fuji submillimeter-wave telescope [16, 17]. With this receiver
system we have carried out the mapping observations of the CI (3P1-3P0 : 492 GHz)
line toward a number of molecular clouds. Since another transition of CI (3P2-3P1)
lies at 810 GHz, immediate extension of the observing frequency up to 810 GHz is
strongly required from astronomical reasons. On the basis of this motivation, we have
developed the experimental 810-GHz mixer which is a scaled version of the 500-GHz
SIS mixer. We have tested the mixer performance under various operating conditions
at 810 GHz for future developments of a sensitive Nb-based SIS mixer with the PCTJ
and the tuning stripline made of highly conductive normal metal like Al. A special
attention has been paid for improvement of the RF-input section.
In this paper we present performance of the Nb-based SIS receiver at 810 GHz.
First, the junction properties, the lay-out of the mixer and the experimental setup for
performace evaluation are described. Next, we present the DC I-V curve characteristics and frequency response of the mixer measured by a Fourier transform spectrometer
(FTS). Finally, the receiver noise temperature, the noise contribution and the astronomical results are presented.
3
3.1

Lay-out of the 810-GHz Waveguide Mixer
Junction properties

In the 810-GHz SIS mixer presented here Nb/AlOx/Nb junctions and Nb-stripline are
employed and they are fabricated at Nobeyama Radio Observatory (NRO). The dielectric layer of microstrip line used for impedance transformers is made of Nb2O5(1000
A) /SiO2(2700 A) /Al2O3(900 A). The tuning circuit consists of parallel connected
twin junctions (PCTJ) associated with a superconducting tuning microstrip line with
a width of 6.5 m and a length of 10 m. The PCTJ has advantages of a better RF and
IF coupling and a larger tuning inductance than an end-loaded type [18]. In addition,
it is also suggested that the structure of the PCTJ might be easier to suppress the
Josephson e ect. Other circuit elements include a waveguide-to microstrip transition
with a DC/IF return path and an o set probe [19], a 75 and a 45 microstrip
line and the RF choke lter which consists of a series of wide and narrow sections of
microstrip line. The crystal substrate is polished down to 50 m. The substrate width
is 98 m. These structure are shown in Figure 1. The size and normal-state resistance
for a single junction are 1.25 m21.25 m and 22.1 , respectively. Assumming IC RN
of 2.0 mV and the speci c capacitance of 90 fF/m2, the critical current density and
!RN Cj product are 9 kA/cm2 and 11, respectively. The tuning bandwidth of the

junctions, 1f = f=!RN Cj , is about 80 GHz, since the Q-factor of the PCTJ is approximately equivalent to junctions' !RN Cj product [18]. The critical current density
of 9 kA/cm2 seems to be close to the upper limit for the Nb-junction with the high
quality because of the fabrication process.
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3.2

Figure 2: Diagonal horn of the 810-GHz
mixer

Waveguide mixer

The 810-GHz SIS mixer is a scaled version of our 500-GHz waveguide SIS mixer. The
mixer block is split into two blocks made of copper with electric gilding. The horn
antenna and the channel for the SIS chip are included in one block, and the backshort
cavity in the other block. This mixer does not employ any mechanical tuners for
adjustment of the RF impedance of the mixer [20]. This xed-tuned design is very
important for a remote operation of this receiver on the Mount Fuji submillimeterwave telescope. Dimensions of the waveguide and the IF-channel of the 810-GHz mixer
are 304 m 2105 m and 105 m 2 105 m, respectively. The substrate is shifted
with 40 m o set from the center of the waveguide. The IF/DC output port and 50
microstrip line are connected with 10 m Al wires. The slot of the ground port is
lled with indium metal. A diagonal horn is adopted as the feed horn antenna because
of the convenient fabrication. It has a good beam pattern and an ecient coupling to
a Gaussian beam. The aperture and the length of the diagonal horn are 3.5 mm and
19.89 mm, respectively. The coupling eciency of the fundamental mode of a diagonal
horn is about 84 % if a eld is transmitted smoothly from a horn to a waveguide [21].
The horn and the waveguide taper-transition are shown in Figure 2.

3.3

Measurement setup

An overview of the measurement syetem is shown in Figure 3. The frequency independent quasi-optical system based on the Gaussian beam propagation is installed at 4 K
cold stage of a spare dewar for the Mount Fuji submillimeter-wave telescope [17]. The
4 K cold stage is covered by 40 K shield. The material of the dewer window and the IR
lter are Kapton with thickness of 12.5 m and Zitex (G106) with thickness of 150 m,
respectively. These thickness are decided from a standpoint of mechanical strength.
The transmission of the IR lter was measured with the FTS at the room temperature,
while that of the dewer window was estimated from the calculation. The transmission
G and the equivalent noise temperature Teff in the dewer are shown in table 1, where
the e ective temperature is expressed by hf =k 2 exp((hf=kTamb) 0 1)01. Tamb is the
physical temperature. The RF and Local oscillator signal (LO) are combined by a wire
grid polarlizer as a beam splitter. This polarlizer transmits most of the RF signal (95
%), while it re ects a small fraction of the LO power. These signals are focused to the
horn by an ellipsoidal mirror. The LO signal at 809 GHz is produced by a combination
of the W-band (90 GHz) Gunn diode and two triplers, which gives sucient LO power
for the mixing (230 W). The intermediate frequency (IF) is ampli ed by an S-band
low noise HEMT ampli er which is cooled on the 4 K cold stage. The return loss of
the Bias T is larger than 25 dB in the frequency range from 1.8 to 2.7 GHz. The
equivalent noise temperature and the gain of this ampli er associated with an isolator
are about 7 K and 43 dB at 19 K, respectively. The DC SIS bias voltage and the IF
line is combined by a Bias T. Finally, the DC I-V curve and the IF output power are
measured by using an oscilloscope and a spectrum analyzer, respectively.

Figure 3: Measurement system.

Table 1. Materials and properties of the RF-input section.
Dewar window
IR lter
Beam splitter
material
Kapton
Zitex (G106)
Wire Grid
transmission [%] 93 6 1 (12.5 m) 98 6 1 (150 m)
95
Teff [K]
276
43
00
4
4.1

Results and Discussion
DC I-V performance

The normal resistance RN for a single junction is measured to be 22.6 , which is well
consistent with the expected value. The Rsub(2.0 mV)/RN is about 16 at 4 K, where
Rsub is a resistance at 2.0 mV. The subgap leakage current at 2.0 mV is less than 10
A. As shown in the sample DC I-V curve (Figure 4), it was dicult to nd out the
resonace step (even varying the applied magnetic eld strength), only seeing the step
at the half of the gap voltage (1.5 mV). The permanent magnets, giving a magnetic
eld of 830 Gauss at the position of junctions are attached at the both side of a mixer
block to suppress the Josephson current. The magnetic coils are not used, because it
can be a source of an unfavorable heat in ow. When we applied the magnetic eld
of 530 Gauss, the second Shapiro step, the knee strucure due to the proximity e ect
and the increase of gap voltage increased slightly. The eld of 830 Gauss is 40 %
of the upper critical magnetic eld of Nb. Since the properties of magnets and the
divergence of the magnetic eld at a low temperature are not known accurately, the
absolute value of the magnetic eld might be overestimated.
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Figure 4: DC I-V curve of the 810-GHz SIS mixer below the gap frequency of Nb.
4.2

Frequency Response

The frequency response of the 810-GHz waveguide mixer coupled with the PCTJ was
measured with the FTS. The frequency resolution was 3.6 GHz. The result is shown

in Figure 5. The frequency cut-o of the waveguide can be seen around 600 GHz. In
addition, the peak around 720 GHz should be neglected due to the direct absorption
of a photon at the gap energy. The other subgap staructures in the response curve are
due in part to the measurement system such as absorptions by H2O vapor. Therefore,
the basic response curve seems to have a peak around 820 GHz, which is 30 GHz lower
than the designed value. This is relatively consistent with the designed value. From
this result, the suitable SIS bias voltage is found to be from 2.0 to 2.2 mV.
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Figure 5: FTS measurement of 810-GHz SIS mixer at various SIS bias voltage.
4.3

Receiver noise temperature

Using the Y-Factor method with the hot load (295 K) and the cold load (77 K), the
noise temperature of the 810-GHz waveguide SIS mixer has been measured by using
a spectrum analyzer. The noise performance in the frequency range of 790 - 830 GHz
is shown in Figure 6. The relatively narrow frequency range of measurements is due
to limited frequency tunability of the LO source employed here. The frequency is
measured by the Shapiro steps so that it has a typical uncertainty of 0.3 GHz. The
lowest receiver noise tempetrature of 580 K (DSB) is obtained around 810 GHz at the
SIS bias voltage 2.0 - 2.2 mV. These results are in good agreement with those expected
from the FTS measurement. In addition, we measured the receiver noise temperature
(TRX ) at di rent temperatures. We controled the temperature by using an electric
heater attached on the cold stage. Understanding the temperature dependence is
useful, since the actual mixer installed into the telescope is not always cooled at 4
K due to various heat loads. As shown in Figure 7, the noise temperature is found
to depend on the temperature substantially even around 4 K. Note that TRX also
depends on the magnetic eld applied. The apparent di erence in the best receiver
noise temperature was not observed between the magnetic eld of 530 Gauss and 830

Gauss. However, 0th - 3th Shapiro steps could be seen apparently in the case of 530
Gauss, and the IF output power is slightly unstable around the SIS bias voltage of 2.0
- 2.2 mV. A sample of the measured total IF output power superposed on the DC I-V
curve is displayed in Figure 8. The IF output power in Figure 8 is averaged all over
the frequency range of DC - 3 GHz, which includes the frequency range with the bad
responsivility of the HEMT Ampli er.
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Figure 6: Receiver noise temperature (DSB)
of 810-GHz mixer versus frequency
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Noise contribution

The measured receiver noise temperature consists of the noise contributions of the
RF-input section, the mixer and the IF-chain, which is simply expressed by
TRX

= TRF +

TMIX
Gtot
RF

+

TIF
:
tot
GRF GMIX

(1)

where TRX ,TRF ,TMIX and TIF are the equivalent noise temperature of the receiver,
the RF-input section, the mixer, and the IF-chain, respectively. The GMIX is the gain
opt
opt
tune
of the mixer. The Gtot
RF is expressed by GRF 2 GRF , where GRF is a transmission of
the RF-input section including the dewer window, the IR lter, the beam splitter and
the horn and is evaluated to be about 0.73. The Gtune
RF is a gain of a tuning circuit
and a microstrip line. In order to study the contribution of the components of each
term of Eq.1 above gap frequency, we at rst measured TRF by performing intersecting
lines technique [22]. As the result, the equivalent noise temperature of 95 K at the
intersection point was obtained from the Figure 9, which is much larger than that of
22 K calculated from the RF-input section alone. According to the Ke's discussion
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Figure 8: IF output power superimposed on the DC I-V curve versus SIS bias voltage.
[23], this
equivalent
noise temperature at the intersection point should be expressed by
P
P
tot
TRF +  =GRF .
 is the sum of the quantum noise and the correction terms which
are independent of GMIX in case that the SIS mixer is not perfectly matched to the
LO
source. Therefore, the large residual of 73 K might result from these terms. Since
P  =G
tot as well as T
tune
RX is extremely in uenced by the GRF above the gap frequency
RF
of Nb, it seems likely that the value at the intersection point is reduced by adopting
the NbTiN, NbN, or normal metal such as Al as the microstrip line. Next, TIF of
about 6 K is obtained by using the linear relation in the shot noise region of IF output
power [24, 25]. In addition, TIF /Gtot
RF GMIX is obtained to be 115 K by comparing the
total IF output power for the hot load with that of IF-chain alone at the gap voltage
[15], where Gtot
RF GMIX is estimated to be 0.05.
From above simple estimations, the low noise tempereture of our mixer seems likely
to be due in part to the low TRF , the good performance of the tuning circuit of the
PCTJ [18], and a comparatively high Rsub =RN . Therefore, it might be exceedingly
important to improve the high quality junction not only with a low loss material but
also with a high current density, a low subgap current and a high coupling tuning
circuit, as Dieleman et al. suggest [10].
4.5

Observation of CI(3 P2 -3 P1 ) and CO(J=7-6) line

We are conducting large mapping observations of CI (3 P1 -3 P0 : 492 GHz) toward
various molecular clouds using Mount Fuji submillimeter-wave telescope. Comparison
of the CI (3 P1 -3 P0 : 492 GHz) intensity with the CI (3 P2 -3 P1 : 809 GHz) intensity
is essential to investigate the physical parameter such as the temperature and H2 gas
density in the region where CI exists. For this aim, we installed the 810-GHz SIS mixer
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Figure 9: Equivalent noise temperature of the RF-input section measured by performing intersecting lines technique
into the dewer of Mount Fuji submillimeter-wave telescope and carried out the test
observations toward the Orion A molecular cloud. As a result, we could detect the CI
(3P2-3P1 ) and the CO (J=7-6) line as demonstrated in Figure 10. The system noise
teperature including the loss of the atmosphere and the radome was 6500 K(DSB).
This high system noise temperature mainly originates from high physical temperature
of the mixer, a loss of bandpass lter, and an insucient LO-power.
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Figure 10: Samples of spectral lines toward Orion A molecular cloud

5 Summary
We have produced an experimental Nb-based waveguide 810-GHz SIS mixer. The
good receiver noise temperature of about 600 K in the range of 790 - 830 GHz was
obtained with the laboratory receiver setup. In the view point of the stability of the

IF output power, the optimized magnetic eld and SIS bias voltage were 830 Gauss
and 2.0 - 2.2 mV, respectively. These properties agree well with the result of the
FTS measurement. It seems likely that this low noise performance of Nb-based mixer
above the gap frequency is due to the low TRF , the ecient couplings of the PCTJ,
and relatively high Rsub =RN. Although the 810-GHz mixer installed in Mount Fuji
submillimeter-wave telescope was not used in the ideal condition, we observed the CI
(3P2-3P1 ) and the CO (J=7-6) line toward Orion A molecular cloud.
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In this paper, we present an experimental study of the intermediate frequency
bandwidth of a Nb diffusion-cooled hot-electron bolometer mixer for different
bias voltages. The measurements show that the bandwidth increases with
increasing voltage. Analysis of the data reveals that this effect is mainly caused
by a decrease of the intrinsic thermal time of the mixer and that the effect of
electro-thermal feedback through the intermediate frequency circuit is small.
The results are explained using a qualitative model, in which the time constant
is calculated using a weighted average of the diffusion constant as a function of
the relative length of the hotspot, and accounting for the lower diffusion
constant in the superconducting domain. Thus, we show that for a diffusioncooled hot-electron bolometer, the intermediate frequency bandwidth is
determined not only by the length of the microbridge, as is generally believed,
but also by the length of the electronic hotspot.

I.

Introduction

The strong need for sensitive heterodyne mixers at terahertz frequencies is an
important stimulus for the ongoing development of hot-electron bolometer (HEB)
mixers. Besides the rapid progress on the experimental side, new light has been shed
on the physical mechanisms that govern the HEB in heterodyne operation.
Classically, the HEB is described as a lumped element, making use of the steep rise of
the resistance as a function of temperature R(T) close to the critical temperature
Tc [1-3]. Under the usual operating conditions of the mixer the presence of a
temperature profile in the microbridge has to be taken into account [4], and the
experimental dc resistive transition is no longer relevant [5]. A new concept has been
introduced in which heterodyne mixing in HEBs is described in terms of an electronic
hotspot (EHS) of which the length Lh oscillates at the intermediate frequency (IF)
[6,7]. Recently, a similar physical model was introduced in a somewhat different
mathematical approach, although there, the authors continue to relate the mixing
properties to the experimentally observed R(T) [8].

II.

The time constant of a diffusion-cooled HEB

An important figure of merit of a HEB mixer is the IF gain bandwidth, defined as the
frequency where the gain has dropped 3 dB below its zero frequency value (roll-off
frequency f-3dB), and being physically determined by the speed with which the thermal
energy can be removed from the microbridge. Based on the ratio between the thermal
length λ th = (Dτ e-ph)1/2 (D is the electronic diffusion constant and and τe-ph is the
electron-phonon coupling time) and the length of the microbridge Lb, HEBs can be
divided into two classes.
If λ th /Lb < 1, the hot electrons will primarily lose their energy via inelastic
electron-phonon scattering within the microbridge. In this case one speaks of a
phonon-cooled HEB [1]. Based on an electron-phonon coupling time of about 12 ps
for a thin NbN film, the IF bandwidth can be 10 GHz and thus large enough for
practical applications [9]. However, due to relatively long phonon escape time of
approximately 40 ps, the IF bandwidth is in practice limited to 3-4 GHz. If, on the
other hand, λ th /Lb > 1, the heat transfer in the microbridge will be dominated by
outdiffusion of hot electrons to the contacts. The idea of using diffusion-cooling
rather than phonon-cooling in order to achieve a large bandwidth was proposed by
D. Prober in 1993 [2]. Experimentally, the crossover from phonon-cooling to
diffusion-cooling has been demonstrated by varying the length of the microbridge
[10,11]. Obviously, if the mixer is made very short, the IF roll-off frequency can be
very high. Recently, an IF bandwidth of 9.2 GHz was reported for a 100 nm long Nb
HEB, whereas a 80 nm long HEB showed no clear roll-off up to 15 GHz [12].
We now consider the time constant of a diffusion-cooled superconducting
HEB mixer in a bit more detail. For a diffusion-cooled metallic microbridge, the
thermal relaxation time is given by [4,13]:

L2b
τ th = 2
π D

[1]

This expression does take into account the presence of a temperature profile, but
assumes no spatial variation of the thermal diffusivity, being determined by the (local)
ratio of the thermal conductivity k and the electronic heat capacity ce. In case of a
diffusion-cooled metallic microbridge, this ratio is the same as the electronic diffusion
constant, since heating and heat transport both take place via the electrons. In practice,
however, the rf pumped and dc biased HEB is cooled well below Tc, and operates in
an electronic hotspot state. In this case, the center of the bridge is normal (hotspot
region), whereas the ends of the microbridge are superconducting. In the normal
region, the diffusion constant is independent of the local temperature, because both k
and ce have a linear temperature dependence. In the superconducting parts, k
decreases sublinearly with decreasing temperature, whereas the ce will be larger than
in the normal part of the microbridge [14]. Thus, the thermal diffusivity will be
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Fig. 1: Thermal diffusivity of Nb as a function of temperature, normalized to the normal
state value Dn (1.6 cm2/s). Calculated is the ratio between the thermal conductance k and
the electronic heat capacity ce of a thin Nb film with a critical temperature of 6 K.

considerably lower in the superconducting regions. This can be seen in Fig. 1, where
we plot the normalized ratio k/ce below and above Tc for a typical 10 nm thin Nb film
on the basis of expressions for ce and k given in Refs. 14 and 15 (D n and D s refer to
the diffusion constant in the normal and superconducting state, respectively). An
abrupt decrease in k/c e occurs at Tc because of the discontinuity of ce. In our
experiments, the device is usually operated at a bath temperature around 4.2 K and it
can be seen in the figure that in the temperature range between 4.2 K and 6 K,
Dn ≈ 3-5 Ds. Therefore, we hypothesize that if the length of the hotspot decreases, e.g.
due to a decrease of the bias voltage, the effective (or average) diffusion constant
along the microbridge will also decrease, resulting in a slower response time of the
device.
In this work, we verify this hypothesis. We present the experimental results of
the measurement of the IF bandwidth of a Nb diffusion-cooled HEB for different bias
voltages i.e. for different lengths of the electronic hotspot. The measured time
constants are corrected for electro-thermal feedback through the IF circuit using the
EHS model, in order to infer the intrinsic time constant of the mixer. Finally, the time
constants are compared with the calculated time constant on the basis of a qualitative
model.

III.

Experiment

In this section, we present the measurement of the IF bandwidth of a Nb diffusioncooled HEB around 700 GHz using two local oscillators. The device used in the
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Fig. 2: Schematic representation of the experimental setup used for the gain vs.
intemediate frequency measurement. The inset shows an actual measured spectrum.

experiment has a length of 300 nm, a width of 200 nm, and a normal state resistance
Rn of 53 Ω. The critical temperature Tc of the microbridge is 5.9 K. The (normal state)
diffusion constant was independently determined to be 1.6 cm2/s. The fabrication
procedure of the device has been given in detail in Ref. 16. The device is mounted in
a fixed-tuned waveguide, designed for frequencies around 700 GHz. A schematic
representation of the experimental set-up used for the measurements is given in Fig. 2.
The rf power to pump the device is provided by a carcinotron with a doubler, whereas
a Gunn oscillator with a quadrupler acts as a (weak) signal source. The IF output
signal is amplified by a 0.1-8 GHz Miteq cryo-amplifier with an effective input
impedance RL of 32 Ω [17] and a 6 dB attenuator at the input to isolate the device
from reflections. A 0.1-14 GHz Miteq amplifier is used to amplify the signal at room
temperature. The amplified signal is measured with a spectrum analyzer. Special
attention is paid to the gain versus frequency calibration of the IF chain and saturation
of the second amplifier. During the experiment, the signal frequency is kept constant
and the LO frequency is varied. The LO power is kept constant by adjusting the
polarizer in the optical path and maintaining a constant current through the device
with an accuracy better than 1 µA. All measurements reported here are performed in a
single run, because of small changes in the electrical behavior of the device upon
thermal cycling. The bath temperature Tb during the experiment is 4.5 K.
The measured relative conversion gain as a function of the intermediate
frequency at a bias voltage V b = 0.30 mV is shown in Fig. 3a. The calculated
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Fig. 3: (a) Relative conversion gain as a function of the intermediate frequency. The
solid line is a one-pole calculation with a roll-off frequency f-3dB of 1.5 GHz. The dashed
lines represent the error margins (1.5 ± 0.3 GHz). (b) Unpumped and pumped I(V)
curves. The bias points where the IF bandwidth has been measured are indicated by the
open squares. Also shown are the calculated I(V) curves based on the EHS model. The
coupled LO power in the calculation is 37 nW.

bandwidth from a one-pole fit to the data is 1.5 GHz, corresponding to an effective
thermal time of τeff = (2πf-3dB)-1 = 106 ps. The maximum error in the measurement is
0.3 GHz and the corresponding curves with a roll-off frequency f-3dB of 1.2 GHz and
1.8 GHz are also plotted in Fig. 3a. Fig. 3b shows the unpumped and pumped I(V)
curves of the device. The three bias points at which the IF bandwidth has been
measured are indicated in the figure, and the corresponding values for the bandwidth
are given in the table in the inset. Clearly, the IF bandwidth increases with increasing
bias voltage, up to 2.5 GHz at Vb = 0.81 mV. The same effect was observed by
Skalare et.al. on a comparable device, but the physical origin of the effect was not
addressed [17].

IV.

Data analysis

In this section we calculate the intrinsic time constant from the measured time
constant, which is affected by selfheating of the bolometer. We first discuss how to
take into account selfheating in the framework of an electronic hotspot. Then the
electro-thermal behavior of the mixer is modeled using the appropriate heat balance
equations. From the calculated pumped I(V) curve we calculate all relevant
parameters to correct the measured time constant for electrothermal feedback.

IV.a

Selfheating through the IF load in the hotspot framework

In order to understand our experimental results and infer the intrinsic time constant of
the mixer, the data have to be corrected for electro-thermal feedback through the IF
load [3,19]. The measured effective time constant τeff of a HEB mixer is related to the
intrinsic time constant τth via

τ eff (V ) =

τ th
1 + α (V ) β (V )

[2]

with α(V) and β(V) given by
 dR 
I dc2 

dT 

α (V ) =
G

and

β (V ) =

Rdc − RL
Rdc − RL

[3]

Here, Idc is the dc current flowing through the device and Rdc the dc resistance (Vdc/Idc)
in the operating point. The factor α(V) reflects the selfheating of the device, whereas
β(V) accounts for the finite impedance of the IF load, basically suppressing the effect
of electro-thermal feedback. In the lumped element approach, α(V) can be calculated
directly from the pumped I(V) curve [19]. In the hotspot framework, however, a
temperature profile is present, and the same change in rf and dc heating has a different
effect on the resistance of the HEB [6,7]. Therefore, (dR/dT)G-1 should be rewritten as
 dR  −1 C rf Grf + CdcGdc

G =
Grf + Gdc
 dT 

[4]

with
C rf ,dc

 dR 

= 

 dPrf ,dc 

and

Grf ,dc

 dT 
=  avg 
 dP 
 rf ,dc 

−1

[5]

Here, C rf,dc reflects the change in resistance due to a change in dissipated rf or dc
power, respectively, G rf,dc is the effective thermal conductance for rf or dc heating,
and Tavg is defined as the average temperature along the microbridge. Both Crf,dc and
Grf,dc can be calculated using the appropriate heat balance equations for a HEB. Note
that in the case that Crf = Cdc and Grf = Gdc, Eq. 4 reduces to the expression given by
Refs. 3 and 19.
IV.b

Electro-thermal analysis of the mixer

We now proceed by modeling the electro-thermal behavior of the HEB mixer using
the physically justified electronic hotspot model [6]. Here, we introduce two

(b)

(a)

180

0.3

Dn /Ds = 1
Dn /Ds = 1.5
Dn /Ds = 2
Dn /Ds = 3
Exp. data

160

0.2

140

α
,β

(ps)

0.1

100

-0.1

80

α(V)
β(V)

-0.2
-0.3
0.0

120

τth

0.0

0.5

1.0

1.5

2.0

2.5

3.0

60
0
0.0

Voltage (mV)

0.2

0.4

0.6

0.8

1.0

Lh /Lb

Fig. 4: (a) Calculation of α(V) and β(V) from the theoretical pumped I(V) characteristic and Eqs.
3-5. (b) Intrinsic time constant as a function of the relative length of the hotspot. The squares
indicate the experimental results. The curves are calculated using different values of the ratio
Dn/Ds (Dn = 1.6 cm2/s, Lb = 300 nm).

modifications with respect to the model presented in Ref. 6, which physically describe
a diffusion-cooled HEB more accurately, although they are found to have little
influence on the actual outcome of the calculations. First, we do not take the thermal
conductivity k to be constant but assume that it is linearly increasing with temperature
in both normal and superconducting parts according to the Wiedemann-Franz
law [20]. Second, we neglect the heat transfer from electrons to phonons, justifiable
for a diffusion-cooled HEB, and allowing an analytical solution to the problem. As a
result, the heat balance equation for a biased and pumped diffusion-cooled HEB takes
the following form: Inside the hotspot, we have
−

d 
dT 
2
 k (T )
 = j ρ + prf
dx 
dx 

[6]

with j the dc current density in the microbridge and prf the rf power density (per unit
volume). Outside the hotspot we use the same equation, with the exception that there
the dc dissipation is zero (j2ρ → 0). In the analysis, it is assumed that rf power is
absorbed homogeneously in the microbridge, which is true if the frequency of the
radiation is above the gap frequency of the superconductor. In our case, the radiation
frequency is 700 GHz, whereas the gap frequency is ≈ 450 GHz. The equations are
solved by requiring that T = Tb at the end of the bridge and T = Tc at the hotspot
boundary. The current required to sustain a hotspot of length L h when a radiation
power density prf is absorbed, follows from matching dT/dx at the hotspot boundary.
In Fig. 3b, we plot the calculated pumped and unpumped I(V) characteristics together
with the experimental data. A good agreement is found between measurement and
calculation in the case of the pumped I(V) curve. In the case of the unpumped

characteristic, deviations between model and measurement are observed at low bias
voltages, which show that the measured minimum dc current needed to sustain a
hotspot is smaller than predicted by the model. This observation has been discussed in
more detail in Ref. 21. Using the simulated pumped I(V) characteristic, we have
calculated (dR/dT)G-1 as a function of bias voltage according to Eqs. 4-5. The result is
shown in Fig. 4a.
In Table 1, the results of the measurement and calculation for the three
different bias points are summarized, from which it becomes clear that the intrinsic
time constant of the microbridge increases with increasing length of the hotspot [22].
Note that in our particular case the effect of electro-thermal feedback is largely
suppressed by the IF circuit, because the impedances of the IF load and mixer are
close to each other. As a result, the effective and intrinsic thermal times do not differ
much.
Table 1: Results of experiment and analysis

Vb (mV)
0.30
0.56
0.81

V.

Lh (nm)
113
148
173

τeff (ps)
106
80
64

α(V)
0.28
0.26
0.23

β(V)
-0.21
-0.058
0.021

τth (ps)
100
79
64

Discussion

In order to verify whether the outcome of the experiment is physically sensible, we
compare the results with a calculation of the time constant on the basis of Eq. 1,
taking into account the difference in the diffusion constants of the normal and
superconducting parts of the microbridge. We assume that we can use a linearly
weighted average value of the diffusion constant according to
Davg =

Dn Lh + Ds ( Lb − Lh )
Lb

[7]

with D n and D s the diffusion constant in the normal and superconducting regions,
respectively. In Fig. 4b, we plot the calculated time constant for different of values of
Dn/Ds as a function of Lh/Lb. The ratio s D n /Ds have been chosen such that they are
comparable to the values expected on the basis of Fig. 1. In the case Dn/Ds = 1, the
bandwidth does not depend on the length of the normal domain and thus the time
constant is the same as given by Eq. 1, with Dn = Ds = 1.6 cm2/s. It is important to
note that the experimentally obtained values for the thermal time constant are, as
expected, always larger than the value predicted by Eq. 1. Clearly, the predicted trend
and the magnitude of the observed effect from Eq. 7 correspond to the experimental
observations. However, we do not obtain nor expect a one-to-one correspondence
between measurement and calculation, because the model used is oversimplified. A

more realistic calculation would have to include the full time-dependent heat-balance
equations, taking into account the bias-dependent modification of the time constant
due to electro-thermal feedback.
The results of the measurement and analysis presented here are in contrast to
measurements of the IF bandwidth in a Nb phonon-cooled HEB mixer, in which case
the bias dependence could very well be explained by electro-thermal feedback
through the IF load [19]. This observation can be understood by realizing that in a
phonon-cooled device the thermal path to the contacts is not relevant since the energy
from the hot electrons is removed via inelastic scattering with phonons.

VI.

Conclusions

To conclude, the essential outcome of this experiment is that it demonstrates that the
intrinsic time constant of a diffusion-cooled HEB is not only depending on the length
of the microbridge, but also on length of the hotspot in the bridge, being determined
by the bias conditions of the system. The observations can be understood to a first
order by using a qualitative model in which the reduced diffusion constant in the
superconducting regions is taken into account.
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Abstract
We are presenting our recent results in development of a direct detector of submillimeter
waves (bolometer) based on a microscopic power sensor coupled to an integrated antenna. An electrical NEP of 5×10-18 W/Hz1/2 at 0.1 K has been demonstrated in a dc
measurement. A detailed description of design of a cryogenic system for optical evaluation of this detector is presented.

Introduction
In this report we present our recent results in development of an antenna-coupled direct
detector of submillimeter wave radiation – the normal metal hot electron bolometer
(NHEB). Broadband submillimeter direct detectors (bolometers) are desired in certain
fields of radio astronomy where large bandwidth and high sensitivity requirements are
more important than a very sharp spectral resolution. An example of such a field is the
study of the relict cosmic microwave background (CMB) radiation. Currently there are
several projects where new kinds of structures are proposed as alternative to the present
blackbody bolometers with thermistors [1-3]. Increase of the power resolution is one
objective in the new development, since the new space-borne telescope projects are going
to make available cold low-noise reflectors and thus create room for detectors with better
sensitivity level than today’s NEP ≈ 10-17 W/Hz1/2. The other objective is to decrease the
reaction time by at least one order of magnitude from the present level around 10-2 s. The
third objective is to develop a detector technology that will make possible to build large
(over 100 pixels) imaging camera arrays of detectors, preferably on a single substrate.
Electrical NEP measurements
The normal metal hot-electron bolometer has been proposed by M. Nahum et al in [4]
and [5]. It is a microscopic power sensor containing a resistive absorber where a high-

frequency current induced in a planar integrated antenna is converted to heat, which is
then detected as change in the electron gas temperature. The operating principle is shortly
explained in the Fig. 1.
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Fig. 1 Left panel – schematic diagram of the power sensor. The structure is fabricated by ebeam lithography and shadow metal evaporation from different angles. The white strip is
made of normal metal (copper) and has dimensions 5×0.25×0.07 µm3. It connects the two
superconducting antenna terminals (on the ends) and serves as a resistive load for the
antenna. The current induced in the antenna heats electron gas in the strip and these
electrons arrive to a thermal equilibrium at a temperature higher than the lattice
temperature. This is possible because the electron-phonon thermal exchange is a slower
process at the operating temperatures (below 0.5 K). A thermometer consisting of two
Normal metal-Insulator-Superconductor (NIS) tunnel junctions (at the middle of the strip)
then reads out the electron temperature. The superconducting electrodes are made of
aluminum and the tunnel barrier in the junctions is formed by the aluminum oxide.
Right panel – principle of operation of the NIS thermometer. The two junctions in series
are biased with a constant current. Voltage over the junctions is then almost linearly
dependent on the electron temperature in the normal electrode.

More detailed description of the sensor and its fabrication technology can be found in
earlier works [6][3]. We have been working on practical development of this detector
since 1997 and reported on our research progress at the previous STT symposiums.
Previously our work was mostly focused on improvement of the power sensor
parameters, since the ultra sensitive power sensor is the active part of the detector. We
measured the so-called electrical power responsivity by heating the sensor with a small
dc current. The experiments were conducted in a dilution refrigerator designed for lowfrequency measurements at 0.02..2 K. The most difficult problem that we had faced was
that the sensor got saturated at operating temperatures (i.e. below 0.3 K) even without
any intentional heating. We explained this effect by interference from the noise induced
in the wiring of our measured system. Different ways of avoiding this interference have

been attempted [3] and recently we have found that the most reliable method was to
install resistors of at least 10 kΩ cooled to 1.2 K in every measurement lead close to the
sample under test. Some of the resistors were chosen to be 10 MΩ and installed in pairs,
so that they provided the two symmetric low-noise current sources for the sensor circuit.
With this improved setup we have managed to measure the electrical noise-equivalent
power NEP = 5×10-18 W/Hz1/2 with sample cooled to 0.1 K and NEP = 3×10-16 W/Hz1/2
with sample at 0.3 K. This corresponds to electrical power responsivities of 4×109 V/W
and 1×108 V/W, respectively. The output noise in this experiment was dominated by the
room-temperature amplifier noise and was in total 22 nV/Hz1/2 for fmeas = 20 Hz (slightly
decreasing with increase in frequency). The results of the experiment are shown in the
Fig. 2.
Our results, as well as previously reported electrical NEP measurements [5], confirm that
from the sensitivity point of view the NHEB can be very attractive as a “new generation”
bolometer. The measured dependence of the electron temperature in the absorber on the
applied heating power (Fig. 3) is very close to the theoretically expected P = ΣΩ (T 5-To5)
(where P is the applied heating power, T is the electron temperature measured by the
tunnel junction thermometer, To is the substrate temperature, Ω is volume of the absorber
film and Σ is a material parameter of the absorber). This theoretical expression is based
on the assumption that the electron-phonon inelastic interaction time depends on T as
τ ∝ T -3, and that would correspond to the reaction time of the bolometer close to 10 -6 s at
0.3 K.
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Fig. 2 Experimental results: left panel – calibration curve for the NIS junction thermometer, no
heating is applied to the sensor; right panel – electrical Noise Equivalent Power of the
sensor measured at three different substrate temperatures.
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Fig. 3 Experimental results: left panel – electrical responsivity of the power sensor (voltage at
the output of the thermometer vs. heating applied to the absorber) for three substrate
temperatures To; black lines show the small-signal responsivity.
Right panel – electron temperature in the absorber computed from the output voltage
using the thermometer calibration curve (see fig. 2); black curves are the fits obtained
with the expression P = ΣΩ (T 5-To5) and a single fitting parameter
Σ = 2.5×10-9 W µm-3 K-5 for all three curves.

Design of a mm-wave cryosetup
At this stage we are considering an experiment where not only the electrical parameters
of the power sensor, but also the optical responsivity of the bolometer as whole could be
measured. This requires a measurement setup that would have an optical input with controlled throughput, and at the same time would allow cooling the detector to at least
0.3 K. In the literature one can find successful examples of the similar systems built for
testing of heterodyne mixers; however almost none of them involve cooling to below
4.2 K. Some more traditional low-temperature bolometer cryostats have cooling even
down to 0.1 K, but their optical setups are adapted for blackbody bolometers and based
usually on the Winston concentrator coupling. In the cryogenic system that we are
building at the moment we are trying to combine solutions from the both types of
detector cryostats and to suit the special experimental requirements for an antennacoupled bolometer.
Cornerstones of the design
Since we see the CMB studies as a possible potential application for the detector, we
have decided to choose for our setup a frequency band corresponding to 3..5 K blackbody
emission (180..300 GHz). The heavy radiation load at higher frequencies that could both

overload the sensor and overheat the substrate will be cut off by a metal-mesh low-pass
filter with sharp edge at 450 GHz [7]. Further, a neutral density (ND) filter can be used to
attenuate the incoming radiation at all frequencies. To provide a certain frequency
resolution and to avoid overriding dynamic range of the bolometer we would like to limit
the fractional bandwidth of the detector to about 20%. This band is going to be defined
mostly by the frequency response of the double-slot antenna that we are going to use.
The double-slot antenna is attractive for three reasons:
1. It provides a natural band-pass filter.
2. It has a fairly narrow radiation pattern (compared to e.g. the log-periodic antenna),
which is important since we need to control the whole throughput of the antenna.
3. It can be matched to a low-resistive load (below 50 Ω). This allows to make the
absorber strip in the sensor short, which means a smaller film volume and hence a
higher responsivity.
Both the sensor structure and the antenna are fabricated on a flat silicon substrate. To
provide a proper coupling to the antenna through the backside of the substrate the
substrate will be glued on a hyperhemispherical silicon lens [8]. The hemisphere diameter
is 13.7 mm and it is extended with a silicon slab so that the antenna is placed 2.20 mm
behind the center of the sphere. The combined lens antenna should then have 30 dBbeamwidth of about 34º (10 dB-beamwidth of 16º). The pattern can be approximated by a
gaussian beam diverging from the antenna. This gives a fairly narrow beam, but we
preferred to convert it to a converging beam by means of a 50 mm TPX dielectric lens
(Fig. 4). This allowed us to choose the optical window and the infrared filters of a small
diameter (1 inch), which should help to decrease the overall radiation load on the
cryosystem.

Fig. 4
Ray traces in the proposed optical arrangement
(at the –8.7dB relative power level) for
frequencies from 180 GHz to 420 GHz. The
components on the drawing are the filter unit
aperture, the dielectric lens and the hyperhemispherical lens (shown by a small circle). The
traces are calculated in the assumption of the
gaussian beam shape.

For cooling of the detector we have chosen a closed-cycle 3He-cryocooler that can reach
temperatures down to 0.27 K. This unit is manufactured by CEA/DSM/DRFMC/Service
des Basse Températures, Grenoble, France. It does not require any external pumps and

could be conveniently mounted in a pit in the cold plate of an 8-inch 4He-dewar from
Infrared Laboratories (Fig. 5). This is a robust and inexpensive solution compared to an
adiabatic demagnetization refrigerator or a dilution refrigerator for cooling to 0.1 K or
below. Another consideration was that due to the high total radiation load in the experiment the sensor would have T [electron gas] > 0.3 K anyway, that is even if the substrate
temperature would be below 0.1 K.

Fig. 5 The current phase in installation of the new system. One can see the 3He-cryocooler
mounted in a pit in the 2 K-cold plate of an 8-inch HDL dewar from Infrared Labs and a
long baffle (here blanked), which will accommodate the stimulator and the filter unit.
This longer baffle is exchangeable with a shorter one for the filter unit only.

As for a source of incident radiation we have considered two possibilities. One option is
to observe an external blackbody source with a known spectral intensity distribution
through an optical window in the dewar. To avoid drifts in the measurements one can
modulate the radiation by mechanical chopping between a 295 K source and a 77 K
source. A different option is to place a blackbody source inside the dewar. There are
certain advantages with the latter solution: peak of the frequency spectrum can be placed
at the center frequency of the bolometer band by heating the blackbody to a proper
temperature (around 5 K for 300 GHz); low intensity of the source makes possible
measurements without an ND filter, which otherwise introduces additional uncertainty in
the spectral distribution (because of internal interference fringes); also modulation of the
source (possibly up to 100 Hz) can be done simply by modulating the heating current. We
are going to employ a commercially available thermal source – “stimulator” – from
Haller-Beeman Associates, Inc. It will be placed in the focus of a Winston horn, thus

spreading the emitted radiation to a uniformly illuminated spot about 10 mm in diameter
(the larger aperture of the horn).
By arranging a detector mount and the dielectric lens on a compact optical bench inside
the dewar it is going to be possible to use the same alignment both for measurements
employing the optical window and for the measurements employing the stimulator. In the
second case the stimulator is mounted just behind the optical window inside the dewar, a
filter set is moved in front of it, and the optical bench with the rest of the setup is shifted
back to keep the distance from the antenna to the filter’s surface the same (Fig. 6).

”stimulator”

IR filters

dewar window

dielectric lens

detector
holder

cold plate

3

He-cooler

Fig. 6 Computer-generated images of the components inside the 4He dewar. Left side – option
for measurements with an internal stimulator; right side – option for measurements with
irradiation through the dewar window. The two configurations can be exchanged by
simple re-mounting of the filter unit and shifting the smaller optical bench along the
optical axis.

Formulation of the experiment
From the developer’s point of view it is interesting to verify the correctness of the
theoretical estimations of the bolometer performance, which are based on what is known
about the power sensor’s performance. However, we need to consider at least the
combination of the power sensor and an antenna as a minimal receiving unit. Since we
are planning that our detector is going to be used for a different branch of research we
need to specify the bolometer sensitivity independent of an actual observation system.
But at the same time it is less straightforward to measure intensity and spectrum of the
radiation at the input of the antenna in contrast to measuring it at the input of a

cryosystem as whole. One can formulate this problem in terms of the following algebraic
expression:

P( f ) = C ( f ) ⋅ T2 ( f ) ⋅ T1 ( f ) ⋅ F2 ( f ) ⋅ F1 ( f ) ⋅ K ( f ) .
Here f is frequency of the radiation, P is the power spectral density incoming the power
sensor, K is the power spectral density of radiation from a source, and the rest of the
functions describe the transmitting properties of intermediate components in the radiation
coupling system:
F1 is transmission function of the low-pass filter,
F2 is transmission function of the neutral density filter,
T1 is transmission function of the dielectric lens,
T2 is transmission function of the hyperhemispherical antenna lens, and
C is the coupling coefficient for the planar integrated antenna.
The first of our goals in this formulation is to determine the function P as accurate as
possible, because then we can calculate the electrical responsivity of the sensor
S e ( f ) = (dV dP ) f

(where V is voltage at the output of the sensor) for heating by a high-frequency excitation
and compare it to the theoretical predictions and to the results obtained with a dc heating.
The second goal is to specify the optical responsivity of the detector with a silicon lens
antenna, which is
So ( f ) =

dV
dV
.
=
d (P( f ) / C ( f ) / T2 ( f ) ) d (K ( f ) ⋅ F1 ( f ) ⋅ F2 ( f ) ⋅ T1 ( f ) )

The K(f) can be computed from the Planck’s expression for blackbody radiation. F1(f) is
generally specified by the manufacturer, however some uncertainty can be due to that the
filter’s performance can be different for rays incident under a finite angle to its surface.
F2(f) is specified as a constant, but as already mentioned interference due to reflections
between the two surfaces of the ND filter substrate can lead to a ripple in the transmission
curve. T1(f) and T2(f) can be computed to a good approximation knowing the properties of
the materials (TPX and silicon).
In the initial experiment we plan to compute all these function and substitute them into
the formulae in order to evaluate the data. Later on we intend to characterize the
components individually by substituting some of them. For example, ND filter can be
avoided if we use the internal stimulator as a source; by substituting our test bolometer
with a bismuth bolometer with known responsivity we can get information about the P(f),
etc. Also using a Fourier Transfer Spectrometer as a narrow-band radiation source is an
option for a more accurate calibration of the system.

Conclusions
We have further improved the electrical NEP performance of the normal metal hot-electron bolometer by introducing cold resistors in the sample wiring in our measurement
system. NEP = 5×10-18 W/Hz1/2 at 0.1 K has been achieved. Now we are working on an
experiment where we could measure the optical responsivity of the detector in the 1 mm
wavelength range. A new cryogenic setup for this purpose has been designed. The
cooling facilities of this setup have already been put in operation and the quasioptical
components are in the process of installation.
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Abstract

A distributed model for phonon-cooled superconductor hot electron bolometer (HEB)
mixers is given, which is based on solving the one-dimensional heat balance equation for
the electron temperature profile along the superconductor strip. In this model it is
assumed that the LO power is absorbed uniformly along the bridge but the DC power
absorption depends on the local resistivity and is thus not uniform. The electron
temperature dependence of the resistivity is assumed to be continuous and has a Fermi
form. These assumptions are used in setting up the non-linear heat balance equation,
which is solved numerically for the electron temperature profile along the bolometer
strip. Based on this profile the resistance of the device and the IV curves are calculated.
The IV curves are in excellent agreement with measurement results. Using a small signal
model the conversion gain of the mixer is obtained. The expressions for Johnson noise

and thermal fluctuation noise are derived. The calculated results are in close agreement
with measurements, provided that one of the parameters used is adjusted.

I.

Introduction

Previously presented HEB models (the "point bolometer " or "standard" model) [1,2]
assume a uniform electron and phonon temperature along the superconductor strip.
Although these models are quite successful to explain many experimental results, some
discrepancies have been reported:
It has been shown that the models are not capable of estimating the absorbed LO power
correctly when operating at frequencies above the quasiparticle bandgap [3]. Also
accurate measurements and calculations have shown such the "point bolometer" model
cannot explain the dependence of the measured conversion loss and the output noise
temperature on the bias voltage [4]. Nevertheless in order to optimize the device
performance for space applications, an accurate model is needed.
One-dimensional models have been developed assuming that the electron temperature
varies along the superconductor strip [5,6]. This assumption leads to different heating
efficiencies for the absorbed LO and DC power implying that the resistance change due
to a small change in absorbed LO power is not the same as that for absorbed DC power.
This is due to the fact that the DC power is only absorbed in the part of the strip where
the electron temperature is above the critical temperature whereas LO power absorption
is uniform.
In previous one-dimensional hot spot models [5,7] the temperature dependence of
resistivity is assumed to be a step function, which goes from zero to normal resistivity at
the critical temperature. This and other assumptions were made in order to make it
possible to obtain an analytical solution for the temperature profile. The main
disadvantage of this model is that while the temperature profile does not exceed the
critical temperature no hot spot is formed, and the model predicts zero resistance.
Consequently it is not possible to calculate reasonable IV curves at low bias voltages and
low LO powers. In practice the resistivity transition is smooth and measurements show
that the transition width is about 1.2 K [8]. In order to obtain complete IV curves it is
important to model the transition in a more realistic way.
The model presented here assumes that the temperature dependence of the resistivity,
although step like, is continuous and has a Fermi form, and the transition width can be
chosen as a variable (similar to a model for Nb diffusion cooled bolometers c.f. [9].).
This results in a non-linear heat balance equation, which is solved for the electron
temperature profile numerically. In section II the one-dimensional heat balance equation
and our large signal model are discussed. Section III describes the small signal model.
The noise is discussed in section IV. Section V explains a possible method for calculating
the IF impedance and the bandwidth of the bolometer. Section VI summarizes the results.

II.

Large signal model

Figure 1 shows the schematic heat flow in a small segment of a bolometer. The electrons
are heated by the absorbed LO power (PLO) and DC bias power. PLO is absorbed
uniformly along the bolometer with length 2L, but the absorption of DC power is not
uniform and depends on the bias current I0 and the local resistivity r(Te). In steady state
this heat is partly transferred to the phonons (Pep) and partly to the electrons in the
neighboring segments due to the electron thermal conductivity. Here it is assumed that
power that is carried by the phonons (Pep) is directly transferred to the substrate
(Ppsubstrate). There the thermal conductivity of the phonons in the direction of the
bolometer strip is neglected. The electron thermal conductivity, le, is a function of the
electron temperature. Below the critical temperature, Tc, it is proportional to Te3 and
above Tc it is proportional to Te1 [10]. A denotes the cross section area of the bolometer
strip.
PLO I 02 ρ (Te )
+
A
2L

− λe (Te )

∂
Te
∂x

Electrons in
equilibruim Te(x)

Pe→ p (x, Te , T p )

x

− λe (Te )

∂
Te
∂x

x + ∆x

Phonons in
equilibruim Tp(x)

Pp →substrate (x, T p , Tsubstrate )
Figure 1. The heat flow in a small segment of the bolometer.

The electron-phonon and phonon-substrate thermal coupling can be written as:
Pe→ p = σ e Ten − T pn

(

(

)

)

(1)

4
Pp →substrate = σ p T p4 − Tsubstrate
(2)
where se, sp are the electron-phonon and phonon-substrate cooling efficiency
respectively [8]. For NbN n is found to be equal to 3.6 in (1) [8].

The heat balance equations for a small segment of the bolometer can be written as:
PLO I 02 ρ (Te )
∂ 
∂ 
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Solving (3.II) approximately for Tp and substituting in (3.I) yields:
PLO I 02 ρ (Te )
∂ 
∂ 
3.6
3.6
+
=0
λe (Te ) Te  − σ eff Te − Tsubstrate +
∂x 
∂x 
A
2L

(

where σ eff =

)

8σ eσ p Tsubstrate
8σ p Tsubstrate + 7σ e

(4)

.

Note that the dimension of all the terms in (4) is W/m. and seff and le depend on the cross
section area of the bolometer [7]. The corresponding dimensions of seff and le are given
in table 1.
The electron temperature dependence of the resistivity is assumed to be:

ρ (Te ) =

ρN

1+ e

−

(5)

Te −Tc
δT

r rN

where the rN is the normal resistivity, Tc is the critical temperature and dT is a measure
for the transition width. Figure 2 shows the resistivity as a function of temperature. If we
define DT as the width of the transition form 10% to 90% of the normal resistivity, it is
possible to show from (5) that:
∆T = 2 ln 9 ⋅ δT ≈ 4.4 ⋅ δT .
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Figure 2. Resistivity as a function of temperature.

Equation (4) is solved numerically for Te(x) with the boundary conditions:
Te (− L) = Te ( L) = Tbath
where 2L is the bolometer length. Note that the x-axis is in the direction of the bolometer
strip and the origin is at the center of the bolometer.
Once the temperature profile is calculated the resistance of the bolometer takes the
following form:
L
L
ρN
1
1
R = ∫ ρ (Te ( x)) dx = ∫
dx
(6)
T ( x ) −Tc
− e
A −L
A −L
δT
1+ e

III.

Small signal model and conversion gain

The bolometer circuit is shown in figure 3. The mixing term at IF causes resistance
fluctuations in the bolometer. The corresponding small signal voltage drives a current
through the amplifier at the IF frequency. Note that this current goes through the
bolometer as well and causes additional heating and consequently additional change in
the resistance, which must be taken in to account. This effect is referred to as
electrothermal feedback.

I0
L block

P(t ) = PLO + 2 PS PLO cos(ω IF t )

∆R

C block
I IF cos( ω IF t )

R0

RL
I 0 − I IF cos( ω IF t )

Bolometer

Amplifier

Figure 3. The bolometer circuit

From the above circuit the conversion gain of the mixer is derived as [7]:
2
2 ⋅ I 02 ⋅ RL ⋅ C RF
⋅ PLO
P
(7)
G= L =
2
PS


R − R0

( R0 + RL ) 2 ⋅ 1 − C DC ⋅ I 02 L
+
R
R
L
0 

where PL is the power in the load resistance and PS is the absorbed signal power. CDC and
CRF are the heating efficiencies of the absorbed DC and RF power respectively and
defined as:
∂R0
∂R0
C DC =
and C RF =
.
(8)
∂PDC ∆P = 0
∂PLO ∆P = 0
LO

DC

In order to calculate CDC, the LO power is kept constant and the resistance change due to
the small change in the bias current is calculated at each operating point. Special care has
to be taken when calculating CRF because keeping the current constant and applying a
small change in LO power will change the absorbed DC power as well, which in turn
changes the resistance. This contribution has to be deducted from the total resistance
change in order to calculate the resistance change due to the change in the absorbed RF
power only.
Assuming equal values for CDC and CRF, (7) is reduced to the corresponding relation
known from the point bolometer models [1,4].

IV.

Noise

The calculation of the Johnson noise contribution from the HEB noise model in [4]
neglected the fact that the dissipated power in the noise source is actually dissipated
within the HEB bridge, resulting in additional heating. Ignoring this term leads to a
discrepancy between the results when the voltage noise source is replaced by an
equivalent current noise source. A complete derivation for Johnson noise is given in the
appendix, taking this term in to account.
The contribution of the Johnson noise to the total output noise is:
4 R L R0T0
TJnout =
2
2
2 R L − R0 

( R0 + RL ) 1 − C DC I 0
RL + R0 


(9)

The expression for the DSB Johnson receiver noise temperature is simply obtained by
dividing the output noise (9) by two times the gain (7):
RT
TJnin, DSB = 2 02 0
(10)
I 0 ⋅ C RF ⋅ PLO
In the one-dimensional hot spot model the electron temperature and the resistivity vary
spatially, which requires us to modify (10) as:
L

∫ ρ (T ( x) )T ( x)dx
e

T
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=
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−L
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2
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⋅ PLO ⋅ A

From what has been derived originally in the point bolometer model [1,2] the output
thermal fluctuation (TF) noise is written as:
out
TFn
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T
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e
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−
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R
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I 02 ⋅ R L

(12)

where V is the bolometer volume, ce is the electron thermal capacity, and te is the
electron relaxation time.
The double side band receiver noise temperature due to the TF noise is obtained by
dividing the TF output noise (12) by two times the gain (7):
in
TFn , DSB

T

1
= 2
C RF ⋅ PLO

 ∂R
.
 ∂Te

2

 Te 2
 ⋅
τe
 ceV

(13)

This expression also has to be modified for the one-dimensional distributed model. The
model presented here assumes that the electron temperature fluctuations in the bolometer
segments are uncorrelated. The derivation is given in the appendix B in detail and here
we only recall the result:
in
TTFn
, DSB =

1
2
C RF ⋅ PLO

L
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ρ e
2
n

 T −T 
− 2⋅ e c 
 δT 

⋅

Te2 ⋅ τ e
⋅ dx
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(14)
4
 Te −Tc 
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δ T 2 ⋅  1 + e  δT  




Note that ce and te depend on the electron temperature, which in turn depends on x.
The discussion in appendix B indicates that the output fluctuation noise is essentially
independent of the correlation length assumed.
The measured noise at the output of the mixer has three contributions and can be written
as:
out
out
Tnoise
= TTFn
+ TJnout + 2 × 295 × G
(15)
The third term is the ambient temperature (22 C =295 K) at the input of the mixer, which
contributes to the output noise during this measurement.
The total receiver noise temperature is calculated using the usual expression:
TIF
in
in
TRX , DSB = TTFn
(16)
, DSB + T Jn , DSB +
2G
where TIF is the noise contribution from the low noise IF amplifier (@7 K) and G is the
conversion gain (7).

V.

IF Impedance and Bandwidth

We are currently studying a possible method to calculate the IF impedance and
Bandwidth of the bolometer. The method is based on solving the time varying small
signal one-dimensional heat balance equation at the operating point. Adding the time
varying terms to (4) yields:
∂
∂ 
∂ 
3.6
− ce .(Te ). Te + λe (Te ) Te  − σ eff Te3.6 − Tsubstrate
∂t
∂x 
∂x 
(17)
 jωt
PLO I 02 ρ (Te )  2 PS PLO
+
+
+
+ p ⋅ e = 0
 2L

2L
A


where p denotes the small signal power due to the electrothermal feedback per unit
length. The electron temperature can be written as:
~
Te ( x) = T0 ( x) + T ( x) ⋅ e jwt
(18)

(

)

Inserting (18) in (17) and separating the time varying part, an equation is obtained which
~
can be solved for T ( x) . Preliminary studies show a capacitive behavior of the bolometer,
as is well-known from the point bolometer model [1].
A simple way to estimate the IF bandwidth is to assign a time constant for the phononcooling process and another time constant for the diffusion-cooling process. The
diffusion-cooled power can be calculated by evaluating the gradient of electron
temperature at the pads. The power cooled by phonons is then the difference between the
total absorbed power and the diffusion-cooled power. The effective mixer time constant
can be obtained by weighting the time constants with their contributions to the total
cooling power.

VI.

Results

The results of our calculations and measurements presented here apply to a 0.4 mm long,
4 mm wide and 5 nm thick NbN HEB device on MgO (Device M2-1). The parameter
values used in (4) and (5) are summarized in table 1.
Parameter

le(Te)

seff

dT

Tc

Tsubstrate

RN

Value

610-18Te3

210-4

0.3

8.5

4.2

75

Dimension

Wm/K

W/(m.K3.6)

K

K

K

W

Table 1. The parameter values used in (4) and (5).

Equation (4) is solved numerically. Figure 4 shows the temperature profile obtained for
40 mA current and different absorbed LO powers.
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Figure 4. The electron temperature profile across the bolometer at 40 mA bias current and mentioned
absorbed LO power.

Figure 5 shows the calculated and measured IV curves for device M2-1. Except at bias
voltages below .4 mV, the calculated and measured IV curves are in excellent agreement.
In general the calculated IV curves tend to bend more at lower voltages than the
measured ones. On the other hand below .4 mV the noise is very high and the conversion
gain is very low so this region is hardly of any interest.

Curre nt Hm AmpL

The optimum operating point was observed around 40 mA and 0.8 mV. Therefore we
focus on the middle curve which corresponds to 250 nW absorbed LO power and
calculate the conversion gain and the noise.
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Figure 5. The measured (solid lines) and calculated (dots) IV cures for device M2-1.

The calculated CDC and CRF (8) for the 250 nW absorbed LO power curve is shown in
figure 6.
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Figure 6. Calculated CDC (left) and CRF (right) along the 250nW absorbed LO power curve for
different bias voltages.

Inserting these values in (7), the conversion gain is calculated. Figure 7(a) shows the
calculated and measured conversion gain. Although the shape of the curves is similar, the
calculated values are about 9 dB higher that what we actually measured. The calculated
output noise (15) is a factor of 3 higher than what is measured. Figure 8(a) shows the
calculated and measured output noise. On the other hand because of the high gain, the
model predicts very low receiver noise temperature (16), which is shown in figure 9(a).
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Figure 7. The measured (solid line) and calculated (dots) conversion gain for 250 nW absorbed LO
power; (a) for high CRF values as shown in figure 4; (b) for CRF values reduced by a factor of three.

This means that the model cannot predict the measured curves. However a close study
revealed that this is only due to the high CRF values. If we reduce the CRF values by a
factor of three, all the measured and calculated curves fit together. The calculated and
measured conversion gain, output noise and receiver noise temperature after this
reduction is depicted in figures 7, 8, 9 (b) respectively.
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Figure 8 The measured (solid line) and calculated (dots) output noise for 250 nW absorbed LO
power; (a) for high CRF values as shown in figure 4 ; (b) for CRF values reduced by a factor of three.
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Figure 9. The measured (solid line) and calculated (dots) receiver noise temperature for 250 nW
absorbed LO power; (a) for high CRF values as shown in figure 4; (b) for CRF values reduced by a
factor of three.

After reducing CRF, the value of CRF I02 at a typical optimum operating point is 0.16.
Since I0/I00 (I00 is the current on the unpumped IV curve c.f. [1,4]) is about 0.4 at the
optimum point for receiver noise temperature [4], CRF I002 is about 0.7. This quantity was
used as an adjustable parameter in [4], and for optimum performance was found to be
about 1. This explains why the empirical "standard model" in [4] yields results in
agreement with experiment close to the optimum point.

VII.

Conclusion

The one-dimensional distributed model is fully capable of predicting the IV curves,
conversion gain, output noise and receiver noise temperature within acceptable accuracy.
However this requires applying a tuning factor to the calculated CRF. This tuning factor
was found to be about 0.34 to fit the measured data for device M2-1. It simply means that
the resistance oscillation due to the mixing term in the RF is over estimated by
calculating a small resistance change due to small change in LO power. The physics
behind this factor is currently under investigation. Major progress has been made in
comparison with the point-bolometer model in for example [4], in that the variation of all
measurable quantities (conversion gain, receiver noise and output noise) with bias voltage
and LO power is predicted very well.
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Appendix A: Johnson noise
The thermal noise from a resistance R at temperature T can be written as:
v n2 = 4k B TR ,

(1.A)

where kB is the Boltzmann constant. In order to calculate the noise we can insert this
noise source in the bolometer circuit. Figure 1.A shows this circuit. DR and DI are small
variations of resistance and current respectively.
Assuming a point bolometer at temperature T0 and resistance R0, the noise equivalent
source is:

v n2 = 4k B T0 R0

(2.A)

The total dissipated power in the bolometer is:
P0 + ∆P = ( R0 + ∆R )( I 0 − ∆I ) 2 + v n ( I 0 − ∆I )
(3.A)
Note that the dissipated power in the noise source is actually dissipated in the bolometer
as well and it is of great importance to take it into account. Ignoring this term leads to a
discrepancy between the results when the voltage noise source is replaced by an
equivalent current noise source.

I0

C block

L block

∆I

∆R

R0
vn

I 0 − ∆I

Bolometer

RL

Amplifier

Figure 1.A. Bolometer circuit with equivalent Johnson noise source

Expanding the right side of (3.A) and ignoring the second order small signal terms, (3.A)
is simplified to:
2
2
P0 + ∆P = R0 I 0 − 2 I 0 R0 ∆I + ∆RI 0 + v n I 0
(4.A)
Separating the small signal and large signal parts yields:
2
∆P = −2 I 0 R0 ∆I + ∆RI 0 + v n I 0
(5.A)
since ∆P = C DC ∆R , we can replace DP and solve (5.A) for DR which results in:
− 2C DC I 0 R0 ∆I + C DC v n I 0
∆R =
(6.A)
1 − C DC I 02
Now it is possible to calculate the voltage across the bolometer:
V0 + ∆V = (I 0 − ∆I )( R0 + ∆R) + v n
(7.A)
Separating the large and small signal here too gives:
∆V = − ∆IR0 + I 0 ∆R + v n = ∆I RL
(8.A)
where the small signal voltage DV is the IF voltage across the load. Solving for DI and
replacing DR from (6.A) yields:

∆I =

vn

(9.A)


R − R0 

( R0 + RL )1 − C DC I 02 L
R
R
+
L
0 

The output noise power is simply:
RL v n2
2
out
PJn = R L ∆I =
2
2
2 R L − R0 

( R0 + RL ) 1 − C DC I 0
R
+
R
0 
L

Inserting (2.A) in (10.A) results in:
RL ⋅ 4k B BT0 R0
PJnout =
= k B BTJnout
2

R − R0 

( R0 + RL ) 2 1 − C DC I 02 L
RL + R0 


(10.A)

(11.A)

where TJnout is the output Johnsson noise.
4 R L R0T0
TJnout =
(12.A)
2


R
−
R
0

( R0 + RL ) 2 1 − C DC I 02 L
R
+
R
0 
L

The equivalent noise temperature at the input of the mixer is obtained by dividing the
output noise by the conversion gain given in (7). The double side band (DSB) equivalent
noise temperature is a factor of two smaller than the SSB one. So the expression for the
DSB Johnson noise temperature at the input becomes:
RT
TJnin, DSB = 2 02 0
(13.A)
I 0 ⋅ C RF ⋅ PLO
This result is in agreement with the expression derived by taking another approach [2],
and also with the general results for bolometers derived originally by Mather [11].

Appendix B: Thermal fluctuation noise
From the point bolometer model [1,2] the output thermal fluctuation (TF) noise is written
as:
out
TFn

T

2

 ∂R  4Te 2

 ⋅
=
τe
2 
∂
T
c
V


e
e


−
R
R
(R0 + RL )2 ⋅ 1 − C DC I 02 ⋅ L 0 
RL + R0 

I 02 ⋅ RL

(1.B)

where V is the bolometer volume, ce is the electron thermal capacity, and te the electron
relaxation time.
The double side band receiver noise temperature due to the TF noise is obtained by
dividing the TF output noise (1.B) by two times the gain (7):

2

 ∂R  Te
1
 ⋅
= 2
.
τe
(2.B)
T
C RF ⋅ PLO  ∂Te  ceV
The total resistance fluctuation is the sum of all the resistance fluctuations of each small
segment of the bolometer due to temperature fluctuations. Thus dr, the resistance of such
a segment with length dx is written as:
ρ (Te ( x) )dx
(3.B)
dr =
A
Note that the resistivity profile ρ (Te (x) ) is obtained from the electron temperature profile
2

in
TFn , DSB

Te (x) from (5).
the total resistance of the bolometer is obtained by:
L
L
ρ (Te ( x) )
R = ∫ dr = ∫
.dx
(5.B)
A
−L
−L
The resistance fluctuation of a small segment of the bolometer can be written as:
∂ dr ( x) ∂ ρ (Te ( x) ) dx
=
⋅
(6.B)
∂Te ( x)
∂Te ( x)
A
From (6.B) and (2.B) the thermal fluctuation noise temperature from this small part is
derived as:
in
TFn , DSB

dT

1
= 2
C RF ⋅ PLO

1
= 2
C RF ⋅ PLO

2

 ∂ dr  Te2 ( x)
 ⋅
τe
.
 ∂Te  ce A ⋅ dx

 ∂ρ (Te ( x) ) dx  Te2 ( x)
.
.  ⋅
τe
 ∂Te ( x) A  ce A ⋅ dx
2

(7.B)

 ∂ρ (Te ( x) ) Te2 ( x)τ e
1
 ⋅
= 2
dx
.
C RF ⋅ PLO  ∂Te ( x) 
ce A3
Now if we assume that all these local temperature fluctuations are uncorrelated, the total
noise temperature is simply the integral of all the small contributions.
2

in
TFn , DSB

T

1
= 2
C RF ⋅ PLO

 ∂ρ (Te ( x) ) Te2 ( x)τ e
∫− L ∂Te ( x)  ⋅ ce ⋅ A3 dx
2

L

ρ e

 T −T 
− 2⋅ e c 
 δT 

(8.B)
Te2 ⋅ τ e
⋅
dx
⋅
4
∫
 T −T 
ce ⋅ A 3

− e c  
−L
2 
 δT  
δT ⋅ 1 + e




we have also performed this calculation by assuming different values for the correlation
length of the TF noise. The result is essentially unchanged, provided that ( ∂ρ ∂Te ) varies
smoothly. The above assumption of an infinitesimal correlation length thus is justified,
unless the correlation length becomes comparable to the length of the bolometer.

1
= 2
C RF ⋅ PLO

L

2
n
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ABSTRACT
The performance of hot electron bolometer mixer devices made out of
superconducting thin films critically depends on film quality. We discuss
various deposition conditions for Nb films and present their properties for a
wide thickness range. The obtained film parameters allow to predict the
characteristics of our actual devices. We also shortly present a new
fabrication process for Nb diffusion cooled hot electron bolometer mixers.

I. INTRODUCTION
Nb diffusion-cooled hot electron bolometer (HEB) mixers offer very competitive
performance up to several THz. Although many promising mixer results have been
presented little has been published about the necessary thin film qualities and the
related processing problems [1, 25].
The difficulty in fabrication of Nb HEBs originates not only from the requirement of
very high resolution lithography but also from the need of high quality Nb thin films
and their protection throughout the processing steps.
In a first part we report on investigations on Nb thin films in a thickness range from 2
to 80 nm. Different characterisation methods like dc-measurements, x-ray diffraction
(XRD) and atomic force microscopy (AFM) were applied. In a second part we

present a new processing sequence for Nb HEBs and high frequency measurements
carried out with such devices.
We derived the time constants from thin film characterisations and compared them
with values obtained by high frequency measurements.

II. THIN FILM PREPARATION
For device fabrication it is essential to obtain a high reproducibility in film thickness.
As a low deposition rate is one way to improve thickness calibration we started out
with a low sputter power (~ 0.5 nm/s for 200 W). The Nb thin film samples have
been produced on 2" fused quartz substrates which underwent a rigorous ultrasonic
cleaning in acetone and propanol. Such substrates should also serve as a good
reference for silicon substrates with native oxide.
The background pressure in the sputterer chamber is about 2 × 10-8 mbar and the
films were deposited by dc-magnetron sputtering at 2 Pa after Ar-plasma RF cleaning
of the substrate. No active substrate heating was applied during film deposition.
Figure II.1a shows an AFM image of a 120 nm thick Nb film sputtered with 200 W at
2 Pa. One can observe a polycristalline film growth with a grain size of about 10 to
30 nm. In comparison, figure II.1b shows a film deposited at 730 W and 2 Pa. The
observed grainsize is about 3 times larger than for 200 W.

Fig. II.1a. AFM image of a 120 nm Nb Fig. II.1b. AFM image of a 120 nm Nb
film sputtered at 200 W, 2 Pa.
film sputtered at 730 W, 2 Pa.
X-ray diffraction (XRD) measurements which were carried out in the context of stress
determination gave comparable results for the crystallinity of our Nb layers [8].
Figure II.2 shows XRD curves for 120 nm Nb films sputtered at different source

powers. Depending on the sputter power we can see a clear transition from
polycrystalline to quasi amorphous film growth. Best crystallinity is obtained for
800 W. The grainsizes determined by XRD were:
Power
2θ
wfwhm
grainsize

200 W
37.682
1.051
7.6 nm

400 W
38.789
0.414
27 nm

600 W
38.549
0.320
35 nm

800 W
38.468
0.288
39 nm

With decreasing power, intensity of the (110) peak is descending and the peak shifts
to higher values of 2θ, due to increasing tensile stress. Below 400 W film stress
becomes highly compressive.

(110)

Intensity (a.u.)

200 W, 37.682°
800 W, 38.789°
600W, 38.549°
400W, 38.468°
Nbbulk 38.475°

36
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2Θ

Fig. II.2. X-ray diffraction results of 120 nm Nb films sputtered at 200, 400, 600 and
800 W and 2 Pa. 2θ for the (110) peak center and for bulk Nb [19] is shown on the
plot (Cu Kα).

III. ELECTRICAL THIN FILM PROPERTIES
We determined the electrical properties of our films by four point measurements on
1 mm × 10 mm samples which were carried out in a dip-stick set up. The film
thickness has been varied from 2 to 80 nm and verified by anodisation. The residual

resistance ratio RRR and the sheet resistance above the critical temperature Tc and
their dependence on film thickness were investigated.
As can be seen in figure III.1 the sheet resistance at 10 K does not simply follow a
curve proportional to the invers of the geometrical cross section for films below
20 nm.

100

sheet resistance in Ω

ρbulk

lmfp

measured values
Fit to data
11 µΩcm
7 nm

10

1
1

10

100

thickness in nm

Fig. III.1. Sheet resistance at 10 K versus film thickness. The squares are our
measured data, the solid line corresponds to the size effect model. The fit to our data
gives a ρbulk of 11 µ Ωcm and a lmfp of 7 nm for films sputtered with 200 W..
Different explications have been given in the past for the observed behavior. A
thickness dependent grain size distribution could play a certain role due to interface
effects. Jiang showed that weak localisation effects become important for ultra thin
epitaxial films [24].
However for our films a simple size effect model taking into account the surface
scattering of electrons can explain the measurement to a sufficient accuracy (see
fig. III.1). The resistivity in this model is described by

 1 3 l mfp 
3 l mfp 
ρ ≈ ρbulk ⋅ 1 +
 => Rs ≈ ρbulk ⋅  +

8 t 

t 8 t2 
which can be derived from kinetic theory arguments (Rs is the sheet resistance, lmfp
the electron mean free path, t the film thickness and ρbulk the bulk resistivity at 10 K)
[2, 23]. This formula should be a reasonable first approximation for a thin film
containing a free electron gas in which electrons striking the sample surface are
scattered completely diffusely. In our case the surfaces are given by the thin film-

substrate interface and the NbOxide surface layer. Identification of the electron mean
free path lmfp found by the size effect model with a typical grain size gives good
agreement with XRD and AFM measurements.
Figure III.2 shows the dependence of the critical temperature on the film thickness. To
explain our data, we employ a proximity effect model. For single-crystalline Nb films
Yoshii et al. [11] achieved good agreement with such a model considering a system of
a superconducting layer (thickness d) and a normal-metal layer (thickness a) to
describe the depression of Tc with decreasing film thickness.
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Fig. III.2. Critical temperature Tc versus film thickness. The curves are calculations
assuming a NbOxide layer of 0.5 nm, 1 nm, 2 nm respectively, the squares are the
measurement values.
The graphs in fig. II.2 show the calculation of Tc versus film thickness for different
NbOxide layer thicknesses, following their formula
 113
. ⋅ΘD 
Tc = Tc0 

 Tc 0 

−[ N N ( 0 ) N s ( 0 )]( a d )

which has originally been proposed by McMillan [12, 14]. Here Tc0 is the transition
temperature of the bulk (9.3 K), ΘD the Debye temperature of the superconducting
layer (Nb, 275 K), and NN(0) and NS(0) are the density of states for normal and
superconducting layers respectively [13].

As the McMillan formula is only adequate for the dirty limit case only films below
20 nm will be correctly described. From figure III.2 we can conclude an oxide
thickness of 1 nm, a value which is in good agreement with results from ellipsometry
for films exposed for some minutes to ambient air [8, 20].

IV. DEVICE FABRICATION
Existing diffusion-cooled hot-electron bolometer devices consist out of a sufficently
short and thin superconducting microbridge connected to Au pads which serve as heat
sinks [3]. The device impedance must be matched to a given source impedance,
typically in the range of 25 to 70 Ω.
In comparison to the HEB fabrication process used by the JPL group [17], we present
a simplified process, avoiding the chlorine containing gas mixture (freon) and the
unselective reactive ion etching (RIE) step for the final bridge definition. The actual
IRAM diffusion-cooled Nb HEB devices are fabricated in the following steps:
After an overall deposition of a 10-20 nm Nb film and a 10 nm Au oxidationprotection layer on a 2" fused quartz substrate we define the antenna and filter
structure by photolithography.
To define the lateral dimensions of the microbridge we use Ebeam lithography. In a
first step we fix the microbridge length by defining the Au cooling pads by a double
PMMA layer (950K/50K) lift-off process. Here the 10 nm Au layer allows a high prebake temperature for the PMMA layers without destroying the Nb film. Such a high
bake temperature helps to avoid intermixing of the two layers and stabilizes the resist
profile for a better lift-off. Afterwards we remove the Au protection with an argon
plasma. In a second Ebeam step we generate a lift-off pattern by which a thin Al strip
is defined. This Al strip is used as a selective etch mask. We remove the surrounding
Nb by reactive ion etching (CF4, O2). The Al etch mask is removed by a strong base.
Finally the substrate is diced and the individual devices are characterised by a dcmeasurement.

V. RF- AND IF- MEASUREMENTS
To measure the RF matching between antenna and detector, we tested our HEB mixer
as a direct detector on a Fourier Transform Spectrometer (FTS) using a chopped
blackbody source (fig. V.1). As the antenna was designed for high impedance NbN
HEBs, the Nb HEBs (< 50 Ω) are strongly mismatched.
Despite this mismatch one can clearly see the water vapour absorption lines between
0.5 and 1 THz.

intensity (a.u.)

Bowtie antenna center frequency 810 GHz

H2O Absorption @ 556GHz, 750GHz, 990GHz
600

800

1000

1200

frequency in GHz

Fig. V.1 Fourier transform spectrometer measurement of a bowtie antenna with
central diffusion-cooled HEB. Indicated are the water vapour absorption lines at
556, 750 and 990 GHz and the designed center frequency of the antenna at 810 GHz.

I in µA
IF output power (a.u.)

With a comparable device we performed a Y-factor measurements in the range of
800 GHz. Figure V.2. shows the pumped I(V)-curve of the device together with the
conversion curves for the hot and cold load. Best mixer noise temperature was
4030 K at 2.2 K bath temperature, 798 GHz local oscillator frequency and an IF of
1.37 GHz. The impedance mismatch mentioned above and the beam splitter loss add
about a factor 3 to the noise temperature.

hot

18

9

0

cold

0 0.4 0.8 1.2
U in mV
Fig.V.2 Pumped I(V)- and conversion curves for the hot and cold load at 2.2 K. The
Y-factor measurement at a local oscillator frequency of 798 GHz and an intermediate
frequency of 1.37 GHz gave a non corrected noise temperature of 4030 K.

For application in THz radioastronomy the IF bandwidth of the HEB mixer devices
should be as high as possible.
To access the intrinsic time scales of the Nb films which determine the IF bandwidth
we executed an impedance measurement similar to the procedure described by
Karasik et al. [6,7]. In order to allow a rapid measurement we installed the setup in a
dipstick which could be immersed in liquid helium. The measurement was done with
a HP8510 network analyzer. The dc bias was directly fed over the internal bias input
of the HP8510. The measurements were performed with a sweep between 500 MHz
and 10 GHz and a power level of -65 dBm at the device. With a calibration scheme as
described by [6] we obtained the complex impedance as plotted in Fig. V.3. The
frequency dependence of the device impedance is given by [6]
τ0
+
ϖ
1
i
1+ C
1+ C
Z (ϖ ) = R ⋅
⋅
τ0
1− C
1 + iϖ
1− C
where C is the self heating parameter and τ0 the electron temperature relaxation time
and R the device resistance at the operating point.
The solid lines in fig. V.1 show Z(f) calculated with values obtained by a fit to ZZ* of
the measured data where τ0 and C where the free fitting parameters.
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Fig. V.3. Real and imaginary part of the impedance of a diffusion-cooled Nb hotelectron bolometer over frequency. The solid lines correspond to the best fit
parameters obtained by the network analyzer measurement.
From the impedance measurement one can obtain the electron temperature relaxation
time τ0 which, for diffusion-cooled Nb HEBs, is in the order of the diffusion time
τdiff. The diffusion time can be calculated for a given device geometry by

L2
,
π2 ⋅D
where D is the diffusion constant [16]. We derived D from measurements of the slope
of the critical magnetic field Hc2 [5, 22] near the superconducting transition. For a
14 nm Nb film we obtained a diffusion constant of D = 2.2 cm2/s.
The IF bandwidth is directly related with these intrinsic times via
1
.
∆f 3dB ≈
2 ⋅π ⋅τ

τ diff =

As the electrons should thermalize before out-diffusion into the contact pads, τ0
should be larger than the electron-electron relaxation time τee which can be estimated
out of the thin film parameters (sheet resistance Rs and Tc, see figure III.1 and III.2)
by

τ ee ∝ (10 8 ⋅ Rs ⋅ Tc ) ⋅ s ,
−1

where Rs is in Ω and Tc is in K [4]. It gives an approximate number for the electron
temperature relaxation length lee [9]
lee ≈ 2 ⋅ D ⋅ τ ee
which is in the order of 100 nm. For a short device the hot electrons may diffuse out
of the microbridge more quickly than they interact with each other, an effect recently
debated for aluminium HEBs [10, 15, 18, 21].

intrinsic time constants

IF bandwidth
1
∆f 3dB =
2π ⋅ τ

thin film
characterisation
electron diffusion time
τdiff ≈ 3 × 10-11 s
electron electron relaxation
time
τee ≈ 1 × 10-11 s
for τdiff
∆f3dB = 5.5 GHz

IF bandwidth
measurement
electron temperature
relaxation time
τ0 = 3.35 × 10-11 s

for τ0
∆f3dB = 4.3 GHz

Tab. V.4. Comparison of the intrinsic time scales obtained by calculations on thin
film data and the bandwidth measurement of an actual device. In both cases we
assume a device length of 250 nm and an effective film thickness of 14 nm.
In Table V.4. we compare the obtained time constants. For the thin film calculations
we assumed a 250 nm long HEB. Starting out with a 20 nm film deposition we
assume an effective film thickness of 14 nm due to the NbOxide top layer after
processing (4 nm) and the film substrate interface (2 nm) [8]. As expected, the

calculated IF frequency bandwidth is in the same order of magnitude as the
experimental value and the electron temperature relaxation time is almost equal to
τdiff, confirming the cooling mechanism in the HEB device.

VI. CONCLUSION
Thin Nb films have been investigated in a wide thickness range. AFM as well as
XRD show that using high power sputtering will significantly increase film quality.
The electrical properties of the currently used and unoptimised thin films were
explained by a size effect and a proximity effect model. The results give us the
possibility to predict the final high frequency characteristics of a Nb diffusion-cooled
HEB for a given device geometry. We developped a simple Nb HEB process; a
mixing experiment at 798 GHz was carried out on a device fabricated with this
process. With an maladjusted antenna we obtained an uncorrected receiver noise
temperature of 4030 K at an intermediate frequency of 1.37 GHz.. The devices
showed a 3dB cut-off frequency of 4 GHz. Future devices will use improved film
quality.
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Abstract
We report on the first mixing experiments at submillimeter wavelengths with
superconducting diffusion-cooled hot-electron bolometers (HEB’s) made from
aluminum. The measurements were carried out at frequencies around 618 GHz, and
showed conversion bandwidths of up to 3 GHz, and absorbed local oscillator (LO)
powers of 0.5 to 6 nW. The highest mixer conversion efficiency was found to be about
-21.5 dB single-sideband. A mixer noise temperature of about 1000 K DSB (double
sideband) and a receiver noise temperature of about 3100 K DSB can be inferred from
measurements of conversion efficiency and intermediate frequency output noise. The
ratio of RF power coupled into the electrons to the power at the input of the mixer, that is
the RF coupling efficiency, was found to be similar to that of our niobium HEB mixers.
This demonstrates that despite the long electron-electron interaction time as measured
near the Fermi energy in Al, the “hot” electrons thermalize efficiently in response to the
RF power.
1.

Introduction

During the last five years superconducting hot-electron bolometer (HEB) mixers [1,2]
have increasingly come to be regarded as the most promising technology for extremely
low-noise molecular spectroscopy observations at frequencies above about 1 THz. This is
because unlike competing SIS mixers these devices are not limited to operation around or
below the gap frequency of available superconductors. Compared to the more noisy
Schottky diode mixers they also require low enough local oscillator (LO) power levels, so
that operation with solid-state multiplied sources may be feasible even at terahertz
frequencies. This combination of useful properties have made HEB mixers prime
candidates for spaceborn, aircraft, or balloon-borne instrument platforms. The spaceborne
ESA/NASA FIRST mission, NASA’s SOFIA aircraft observatory, and a Long-Duration
Balloon instrument all plan to employ HEB receivers. These HEB instruments will focus
on low-background astrophysical observations of emission lines in the frequency regime
from 1-3 THz.

Aluminum diffusion-cooled HEB devices are expected to have significant advantages
over Nb devices, namely lower local oscillator (LO) power requirements and lower mixer
noise temperatures with equal or higher intermediate frequency (IF) bandwidths. The
lower LO power needs are significant since the solid-state tunable LO sources that are
preferred for most applications do not yet exist, and when they do become available in
the near future it is not certain that they will produce a sufficient amount of power to
operate other HEB mixers As we will demonstrate for the first time, Al HEB devices
require absorbed LO power levels of only a few nW, while Nb diffusion-cooled HEB
mixers need about 20-80 nW absorbed in the device [3, 4]. It should be pointed out that
Nb devices requiring less LO power can be fabricated, but that they will have reduced IF
bandwidths. In this way the aluminum technology gives an increased flexibility to the
diffusion-cooled bolometer approach that is not present in the phonon-cooled devices
used by other groups. Previously published material shows that the actual amount of LO
power required scales as Tc2, where Tc is the critical temperature of the superconductor
[5, 6]. In addition, [5, 6] predicts that the mixer input noise temperature should scale in
direct proportion to Tc, which should eventually lead to even lower noise temperatures
than those already reported for other HEB mixers. The purpose of this paper is to present
the first submillimeter wave measurements with a diffusion-cooled aluminum HEB
mixer, and provide experimental data for the conversion efficiency, intermediate
frequency bandwidth, and LO power.
2.

Fabrication and DC properties

The aluminum HEB devices were fabricated using a shadow mask technique, previously
described in [7], which allows the device and its contacts to be fabricated using a room
temperature process in a single run without breaking the vacuum. This is critical to avoid
contamination and/or oxidation of the Al films. The device films were about 13 to 17 nm
thick, with contacts of 63 nm Al, 28 nm Ti and 28 nm Au. This is a robust contact design
that avoids diffusion of normal metal contact material into the Al microbridge. The
devices were 0.1 µm wide with lengths of 0.3, 0.6, and 1.0 µm. The HEB devices are
fabricated together with a microstrip or coplanar waveguide circuit that connects to a
planar double-slot antenna. The different circuit types require that the aluminum films are
fabricated either directly onto the silicon wafer or on the silicon monoxide dielectric used
for the microstrip, and it appears that the device process works about as well for both
cases. The microstrip circuit requires a few extra process steps, but avoids one of the
difficult steps in the CPW process, which is to pattern the narrow gaps required to give
the CPW lines the correct characteristic impedance. Fig.1 shows a 0.3 micron long Al
HEB device on SiO.
Measurements show that the transition temperatures of the devices are about 1.6 to 1.8 K,
while the thicker aluminum of the connecting pads has a reduced transition of about 0.6
to 1.0 K, see Fig.2 . The ends of the devices have an apparent suppressed Tc as shown
schematically in Fig.3 . In fact, for the shortest 0.3 micron most of the device has its
transition close to the Tc of the pads. This critical temperature is too low to operate the
device efficiently as a bolometric mixer since it is only barely above the operating
temperature of the helium-3 system (~400 mK), which does not allow enough local
oscillator power to be applied.

3.

Mixer Measurement Set-Up

In the experiments the device chips were attached to the plane back side of an elliptical
silicon lens of 12 mm diameter using cyanoacrylate glue. The lens was held in a copper
fixture, where the devices were connected with an intermediate frequency microstrip
circuit on Duroid 6010 with several aluminum bond wires. The intermediate frequency
output signal from the mixer was either connected via a low-noise cooled L-band HEMT
amplifier at 4 K [8] or, for bandwidth measurements, via a 0.5 to 18 GHz FET at 77 K
[9]. Stainless steel coaxial cables were used in several places to reduce heat conduction
between different components in the receiver. The mixer was attached to the cold plate
of a helium-3 cryostat system that allowed operating temperatures down to about 400 mK
[10]. The optical path used to couple in the RF power to the mixer had Zitex and black
polyethylene filters on a 77 K heat shield, and a black polyethylene / diamond dust filter
on a 4 K heat shield that enclosed the He-3 tank and the mixer. In measurements of mixer
conversion and conversion bandwidth, the local oscillator (LO) power was supplied by a
broadly tunable backward-wave oscillator (BWO) [11] and the signal was provided by a
a Gunn oscillator driving 2 cascaded frequency-multipliers [12]. The output power from
the multiplier chain was coupled into the optical path using a Mylar beamsplitter. Most of
the measurements were done with the multiplier providing a signal frequency of about
618 GHz, which was determined by measuring the Gunn oscillation frequency with a
counter. A spectrum analyzer was used to detect the IF output signal.
4.

RF coupling and LO Power Requirements

The RF coupling to the bolometer can be estimated by switching the receiver input beam
between two broadband calibration targets that are maintained at different temperatures,
and observing the effect this known difference in broadband thermal emission has on the
DC characteristics of the device. In this method, the shift in DC heating that is required to
maintain a constant device resistance is considered a measure of the difference in coupled
RF power from the two targets. Such a measurement was made with device #6 (see
Table 1), and showed a coupling efficiency from the targets of –4.7 dB. This value is
similar to those seen earlier for our niobium HEB mixers, that usually fell in the range of
–5 dB to –8 dB [4,13] The conclusion that can be made from this is that the 600 GHz RF
power appears to couple about as well to this aluminum device as it would to a niobium
HEB.
The amount of local oscillator power that is absorbed in the device can also be calculated
from the effect on the DC IV curve, which is how the power estimates in Table 1 were
deduced. The amount of LO power that is actually incident on a device is harder to
estimate, since the mode matching between the source and the device chip is not
accurately known. It is possible to calculate an upper limit, however. In one experiment
device #6 was pumped strongly enough by a Gunn oscillator/multiplier to cause it to
become completely normal conducting. The source gave less than 100 µW of power at
618 GHz, and about –7 dB of this power was coupled into the receiver beam with a beam
splitter. A further 20 dB of coupling loss was due to losses in the cryostat window and
filters, and to the diverging multiplier output beam. This leads to an upper estimate of the
LO power that acually reaches the silicon lens in the mixer of about 200 nW, and most

likely the power that is acually coupling into the chip antenna is substantially less due to
the poor focussing. Even this upper limit shows that predictions for devices much shorter
than the electron-electron inelastic time, where LO power requirements in the µW regime
have been predicted [14], are not applicable to the devices used here

5.

Mixer Measurements

The mixer conversion efficiency and its dependence on frequency have been measured
for several devices and the data are summarized in Table 1. The conversion efficiency
was determined from measurements with a monochromatic signal source, and was
calculated as the ratio of the coupled IF output power to the input signal power absorbed
in the device. This means that losses in the RF optical path as well as losses in the mixer
embedding circuit are not included. The –4.7 dB value for the RF coupling loss that was
mentioned earlier refers to device #6 in Table 1, but the losses for the higher resistance
devices should be considerably higher due to the larger impedance mismatch.
The highest mixer conversion efficiencies measured were about –20 to –21 dB single
sideband (SSB) for several of the devices, with bandwidths up to 3 GHz. It should be
pointed out, that in all the measurements shown in the table, except device #5, the LO
power was optimized for maximum conversion.
The dependence of IF conversion bandwidth on bias voltage is shown in Figs. 4 & 5 for
the 1 µm long device #1. At the highest bias voltage the bandwidth is at its largest,
2.7 GHz, but at the same time the conversion is quite low, -33 dB (SSB). When the bias
voltage is reduced into the regime where self-heating is evident in the IV curve, the
conversion increases and the bandwidth is suppressed, which is consistent with the
behavior of other superconducting HEB’s. At the lowest bias point (V1 in Fig.4) the
maximum conversion is at about –21 dBm and the IF bandwidth at 1 GHz. This clearly
demonstrates one of the key advantages of Al since even this IF bandwidth is several
times larger than the value obtained for Nb devices of this length [3, 15]. Device #3 is
0.6 µm long and gave the largest bandwidth of 3 GHz, for a similar conversion efficiency
of –20 dB. This increase is consistent with the L-2 dependence of the IF bandwidth for
diffusion-cooled HEB mixers, and demonstrates that the entire length of the Al bridge
determines the IF bandwidth despite the presence of the apparently normal conducting
ends (discussed below).
While the DC characteristics of the 1 µm long Al devices tested so far have resistance vs.
temperature (RT) and current vs. voltage (IV) curves that are qualitatively similar to the
ones seen for diffusion-cooled niobium devices, this is not quite the case for the 0.6 µm
long devices. The end effect in the bridge extends to about 0.15 µm from the contacts and
appears to have a significant impact on the IV curves. This can be seen in Fig.6, which
shows such an IV curve with varying amounts of local oscillator power applied. One
possible interpretation of Fig.6 is that with increasing amounts of LO power first one,
then the other end region become normal conducting at low voltages where the central
region of the bridge is still superconducting. Marker “a” in the Fig.6 indicates where one
end region is normal conducting, while the other is still superconducting. At marker “b”

both ends are normal. At the higher LO levels required to achieving higher conversion,
both ends are normal conducting. This situation is almost the reverse of that which
usually gives the best mixer conversion efficiency in niobium devices, where the center
of the bridge is normal conducting and the ends are superconducting.
Fig. 7 shows the bias dependence of the mixer output for three different input signal
levels. The highest power, which corresponds to a conversion efficiency of –21.5 dB SSB
(device #6 in Table 1) occurs when the bridge ends are normal and the central part of the
device is at its transition temperature. A separate measurement of output noise and Yfactor was made with the same device under similar conditions. It was found that the
output thermal fluctuation noise from the device was about 3 K, the Johnson noise
(including noise generated elsewhere and reflected against the device) was about 2 K, and
the IF amplifier noise was about 10 K. With the total IF noise thus estimated at 15 K, the
conversion efficiency at –21.5 dB, and the RF coupling at about –4.7 dB, the receiver
noise temperature can be estimated at about 3100 K double sideband (DSB) of which two
thirds is IF amplifier noise and the contribution from the mixer is about 1000 K (the noise
temperatures are thus referred to the input window of the cryostat). Although the directly
measured Y-factors do indeed show a similar response, they are unfortunately also
affected by direct detection of the broadband radiation from the calibration targets, and
are not currently used as a verification of these noise estimates.
6.

Device End Effects

The measurements show that the device is affected by end effects that appear to be
extending to about 120 to 150 nm from the contact pads at each end. The precise
mechanism behind this is not fully understood at this point, but the cause may be
proximity effect from the contact pads, and be further complicated by charge imbalance
[16]. The end regions have several non-trivial effects on the HEB mixer, especially for
devices that are shorter than 1 µm. To maximize the mixer conversion efficiency and/or
minimize the mixer input noise temperature, a sufficient amount of DC and LO power
needs to be dissipated so that the electron temperature in the central part of the device is
close to the local critical temperature (about 1.8 K). Under these conditions the end
regions will be heated to a temperature higher than their local critical temperature (about
0.6 to 1.0 K), since the temperature provided by the He-3 system is only marginally lower
(about 0.4 K), and since the temperature distribution inside the device has a parabolic
shape that is determined by the Wiedemann-Franz law and the diffusion-cooling
mechanism. One effect of the normal conducting end regions is to change the effective
load line of the central part of the device. If the end regions have a combined resistance
of 45 Ω, for example, the effective load impedance in the IF band will be a total of 95 Ω
instead of the 50 Ω provided by the IF system by itself. This makes it harder to maintain
a stable DC bias point close to the Tc of the central device region, which can cause
oscillations and which prevents the mixer from being operated at its optimum bias point.
Another effect is dissipation of intermediate frequency output power in the end regions.
In the example just given, this would result in almost 3 dB of additional conversion loss.
The end effects also define the length of the shortest device that can be efficiently
operated as a mixer, since shorter devices appear to have the Tc lowered significantly by
the contact pads, so that only very small amounts of LO power can be applied. Previous

estimates of intermediate frequency bandwidths were based on the assumption that
devices could be made very short. An example given in [5] assumes a film diffusivity of
D=10 cm2/s and a device length of 100 nm, resulting in an IF bandwidth of 157 GHz.
With an effective minimum length of 300 nm, the maximum bandwidth is reduced to ∆f
= πD/(2L2) = 17 GHz.
There are a few different ways to reduce the consequences of the end effect, and increase
the IF bandwidth of the device: One would be to lower the operating temperature of the
mixer so that the device ends do not go completely normal conducting, and maybe also
reduce the Tc of the device film itself. This approach would require a more complex
cryocooler than the He-3 system used by us, such as a dilution refrigerator. Another
approach would be to modify the geometry of the bolometer, for example by making the
device film much wider at the ends, so that the wider (but still affected) regions have
lower normal resistance and can act as heat sinks for the central part of the device. Also,
the sheet resistance of the device can be lowered, which would reduce the losses
associated with having the resistance of the normal conducting end regions in series with
the IF system impedance. Such devices have already been fabricated, and will be
investigated in the near future.
7.

Summary

In summary, we have measured the local oscillator power requirements, the conversion
efficiency and the IF bandwidth of several diffusion- cooled aluminum HEB mixers at
frequencies around 618 GHz. We found that the LO power needed was indeed about 10
to 20 times lower than that required for niobium HEB mixers as would be expected from
the ratios of the squares of their critical temperatures. The conversion efficiency was
relatively low compared to that achieved for niobium, about –21.5 dB SSB. There are
several possible explanations for this, including some relating to the end effects in the
device. IF bandwidths of up to 3 GHz were measured, but since the data for different
devices were recorded under varying bias and LO pump conditions, the precise
dependence on film diffusivity and device length cannot be determined yet. Since these
dependencies are primarily low-frequency properties of the device, they can be expected
to be similar to the D/L2 trend found for the 30 GHz measurements in [17]. The
conversion efficiency, RF input coupling efficiency and the output noise in the IF band
leads to a rough estimate of 3100 K (DSB) receiver temperature, of which about 1000 K
(DSB) would be mixer noise. These noise temperatures were not, however, measured
directly through a well-calibrated Y-factor measurement. The end effects in the devices
were found to be significant, especially in the shorter 0.3 µm and 0.6 µm devices, and
future work should clearly be devoted to minimizing the consequences. An estimate of
the required input local oscillator power, as well as direct detection measurements using
broadband blackbody radiators, show that there are no severe losses in the RF coupling to
the device.
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Tables and Figures

Device

L
(µm)

R
(Ω)

η SSB
(dB)

BW
(GHz)

LO Power
(nW)

#1
#2
#3
#4
#5
#6

1.0
1.0
0.6
0.6
0.6
0.6

448
285
255
330
100
106

-21 to –33
-21
-20
-----29
-21.5

1 to 2.7
3
3
1.7
3
----

0.5
1.3
3.7
0.9
2.7
5.7

Table 1; Measured results for Al HEB devices. The conversion efficiency does not
include losses in the optical coupling to the mixer embedding circuit. The absorbed LO
power was estimated by the effect on the DC IV curves of the HEB’s.

Fig.1; SEM of an Al microbridge. The Al device is faintly visible between the Al-Ti-Au
contacts.

500

R (Ω)

400

300

200

100

0
0.5

1

1.5

2

2.5

T (K)
Fig.2; Resistance vs. Temperature characteristic for device #1 in Table 1. The first
resistance drop occurs at the transition temperature of the microbridge, the second drop
near 0.7 K is due to the transition of the Al contact pads.
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Fig.3; Schematic cross section of the microbridge and contact pads (not to scale).
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Previous work with superconducting hot-electron bolometer (HEB) mixers has shown
that the primary source of noise in well optimized Nb devices is thermal fluctuation noise [1].
Our results for microwave mixing in sub-micron long diffusion-cooled thin film superconducting
aluminum HEB structures (Tc ~ 1.7K-2.4K) in the bath temperature range of T=0.25-1.6K [2]
show that is possible to operate the mixer, with good conversion efficiency and intermediate
frequency bandwidth, in a region where the thermal fluctuation noise is very small. In these
devices, the resistive transition, R vs. T, is very broad. At T/Tc ~ 0.3 we still observe a
resistance that is consistent with ~0.2 µm of the total microbridge length being resistive [3]. At
T=0.25K (T/Tc ~ 0.1) in zero magnetic field, the banks of the HEB are superconducting. By
applying a magnetic field H‡0.03T, the banks can be driven normal, in which case we again
observe that about 0.2 m of the 0.6 micron bridge is resistive. Thermal fluctuation noise is
largest near the onset of Tc ¯ 2.5 K for that sample. The best mode of heterodyne mixing in our
devices was observed at low bias voltages ~0.2mV.
If the Al HEB with normal banks is modeled as a N-S-N structure with near ideal
transparency, then charge-imbalance arguments [4] can be invoked to explain the behavior of the
resistive transition near Tc. Noticeable fractions of the microbridge edges should be resistive since
the characteristic charge-imbalance diffusion length is non-negligible compared with the
microbridge length L. The diffusion length is ΛQ*(T)=(DτQ*(T))1/2 [5]. The charge-imbalance
relaxation time τQ* is estimated from reported values of the inelastic scattering time τi at the
Fermi energy [6], and the diffusion constant D is measured from Hc2. However, far below Tc
charge-imbalance effects should not be significant, and Andreev transfer of pairs should
dominate. The resistance of the N-S boundaries should be negligibly small. At T=0.25K, the
quasiparticle population which can be injected into the superconductor is exponentially small.
Yet we observe a large series resistance at 0.25 K in a magnetic field H‡ 0.03T. Thus, the
physical model for the resistance is not complete for the low temperature / low voltage regime,
even though excellent heterodyne performance is observed there and diffusion cooling appears to
be operative.
We discuss possible mechanisms to account for the measured device resistance as a
function of temperature, and how they effect the mixing mechanism and output noise within the
context of a diffusion cooling model.
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Mixers based on Josephson junctions from conventional superconductor materials
have demonstrated excellent performance at subgap frequencies. The advantages of
Josephson mixers are low optimal power of the local oscillator and large intermediate
frequency bandwidth but their noise temperature increases dramatically at frequencies
corresponding to the energy gap of the superconductor, which is typically below
1 THz for widely used materials. The large energy gap of oxide superconductors
makes them promising candidates for development of terahertz Josephson mixers.
Here we report on experimental study of the quasioptical mixer utilizing bicrystal
Josephson junction from high-transition-temperature YBa2Cu3O7-δ film. Junctions with
a width of 2 µm were fabricated from 100 nm thick laser ablated films on bicrystal
MgO substrates and had the and the JCRn product of about 2 mV at 4.2 K. The planar
complementary logarithmic spiral antenna incorporated into co-planar waveguide was
patterned from 200 nm thick gold film thermally evaporated in situ on top of the
YBa2Cu3O7-δ film. The mixer chip was clamped to the extended hemispherical silicon
lens. Performance of the mixer was investigated at 4.5 K bath temperature. We used
FIR laser as a local oscillator at frequencies 0.698 and 2.52 THz. System noise
temperature (DSB) was determined from Y-factor measured with 300 K and 77 K
loads. At 0.698 THz the lowest noise temperature 1750 K was observed when the
mixer was biased with the fixed current to the region in the vicinity of either the first
Shapiro step or the critical current. Between these two bias points the noise
temperature increased to ≈ 20000 K. As function of the local oscillator power the noise
temperature reached the minimum when the critical current was suppressed to the half
of its equilibrium value. Power of the local oscillator absorbed by the mixer at optimal
operation was of the order 100 nW. The present design of our antenna limits the upper
operation frequency to the value of 1.8 THz. Nevertheless, we clearly observed
Shapiro steps at the frequency 2.52 THz. Bearing in mind an improved design of the
antenna, we estimate the 3000 K DSB noise temperature at this frequency.
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The hot-electron bolometer (HEB) mixer made from a high-TC superconductor (HTS)
thin film was introduced recently as an alternative to a Schottky mixer at THz frequencies.
The mixer performance depends on the total thermal conductance for heat removal from the
phonon subsystem due to either phonon escape to the substrate or phonon diffusion to the
normal metal electrodes. We present a systematic study of the length, thickness, temperature,
and local oscillator (LO) frequency dependencies of the thermal relaxation times, as inferred
from the -3dB intermediate frequency (IF) bandwidth of HTS HEB mixers on MgO and
CeO2/sapphire substrates.
While a significant length dependence was not found, the bandwidth of a 30 nm thick
device at 65 K increased from about 100 MHz to 420 MHz as the device thickness was
reduced to 10 nm in accordance with the two-temperature (2T) model.
As reported earlier, at temperatures close to TC the IF bandwidths increased to
unexpected high values of about 2-3 GHz, and as discovered recently, the IF bandwidth also
strongly depends on the bias voltage in this regime. However, these effects gradually vanish
as the LO frequency was increased from 1 GHz to 100 GHz, 300 GHz and 480 GHz. At 480
GHz, pure 2T model behavior was observed. We attribute these frequency-dependent effects
to the dynamics of vortices in the microbridge. The impact of the device geometry and the use
of buffer layers for the optimization of the total thermal conductance will be discussed.
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Abstract
We present an investigation of hot-electron bolometric mixer based on a
YBa2Cu3O 7-δ (YBCO) superconducting thin film. Mixer conversion loss of –46 dB,
absorbed local oscillator power and intermediate frequency bandwidth were measured
at the local oscillator frequency 0.6 THz. The fabrication technique for nanoscale
YBCO hot-electron bolometer (HEB) mixer integrated with a planar antenna structure
is described.

Introduction
The hot-electron phenomenon has been proved to be an efficient mixing
mechanism for the terahertz range [1]. Heterodyne receivers based on NbN and Nb
hot-electron bolometric (HEB) mixers have reached a noise level as low as 20
quantum limits (hν/2) for frequencies up to 5 THz with instantaneous bandwidth of
4 GHz to 9 GHz [2,3, 4]. At the present time they are the most sensitive broadband
receivers for terahertz frequencies. Although HEB mixers based on high-Tc films do
not compete with low-Tc mixers with respect to sensitivity, they have much larger
instantaneous bandwidth and need much simpler (and, therefore, lighter) refrigeration
systems, that makes it possible to use them in airborne and space radiotelescopes.
Simple fabrication technology, real impedance, a possibility of low optimum local
oscillator power (which is simply proportional to the mixer volume) makes YBCO
HEB mixers to be competing with Schottky diode mixers.
The hot-electron phenomenon consists of the heating of electrons in a
superconducting film by radiation. Beating of the local oscillator (LO) and the signal

waves causes oscillations of the electron temperature, and, therefore, of the load
voltage, at an intermediate frequency (ωIF=ωLO-ωS). Since the impedance of the HEB
mixer is the dominantly real, the intermediate frequency (IF) bandwidth of the mixer
is limited only by the electron temperature relaxation rate. For such superconductors
as YBCO with strong electron-phonon coupling (τe-ph=1.1 ps [5]) and large phonon to
electron specific heat ratio (cp/ce≈40) electrons are effectively cooled via the electronphonon interaction. The theoretically predicted IF bandwidth for a YBCO HEB mixer
is 1/(2πτe-ph)=140 GHz. Due to the film-substrate boundary resistance significant
phonon heating occurs in the film. In YBCO films this effect is much stronger than in
low-Tc films, since the complicated composition of YBCO does not allow fabrication
of ultrathin films with high critical temperature and critical current density. This
effect limits the IF spectrum on the lower side to 2 GHz, which can not be treated as a
significant disadvantage of YBCO HEB mixers. A much more important effect of the
phonon heating is an increase of the mixer conversion loss in the IF bandwidth of
interest (i.e. 2-140 GHz). According to theoretical models of the HEB mixer phonon
cooling rate could be increased reducing mixer in-plane size and film thickness.
Mixer volume reduction also leads to a decrease of LO power request that is quite
important in terahertz range where power of solid state radiation sources is quite
limited.

Device fabrication and measurement set-up
In the paper we present a technology for fabrication of sub-micrometer size
YBCO mixers integrated into a planar antenna structure. YBCO films on LaAlO3
substrates were deposited by a pulsed laser ablation technique in an oxygen
atmosphere. The deposition occurred at the substrate temperature 800°C and the
oxygen pressure 0.8 mbar. For the film oxidation the oxygen pressure was increased
up to 1 bar and substrate temperature was ramped down with the rate 15°C/min. At
the room temperature 20 nm gold layer was in-situ deposited. The critical temperature
of the films was inductively measured and was around 88-89 K. Using an e-gun
evaporation system 200 nm ex-situ gold layer was deposited to form an antenna and
IF contacts. As an antenna we used self-complimentary spiral antenna design, which
performed well with NbN HEB mixer and has good coupling efficiency with a
Gaussian beam [6].
The thick gold layer has also to prevent any deterioration of superconducting
properties of the YBCO film during the next fabrication steps. On top of YBCO/gold
double-layer two small pads and two arm spiral structure were made using electronbeam lithography, titanium evaporation (40 nm) and standard lift-off procedure. At
the next step with an e-beam lithography and a lift-off a carbon pad as thick as 50 nm
was made inside the area marked by rectangular in Fig.1. With these Ti and C masks
the gold and YBCO films were ion-milled down to the substrate. After that, the

carbon mask was removed in RF oxygen plasma and the substrate was moved into the
ion-milling system again. During the second ion-milling process the gold layer
between two small pads was removed down to YBCO film. SEM picture of the device
is shown in Fig.1.

Fig.1 SEM image of a spiral antenna coupled YBCO mixer. The rectangular
marks the bolometer area.
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Fig.2. 600 GHz heterodyne measurements set-up.

For the heterodyne measurements we used a set-up, which is shown in Fig.2. The
mixer was attached to a Si elliptical lens and mounted in a vacuum cryostat cooled by
liquid nitrogen. Two backward wave oscillators (BWO) were used as a local oscillator
and a signal source. The frequency of the signal BWO was fixed at 600˚GHz and the
LO frequency was tuned. At each frequency point the LO power was kept at the same
level. For relative measurements of the LO power we used the same mixer as a direct
detector. The LO radiation was chopped with low frequency (20 Hz) and a detected
signal was measured by a lock-in amplifier connected into the bias circuit. The same
technique was also used for the measurements of the signal power relatively to the LO
power.The absolute absorbed LO power was measured by isothermal method, which
is well described in [3]. The maximum absorbed LO power, which we could obtain
was 8 µW.

Results
Mixer IV-curves are shown in Fig.3. At temperature 77 K the mixer conversion
efficiency increased considerably as the voltage exceeded 30 mV. But it was
accompanied with a very high output noise level, which is attributed to the instability
of the resistive state in that region (this region is not shown in the figure). At higher
temperatures the output noise becomes smaller, but conversion efficiency decreases.
We measured the mixer conversion loss (at the intermediate frequency 450 MHz) at
different temperatures, which correspond to a reasonable noise level. The minimum
conversion loss was 46 dB, which could be improved by decreasing the ambient
temperature, but at the cost of an increas of the output noise. Conversion loss did not
depend much on the bias voltage and in a quite large voltage region conversion loss
did not drop more than 2 dB. We found that with a decreasing of LO power the IF
signal goes down linearly, which shows that the LO power is far from the optimum
point. An increasing of the LO power can improve conversion performance of the
mixer.
The IF spectrum of the mixer was measured in the range from 200 MHz to 6 GHz
and the result is depicted in Fig.4. The hot-electron mode, when only the electron
temperature is oscillating, is clearly observed in the range from 3 GHz to 6GHz. The
upper IF range was limited just by bandwidth of the bias-T.
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Conclusion
The mixer conversion loss 46 dB was obtained at 8 µW LO power. The hotelectron mode in the IF spectrum, previously observed at IR rage, is also observed at
terahertz frequencies. The obtained results show that the YBCO HEB mixer can be
used at the terahertz range.
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ABSTRACT
The combination of narrow linewidth and wide -band tunability makes the Josephson
Flux Flow Oscillator (FFO) a perfect on-chip local oscillator for integrated submm -wave
receivers. A noise temperature of about 100 K (DSB) has been achieved for the integrated
receiver with the FFO operating near 500 GHz. An instantaneous bandwidth of 15 – 20 % is
estimated from Fourier transform spectroscopy (FTS) and heterodyne measurements. The
far-field antenna beam is measured as ≈f/10 with sidelobes below -16 dB which is suitable
for coupling to a telescope antenna. For application in spectral radio astronomy, besides
low noise temperature and good beam pattern, also a local oscillator with narrow-linewidth
and long-term stability is required. Recently the feasibility of phase locking of the FFO to
an external reference oscillator was demonstrated experimentally. A spectral linewidth as
low as 1 Hz (determined by the resolution of the spectrum analyzer) has been measured in
the frequency range 270 - 440 GHz relative to a reference oscillator. This linewidth is far
below the fundamental level given by shot and thermal noise of the free-running tunnel
junction. A new technique for linewidth measurements and FFO phase locking has been
devised and put to use. This method employs an off-chip harmonic multiplier that
considerably simplifies the design of the chip for a fully superconductive integrated phaselocked receiver. The linewidth of Nb-AlOx-Nb FFOs has been carefully studied in the
frequency range 250 - 600 GHz. Based on frequency measurements the FFO I-V curve has
been reconstructed with an accuracy better than 1 nV. Finally, the results of FFO phase
noise measurements are also presented and discussed.

1. Introduction
Light-weight and compact ultra sensitive submm -wave Superconducting Integrated
Receivers (SIRs) with low power consumption [1, 2] are very attractive for both radioastronomical research and remote monitoring of the Earth atmosphere. The new ambitious
radio-astronomy multi-dish projects (e.g. , ALMA) would gain considerably by using singlechip SIRs due to their lower price and better serviceability as compared to conventional
approaches. Present single-chip superconducting receiver s comprise a SIS-mixer with a
quasioptical antenna and a superconducting local oscillator (LO).
Presently, a Flux Flow Oscillator (FFO) based on unidirectional flow of magnetic
vortices in a long Josephson tunnel junction [3] looks most promising as LO for on-chip
integration with a SIS mixer. Nb-AlOx-Nb FFOs which have been successfully tested from
about 120 to 700 GHz - gap frequency of Nb - deliver sufficient power (≈1 µW at
450 GHz) to pump a SIS mixer. Both frequency and power of the FFO can be tuned
electronically [4,5]. A receiver noise temperature below 100 K (DSB) has been achieved
for a SIR with an internal FFO operated in the frequency range 480 - 520 GHz [1,2]. This
means that the performance of the SIS mixer is close to the quantum limit. A FFO can be
fabricated on the same trilayer - and by the same technological procedure - as a SIS mixer.
Further, the complexity of a FFO circuit is much lower than known Josephson junction array
oscillators. A free-running FFO linewidth considerably below 1 MHz has been
measured near 450 GHz [6-8]. Recently the feasibility of phase locking of the FFO to an
external oscillator was demonstrated experimentally [7, 8].
In this report we present an overview of the basic FFO properties as well as the
latest FFO linewidth measurements - including FFO phase noise. We also describe a new
technique for linewidth measurements and FFO phase locking.
2. Flux Flow Oscillators: dc properties and linewidth measurements.
The FFO [3] is a long overlap Josephson tunnel junction in which an applied dc
magnetic field and a uniformly distributed dc bias current, Ib, drive a unidirectional flow of
fluxons, each containing one magnetic flux quantum, Φ0 = h/2e ≈2 10-15 Wb. Symbol h is
Planck's constant and e is the electron charge. A dc current, ICL, in an external coil or an
integrated control line generates the magnetic field , Bappl, applied perpendicular to the FFO.
According to the Josephson relation a FFO biased at voltage V oscillates with frequency f =
(2π/Φ0) V (about 483.6 GHz/mV). Velocity and density of the fluxons , and thus the power
and frequency of the emitted mm-wave signal can be adjusted by Ib and ICL.
The FFOs considered below are long Nb-AlOx-Nb tunnel junctions with overlap
geometry (see inset in Fig. 1). The length, L, and the width, W, are about 500 µm and 3
µm, respectively. The critical current density, jc, is in the range 4 - 8 kA/cm2, which
corresponds to a specific resistance, Rn*L*W ≈50 - 25 Ω µm2 (the Josephson penetration
depth λJ ≈6 - 4 µm). The tunnel barrier usually is formed in a long window of a relatively
thick insulation layer (200 - 350 nm, SiO2) between two superconducting Nb films (base
and counter electrodes). One of the electrodes also is employed as control line.

A typical set of current-voltage characteristics (IVCs) of the FFO , measured at
different magnetic fields ( ICL), is shown in Fig. 1. Simultaneously with recording the IVCs,
the power delivered by the FFO to the integrated SIS detector was measured by a data
acquisition system, IRTECON [1, 2]. The criterion for sufficient pumping is a pre-set
change of the subgap tunnel current at V = 2 mV, ∆I, relative to the gap current Ig of the SIS
detector, due to photon assistant tunneling (PAT). A ∆I/Ig-ratio exceeding 0.25 was
obtained for FFO voltages from 550 to 1070 µV (see arrow in Fig. 1). This corresponds to
a frequency range 270 - 520 GHz. Actually, the operational frequency range is limited by
the matching circuit and the SIS tuning structure rather than by the FFO itself.
A detailed study of long Josephson junctions intended for wide-band integrated
oscillators was performed [9]. At large fields and voltages (Fig. 1) one can see the smooth
so-called Flux Flow Step (FFS), the voltage of which is proportional to ICL. At moderate
fields the FFS splits into a series of resonant Fiske steps (FS) [10]. This resonant mode
exists up to a specific “boundary” voltage, VJSC, at which a "bump" in dc current appears.
As also seen from Fig. 1 for V > VJSC the FFS becomes smooth and with increasing
magnetic field it persists up to the gap voltage. It should be noted that this “boundary” is
typical for all investigated FFO s with high current density (jc > 1 kA/cm2). This feature
neither depends significantly on the junction geometry and its dimensions nor on the
coupling to the external microwave circuit .
The boundary voltage is about 930 µV which is 1/3 of the superconductor gap
voltage Vg for Nb-AlOx-Nb tunnel junctions. This threshold behavior has been explained
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Fig. 1. IVCs of a Nb-AlO x-Nb FFO recorded at different magnetic fields. Note the abrupt change of
the IVC at the boundary voltage VJSC ≈930 µV. Insets show the cross section of the long junction
with driven vortices (top) and its overlap geometry (bottom).

by Josephson self-coupling (JSC) [9]. The JCS effect is basically absorption of ac radiation
by the quasi-particles in the cavity of the long junction. The JSC results in current bumps
(similar to PAT quasi-particle steps in a SIS mixer) at VJSC = Vg/(2n + 1), which gives
VJSC = Vg/3 for n = 1. The effect of self-pumping explains not only the bumps observed in
the FFO IVC, but also the abrupt merge of Fiske steps (suppression of the resonant Fiske
mode for V ≥ Vg/3) caused by a strong increase of the internal damping due to quasi-particle
tunneling [9].
A specially designed integrated circuit is used for linewidth measurements [7, 8]. It
comprises FFO, SIS mixer and elements for rf coupling - see Fig. 2. The signal from the
FFO is applied to the harmonic mixer (a SIS junction operated in Josephson or
quasiparticle mode) along with the signal from a frequency synthesizer, fSYN ≈10 GHz. In
order to prevent the synthesizer signal (as well as its lower harmonics) from reaching the
FFO a high-pass microstrip filter with cut-off frequency about 200 GHz is inserted between
the FFO and the harmonic mixer. The intermediate frequency (IF) signal with frequency, fIF
= ± (fFFO – n fSYN ) is boosted first by a cooled amplifier and then by a room-temperature
amplifier for further use in the PLL system. A part of the signal is applied via a directional
coupler to a spectrum analyzer which is also phase locked to the synthesizer using a
common reference signal at 10 MHz. Thus, the spectrum observed in the IF channel, as well
as the phase noise evaluated from these data, is the difference between the frequency of the
FFO signal and the n- th harmonic of the synthesizer frequency.
The output signal of the PLL system - proportional to the phase difference - is
returned via the Loop Bandwidth Regulator (maximum bandwidth about 10 MHz) to the
FFO via a coaxial cable terminated with a cold 50 Ω resistor mounted on the chip bias
plate. It was proven experimentally that the PLL system can considerably narrow the FFO
linewidth if ∆fAUT (measured at the -3 dB level) is smaller than the PLL regulation
bandwidth, BPLL. Figure 3 [7] shows typical IF power spectra of the phase locked FFO
IMPEDANCE
TRANSFORMER

FFO

DC BLOCK

HIGH-PASS
FILTER

HARMONIC
SIS MIXER

SIS CL

FFO CL
1 mm
Fig. 2. Central part of the microcircuits used for FFO linewidth measurements.

measured at fFFO = 439 GHz for different settings of the spectrum analyzer. A FFO linewidth
as low as 1 Hz is presented in Fig. 3b; it is limited by the resolution bandwidth of the
spectrum analyzer. This experimental results show that the FFO linewidth can be reduced
below the value determined by the fundamental shot and thermal fluctuations of the freerunning tunnel junction. To our knowledge it is the first time such a dramatic reduction of the
initial linewidth of a Josephson oscillator has been achieved.
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Fig. 3. [7] The down-converted IF power spectra of the FFO (f = 439 GHz), recorded with
different frequency spans , clearly demonstrate the phase locking.

The residual phase noise of the phase locked FFO - measured relative to the
reference synthesizer - is plotted in Fig. 4 for three different FFO frequencies as function of
the offset from the 400 MHz carrier. One can see that there is no pronounced dependence of
the phase noise on the frequency of the locked FFO. It means that the noise is mainly
controlled by the measuring technique and the PLL system . To get the total FFO phase noise,
one should add the synthesizer noise multiplied by n 2 to residual phase noise of the FFO.
The measured data for the used synthesizer (HP83752B) are also presented in Fig. 4. In this
measurement where the FFO, operating at 387 GHz, is locked to the 36-th harmonic of the
synthesizer, n2 = 1296. The total FFO phase noise (solid line in Fig. 4) is dominated by the
synthesizer noise for offsets < 100 kHz. The origin of the noise at larger frequency offset is
under investigation.
It should be noted that phase locking of a FFO has been realized only on the steep
FSs, where the free-running FFO linewidth is about 1 MHz corresponding to small values
CL
of RdB and especially RdCL, where RdB = ∂VFFO/∂Ib and Rd = ∂VFFO/∂ICL are the differential
resistances associated with the bias current, Ib, and the control-line current , ICL,
respectively. The linewidth increases at voltages above the boundary voltage, VJSC, [9]
where RdB and RdCL are considerably larger than on the Fiske steps (as a result of the abrupt
increase of internal damping due to Josephson self-coupling [9]). It is still an experimental
challenge to obtain phase locked operation in the "true" flux flow regime where the
normalized damping is large, αL/λJ ≥ π, and correspondingly, the initial FFO linewidth
exceeds ≈10 MHz.
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Fig. 4. Experimental phase noise of a phase locked FFO at different frequencies. Since the phase
noise of the FFO, e.g., at 387 GHz is measured relative to the 36th harmonic of the synthesizer, the
synthesizer noise, multiplied by a factor 36 2 = 1296, should be added to residual FFO noise to get
the total (absolute) FFO phase noise – solid line.

3. Super-fine Structure of the FFO IVCs; External Harmonic Multiplier.
Previous FFO linewidth measurements [6,11] have demonstrated the existence of a
structure of closely spaced steps in the IVC of long Josephson junctions. The voltage
spacing is about 20 nV, corresponding to a frequency separation of 10 MHz, that cannot be
recorded by usual dc technique. This structure manifests i tself as a nonlinear relation
between the measured FFO frequency and the bias or/and control-line currents. Actually, an
FFO can irradiate only in a specific range near the corresponding “resonance” frequencies,
fr, while the oscillator is unstable between these values. This behavior is clearly
demonstrated in Fig. 5 (fsynt = 17.05 GHz, n = 25, Lower Side Band). Traces A and B are
recorded at constant bias current: Ib = 17 782 µA and 17 779 µA, respectively (number of
averages, Nav = 100). Point A is stable while an attempt to bias at point B fails due to small
fluctuations which force the FFO to jump between stable states, spending on the average
almost equal time in both states (see curve B).
Figure 6 illustrates this phenomenon in a different way. Trace A is – as above – the
down-converted signal of the FFO biased at a stable point, while trace B is recorded when
fine-tuning the FFO bias (from 18 710 µA to 18 770 µA) in the regime “max-hold”. In this
regime the spectrum analyzer takes the maximum signal amplitude from many measurements
at each frequency point. One can see that FFO frequency can be permanently tuned only in a
range of about 5 MHz, while frequenc ies between these stable regions cannot be obtained.
Even a small change of the bias current near the edge of the stable region, the frequency
(voltage) of the FFO “jumps” to the next stable region. Note that a 50 MHz frequency shift
(which is equivalent to a voltage difference of 100 nV) was obtained for a current change of
60 µA, that corresponds to “averaged” RdB = 0.0017 Ω .
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Using the Josephson equation the FFO IVC can be reconstructed in detail by
measuring the bias current dependence of the FFO output frequency. The accuracy of the
frequency (and correspondingly, voltage) measurement can be very high if, e.g., a
synthesizer is used as a reference source. Actually, the accuracy is determined by the
spectrum analyzer resolution used for the specific span. For the data presented in Fig. 5-8
the resolution bandwidth , RBW, was 300 kHz corresponding to a voltage accuracy of about
0.6 nV. By using a special measuring procedure the frequency reading from the spectrum
analyzer was recorded simultaneously with adjusting Ib and ICL. The measured dependence
of the down-converted FFO frequency on Ib is shown in Fig. 7. The data sets marked #01,
#02 and #03 are recorded at slightly different values of ICL (what results in jumping to the
adjacent resonances and small shift along the Ib-axis). From the se data the exact shape of the
FFO can be reconstructed; the ”recovered” FFO IVCs demonstrate the existence of welldefined superfine structure (see Fig. 8). Up to now there is no reliable theoretical
explanation of this superfine resonant structure. The exact geometry of the FFO influences
the resonant structure, in particular , the results presented in Fig. 3 [7, 8] were measured for
a tapered FFO where the resonance effect was less pronounced. The results depicted in
Figs. 5-8 are from an FFO with a standard rectangular geometry.
From Fig. 8 one can see that the FFO IVC (at low levels of external interference)
consists of a set of separate steps rather than being a continuous curve. The differential
resistance on these steps is extremely low, RdB(res) = 0.00037 Ω . Important to note is, that
this value is considerably lower than the average value (RdB = 0.0016 Ω ) recorded using the
traditional technique. An even more dramatic reduction has been measured for the controlline differential resistance , RdCL = ∂VFFO/∂ICL.
Since the frequency separation between adjacent resonances is comparable with the
maximum PLL system bandwidth, jumps between adjacent resonances create considerable
difficulties for phase locking of the FFO. Nevertheless full phase locking can be realized
even in the presence of the resonance structure s but only at specific frequencies
(see Fig. 9, 10).
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In order to exclude that the recorded resonance structure could be due to the
integrated harmonic mixer technique , an external harmonic multiplier based on a quasiplanar superlattice electronic device (SLED) [12] has been developed and tested. The
SLED was mounted in a circular waveguide (with a cut-off frequency of about 400 GHz)
followed by a conical horn with an output diameter of 6 mm . A constant-voltage bias and
the pump signal from the synthesizer (frequency 1 - 30 GHz) are applied to the SLED. The
signal of multiplier is fed to an integrated receiver of standard design [1,2] via a vacuum
window. Heterodyne mixing with the FFO local oscillator signal can be measured up to
500 GHz that corresponds to the 27-th harmonic of the input signal from the synthesizer . The
superfine resonance structure is present also in the measurements done by the external
multiplier , and thus the resonances can be attributed to properties of the FFO rather than to
the measuring method. Actually, Figs. 5-10 are recorded by using the external harmonic
multiplier. Figure 9 shows the down-converted FFO signals with the FFO frequency locked
- curve A- and phase locked – curve B). Note the extremely narrow linewidth ≈75 kHz was
measured at a FFO frequency of 426 GHz - Fig. 9 (curve A) due to extremely low
differential resistance . Actually, this is the linewidth of the free-running FFO since it was
recorded with a very narrow (< 10 kHz) PLL regulation bandwidth that only suppresses
low-frequency external interference without changing the FFO linewidth (frequency
locking).
The external harmonic multiplier enables us to check an alternative concept of the
Phase Locked Integrated Receiver. This concept [7] is based on an already proven design of
the integrated receiver chip [1,2]. At this approach a submm -wave signal from an external
harmonic multiplier driven by a 10 - 20 GHz synthesizer is applied to the integrated
receiver via a beam splitter. A small portion of the IF band (about 50 MHz) is used to
monitor the mixing product between the n-th harmonic of the synthesizer signal and the FFO
signal. This down-converted signal after narrow -band filtering controls the PLL system
while the rest of the IF band is used to analyze the down-converted signal.
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4. Discussion and conclusion
Preliminary tests demonstrate that there is no fundamental difference between results
obtained by using either an integrated harmonic mixer or an external multiplier. The proper
choice is a matter of convenience relevant for different applications. Phase locking of the
FFO to an external reference oscillator is demonstrated experimentally using both
measurement schemes. A FFO linewidth as low as 1 Hz (determined by the resolution
bandwidth of the spectrum analyzer) has been obtained by both technique in the frequency
range 270 - 440 GHz relative to a reference oscillator. To our knowledge it is the first time
that the spectral linewidth of any Josephson device has been reduced so much by means of
an electronic system. An observed superfine resonance structure in the FFO IVC reduces the
FFO linewidth due to smaller differential resistance, but complicates FFO phase locking. In
order to use the external multiplier with a thin beam splitter the multiplier output power at
high harmonics must be increased at least 100 times. Here the development of a cryogenic
multiplier looks very promising. The output power would be increased according to
theoretical expectations, and a much thicker beam splitter can be used at cryogenic
temperatures.
Implementation of the single-chip Superconducting Integrated Receiver with phase lock-loop facilities is especially advantageous for new radio-astronomy projects based on
an imaging array or multi-receiver approach (e. g., ALMA). The PLL Integrated Receiver is
ready to be tested in the nearest future for practical spectral radio-astronomy in the
frequency range 350 - 450 GHz. In this frequency range the Fiske steps of Nb- AlOx-Nb
FFOs are closely spaced and almost overlapping due to dissipation and dispersion in the
long Josephson tunnel junction. The frequency gaps between the available LO bands (at
subsequent FSs where FFO phase locking is possible), do not exceed 5 GHz. There is a
possibility to gap these intervals using a receiver with a wide-band (4 GHz) IF amplifier
while the FFO is biased and locked on an adjacent FS. This enables continuous in-phaselock frequency coverage.
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Abstract
We are performing an extensive study to understand the mixing properties of hightemperature superconductor (HTS) bicrystal Josephson junctions at 345 GHz and high
operating temperatures. Results of Tsys < 1000K DSB have been achieved at an
operating temperature of 17K with a cryocooler. The IF contribution is approx. 300K.
L.O. power is coupled by a beam splitter and is around 50 nW.
These results are without any corrections and improvement is possible by applying
mitching structures. Details will be available at the time of the conference in May. We
have mixing elements for 850 GHz in preparation as no degradation is expected in
performance due to theory.
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Introduction
Local oscillator sources based on frequency multipliers appear to be the best developed of
several types of sources needed for astronomical missions from airborne and space platforms.
These applications extend well into the submillimeter range, potentially up to 2.7 THz for FIRST,
and similar frequencies for SOFIA receiver systems. A new generation of frequency multipliers is
needed for the FIRST mission, in which the old technology of whisker contacted varactor diodes is
replaced with new planar devices. This use of planar devices should go well beyond replacement
of the diode itself, and should replace much of the circuit used in the earlier devices. The goal is to
make these sources far superior to present multipliers in cost, and performance. Desired properties
include:
• High reproducibility
• Wide bandwidth with no mechanical tuning
• Easy machining and assembly
• High efficiency, better than the best whiskered designs.
Given that the frequency range for FIRST covers 480-2700 GHz, with nearly full
coverage, and the required driver stages cover 140-225 and 280-450 GHz, this multiplier
development will essentially fill in the submillimeter range with sources. For purposes of FIRST
these sources must cover 10-15% width bands, although wider bandwidths should be possible
using the same technology. Progress toward this goal to date is very encouraging although a lot
remains to be done:
• Planar diode arrays have produced very large amounts of power, sufficient to strongly
pump a following stage.
• A doubler for 185-203 GHz has been completed using a full planar style of construction
suitable for fabrication as a MMIC.
• A tripler prototype for 220-275 GHz has been built of nearly full monolithic construction.
• Designs for many other frequencies in the required bands are complete (and some devices
fabricated), although the actual complete multipliers have yet to be built.
Balanced Doublers for 140-210 GHz
The initial development in complex planar diodes was the balanced doubler using series
diode arrays. These circuits began as an outgrowth of circuits based on whiskered diodes, and only
recently have begun to look like truly planar circuits. So far the highest power and best bandwidth
produced has been with a hybrid circuit using a 6 diode array in a circuit using gold ribbon and
coaxial components [1]. This circuit was designed to tune 142-158 GHz, which is one of the

required FIRST driver bands. Planar arrays from both JPL and UVa have been used in this circuit
with somewhat different results. These arrays are of nearly the same layout and are designed to
produce an equal power split among the diodes. The JPL diodes (PBD150) use relatively low
doping (1017/cm3) and have a breakdown voltage of 13V per diode. The UVa diodes (SB7T1) use
higher doping (2x1017/cm3) and have Vb of 7 V per diode.
With the JPL diodes, the efficiency peaks at 200 mW input (140 GHz output), and is 26%
at room temperature. The efficiency was tested at 80 K where it increases to ∼39% (a 50%
increase). This cold test was done with 280 mW input power producing a maximum output of
116 mW at the point of burnout. No test of safe operating power has been made but it should be
∼80 mW output. With the UVa diodes, the room temperature efficiency is 34%, peaking at 150
mW input. The efficiency increases to 41% at 80 K (a 22% increase). While room temperature
results differ a lot, the cold efficiencies are very similar because the mobility increase in the lower
doped diodes is much larger than that for the higher doping. The frequency response of this
doubler with the UVa diode is shown in Figure 1.

Figure 1. Frequency response of balanced doubler built to demonstrate one of
the driver bands for FIRST. The efficiency corresponds to the lower curve.
In more recent work, a new doubler has been built for 200 GHz, which is suitable for
MMIC fabrication using the “substrateless” fabrication technique [2]. This doubler uses the same
6 anode JPL diode array as the previously described doubler, but scaled down in size by a factor of
0.75. As before, the diode is soldered in place, but the remainder of the assembly is done by gluing
and wire bonding. The bias circuit is decoupled with just a planar capacitor, eliminating the
distributed filter previously used, and this capacitor is fabricated on GaAs with beam leads for
grounding and bias connection. The doubler layout is shown in Figure 2.
The full circuit between the diode and the output waveguide is just a 12 µm diameter bond
wire. It is found that more complex impedance matching is not needed in this region, and instead
all of the wideband tuning of the circuit is done with waveguide elements. This makes the loss of
these elements smaller, and reduces the complexity of assembly.

Figure 2. Drawing of the 200 GHz balanced doubler using a concept suitable
for monolithic fabrication.
The design bandwidth is 188-212 GHz output with a very flat response, but a drafting
error led to a loss of bandwidth in the prototype. However, the circuit operates close to the design
frequency as shown in Fig 3, and the peak efficiency at room temp is 19% at 195 GHz, roughly
consistent with 26% measured for the same diode batch at 140 GHz. The efficiency increases to
31% at 80K, a 60% increase, as shown in Figure 4. The peak efficiency occurs at the highest
available input power, which is 220 mW, so it is not possible to be sure of the power handling
capabilities.
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MMIC Balanced Tripler
A nearly fully monolithic tripler has been designed which appears suitable for frequencies
well into the submillimeter range. The circuit achieves nearly optimal terminations at the three
frequencies of importance, in a very simple circuit. The circuit was designed with the aid of HFSS
[3], and required many simulations to determine circuit parameters. Because simulations of such a
complex structure were slow at the time of the design, the circuit is not well optimized over a wide
bandwidth, and this version was viewed mostly as a proof of concept. The layout of the circuit is

shown in Figure 5.
The diodes are connected in antiparallel, with a DC break provided by an overlaid pair of
lines with dielectric isolation on the output side of the circuit. Bias is applied to the diodes in
series. The input is in a microstrip mode with an impedance near 50 Ω, and is fed by a
waveguide to microstrip transition. At the input frequency the diode pair is in series with a shortcircuited stub, which provides the correct input reactance. This stub is grounded using beam leads
on the far side of the output waveguide. The output waveguide is cut-off at the input and so no
additional filtering is needed at this frequency, but the line crossing the waveguide has very high
impedance and so the waveguide must have quite reduced height in order to avoid adding excessive
input inductance
At the output frequency, two radial stubs provide short circuits at either diode, and ensure
that little power couples back to the input. At this frequency the input stub line becomes the
coupling line to the output waveguide, as well as an impedance matching section. The narrow lines
connecting to the diodes provide the required output inductance. Additional impedance matching is
provided by a step transformer up to full height waveguide, and by a fixed backshort in the
waveguide.

Figure 5. Drawing of the tripler chip,
and its mounting relative to the output
waveguide.
The output step
transformer is not shown.

Figure 6. Photograph of the tripler for 280
GHz, showing the input and output waveguides, the alumina input transition and the
bias connection.

At the second harmonic, the diode loop is tuned to provide nearly optimum inductance at
midband without producing excess inductance at the output frequency. In part this is because the
second harmonic currents flow in a different path, including transverse currents between the stubs,
and across the wide output line. In addition, the radial stubs themselves act as quasi-lumped
capacitances and load the loop in a way that increases its second harmonic reactance. The overall
effect is an idler tuning which is optimized at midband and remains acceptable over quite a wide
band, mainly at frequencies below the design band.
The circuit is in microstrip from the input to the radial stubs and switches to suspended
stripline for the remainder of the circuit to avoid moding problems for the higher frequency part of
the circuit. The channel housing the chip is significantly wider than the chip to further suppress

higher modes. This design is for a substrate thickness of 20 µm, chosen to minimize higher moding
problems.
Triplers were designed for center frequencies of 280 and 320 GHz. These chips were
fabricated on semi-insulating GaAs with epitaxial doping of 1017 cm3. The anodes are made as
rectangular strips of 1.5x9 µm with a breakdown voltage of 13 V, and a zero bias capacitance of
19 fF. The DC isolation dielectric is 0.1 µm thick SiN. The substrate has no backside metal,
meaning that in the region where the mode is microstrip, the chip must be in good contact with the
metal of the block. Chip separation was done by RIE (from the backside) which allows individual
devices to be spaced very close to each other and also allows for the use of beam leads and
arbitrarily shaped chips. The beam leads are essential to RF and DC ground the end of the chip
where little area is available for wire bonding.
A photograph of the assembled tripler is shown in figure 6. Chips were glued down with a
low viscosity epoxy, and then the beam leads were bonded to the block. An input transition to the
WR10 waveguide was fabricated on 100 µm alumina [4]. Connections were made to the chip by
ribbon bonding to the input and bias pads. Assembly was judged to be very easy compared to any
other multipliers at a similar frequency.
Tests have been performed using a wide-band Gunn oscillator source, and some wideband
power amplifiers. Bias was optimized at each frequency, and varied from 2 V at frequencies very
low in the band, to 6-8 V at the higher (design) frequencies. While efficiency peaks at 20-30 mW
input, as shown in Figure 7, the efficiency at 260 GHz remains high up to an output power of 7
mW. The input match varies from 6-10 dB return loss, and probably could be improved with some
off-chip matching. The best efficiency of the 320 GHz device is 9%, increasing to 11% with the
input mismatch corrected with a tuner. The output match has been measured with a sliding tuner
only at 320 GHz, where it is very good. It is expected to be good only in the design band. Output
power was measured with a wideband calorimeter sensor with an accuracy better than 5% [6].
The 320 GHz tripler survived cooling to 80 K, and its efficiency at 312 GHz increased to 14%,
with 7 mW output. This corresponds to a 60% increase in efficiency.
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The best part of the operating band is very close to the design frequency, and is shifted low
in both designs by only 2-5%. The peak efficiency measured at 320 GHz exceeds that obtained
with the best whisker contacted triplers at a similar frequency [5], while the bandwidth, even in this
non-optimized design, greatly exceeds that of whiskered devices. Fig 8 shows a comparison of a
wideband fixed tuned whisker contacted tripler vs. this new design. The bandwidth was verified
using a input source consisting of a WR10 tripler followed by a wideband medium power amplifier
(25-40 mW output) [8]. The source was swept over an output band of 240-324 GHz with a
minimum output of 0.3 mW at fixed bias.
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Figure 8. Efficiency of new MMIC tripler in the nominal 320 GHz design (solid),
and older whisker contacted tripler (dashed) over a wide band.
Substrate thickness was initially thought to be important but later analysis showed that it
could be much thicker without difficulties. Chips from the same wafer were also thinned to 38 µm
and these devices were found to work as well as the design thickness, but with a frequency offset.
Figure 9 shows the performance of chips of the 280 GHz design on the two thicknesses. While the
thicker material appears to work better, this is probably due largely to better quality diodes in this
chip, since simulations predict that there is no advantage to thicker material.
This design has been scaled to 1.0 and 1.2 THz using the JPL membrane and frame
technology [7], and these wafers are in fabrication at this time. The membrane thickness of 3 µm
makes the chips quite fragile, but there is no need to handle the thin part of the chip so assembly
may prove relatively simple. The presence of the frame makes the block fabrication much more
difficult, since waveguides can not cross the frame. However, the chip has been redesigned since
this time, as noted below.
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Figure 9. Triplers of nominal 280 GHz design fabricated on different thicknesses
of GaAs. The difference in efficiency is probably due to the quality of the diodes,
while the frequency shift is due to substrate thickness.
Improved MMIC Tripler
After discovering that the substrate thickness could be much larger, a 220-285 GHz circuit
was redesigned for 38 µm GaAs. In this new design the radial stubs were rotated apart to allow
the input line to have a lower impedance, which simulations showed was desirable. By increasing
the diode capacitance, the idler loop was retuned to set the optimum idler match in midband for this
wide bandwidth, rather than near the upper edge of the band. The input and output waveguide
circuits were then optimized for flat response, resulting in a circuit that looks nearly the same yet
achieves a very flat response at the peak efficiency of the previous design. In this design, the 1 dB
bandwidth should be 13%, while the 3 dB bandwidth is 26%.
Thickening the substrate to 50 µm, and increasing the waveguide height by 60% still
works with some loss of bandwidth, which makes higher frequency versions much more practical.
A 1.1 THz design now uses a 12 µm substrate, practical with mechanical thinning, rather than
requiring the membrane process. The output waveguide is 25 µm high, which is quite machinable.
On this small chip the input waveguide probe can be integrated with negligible loss of wafer area,
leaving only the bias to connect.
Doublers for 1200-2700 GHz
At much higher frequencies, balanced doublers are still desirable because they do not
require filters, which are quite difficult to implement. The primary drawback is that the typical
input power becomes so small that there may not be enough power to drive even the smallest
practical diodes, and a balanced doubler doubles this power. A great savings in design effort
comes about because at these frequencies varactor mode operation is not possible, due to low input
power and very strong velocity saturation in GaAs. Designing in varistor mode is much easier

since the diode load is largely resistive, meaning that impedance matching is simplified, and the
bandwidth increased.
In these designs, the diodes are placed in series in the output waveguide, rather than in the
input as in the previous designs. A coupling probe in the input waveguide connects to the center
point between the diodes. The intent is to minimize losses in the output circuit. With this geometry
it is not essential to bias the diodes since with a short circuit at the waveguide walls, both diodes
are maintained at zero bias. However, at very low power, doublers work much better with forward
bias and so a bias circuit is still desired for the highest frequency devices. Two doublers have been
designed for these higher bands to test out the concept, both using membrane construction on 3 µm
GaAs, with a 50 µm frame surrounding the membrane.
The predicted performance of the two designs is shown in Figure 10, with an efficiency
scale that is arbitrary, except as a guide to what might be possible. Too little is known about THz
multipliers to make realistic predictions. Both designs work nearly as well as is theoretically
possible near their efficiency peak, so they will serve as a good test of device performance. The
manufacture of the blocks can be done entirely by milling, boring and broaching, with no difficult
assembly. The chip should just drop in with minimal difficulty in positioning it properly. A bias
lead is provided on some chips, and zero bias designs are also available. These chips are in
fabrication at this time.

Figure 10. Predicted bandwidth of balanced doublers in two bands to test the
feasibility of THz multipliers. The efficiency scale is largely arbitrary, since
almost nothing is known about multiplier performance at these frequencies.
Conclusions
Frequency doublers and triplers are being developed for the FIRST mission, using full
integration of the circuit onto a GaAs chip. So far progress has been made in developing a doubler
of hybrid construction that can readily be converted to a substrate-less MMIC. An output power
of 116 mW has been obtained at 140 GHz, and up to 55 mW at 195 GHz. Other doublers of fully
monolithic design are in fabrication for much higher frequencies, while designs for 600-900 GHz
have been fabricated but not tested.

A fully monolithic tripler has been designed which seems usable for frequencies from 2001200 GHz. Tests on a prototype near 300 GHz are very encouraging with efficiency and
bandwidth superior to the best whiskered designs. Output power is also higher that for any
previous designs.
All of these designs indicate that monolithic fabrication is truly the best way to approach
the production of submillimeter multipliers and that our goal to reach the THz range is realistic.
This will result in much more reproducible, reliable and lower cost LO sources than have been
available in the past, and will enable large scale applications.
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Abstract -We report on high quality-factor Heterostructure Barrier Varactor
making benefit of epitaxial stacking and planar integration, with a cut-off
frequency in the far infrared region. To this aim, high doping concentrations in
the depletion (2x10 17 cm-3) and contact (1x10 19cm-3) InGaAs regions lattice
matched to an InP substrate and an InAlAs/AlAs blocking barrier scheme were
used. Planar integration of the devices with a number of barriers up to eight in
coplanar waveguide and series-type configurations shows a zero-bias
capacitance of 3.4 fF/µm2 per barrier and a conductance of 3.3 nS/µm2 along
with an intrinsic capacitance ratio of 4.3:1.
Index terms -Varactor diode, harmonic multiplier, heterostructure, substratetransfer, InP

I.

INTRODUCTION

Recently, we reported record performances in terms of conversion efficiency (12.5%)
and delivered power (9mW) for a waveguide Heterostructure Barrier Varactor tripler
at 250 GHz [1]. These state-of-the art performances can be explained by the use of
InP-based materials, which permit us to dramatically improve the voltage handling of
the devices by reducing the leakage current [2] increasing by this fact the intrinsic
quality factor of the devices. Also, the use of narrow gap cladding and contacting
layers were found to be of great benefit in achieving a high modulation velocity of the
depleted region [3] and for reducing the series resistance contribution to the cut-off
frequency. In order to further increase these performances in terms of frequency and
power capability, some improvements were subsequently brought to the epitaxial
layers and to the technology aiming at (i) further increasing the current capability of
the devices in the undepleted zone alleviating by this means the saturation effect at
higher operation frequencies [3] and (ii) reducing the intrinsic series resistance
through the use of highly-degenerated thick access and contact layers. In addition, the
functionality of the device for a use as a medium-power high-frequency multiplier
was improved with the fabrication of air-bridged devices in double and quadruple
mesa configurations, with two barriers being stacked during epitaxy. This means that
the overall number of elemental devices can be as high as eight. In this
communication, we report on the dc and ac characterization of this new batch of

devices integrated in: planar coaxial schemes, coplanar waveguide (CPW) and planar
series-type configurations.

II.

TECHNOLOGICAL GUIDELINES

The epitaxial material used for fabricating the devices starting from a Semi-Insulating
InP substrate, consists of: (i) a 1µm-thick 1x1019 cm-3 InGaAs buried layer, (ii) a
200nm-thick 2x10 17 cm-3 InGaAs cladding layer, (iii) an undoped InAlAs5nm/AlAs-3nm/InAlAs-5nm barrier, (iv) a 200nm-thick 2x10 17 cm-3 InGaAs
cladding layer and (v) a 500nm-thick 1x1019 cm-3 InGaAs capping layer. The Indium
content is 53% and 52% for InGaAs and InAlAs respectively, whereas the strained
AlAs layer was grown under pseudomorphic conditions. A two barrier-scheme,
namely the series integration of two elemental diode structures during epitaxy, was
grown without interruption. A higher doping concentration (twice that in previous
work [4]) with thicker buried layers was chosen for this batch despite the difficulty to
grow under lattice matching thick ternary InGaAs alloys. The epitaxial quality was
found to be instrumental in order to achieve the high quality factor device. This fact
explains why the AlAs layer thickness was kept at 3nm (3D growth was found for
5nm AlAs layers) hence, two barriers were integrated.

Figure 1: SEM view of an eight-barrier device. The air-bridges, 3µm-width, 40 µm-long and 0.8 µmthick, were fabricated by photoresist molding techniques and electron gun evaporation.

III.

INTEGRATION TECHNIQUES

The devices were fabricated for the realization of harmonic triplers at J band (220325 GHz). Also a more prospective project targeting the integration of the diodes in a
non-linear transmission line was investigated. With respect to these goals, it was
decided to further integrate the devices by taking advantage of a planar integration in
close proximity by low dimensional air-bridge connection. To this aim, advanced
fabrication techniques were employed which consist in the writing of the micron-

sized dimension top contacts by electron beam (PMMA resist), the ohmic contact
deposition by electron gun evaporation (a sequential Ni/Ge/Au/Ti/Au multilayer
ohmic contact annealed by RTA at 400°C during 40 s), the etching of mesas by
Reactive Ion Etching (CH4/H2/Ar gases) and the fabrication of evaporated air-bridges
using a double resist layer molding scheme. The underneath resist layer was pyrolized
in order to achieve a convex mold shape and avoid resist mixing [5]. Figure 1 shows a
Scanning Electron Micrograph of a completed device. For the present example, the
number of barriers was eight (2 epitaxially × 4 mesas in series).
IV.

DC AND AC MEASUREMENTS

For the characterization of the devices, we took advantage of various transmission
line topologies. The outputs are the values of the small signal equivalent circuit,
which permits one to subsequently simulate the large signal behavior of the devices
under large signal conditions by a harmonic balance method. Also the
electromagnetic (EM) behavior of the devices can be assessed using EM codes
combined with network analysis through the use of scattering matrix [6]. The intrinsic
elements, namely the level of conductance, which describes the leakage current
through (tunneling effects) and over (thermionic emission) the barrier along with the
intrinsic capacitance non-linearity, can be obtained using the coaxial type
configuration (see Figure 5). Figure 2 shows the locus of the complex reflection
coefficient versus frequency between 500 MHz and 40 GHz at zero-bias. A near pure
capacitive behavior is apparent in this figure. The real part of the impedance was
found to be as low as 0.8 Ω, irrespective of the applied bias.
@ 300K

Figure 2: Plot on Smith chart of the frequency dependence of the reflection coefficient at zero-bias for
a coaxial-type device configuration (∅ 20 µm).
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These measurements can be used for investigating the intrinsic capacitance-voltage
characteristics whose examples are shown in Figure 3. The devices exhibit an
excellent symmetry with respect to the Y-axis. For this dual barrier scheme the zerobias capacitance is 1.7 fF/µm2. At 8V the capacitance reaches practically its
saturation value of 0.39 fF/µm2, yielding a capacitance ratio of 4.3:1. Concerning the
leakage current, which is characterized by the conductance-voltage plot (also shown
in Figure 3), we found a value of 1.37µS/µm2 at the reference voltage of 6 V, which
corresponds to an increase in the conduction mechanisms due to impact ionization in
the 2×1017 cm-3 InGaAs (Eg =0.8 eV) cladding layer. The quality factors at 5 GHz are
20800 (0V), 2720 (2V), 80 (4V), 11(6V) respectively. By assuming a predominance
of displacement current (JD) for JD/JC= 10:1 (JC being the leakage current) it is
believed that the diode could operate correctly under a full 8V peak to peak pump
voltage @ 250 GHz.

-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7
Voltage ( V )
Figure 3: Measured capacitance and conductance-voltage characteristics for a two-barrier coaxial-type
device (∅ 20 µm).

V.

INFLUENCE OF DOPING CONCENTRATION

In order to have further insight into the capacitance-voltage relationship when the
doping concentration is varied, we show in Figure 4 the simulated capacitancevoltage curves for a one barrier scheme. In order to obtain these data, we solved the
Poisson equation in the Thomas-Fermi approximation. This means that the charges
resulting from the leakage current are neglected (zero-current approximation). The
electronic charges in the accumulation layer, which are trapped in front of the
blocking barrier, can be calculated using a semi-classical distribution function.

Doping (cm-3)
C0 (fF/µm2)
Csat (fF/µm2)
C0/ Csat

1×1017
2.6
0.4
6.5:1

2×1017
3.25 (3.4)
0.65 (0.78)
5:1 (4.3:1)

4×1017
3.6
0.9
4:1

Table 1: Summary of C-V characteristics in terms of zero-bias (C0), capacitance saturation (Csat) and
capacitance ratio. The measured data are in brackets.
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Further details on the assumptions and the numerical procedure can be found in ref
[7]. A comparison between calculated and measured data (shown in brackets in table
1), for the 2×1017 cm-3 doping concentration, gives a satisfactory agreement and
supports the validity of calculations. With respect to the trends, as a function of the
doping concentration, it can be noted, as expected, that any increase in the donor
concentration degrades the capacitance contrast with a concomitant increase in the
capacitance level. However such a degradation is of minor importance in comparison
with the associated benefit in terms of current capability.

5

Figure 4: Simulated capacitance and current-density characteristics for different doping concentrations
(single barrier), A=1×1017cm-3 B=2×1017cm-3 , C=4×1017cm-3 .

From the leakage current point of view, a degradation of voltage handling can be
observed. Therefore for a 8 A/cm-2 reference, the breakdown voltages are 5V
(1×1017), 2.8V (2×1017) and 1.9V (4×1017), respectively. Tunneling effects through
the barrier are responsible for the leakage current at moderate voltages whereas the
breakdown effect can be explained by impact ionization in the adjacent low gap layer.
Increasing the doping concentration strengthens both leakage mechanisms via an
increase in the Fermi level and the internal electric field in the InGaAs layer. On the
basis of this study carried out on a single barrier device, which takes the doping
concentration as a parameter, the benefit of epitaxial and/or planar stacking is quite

obvious by preserving the voltage handling of the device and a capacitance level
which are compatible with high frequency operation. However, in order to alleviate
the decrease in the capacitance ratio, it is believed that other routes have to be chosen,
notably those involving planar doping or pre- and post-well configurations. In both
cases, the basic idea is to shorten the screening length by accumulating electrons
closer to the barrier (quantum well scheme or delta doped concentration). Both
techniques have respective advantages and some conclusions can be found in ref [8]
and [9].

VI.

DE-EMBEDDING AND FURTHER IMPROVEMENTS

The capacitance variations can also be recorded for the CPW and series type
configurations. For the latter, which have to be "flip-chip" mounted in the tripler
blocks, there are no coplanar footprints for wafer probing of the devices, only pads. In
this particular case, two of the three probes were used to contact the two pads facing
each other. It can be shown that this kind of arrangement gives experimental data
sufficiently accurate for de-embedding an equivalent circuit, which now takes into
account, not only the intrinsic elements, but also the parasitics depending on the
topology of the diodes.
These parasitics are the self-inductance and the pad-to-pad and bridge-to-pad
capacitances, due to interconnections and the series resistance. A knowledge of these
parameters is of prime importance for accessing the capability of the device for use in
a tripler block, and for operating at very high frequency via the cut-off frequency.
Ideally, special patterns have to be planned in the mask set to help in the derivation of
parasitics. Notably a TLM pattern is generally set in the test field along with opencircuit (Cp) and air-bridged pads (Lp). Short-circuited devices yielded a selfinductance value in the 60 pH range for a single device whereas the capacitance
parasitic value was found in the 20 fF range, with a large uncertainty due to the
calibration and error measurements of reflection coefficients.
It can be shown, provided no extra resistive term was added, that the tripler efficiency
is not affected by the reactive elements. This is true only for a perfect matching of the
large signal admittance of the diode to the circuit, which is not always satisfied in
practice. Improvements in the parasitics were demonstrated over the past through an
optimized topology and/or the surface channel technology [10]. Deep etching was not
performed here explaining why the parasitic capacitance is relatively high. This can
be envisaged on the basis of Schottky technology carried out at the University of Lille
[11] for which a post-process deep-etch was conducted, aimed at lowering the value
of Cp.
Another key figure of merit is the series resistance. With respect to this specific issue,
encouraging results were shown in Figure 2 with value as low as 0.8 Ω being
observed. However, a major drawback associated with the planar integration of series
type devices, instead of full epitaxial stacking, stems from an increase in the series
resistance. The overall series resistance increases as the number of interconnected

devices increases, due to the combination of vertical and planar topologies. Reducing
the total series resistance can be achieved by reducing the “spreading resistance”,
which is believed to be a major contribution towards rs. There are currently two
methods to achieve this goal : increasing the epitaxial thickness of the buried n+ layer
[12] and/or increasing the doping density of this layer. In our current work, we kept
the thickness to 1 µm since increasing this thickness to several microns is not
technologically realistic using MBE growth, whilst we increased the doping density
to 1x1019 cm-3. We believe that the low value of the series resistance, which was
observed in our measurements, is a direct consequence of the elevation of this doping
density. Remembering that the n+ layer serves two purposes (i) ohmic contacts and
(ii) mesa interconnect, another potential method is to introduce a transfer step [13].
Prior to this transfer, a gold layer can be deposited, this metallic layer can now
function as the mesa-contacting layer. By these means we have greater control over
the device topology. Therefore a quasi-vertical topology can be achieved. In the past
such a scheme had been attempted by taking benefit of substrate-less technology [14].
However such a technology was found to be very difficult to fabricate practically
whereas a transfer technique onto a host substrate could avoid most of the difficulties
encountered with free standing membrane structures having post-metallization. In
order to illustrate the advantages afforded by a substrate-transfer process onto a host
quartz substrate, Figure 5 shows an SEM view and corresponding schematics of two
transferred devices. In the type I configuration, the “spreading resistance” dominates
the value of rs, whereas in the type II configuration, a vertical current flow is
preserved so that an improvement in the series resistance can be pointed out. Details
of the technology of SU-8 grafting techniques and RF assessment can be found in
[15].

a)

n+

Au
Au

b)

n+ InGaAs
epi-layer

c)
SiO2-glass

SiO2-glass
Ni/Ge/Au/Ti/Au
SU-8

Figure 5: SEM view of various topologies of transferred HBV devices (a) type I: n+mesa-contact, (b)
type II: gold mesa-contact and (c) schematics of both topologies.

V.

CONCLUSION

New degrees of freedom in the fabrication of high performance devices were afforded
by epitaxial stacking and planar integration, which open the way to a full 3D
integrated solid-state multiplier. The advantage of a series type connection was
demonstrated with a zero-bias capacitance as low as 0.425 fF/µm2 for a eight-barrier
scheme, while preserving a capacitance ratio of 4.3:1.
A significant degradation of the series resistance (rs) was noted for air-bridge
contacted devices with respect to vertical devices which exhibit a record rs as low as
0.8 Ω. Nevertheless it is believed that intrinsic cut-off frequencies in the far infrared
region can be achieved owing to the drastic decrease in the capacitance level. High
quality factors have been obtained together with a high power handling capability. A
different device topology is also proposed, which could lead to a further reduction in
the value of rs. This has been made possible by using substrate-transfer techniques.

VI.
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Abstract : This paper deals with Schottky - and Heterostructure - Barrier devices
fabricated for planar integration in a 560 GHz Subharmonic Mixer (SHM). Taking
advantage of an InP-based technology, two barrier types, metal/InGaAs and
metal/InAlAs/InGaAs respectively, have been investigated. The design was carried out by
means of self-consistent quantum calculations and the fabrication involved submicron Tshaped contacts and air-bridge technology for back-to-back integrated diode pairs. The
trade-offs between the key figures of merit for SHM are discussed and compared to
experimental results. In addition, various studies of the potential of a Planar Doped
Heterostructure Barrier for single SHM devices are presented.

Indexing terms : Heterostructure devices, Subharmonic Mixer, InP technology,
Terahertz, Space applications

1. Introduction
Recently, impressive results have been published about sub-mm subharmonic
mixing, notably by the Jet Propulsion Laboratory (JPL) at 560 GHz [1], 640 GHz [2] and
2.5THz [3]. For these demonstrations, a GaAs technology was used with a barrier effect
achieved through a metal/GaAs n-doped epilayer junction. The built-in potential (0.7 eV) is
adequate for low saturation current, but, as a consequence, the local oscillator power to
optimally pump the back-to-back diode pair is relatively high. In addition, the optimization
of the series resistance, which is known as one of the key figure of merit for high
performance, faces some limits owing to the relatively wide band gap of GaAs (1.4 eV).
From this point of view, an InGaAs layer lattice-matched to InP having a narrower gap (E g

= 0.75 eV) appears to be a better candidate [4]. The ideality factor of InGaAs to metal
junctions ranges from ~1.2 to 1.6 (depending on the contact deposition)[5]
However, some drawbacks associated with its low Schottky built-in potential (0. 22
eV) could be pointed out, motivating the use of InAlAs/InGaAs epilayers. In this
communication, the trade-offs related to the use of a metal/narrow-gap configuration are
firstly addressed to the fabrication on the submicron scale of anti-parallel Schottky diodes
and secondly followed by theoretical quantum calculations. In a second stage, we
investigate a metal/wide gap/narrow-gap configuration, with theoretical and experimental
comparisons. Finally, we deal with the potential of a single Heterostructure Barrier set in
conduction mode via δ-doping.

2. Metal/n-type InGaAs contact
From a technological point of view, the active epilayers were grown by a Gas
Source MBE on an InP, Fe-doped, substrate. The ohmic contact layer was doped up to
1x1019 cm-3, whereas the Schottky layer is n-doped with a donor concentration of 2x10 17
cm-3. The anti-parallel diode pair is fully planar. Firstly wet chemical etching was used to
perform a recess down to the n+-doped layer with a trench formation before evaporating
the ohmic contact. Subsequently, a one step molding stage was conducted and followed by
the metallization of both the Schottky contacts on the submicron scale (gate length down to
0.1 µm) and the free standing air-bridges interconnecting the anodes to the pads. Towards
this goal, e-beam molds have been fabricated with a bi-layer electron resist
(PMMA/copolymer) via an e-beam patterning at various doses. A SEM view of a typical
device, interconnected with 15 µm long tapered air bridges, is shown in Figure 1.

Figure 1 SEM view of a typical diode pair with T-gate 0.1x10 µm²
finger shaped Schottky anodes.

On the basis of the previous discussion, the metal/InGaAs devices were developed
for low driven power devices. The epilayer design was first conducted by extending, to the
Schottky diode case, the in-house code developed earlier for quantum-sized devices [6].
This code was performed in order to solve, in a first stage, the one dimensional Poisson
equation when voltages are applied to a given structure (Schottky contact, heterostructure
Schottky contact, single barrier varactor, resonant tunneling diodes…). In a second stage, a
numerical solution of the Schrödinger equation gives the wave function from which any
information concerning the transmission or reflection coefficients is obtained. As shown in
the following equation (Eq1), the integral of current density is calculated from the product
between the previous transmission and the supply function, on the entire energy continuum :
+∝

J = ∫0

T(E) x F(E) dE

(Eq1)

Very shortly, one can see in Figure 2, the conduction band bending at zero bias and
at 0.3 V for an InGaAs epilayer. When a voltage is applied, the current flows from the
semi-conductor to the metal, which is represented on the schematic by the integral of
current "through" the potential curve at 0.3V, in arbitrary units. It is very important to take
into account all the conduction current contributions (as tunneling field emission for example)
to describe in a realistic way the I-V characteristics of narrow gap materials. As a current
manner, we do not observe pure tunneling effect (as it would be the case with high gap
materials) and the electronic flow is maximal for quasi thermal energy levels, which explains
relatively good values for the ideality factor (n is ~1.3).
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Figure 2 Conduction Band Bending at zero bias and at 0.3Volt.
The InGaAs lattice-matched to InP structure is affected by the applied voltage (0.3V)
and thus the current can flow from the semi-conductor to the metal.
The integral of current is also plotted in an arbitrary unit.

Figure 3 shows a comparison between measured and calculated I-V curves, at
room temperature. Good agreement is thus obtained between theory and measurement
with, as expected, a threshold voltage for conduction onset quite low (V bi ~ 0.15V), and
correct ideality factors for InP-based devices.
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Figure 3 : Comparison between experimental and calculated I-V characteristics
for a metal/InGaAs (2x10 17 cm-3) Schottky contact fabricated in our laboratory.

In order to investigate the influence of such low values of V bi on the mixer
performances, some simulations were performed by means of Microwave Design System,
by Hewlett Packard. They showed that a strong dependence exists between the mixer
performances at 560 GHz and the Schottky diodes electrical characteristics: built-in voltage
Vbi and ideality factor n (see Figure 4).
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Figure 4 Mixer performances vs the local oscillator power across the diodes.
Parameter is the built-in voltage V bi.

As plotted in Figure 4, increasing V bi could afford less loss (L) and smaller doubleside-band noise temperature (T DSB). Ideally, L and T DSB are about 8 dB and 2500 K

respectively for a pump power of 1 dBm. This can be explained from the well-established
thermal relationship (Eq2) between V bi and Is, the saturation current :
Is = SA . T² . A** . exp (-qV bi / kBT)
(Eq2)
where SA is the area, T the temperature in K and A** the Richardson constant for InAlAs.
This relation shows that increasing V bi decreases Is, which is known as a source of
degradation in terms of mixing performances. Thus, efforts were pointed out towards an
heterostructure Schottky diode. By means of an InAlAs layer (Eg is 1.47 eV) we could
raise the knee voltage up to about 0.5 V.

3. Metal/InAlAs/InGaAs Schottky contact
As seen previously, the metal/InAlAs/InGaAs junction was fabricated in order to
limit the saturation current, which is known as a source of degradation in mixer
performances. For all the structures, the InAlAs layer was undoped (doping influence is
totally negligible, see Figure 5). Varying its thickness permits us to modulate the conduction
properties. Basically the total conduction current is the result of three contributions : (i) pure
tunneling from the highly populated states below the Fermi level, (ii) thermally assisted
tunneling phenomena and (iii) thermionic emission over the InAlAs barrier. Quantum
calculation does not need to make a distinction between these contributions and can be
used to investigate the influence of the InAlAs layer. Figure 5 illustrates some of the results
showing the thickness dependence of the apparent ideality factor *. There clearly exists an
optimum between an ultra thin barrier where pure tunneling current is dominant and a thick
barrier where Fowler-Nordheim field emission becomes the significant component. For
comparison, we also reported the ideality factors measured for various devices.
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Figure 5 Thickness dependence of the apparent ideality factor in a metal/InAlAs/InGaAs contact layer.
Parameter is the InAlAs doping level. Some experimental results are also presented.
Dots refer to [5] : ideality factor for an InAlAs barrier thickness of 100Å and 200Å.
* Strictly speaking, the ideality factor is defined for thermionic emission processes. This explains the
fact that we used an apparent figure.

As a general rule, the insertion of an InAlAs layer, which was found beneficial for
voltage handling, has in counterpart degraded the non-linearity of the diode through an
increase of the ideality factor up to 1.5 (in the best case ). This result can be explained by
observing the energy levels where conduction operates and by studying the different current
components. In fact, two effects are in competition. In the thin barriers case, tunneling
emission occurs at a relatively low ground energy level E tun compared to the barrier height
φb. When the barrier is getting thicker, the deep tunnel contribution is lowered for the benefit
of thermally assisted tunneling conduction processes at higher energies, closer to a
thermionic emission process (where n is quasi ideal), which explains the n improvement. In
the same time, thick barriers are strongly affected by the triangular-shaped barrier when a
voltage is applied. Then, resonant Fowler- Nordheim current components appear. They
consist in preferential conduction paths at well-defined quantum-size energy levels E FN1, …,
EFNn, revealed by the well-defined peaks in the energy-current distribution. Both cases of
the thin and thick barriers for a given electric field in the InAlAs barrier are represented in
Figure 6.
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Figure 6 Both figures represent the conduction band bending of a
n+-InGaAs / n-InGaAs / InAlAs / metal Schottky heterojunction. The barrier thickness are 50Å and 200Å
respectively for the above and below figures. Applied voltages are 0.136V and 0.545V respectively, in
order to keep the same electric field in the triangular shape.
In the thin barrier case, conduction is via pure tunneling; in the thick one, four preferential paths are
chosen. Doted lines represent the Fermi level in the semi conductor and the metal.

With an increase of the barrier width, the ground quantum level of the resonant
Fowler-Nordheim conduction mode tends to bury in the triangular well formed under bias at
the wide-gap semiconductor / metal heterointerface, degrading, as a consequence, the
ideality factor. Competition between both opposite behaviors (tunneling and FowlerNordheim) implies an optimum, reached for a barrier thickness of about 100Å.

4. δ-InGaAs / InAlAs / δ-InGaAs layer
In contrast to the above case, we employed, here, a technology without any
Schottky effect. The rectifying barrier is introduced via a Semiconductor Heterostructure
Barrier. This gives to the I-V curve, a natural anti-symmetry, in forward and reverse bias
conditions. Thus, a Sub Harmonic Mixer could be fabricated by means of a single device,
avoiding the parasitic elements inherent to the counter-balanced configuration. Such
advantages with a natural anti-symmetry were already exploited for the Heterostructure
Barrier Varactors, and hence, for a reactance non-linearity. On this basis, we recently
reported the highest performances for a HBV tripler using an InP technology [7].
In the present work, we are taking advantage of the symmetry in a conductive
mode. To this end, we designed and fabricated Heterostructure Barrier devices with δdoping grown plane on each side of the barrier ( δ−HB). The epitaxial sequence is shown in
Figure 7 (left side). The δ-planes are typically 15Å thick. Practically, their doping
concentration can range from 1x10 12 cm-² up to 1x10 13 cm-². The structure barrier level is
0.54eV with InAlAs (the same barrier as the one used in the heterostructure Schottky
contact).
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Figure 7 Epitaxial structure of a δ
-HB on the left hand side. Potential profile of the same structure at
equilibrium and under bias conditions, on the right hand side.
The barrier thickness (h) is 200Å and the sheet doping concentration (n s) is 1x1013 cm-².

In Figure 7 (right hand side), one can see the potential profile of such a symmetric
heterostructure, at equilibrium and under bias control. The offset between the Fermi levels
on each side of the barrier implies a current flow from higher electronic levels down to lower
ones. See [8] for more information on the δ-HB.
If one reminds the parametric study between the “apparent” ideality factor and the
barrier thickness performed in the heterostructure Schottky contact case, one can expect a
similar dependence in this case. In fact, same effects are observed with an optimum reached
for h~100Å. This sounds logical since the triangular barrier well forms identically under bias
conditions, and this whatever n s. However, the optimum is higher with n equal to 2.2. This
value is bigger than 2; one reason could be the natural symmetry of the structure, as
discussed in [9] for a Planar Doped Barrier (PDB).
Concerning the sheet doping concentration, Figure 8 shows the degree of freedom
afforded by n s variation. It can be shown that the threshold voltage V th depends on the
donor concentration, and can be thus modulated practically at will. The δ-doped plane
makes the effective barrier height to change. When the planes are highly doped, the wells at
each part of the barrier become deeper and the barrier appears to be higher than Φ b
(InAlAs barrier height value). For instance, V th can be as low as 0.2 V for a 1x1013 cm-2
concentration of the δ-planes and as high as 0.8 V for 1x10 12 cm-2.
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Figure 8 I-V curves at various sheet carrier concentrations in the planar doping.

Experimental study has been realized yet, on a δ-HB with n s = 2x1012 cm-2. The
following I-V characteristics (Figure 9) presents a very good asymmetry in the current
behavior. The conduction offset is slightly higher than that calculated. This is due to a 30Å
AlAs layer that has been incorporated between two InAlAs layers, in order to obtain a
symmetric step-like barrier higher than the single InAlAs barrier. See [8].

Figure 9 I-V curve of a δ
-HB. ns = 1x1012 cm-². Area = 1256 µm².

5. Conclusion
A compromise can be pointed out between device functionality, technological
feasibility, electrical performances and finally compatibility for sub-mm operations. The
choice of a specific active layer configuration depends on which features are required for the
current framework. Technologically speaking, a knowledge of the pump requirements, loss
and noise temperature specifications corresponds to one given component. The large range
in the electrical characteristics, which strongly depends on the epitaxial parameters, enables
us to chose the most adapted device to the current situation. As an example, the recent
advances in solid state sources permits us to relax the pump power in the near future.
Concerning the devices design which has been reported here, we aim to use them for
applications in the lower part of the Terahertz spectrum. We believe that the advantages of
InP could also be exploited at higher frequencies, such as 2.5 THz.
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Abstract
We are developing a 4 to 8 GHz cryogenic low-noise ampli er (LNA) using Quasi-Monolithic
Microwave Integrated Circuit (QMMIC) technology. This ampli er has been demonstrated as an IF
ampli er of a 690 GHz quasi-optical SIS receiver for the Caltech Submillimeter Observatory (CSO),
and later will be used on SOFIA. The QMMIC consists of a thin- lm passive circuit on a GaAs
substrate with three 160 µm gate InP HEMTs bump-bonded to it. The measured ampli er gain
is over 32 dB and noise is approximately 8 Kelvin from 4 to 8 GHz at a physical temperature of
4 Kelvin. The 690 GHz SIS receiver uses a NbTiN ground plane to achieve a measured uncorrected
double-sideband noise temperature of 180 Kelvin. An isolator for the 4 to 8 GHz band was used
between the mixer and IF ampli er. A room-temperature IF system has been developed with gain
flat to within 1 dB in the 4 to 8 GHz band. The receiver was used at the CSO with a 4 GHz analog
correlation spectrometer to detect the J=6→5 emission line of carbon monoxide from the galaxy
M82.

I. Introduction
The IF systems currently in use at ground-based submillimeter observatories typically have bandwidths of 1 GHz. For the higher frequency bands, especially those
available to SOFIA and FIRST, a 1 GHz bandwidth will be inadequate for observations of spectral lines from external galaxies. For example, the J=6→5 emission
line of carbon monoxide from the galaxy Arp 220 has a linewidth of over 1.8 GHz.
For this reason, the standard IF bandwidth for our Caltech SOFIA instrument and
FIRST HIFI will be 4 GHz.
The initial reason for considering a MMIC approach to the amplifier design was
to gain better control over parasitics compared to a discrete-component amplifier.
However, fabrication of MMIC devices is expensive due to the presence of transistors.
Choosing a quasi-MMIC approach not only greatly reduces the fabrication costs, it
also permits the selection of transistors from known good wafers. Since many amplifiers will be needed for our SOFIA instrument, the CSO, etc., the relative ease of
assembly associated with the QMMIC devices was also attractive. Bump-bonding the
transistors creates a robust circuit free from wire bond parasitics. Other advantages
of the QMMIC approach include small size and relatively easy adaptability to different packaging constraints. For example, the QMMIC amplifier could more easily be
integrated into the mixer block than a discrete-component amplifier.

II. Receiver Configuration
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Fig. 1. Con guration of the receiver.

A block diagram of the receiver is shown in Figure 1. The local oscillator (LO)
is generated by a tunable Gunn oscillator [1] and multiplied by x2 and x3 varactor
multipliers [2]. The LO is combined with the RF signal through a 13 µm mylar
beamsplitter, and then enters a liquid helium cryostat through a teflon{coated quartz
pressure window. A 77 Kelvin Zitex filter blocks infrared radiation. The LO and signal
then pass through a polyethylene lens and into a silicon hyperhemisphere antireflection
coated with alumina{doped epoxy. The hyperhemispherical lens focuses the signal
onto a twin{slot antenna, which is used for its nearly{circular beam profile. Since
690 GHz photons are close to the gap energy of niobium, a NbTiN ground plane
(Tc=15.75 Kelvin) is used for the slot antenna to reduce losses associated with the
breaking of Cooper pairs. Niobium microstrip lines over the NbTiN ground plane
match the signal from the slots into a pair of Nb{AlO{Nb SIS junctions.
The IF signal is coupled out of the mixer chip through wire bonds to a duroid microstrip circuit that matches the impedance to 50 Ω. The signal then passes through
a 4 to 8 GHz isolator, and into the low{noise amplifier. The signal then leaves
the 4 Kelvin work surface, exits the cryostat, is amplified by a 4 to 8 GHz room{
temperature stage, down{converted to 0.5 to 4.5 GHz, and analyzed by a 4 GHz
analog correlation spectrometer.

III. QMMIC LNA
The amplifier was designed to operate at 4 Kelvin, with over 30 dB gain in the 4 to
8 GHz band and noise temperatures in that band below about 5 Kelvin. InP HEMTs
were obtained from the Microwave and Lidar Technology Section at the Jet Propulsion Laboratory, and their scattering parameters were measured on a microwave probe
station. Marian Pospieszalski’s FET model [3] was then fit to these data to determine
model parameters. The noise prediction from the model, given a best-guess value
of the noisy drain-resistor temperature, was used without any direct measurement of
the transistor noise correlation matrix. The model was used in the program SuperMix [4] [5] to simulate and evaluate different tuning circuits for the amplifier. The
SuperMix software includes an optimizer, which was used to optimize the design for
flat gain above 30 dB, low noise, input reflections below about -10 dB, output reflections below -20 dB, and unconditional stability at all frequencies, all while keeping
total power consumption low. The DC gate and drain bias for each transistor were
kept separate to reduce power consumption on the cryogenic stage and allow performance to be fine-tuned. Two designs were selected for fabrication, one optimized for
best performance (Figure 2), and one optimized for greater stability.
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Fig. 2. Ampli er Schematic.

After the ideal circuit designs were completed, physical resistors, capacitors, and
inductors were laid out. The substrate includes air bridges and a resistive layer,
Table I, but for simplicity does not include via holes. Each component, including five
spiral inductors, was simulated with Agilent’s EM simulator, Momentum. Results of
the EM simulations were saved as scattering parameter files which were then imported

Layer
Bump Gold
Air Bridge Gold
Air
SiN
Gold
NiCr Resistor
GaAs

Thickness
8 µm
1 µm
2 µm
296.5 pF/mm2
1 µm
50 Ω/square
250 µm

TABLE I
Layers in the QMMIC substrate.

back into SuperMix for the final simulation. The results of these simulations are
plotted in Figure 3. The final mask layout is show in Figure 4.

Fig. 3. Predicted gain and noise performance of the QMMIC ampli er.

The input and output of the QMMIC chip are coplanar waveguide (CPW), both
to avoid via holes and to allow the devices to be tested on a probe station. A circuit
was designed to convert from the QMMIC CPW to microstrip, which in turn can
be soldered to SMA connector pins. The thickness and dielectric constant of these
transition circuit boards were chosen to roughly match those of the QMMIC chip.
Ground plane spacings for 50 Ω CPW were calculated for center conductor widths
ranging from the QMMIC CPW value to that of 50 Ω microstrip. These values were
used to lay out the transition circuit board. Via holes were used to connect the top
and bottom ground planes. The EM simulator Momentum predicted reflections below
-34 dB in the 4 to 8 GHz band for the transitions.
The amplifier housing was designed to be compact (Figure 5). The microwave and
bias circuits were split into two separate cavities on opposite sides of the housing. This
way, the microwave side could be kept small to eliminate in-band cavity resonances.

Fig. 4. Mask layout of the QMMIC substrate. Actual size is approximately 2.5x3.8 mm. The InP
HEMTs are bonded to the three pads spaced horizontally across the center of the chip. The
input is coplanar waveguide on the left, and the output is on the right. There are three bond
pads at the top for gate bias, and three across the bottom for drain bias.

DC bias for the transistors was brought up to the microwave cavity from the DC
cavity using small feed-thru pins. The DC cavity contains filtering capacitors and
overvoltage protection diodes.

Fig. 5. The assembled ampli er. The lid between the SMA connectors covers the microwave cavity.

IV. SIS Mixer
The SIS mixer chip was originally designed and fabricated for use with a 1 to 2 GHz
IF. The chip was tested with a 1 to 2 GHz IF, and then simulated using the SuperMix
library. An IF matching circuit was then designed to allow the chip to be used with
a 50 Ω, 4 to 8 GHz low-noise amplifier.

A. SIS Chip
A photograph of the twin slot antenna is shown in Figure 6. This type of mixer, with
twin slot antenna, dual SIS junctions, and anti-reflection coated silicon hyperhemispherical lens, has already been discussed in the literature, and so won’t be described
in detail here. [6] [7] [8] [9]

Fig. 6. The SIS chip. The RF and LO signals couple in through a silicon hyperhemisphere underneath the chip. The vertical lines are the slots. The SIS junctions are the black dots near the
center of the "H." The IF signal exits through the transmission line on the left.

The mixer was first tested with a 1 to 2 GHz IF system. The unilluminated and
pumped current-voltage (IV) curves were measured for a variety of LO frequencies,
and the receiver response was measured with a Fourrier transform spectrometer (FTS.)
The IV and FTS data were used to verify the SuperMix simulations, and to constrain
the primary unknown parameter, i.e. the surface impedance of the NbTiN film.
B. IF Matching Circuit
The IF output impedance of the mixer chip was calculated with the verified SuperMix model. The IF output impedance can be well modeled as a parallel RC circuit,
as shown in Figure 7. The capacitance is the combination of the chip capacitance and
the quantum susceptance, while the resistance is related to the slope of the pumped
IV curve at the bias point. As expected, for a fixed bias voltage and LO power, the
IF impedance varies with LO frequency, Figure 8. In particular, the capacitance of
the RC model stays constant, while the resistance varies. Similarly, holding the LO
frequency constant while varying the LO power also causes the RC model resistance
value to vary while the capacitance stays constant. It was found that varying the
LO power as a function of LO frequency in a well-defined way will keep the model
resistance constant, and thus hold the IF impedance constant with respect to LO fre-

quency. A receiver-tuning lookup table was created to give the target DC pumped SIS
current as a function of LO frequency to keep the IF output impedance at a standard
value.

Fig. 7. IF impedance of the full SIS chip simulation compared to the simple parallel RC model.
The impedance Smith chart is referred to 50 Ω. The mixer impedance (solid line) is for any LO
frequency, as long as the LO power is adjusted appropriately. The parallel RC model (dashed
line) is for 109 Ω and 832 fF. Note that wire bond inductance and DC blocking capacitors are
included in the impedance calculations.

Several considerations had to be kept in mind while designing the IF matching
circuit. First of all, the RF return loss is strongly affected by the IF impedance
seen by the mixer. For some range of IF impedances, typically for a conjugatematched IF, there can be reflection gain at the RF port. [10] Secondly, for the parallel
RC impedance presented by our mixer chip, the Bode-Fano limit for the return loss
matched to 50 Ω is about -6 dB for a 4 GHz bandwidth. [11] [12] [13] Finally, the
primary goal of low system temperature had to be achieved while keeping the passband
reasonably flat.
A 2-element microstrip circuit was designed to achieve the Bode-Fano limit for
matching the mixer IF impedance to a 50 Ω line. The receiver was then simulated to
see how the entire system would perform using this circuit, computing reflections at
the RF ports, total receiver noise temperature including the isolator and IF amplifier, conversion loss, etc. The microstrip matching circuit had to be detuned slightly
to improve the RF match and eliminate the possibility of RF reflection gain. Figure 9 shows a schematic of the matching circuit, and Figure 10 shows a photo of the
assembled mixer.
V. Measurements and Results
A prototype LNA was constructed and tested at 4 Kelvin. The gain was found to
be above about 32 dB, and the noise ranged from 6 to 12 Kelvin, Figure 11. The
power consumption was 8 mW. The LNA was also tested at 4 Kelvin with an isolator
at the input. The gain shape within band was essentially unchanged, while the noise

Fig. 8. IF impedance from 4 to 8 GHz of the SIS chip for various LO frequencies. The impedance
Smith chart is normalized to 50 Ω. The LO frequencies are, from left to right, 640, 660, 680,
and 700 GHz. The bias voltage and LO power are constant. Note that wire bond inductance
and DC blocking capacitors are included in the impedance calculations.
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Fig. 9. Schematic diagram of the IF matching circuit, including wire bonds, DC blocking capacitors,
etc.

of the amplifier increased by about 35% due to loss from the isolator and cables.
The receiver was assembled and run with the tested amplifier and isolator. Figure 12
shows the cold surface of the cryostat. The double sideband noise temperature was
generally below 200 Kelvin, Figure 13. Figure 14 shows the pumped and unpumped
IV curves with receiver IF output power for hot and cold RF loads.
The receiver was taken to the Caltech Submillimeter Observatory and used with a
4 GHz analog correlator provided by Andy Harris of the University of Maryland. [14]
A photograph of the receiver mounted at the Cassegrain focus of the telescope is
shown in Figure 15. The receiver was used to observe the J=6→5 emission line of
carbon monoxide from the galaxy M82, Figure 16.
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Fig. 10. The mounted SIS mixer chip and IF matching circuit board. The SIS chip is the small black
rectangle in the center. The circuitry to the right of the chip is for DC bias. The IF matching
circuit is to the lower left of the chip, connected to the SMA connector through a 50 Ω line.
The black strips are ferrite absorbers.
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Fig. 13. Noise temperature of the receiver as a function of IF frequency. The LO frequency is 648
GHz, VSIS = 2.18 mV, and ISIS = 59µA.

Fig. 14. Unilluminated and pumped IV curves with hot and cold total power. The LO frequency is
630 GHz.

Fig. 15. Receiver mounted at the Cassegrain focus of the CSO. The receiver is in a downwardlooking cryostat at the top of the photo. The 690 GHz LO chain is on the front of the cryostat.
The rack at the bottom of the photo houses, from left to right, the SIS bias box, magnet bias
box (for Jospheson oscillation suppression), LNA bias box, and 4 to 8 GHz IF system.

Fig. 16. Spectrum of the J=6 → 5 emission line of carbon monoxide in the galaxy M82. The
displayed velocity scale corresponds to a bandwidth of just over 2 GHz.
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We are pursuing a new class of solid-state devices capable of generating highfrequency radiation: short ballistic semiconductor diodes in which the current
flow is due to carriers injected into a negative-effective-mass (NEM) region of dispersion [1]. The resulting radiation is tunable by the source-drain voltage applied
to the diode and device operation does not require magnetic fields or pumping by
other oscillators. The physical mechanism responsible for high-frequency oscillation generation in such diodes lies in the instability of the ballistic NEM carrier
quasineutral plasma, which forms in a large fraction of the diode base and stratifies into accumulation and depletion domains. As in the Gunn diode, where the
instability arises from intervalley carrier transfer, the domains travel from source
to drain and give rise to current oscillations. However, in short ballistic diodes
the source-drain distance L can be much smaller than in a Gunn diode; numerical
simulations show that for L  0.2 m the ballistic transport of the domains can
lead to current oscillations in the THz frequency range [2].
The implementation of such ballistic diodes requires two essential ingredients. First, the current carriers should have an accessible NEM region in their
dispersion. Second, the carriers must have a long mean-free-path and the diode
a sufficiently short source-drain separation L for the majority of the carriers to
remain ballistic. The most technologically mature semiconductor system with

Figure 1: (a) The in-plane dispersion of the two lowest quantized hole subbands in
a GaAs/AlAs quantum well of 8 nm width. The lowest subband exhibits NEM. (b)
Simulated current-voltage characteristics with oscillations for different Fermi energies of holes entering the base (source-drain distance L = 0.1 m). The voltage
sweep rate in the simulation is 0.5 mV/ps.
the required dispersion consists of narrow p-GaAs quantum wells (QWs), where
the degeneracy of the heavy and light hole branches of the dispersion is lifted by
size quantization and the required NEM section appears in the in-plane dispersion
due to anti-crossing behavior of the hole subbands. A narrow 7-8 nm GaAs
QW confined by AlAs barriers places the NEM section some 20 meV above the
bottom of the lowest subband, as shown in Fig. 1(a). This eliminates optical
phonon scattering, the dominant mechanism limiting carrier mean-free-path at
low temperatures, because the LO-phonon energy in GaAs is 36 meV. Further,
by growing the GaAs/AlGaAs heterostructure on a <311>A GaAs substrate, one
can achieve an exceptionally high hole mobility. In modulation-doped <311>A
GaAs/AlGaAs heterostructures, mean-free-paths   1 m at low temperature
have been reported [3],[4].
Simulated current-voltage characteristics of short p-GaAs QW ballistic diodes
with in-plane dispersion of Fig. 1(a) and hole densities in the 10 11 cm 2 range
are shown in Fig. 1(b). These simulations, which assume fully ballistic transport and solve the nonstationary ballistic equations self-consistently with the twodimensional Poisson equation inside and outside the QW, predict quasiperiodic
oscillations for relatively small drain voltages V  20 30 mV, with maximum
oscillation frequency above 1 THz [2].

Figure 2: Magnetoresistance data for 2D hole gas in our narrow p-GaAs
QW modulation-doped heterostructure (well width 7 nm) at T = 4.2 K. The
Shubnikov-de Haas oscillations are characteristic of hole mobility 50,000
cm2 /Vs.
The initial material for our diodes was narrow p-GaAs QW modulation-doped
heterostructure grown on a <311>A substrate, characterized by magnetoresistance measurements on large Van der Pauw geometry samples at T = 4.2 K shown
in Fig. 2. The hole density in the 7 nm QW is 2.5x10 11 cm 2 , while the lowfield mobility is 50,000 cm 2 /Vs. When a two-terminal diode is fabricated from
this material, the current-voltage I (V ) characteristics depend on the source-drain
separation L. When L is large, say L = 1 m, the transport is non-ballistic. At
very low V the diode I (V ) should be Ohmic, with the resistance determined by
the density and mobility  of the 2D hole gas in the QW. At higher V , corresponding to a 0.01 0.05 V drop over the base, the I (V ) is non-Ohmic even in the
absence of ballistic transport, either due to the heating of holes in high electric
fields (102 103 V/cm) or due to the space-charge-limited injection of holes from
the p+ source contact. However, once L becomes smaller than the carrier meanfree-path, the I (V ) characteristics can be shown to follow a V 1=2 dependence as
long as the hole dispersion is parabolic. The existence of a NEM section in the
dispersion alters the I  V 1=2 dependence as shown in Fig. 1(b) because the homogeneous distribution of carriers accelerated to the NEM section is convectively

unstable [1]. The convective instability becomes global, leading to current oscillations (plotted in Fig. 1(b) as a function of the Fermi energy E F in the p+ injecting
contact). These oscillations, in turn, transform such diodes into generators of
high-frequency radiation. While the high-frequency oscillations are unobservable
in dc measurements, simulations [2] predict that the dc I (V ) current will saturate
at a source-drain V sufficient to accelerate a large fraction of the ballistic carriers
to the NEM region of the dispersion.
The submicron diodes were fabricated and integrated with an on-chip wideband spiral antenna for coupling out the high-frequency radiation using a two-step
lithographic and metal lift-off process illustrated in Fig. 3. First, electron-beam
lithography is used to define the initial source and drain contacts. A source drain
distance of as low as 0.2 m is readily achievable. For Ohmic contacts Au/Zn/Au
metallization was used, with a thin (5 nm) bottom layer of Au for adhesion, a
10 20 nm layer of Zn for the actual p-type contact, and a final thick (50-100 nm)
layer of Au to encapsulate the volatile Zn [6]. These contacts are subsequently
annealed at 500 600 Æ C for 2 5 minutes. Recently, in order to lower the contact resistance, we began investigating alternative contact metallization schemes,
based on the W/Zn/W recipe developed for p-HEMTs [7]. In either case, once
the source and drain contacts are annealed, photolithography is used to define the
wideband antenna spiral contacts, shown in Fig. 3, using a lift-off process with
Ti/Au metallization. The devices are finally bonded and measured in a variable
temperature insert (T controllable from 1.6 K to room temperature) of an Oxford
Instruments magnetocryostat.
Figure 4(a) shows the measured I (V ) characteristics at T = 1.7 K in a diode
with metallurgical L = 0.5 m with and without a magnetic field B normal to the
plane of the QW (note that the actual source-drain separation Leff is smaller than
0.5 m due to sideways diffusion of the contact metal). The I (V ,B =0) lineshape
exhibits the saturation predicted by the transport simulations of Fig. 1(b) near to
the predicted current density of 0.1 A/cm but in a much higher range of drain
voltage. This indicates considerable series resistance in the contacts. In fact, by
comparing the measured resistance near V = 0 with what can be expected from
the density and mobility of the hole gas in the QW, one arrives at an estimated
series resistance in the contacts on the order of 1k . Figure 4(b) shows the same
data corrected for a contact series resistance of 800 , which brings the B = 0
resistance at low V into agreement with the hole gas density and mobility. The
voltage needed for current saturation then falls below 50 mV, as predicted by Fig.
1(b).
As can be seen in Figs. 4(a) and (b), the magnetic field B suppresses the

Figure 3: Scanning electron micrograph of the source-drain gap of a ballistic diode
fabricated by e-beam lithography, with a metallurgical source-drain distance L 
0.3 m and Au/Zn/Au contact metallization (left) and the integration of the diode
with a wideband spiral antenna defined by optical lithography (right). The width
of the source and drain contacts is  10 m.
current I . This suppression is strongest at low V and then the I (V ) slope begins
to increase, as can be seen more clearly in the conductance dI /dV that is also
shown. A rough quantitative picture of the expected I (V ) characteristics in our
diodes in a normal B field can be obtained by assuming the drain current I can
be separated into ballistic and diffusive components that can be treated separately.
To first order, a small B has little effect on the diffusive component, while the
ballistic carriers are deflected and follow a cycloid. At a given magnetic field,
there is a critical source drain voltage below which ballistic current cannot reach
the drain. This critical voltage Vc has the value:
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which increases quadratically with B and L. The magnitude of the ballistic current
density in the presence of B can be described for V > V c (B ) by:
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where n0 is the 2D hole density, m is the effective mass, and  is the dielectric
constant.
The resulting I (V ) characteristic is schematically shown in Fig. 5 for B = 0,
in which case the total current consists of a linear diffusive component and a saturating ballistic component, and for two magnetic fields B 1 < B2 , which suppress
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Figure 4: (a) Measured low-temperature I (V ) characteristics for B = 0, 0.3, 0.8
and 1.5 T at T = 1.7 K (a) of a planar ballistic diode (metallurgical source-drain
separation L = 0.5 m, source and drain contact width = 10 m). (b) The same
data corrected for a series resistance RS = 800 in the contacts. The strong current saturation for V < 50 mV and the quenching of the I (V ) by a small magnetic
field are consistent with ballistic transport.

Figure 5: Schematic theoretical I (V ) curve of a short diode in a small magnetic
field B . The current is assumed to consist of two components: diffusive that is
largely unaffected by B (dashed line) and ballistic that is predicted to saturate
following a roughly V 1=2 dependence, as in Fig. 1(b). In a B field, the total
current is partially suppressed up to the critical field V c and then rejoins the B = 0
curve, as shown for two arbitrary B field values, with B1 < B2 .
the current up to the critical drain voltage Vc (B ). Of course, the approximation in
which these two current components are simply summed is quite crude: in reality,
the existence of a diffusive component disrupts the electric field field distribution
in the base used to derive Eq. (2). This, together with the large series resistance in
the contacts and the weaker saturation of the source-drain current than predicted
by the fully ballistic models [2] makes quantitative comparison with experimental
data premature. However, a comparison of the I (V ,B ) data corrected for series
resistance shown in Fig. 4(b) with Fig. 5 indicates that the measured I (V ) characteristics are consistent with partially ballistic hole transport between source and
drain.
We should note that another possible source of the excessively high sourcedrain resistance in our diodes, in addition to high-resistance contacts, is the escape
of hot holes from the QW channel into the acceptor-doped AlGaAs regions that
supplied the 2D hole density in the first place. This is the well-known real-space

transfer effect that can occur in heterostructures during in-plane transport [8]. If,
after improving the source-drain contacts, we find that real-space transfer affects
our I (V ) characteristics by significantly reducing the density of holes in the QW,
we may need to redesign the modulation-doping scheme by increasing the Al
content in the doped regions.
Encouraged by the measured nonlinearities in the I (V ) curves of our short
diodes made from p-GaAs QW heterostructures with high mobilities and in-plane
NEM dispersion, we are continuing to work on improved contacting techniques.
When more reliable fabrication technology is available, the devices will be tested
for high-frequency radiation. We anticipate that such ballistic diodes, together
with related three-terminal devices produced by gating this material in a fieldeffect transistor geometry [5], will offer an alternative route towards solid-state
THz local oscillators for astrophysics applications.
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Abstract
Testing of antennas in submillimeter wave (>300 GHz) compact antenna test ranges (CATRs)
has some specific problems that do not appear with conventional millimeter wave CATRs.
The available transmitter power is very low, usually in the range of a few milliwatts. Also,
the atmospheric attenuation due to water vapour absorption at certain frequency bands can be
very high. For these reasons the CATR should be located inside a controlled, low humidity
atmosphere. Furthermore, at submm wavelengths the required quiet-zone quality is more
difficult to achieve than at mm wavelengths. A hologram is seen as a feasible alternative to
reflectors as the collimating element in a CATR. In this paper, the proposed testing
environment using a hologram CATR along with the needed instrumentation for 300−1000
GHz are presented. The results apply also to reflector CATRs.

1. Introduction
Planned satellite missions in the next 10−15 years will have spaceborne millimeter and
submillimeter wave radiotelescopes and instruments. The European Space Agency (ESA) has
several missions for scientific research (FIRST, PLANCK) and atmospheric limb sounding
(MASTER, SOPRANO, PIRAMHYD). The diameters of the reflector antennas are from 0.5
to 3.5 meters and they will operate in the frequency range of 200−3000 GHz. However, there
are no verified test ranges for antenna diameters over 1 m at frequencies over 300 GHz.
Far-field distances of electrically large antennas at 1 THz can be tens of kilometers, so
conventional outdoor and indoor far-field measurements are ruled out by the high
atmospheric attenuation and signal distortion. The most feasible alternatives are the near-field
scanning method and the compact antenna test ranges. Both of these allow measurements to
be done inside a controlled environment with constant temperature and humidity. The nearfield method requires a measurement time of several days for electrically large antennas at
THz frequencies, and it is not practical due to the inherent instrument unstabilities. The study

presented in [1] indicates that the compact range principle is the most feasible method at
submillimeter wavelengths.
The CATR uses a collimating element to transform a spherical wave into a plane wave. The
CATR enables direct measurement of the antenna far-field pattern with relatively small
distances between the signal source and the receiver, thus with little attenuation. The
collimator can be a reflector, a lens, or a hologram. Reflector CATRs have been used up to
200 GHz and their highest operating frequency is limited by the surface inaccuracies of the
reflectors [2]. The surfaces of the large antennas to be tested are made already as smooth as
possible and to accurately test these, the collimating reflector should be 20−30% larger in
size and also have a considerably better surface accuracy. This is clearly very costly even if it
can be done. The CATR based on a foam lens is not feasible at submm wavelengths due to
manufacturing and material difficulties.
A new type of CATR based on a hologram has been developed at the HUT Radio Laboratory
to overcome the very stringent surface accuracy demands of the reflectors at high frequencies
[3,4]. Figure 1 shows the hologram CATR operating principle and a typical hologram pattern.

Figure 1. Operating principle of the hologram CATR and a typical hologram pattern.

In a recent project to study the hologram performance at submm wavelengths, a demonstrator
CATR based on a 60 cm diameter hologram was constructed and tested at 310 GHz. Test
results for this CATR are presented in [5] and [6]. The measured and simulated quiet-zone
fields of the CATR were very similar. The quiet-zone area with peak-to-peak amplitude and
phase ripples of 1.0 dB and 10 degrees, respectively, was about 25x20 cm2. The
instrumentation and testing environment presented in this paper apply to all CATRs at short
submm wavelengths, but the hologram CATR is used as the primary topology.

2. Testing environment for submillimeter wave hologram CATRs
Water vapour is the most significant source of atmospheric attenuation in the antenna test
range. It has several strong absorption bands in the millimeter and submillimeter
wavelengths, as shown in Figure 2 for two different water vapour concentrations [1]. The
strong attenuation at these bands is caused by the excitation of certain molecular rotational
modes. The observed bands are centered around the molecular rotational frequencies of water
and their widths are determined by the total air pressure (with only a weak temperature
dependence). The integrated band-strengths are determined by the water vapour
concentration in the air [1].
The other major atmospheric gas molecules include nitrogen, carbon dioxide, and oxygen.
Nitrogen and carbon dioxide have zero electrical and magnetic dipole-moments and they do
not directly attenuate THz signals. Oxygen has also zero electrical dipole-moment, but a nonzero magnetic dipole-moment, which results in a few oxygen-related absorption bands in the
THz range. Oxygen-related absorption is much weaker than the water vapour absorption.
However, all gas molecules affect the air pressure and thus contribute to the widening of the
absorption bands [1].

Figure 2. Atmospheric attenuation as a function of frequency for two different water vapour
concentrations.

Another problem related to atmospheric water vapour is the variation of the phase-delay of a
signal beam in time or in space [1]. In a CATR facility, the variations of phase-delay in time
do not have significant effect on the measurement of antenna power pattern. Instead, spatial
variations in the refractive index of the air could distort the measurement, because they could
spoil the planarity of the plane-wave phase-front in the quiet-zone. This effect is minimised
by keeping the water vapour concentration as low as possible.
It is clearly desirable to enclose the THz CATR in a tightly controlled environment in order
to reduce the absorption to an acceptable level. The controlled parameters are temperature
and water vapour concentration. These parameters must remain stable over the measurement
period and the test room volume. The antennas-under-test (AUTs) can normally be tested in
normal room temperature of 290 K. This temperature will be used for convenience at submm
wavelengths also, since cooling of the atmosphere does not decrease the signal attenuation.
Possible cryogenic receivers associated with AUTs will have their own cooling systems.
A perfect vacuum inside the CATR enclosure would be advantageous with respect to
atmospheric attenuation, but the required large size of the enclosure makes this impractical.
However, the costs of obtaining lower attenuation should be weighted against the cost of
increasing the transmitted power. At THz frequencies, the power levels are low and are
usually very costly to increase.
The most cost-effective way to reduce the attenuation to an acceptable level is to lower the
water vapour concentration of the testing atmosphere. According to [1], the atmospheric
attenuation should be below 1 dB/10 m (shown as the horizontal line in Figure 2). The higher
curve shown in Figure 2 is calculated for water vapour concentration of 7 g/m3 (T=293 K and
P=1013 mbar). This humidity level can be obtained in a normal laboratory room with air
conditioning. The lower curve with water vapour concentration of 0.35 g/m3 needs a sealed
dry-cabinet with a circulating-air drying system. The required hermetic enclosure and the
drying system increase the cost of the facility. The cost estimate for a 1000 m3 sealed cabinet
with driers is about 750 000 USD.
Figure 3 shows one possible layout for the hologram CATR enclosure. The CATR is
designed for the testing of the ESA ADMIRALS reflector antenna. The diameter of the
antenna is about 2 meters. For a quiet-zone diameter of 2.5 meters, a hologram diameter of
about 4 meters is required. Separation between the source and receiver in this facility is
around 24 meters. The floor size of the planned enclosure excluding the control, air
conditioning and air-lock rooms is 170.5 m3. The height of the room should be about 6
meters, making the volume of the enclosure 1023 m3.
The control room is situated near the source system, because the used vector network
analyzer should be placed near the source. Two access doors through air-locks are provided
into the enclosure, one for the source and the other for the AUT and receiver. Air
conditioning is placed in the middle for maximum drying efficiency. The temperature inside
the chamber is kept constant but it is not possible to cool it to cryogenic temperatures.
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Figure 3. Schematic layout of the 2.5 meter quiet-zone hologram CATR.

The CATR facility needs large quantities of high-quality, broadband radar absorbing material
(RAM) to prevent reflections from the walls and the hologram frame. The requirements for a
suitable absorbing material include -40 dB reflection coefficient in all angles of incidence,
low evolution of dust and water vapour, light weight, and durability. Suitable RAM panels
are available from at least two commercial suppliers, but they are very expensive compared
to conventional millimeter wave materials. The cost of the absorbers will be so high that
preferably a single type of absorber covers the whole frequency band of the CATR. The costs
can be reduced by using absorbers of lesser quality in the not-so-critical areas. Only the
source system, the hologram frame, the AUT positioner and the wall absorbing the unwanted
diffracted fields from the hologram need to be covered with the best possible RAM material.

3. Instrumentation for 300−1000 GHz
The required instrumentation for the submillimeter wave CATR include a signal source, a
receiver, a measurement controller (vector network analyzer), and the feed and AUT
positioners. A planar xy-scanner is also needed to verify the quiet-zone amplitude and phase
quality periodically. Our laboratory uses as the measurement controller a dedicated
submillimeter wave vector network analyzer MVNA-8-350 manufactured by AB Millimetre
in France. The MVNA is easily adaptable to different frequency bands by changing the
source and receiver as required. Our laboratory has used phase-locked Gunn oscillators and

BWOs (backward-wave oscillators) as the source and a Schottky diode mixer pumped by a
Gunn-oscillator as the receiver.
The most feasible source oscillators for THz CATR operation are frequency multiplied InPGunn oscillators and BWOs. Far-infrared (FIR) lasers have higher powers but they are very
large-sized and difficult to tune in frequency. In order to obtain high enough dynamic range
in the CATR quiet-zone verification procedure, a relatively high-power transmitter is needed.
Frequency multiplied Gunn oscillators have very small output powers at THz frequencies, a
few µW maximum, due to the low efficiency of the multipliers. Also, the electrical tuning
range of Gunn oscillators is quite small. Advantages of the Gunn oscillators are the relatively
low cost, reliability and small size when compared to the BWOs. Figure 4 shows the phaselocked Gunn oscillator source used at MilliLab for 300−1000 GHz.
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Figure 4. Phase-locked Gunn source for
300-1000 GHz (ABmm ESA-1).

Schottky diode
harmonic mixer
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Figure 5. Phase-locked BWO
source for 300-1000
GHz (MilliLab).

Wideband BWOs have 1 mW typical output power at 1 THz, and the power can be controlled
electrically with the heating current. Narrowband BWOs can have power levels of tens of
mWs at the same frequencies, but are not commercially available. Disadvantages of BWOs
are the large size and weight of the device, high cost of the tube, the required stable highvoltage supply, and the relatively small lifetime of the tube (typically 1000 hours at high
output power levels). However, the BWOs are very suitable for operation in CATRs because
the high power level is only needed for relatively short periods during the quiet-zone
verification and optimization procedures. When testing a large-sized high-gain telescope
antenna, only a small fraction of the available power is needed to saturate the receiver. The
lifetime of the tube operated at low power level is expected to increase many times from the
1000 hours.
At MilliLab, phase-locking of a submillimeter wave BWO has been demonstrated at 310
GHz. A similar arrangement shown in Figure 5 will be used for THz operation. A

quasioptical beamsplitter is used to couple a small fraction of the output power to a sensitive
Schottky mixer for downconversion. The local oscillator frequency for the mixer is chosen
so, that the IF frequency will be at the PLL reference frequency.
A sensitive heterodyne receiver is needed for the periodical quiet-zone verification procedure
and for measuring AUTs which are not tested with their dedicated receivers. The
submillimeter wave head of the receiver should be small-sized and lightweight since it is to
be mounted on a xy-scanner. A suitable heterodyne receiver used at MilliLab with the MVNA
is shown in Figure 6. The receiver consists of a whisker-contacted Schottky diode
downconversion mixer pumped by a phase-locked Gunn oscillator and a baseband vector
receiver. The detection bandwidth of the vector receiver can be as narrow as 10 Hz, so very
high dynamic range is obtained. High dynamic range reduces the detected amplitude and
phase variations, resulting in increased measurement accuracy.

harmonic
mixer

baseband signal to
vector receiver

directional coupler with
harmonic mixer

MVNA YIG1
8-18 GHz
PL L

Gunn B

MVNA ref.
50 MHz

Figure 6. Heterodyne receiver for 300−1000 GHz (ABmm ESA-2).

4. Conclusions
Accurate antenna testing at high submillimeter wavelengths is considerably more demanding
than at millimeter waves. The compact antenna test range principle is seen as the most
feasible method at these frequencies. However, the manufacturing of the needed large-sized
holograms and reflectors with high surface accuracies is difficult and very costly.
Problems in instrumentation and testing of submm wavelength CATRs were discussed in this
paper, along with possible solutions. The very large atmospheric attenuation due to water
vapour in a normal laboratory room air completely blocks out the most important frequency

bands. The most cost-effective and feasible method is to incorporate the CATR in a
hermetically sealed cabinet with a circulating-air drying system.
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Introduction

Phase gratings have become popular as local oscillator beam multiplexers for array
receivers in the submillimeter wavelength domain. In general, binary or multilevel
gratings, also known as Dammann gratings, are used [1][2][3][4]. Dammann gratings can be designed and manufactured easily and perform satisfactorily for most
one{dimensional applications. Two{dimensional dispersion, however, is much more
diÆcult to achieve. This is mainly due to the fact that a two{dimensional multilevel
structure can not be machined easily.
We introduce a new type of phase grating, the Fourier grating, which replaces the
sharp edges of the multilevel gratings by a smooth grating structure. These gratings
can be machined easily with standard machine shop equipment. The grating design
is relatively simple and the di raction eÆciency is usually signi cantly higher than
the eÆciency of Dammann gratings. Typical eÆciencies for two{dimensional gratings
are above 80%. For one{dimensional dispersion, eÆciencies beyond 90% are typical.
In this paper we describe the design and the manufacturing of one{ and two{
dimensional Fourier gratings, and present beam measurements performed with re ection gratings at a frequency of 0.5 THz.
The Grating Concept

The Fourier grating concept is an extension of the well known sinusoidal phase
grating. In the following we describe the design of symmetric one{dimensional gratings. The general case is an obvious extension of this.
The spatial phase modulation within the grating unit cell is modeled by a nite
Fourier series:
N
X
(x) = a cos(n  2x );
(1)
n=1

n

D

where the unit cell extends from D=2 to D=2. Every member in this sum corresponds
to a sinusoidal phase grating whose far eld di raction pattern is given by the Fourier

transform of exp[an cos(n  2x=D)]; the electric eld in the grating plane [5]:
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denotes the Bessel function of the rst kind of order q.
Taking the complete Fourier series of eq. (1) corresponds to multiplying the elds
of many sinusoidal gratings. This results in a di raction pattern consisting of a
multiple convolution of the di raction elds of the individual Fourier components:
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This expression is mathematically fairly elegant, but for computational purposes it is
usually much more eÆcient, to calculate the Fourier transform of the aperture eld
using a numerical FFT algorithm.
Thus, the set of Fourier components an of the phase modulation de nes a set of
complex coeÆcients bi , each of which describes the eld in one di raction order of the
grating. Since we are only interested in the intensity distribution within the di raction
pattern, our task consists of nding a set of an, which produces the desired set of
bi bi . For our standard example | a one{dimensional grating producing a symmetric
pattern of four beams | this set is bi bi = f: : : ; 0; 0; 41 ; 0; 14 ; 0; 41 ; 0; 14 ; 0; 0; : : :g.
We cannot calculate the set of an directly, and therefore have to resort to a numerical optimization to nd the best values. This optimization is made diÆcult by
the fact that the parameter space contains an extremely large number of local optima, and only for a very small fraction of all possible starting values the optimization
converges to the global optimum.
We have developed two strategies to obtain good starting values. The rst method
is to randomly choose a large number of starting values. Although this is very crude,
it proved to be rather< eÆcient for gratings using a relatively small number of Fourier
components (i.e. N  10). This range of N includes most common one{dimensional
gratings and a large number of simple two{dimensional gratings.
For larger numbers of Fourier components, we perform an inverse Fourier transform on the desired di raction eld. By varying the relative phases between the
di raction orders, we try to obtain a at amplitude distribution in the grating plane.
The resulting phase distribution is expanded into a Fourier series, which then serves
as starting values for the optimization. This technique is faster but less complete
than the rst one. Although it may miss the global optimum, it usually still gives
very good results.

For a large enough number of randomly chosen starting values the rst method
necessarily nds the global optimum for a given number of Fourier components. As
long as the di raction pattern is not too complex, we nd that the optimum grating
structure only requires a few non{zero Fourier components. Due to the completeness
of the Fourier series expansion, this means that our approach converges rapidly to
for the desired di raction pattern.
the best possible phase grating

Figure 1:

Comparison of Fourier gratings using di erent numbers of Fourier coeÆcients.
The lower panels show the di raction patterns produced by the grating pro les in the upper
panels.
Grating Performance

To illustrate the potential of the Fourier grating concept, we now take a closer look
at one example, a grating that splits an incoming beam into four equally spaced beams
of equal intensity. In the symmetric case the power is then distributed between the
di raction orders 3, 1, +1, and +3. Fig. 1 shows the di raction patterns obtained
for di erent numbers of Fourier components together with the corresponding grating
unit cell structure. It is obvious that already with a very smooth structure composed
of 5 components we get a very good grating with  87% eÆciency. The power lost into
parasitic di raction orders decreases rapidly, as we increase the number of coeÆcients.
Correspondingly, the grating eÆciency rapidly approaches the limiting eÆciency of
92% (Fig. 2).
In Fig. 3 we compare grating eÆciencies for di erent one{dimensional gratings producing a certain number of identical beams. Typical eÆciencies that can be reached
are higher than 90%. Gratings for an even number of beams require a larger number
of Fourier components and usually have a somewhat lower limiting eÆciency than

Figure 2: Di

raction eÆciency of a Fourier
grating plotted against the number of coefcients used in the optimization. The grating was optimized to produce four identical
beams in a symmetric pattern.

Figure 3:

Di raction eÆciency of Fourier
gratings producing a given number of identical beams, using N = 5 Fourier coeÆcients
(dotted line) or N ! 1 (solid line).

gratings for odd numbers. The reason for this is that, in order to produce a symmetric pattern of an even number of beams, we need to suppress all the even di raction
orders. This is achieved by the sharp steps in the grating unit cell (right hand panel in
Fig. 1) which splits the unit cell into two identical sub{cells with a relative phase shift
of . To closely approximate this phase step, a relatively large number of Fourier components would be required. However, as we have seen, excellent grating eÆciencies
can be achieved with surprisingly crude approximations of the phase step.
The question arises, whether an asymmetric di raction pattern could yield higher
grating eÆciencies in this case. For instance, we could produce an asymmetric four
beam pattern consisting of the di raction orders 2, 1, 0, and +1. The optimum
grating we obtained for this beam arrangement has the same eÆciency as the symmetric grating, and its unit cell is basically identical (Fig. 4). The only di erence in
the grating structure is that the above mentioned phase step is replaced by a sawtooth
pattern with a grating blaze angle corresponding to the 0:5th di raction order.
Two{dimensional Gratings

For the common case of a rectangular beam pattern, the corresponding grating is
just an orthogonal overlay of two one{dimensional gratings. Accordingly, the grating
eÆciency is typically about 80 to 90%, the product of the eÆciencies of the one dimensional gratings. Since the two orthogonal patterns can be optimized independently,
this case is not fundamentally di erent from the one{dimensional problem.
In the general two{dimensional case similarly high eÆciencies are obtained as long
as the grating structure is suÆciently simple that our method of choosing the starting
values for the optimization works well enough. Very complex beam patterns requiring

Figure 4: Transition from a symmetric grating to an equivalent asymmetric grating. Adding
a phase gradient to the symmetric structure and ipping the sign of every other phase step
yields the optimum asymmetric structure. E ectively, the step function in the symmetric
grating thus changes into a blaze function to the 0:5th di raction order.

a highly structured grating unit cell may end up with somewhat lower eÆciencies.
Since the number of Fourier components to be optimized is now N 2 , it is much more
diÆcult to nd the global optimum. However, for the application we have in mind,
namely the distribution of LO power to an array of heterodyne mixers, the beam
patterns are usually suÆciently simple that this is not a real concern.
Bandwidth

The bandwidth of phase gratings is limited by two e ects. First, the intensity
balance between the di raction orders is wavelength dependent and, second, due to
the frequency dispersion of the grating, the spacing between beams also varies with
wavelength. Usually the latter e ect is dominating. However, it can be compensated
for by some sort of zoom optics. The frequency dependent intensity balance is intrinsic
to the phase grating concept and can not be in uenced by external optics.
Since the gratings are so easily manufactured, we deal with this problem by making
several gratings that cover di erent parts of the required total receiver band. In our
application, we can cover a relative bandwidth of approximately 10 to 20% with each
grating. Thus, the need to change the grating only arises when the receiver frequency
is changed by a considerable amount.
Having exchangeable gratings requires a means of relocating the gratings with
high accuracy in order to maintain the optical alignment when gratings are swapped.
To achieve this, we machine the mounting surfaces of the gratings together with the

Figure 5: Surface topology of the grating used in the beam measurements shown in Fig. 6.
1313 coeÆcients have been used in the optimization. The theoretical eÆciency is 84%

grating structure. In our measurements we could not detect any alignment changes,
when these gratings were exchanged.
Manufacturing

The main advantage of the Fourier grating is that high di raction eÆciencies are
reached with very smooth grating surfaces. This allows us to manufacture re ection
gratings by directly machining them with a relatively large diameter cutting tool. We
produced a number of gratings with a unit cell size of 3030 mm2 for a frequency of
492 GHz. The grating structures used 13 Fourier components per dimension, resulting
in a minimum radius of curvature of approximately 7 mm, which is comfortably larger
than the 3 mm tool radius we used for machining.
Our Fourier gratings are manufactured by directly milling the structure into a
block of brass, using a spherical end mill on a numerically controlled milling machine.
Measurements with a dial indicator show that the resulting surface accuracy is approximately 2 m RMS. This accuracy corresponds to =300 at the design frequency
and should be good enough for gratings operating well into the THz region.

Figure 6: Measured 490 GHz di

raction pattern of the grating structure shown in Fig. 5.
From the extremely low side lobe level it is obvious that the grating eÆciency is very high.
Measurements

As an example for the practical results obtained with the Fourier gratings, we
present the measurements made with a grating producing a two{dimensional pattern
of 2, 4 and 2 beam in 3 parallel rows (Figs. 5 and 6). This pattern is important
for the use in square 44 arrays that are split into two interleaved sub{arrays. Two
identical versions of this beam pattern, rotated by 90 degrees with respect to each
other combine to a 16 pixel square array.
For the measurements, the beam of a 492 GHz SIS receiver [6] was re-imaged
to form a waist at the plane of the grating. The di racted beam pattern was then
scanned with a chopped liquid nitrogen load mounted on an xy{translation stage.
The clean beam pattern and the low side lobe level (Fig. 6) show immediately that
the concept works well and that the grating eÆciency is very high. In fact, within
the measurement accuracy there is no deviation from the predicted beam pattern and
the measured di raction eÆciency is within 1% of the theoretical value.

Conclusion

We have shown that the novel concept of designing submillimeter phase gratings
as Fourier gratings works very well. The gratings are relatively easy to design and
have very high di raction eÆciency. Due to their smooth surface structure, they can
be machined directly, even as re ection gratings with two{dimensional dispersion.
We have manufactured a series of gratings and tested them at 490 GHz showing
that they can be produced suÆciently accurate with standard machine shop equipment, and that they perform as predicted.
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Abstract
Heterodyne array receiver systems for both ground based and satellite telescope
facilities are now becoming feasible for imaging in the submillimetre/terahertz
regions of the EM spectrum. Phase gratings can be usefully employed as high
efficiency passive multiplexing devices in the local oscillator (LO) injection chain of
such receivers, ensuring that each element of the array is adequately biased and that
the reflected LO power level at the array is minimised. For the wavelengths of interest
both transmission and reflection gratings can be manufactured by milling an
appropriate pattern of slots into the surface(s) of a suitable material. Thus, the
required phase modulation is produced by the resulting pattern of varying optical path
lengths suffered by the incident wave-front. We report on work we are undertaking to
develop all reflection quasi-optical multiplexing systems so as to reduce reflection
losses at the grating and minimise the number of surfaces that can contribute to
standing wave effects in the optical system. As part of this endeavour we have also
developed a quasi-optical technique for analysing the inevitable degradation due to
multiple reflections on transmission grating design. This analysis is based on the
Gaussian beam mode technique, and a further application of this technique allows one
to assess tolerance limitations on the grating.
1. INTRODUCTION
In previous papers we reported on our work on transmission Dammann gratings [1,2],
one of the simplest types of grating to model and manufacture. The Dammann grating
is a binary optical component consisting of a regular arrangement of slots or recesses
of equal depth in a suitable transparent dielectric material such as quartz [3]. The
phase grating as a whole consists of a repeated two-dimensional array pattern of basic
cells. At the location of the Fourier plane in the subsequent optical system a regular
two-dimensional pattern of non-overlapping beams is formed for a grating illuminated
by a collimated beam. The number of basic cells illuminated by the incident beam
controls the ratio of the beam width to the inter-beam spacing of the Fourier pattern,
while the phase modulation function produced by a basic cell governs the peak-

intensity of individual beams. For a typical imaging array the ideal is a pattern of
equal intense closely spaced images of the LO feed.
In section 2 we describe an experimental procedure for prototyping and testing the
equivalent reflection gratings to those transmission gratings already developed. This
allows the use metal rather than quartz as the basic grating material into which slots
are to be milled. One benefit of using metal is that it greatly reduces the modelmanufacture-test cycle time. The technique, if used in conjunction with ferrite
polarising materials, can be used to develop a complete reflection based quasi-optical
multiplexing system. We can thus considerably improve standing wave performance
for use in high sensitivity detector arrays.
In section 3 a Gaussian Beam Mode Analysis is applied to the problem of multiple
reflections and standing waves associated with transmission phase gratings. At each
interface of the grating some energy is transmitted and some is reflected. To take this
effect into account an analogous modal scattering matrix approach to that applied in
horn antenna modeling is used [4]. For quasi-optical systems the forward scattering
matrices of a number of optical components have already been considered in the
literature (e.g. [5,6]). In the full scattering matrix approach necessary to analyze
standing waves, track has to be kept of both the backward and forward going
components of the propagating fields. By combining a scattering matrix description of
the partial reflection at each grooved face with a propagation matrix to describe the
beam travelling through the grating standing wave effects are investigated. In the
examples considered a Gaussian beam illuminates transmission gratings of refractive
index of 1.66 and 2. In section 4 a Gaussian beam mode analysis of the effects of
tolerance errors associated with the gratings is also presented.
2. MANUFACTURE AND TESTING OF DAMMANN GRATINGS.
The Dammann grating, whether produced as a transmission or reflection grating, is a
binary phase modulating structure which acts on the incoming wavefront to produce
phase steps of 0 or π in the propagating beam. When imaged in the far field the
desired result of this phase modulation is to produce an array of equi-intense images
of the input field. This array of images can then be used, for example, to efficiently
couple local oscillator energy into a multi-pixel heterodyne receiver. Algorithms have
been developed to find the optimum phase transition points within a basic unit grating
cell for a design to produce arrays of 2,3,4 and 5 output beams of equal intensity [1].
In the case of a transmission grating the modulation is achieved by arranging grooves
in the surface of some transparent dielectric material such that the wave-front passing
through the ungrooved portions suffer a phase delay of π, with respect to the rest of
the wave-front phase. This is achieved by setting the groove depth to λ/2n, where n is
the refractive index of the grating material. Multiple reflections within the grating

can cause losses and upset the distribution of power between the beams. These
problems can be minimized if the grating thickness is chosen to be resonant at the
wavelength of interest, i.e. Nλ/2n where N is odd. Of course the grating needs to be
resonant both at the top and bottom of the grooves and this can only be achieved by
choosing materials of the correct refractive index. Quartz is a good candidate for
transmission gratings because it is low loss and has a refractive index of
approximately 2. The effect when n is not optimum is discussed in section 3, in
which multiple reflections in transmission gratings is analysed.
Conceptually a 2 D array can be obtained by passing the beam through two successive
1 D gratings rotated about the beam axis by 90 degrees with respect to each other. In
reality this is achieved by forming each 1 D grating on opposites sides of a slab of
quartz. This method is suited to quartz because the grooves are machined using a
diamond grinding wheel, which can create long grooves easily but is not suitable for
producing square sided pockets in a surface, as is required to produce a 2 D grating on
one surface.
A reflection grating works on the same principles as the transmission grating. The
phase transition points are the same as for the transmission grating but the groove
depths need to be λ/4 to produce the required λ/2 phase delay in the reflected beam.
Of course the grating needs to create the 2-D modulation on one surface and the
drawing in FIG. 1 shows how this is achieved.

Combining two 1-D Patterns.

FIG. 1.

Reflection Grating Test Set-Up.

FIG. 2.

The shaded squares show where λ/4 pockets need to be formed in the surface. Notice
the white squares where two grooves overlap. No metal need be removed here,
because two overlapping grooves cause a phase shift of 2 π which is equivalent to
zero.

The resulting cutting pattern is more complex than that of the two sided transmission
grating but it can be easily cut in aluminium sheet using a CNC milling machine. The
milling machine can cut the pattern for a 5 x 5 reflection grating in about 2 hours.
When compared with the 2 or 3 months required to have a quartz grating
manufactured by a specialist optics company, it can be seen that using reflection
gratings can greatly accelerate the design, build, test-cycle.
Simple reflection gratings need to be illuminated with a beam at normal incidence to
prevent shadowing of the grooves, and this means that the test set-up is a little more
complex than the standard inline 4-f configuration required by the transmission
grating. The test set-up is shown in FIG. 2. The test facility consists of a Fourier 4-f
optics set-up with a conical horn antenna feed driven by a variable frequency Gunn
oscillator operating over the 90 to 105GHz range. In testing the system HDPE lenses
are also used as the focussing elements because they produce less aberration in the
beam pattern compared to the 90 degree throw off-axis ellipsoidal mirrors used
previously [2]. The reflection grating is placed in the Fourier plane of the first lens
and illuminated by a normally incident beam. The phase modulated reflection is
coupled out to a computer controlled raster scanned detector through a large aperture
beam splitter. The use of the beam splitter is not ideal because even with a perfect
50/50 split, only 25% of the initial beam power is directed towards the scanning
detector. A better option would be to use a ferrite polarisation rotator to maximise the
efficiency of the system, but for the purpose of grating testing at 100GHz where there
is plenty of power available this is not a problem.
Several one and two dimensional gratings have been manufactured and tested using
this system. A 5 x 5 reflection grating was cut and tested and the resulting patterns
are shown in FIG. 3. The results are in good agreement with the software model.

Results for the 5 × 5 array at the centre frequency and beyond the band limit.
FIG. 3.

The results at 90GHz show that the grating still produces the 5 x 5 array but that the
pattern is dominated by the central peak. We believe that this is caused by a
combination of standing waves in the test setup and the degradation in grating
performance at or near the band edges.
The bandwidth and manufacturing tolerances are closely related. A 10% change in
operating frequency at 100GHz is equivalent to a change in the optimum groove depth
of 0.08mm. In [1] we showed that the useful bandwidth of a transmission grating is
approximately ±10% so a dimensional error of this size would render the grating
useless. In terms of manufacturing tolerances, this level of accuracy is easily
achieved in aluminum, and not so easily in quartz, but care must be taken to achieve
good surface flatness over the entire grating area. It is interesting to note that the
effect of groove depth tolerance errors is doubled in a reflection grating, where the
phase shift is achieved by the two way trip in and out of the groove.
3. MULTIPLE REFLECTIONS IN TRANSMISSION GRATINGS
Analysing reflections in a quasi-optical system requires that the appropriate scattering
matrices associated with a grating and all the other components involved be
calculated. The quasi-optical system as a whole or any component is represented by a
single scattering matrix [S] with the reflection and transmission characteristics
determined by the equation:
[ B ] [ S11 ] [S12 ] [ A]
[ D] = [ S ] [ S ] [C ] .

22  
   21
[A] and [B] are vectors containing the forward and reflected mode coefficients, An and
Bn, respectively, looking into the system at the input side. [C] and [D] are vectors of
the mode coefficients, C n and D n , of all the modes looking into the system at the
output plane.
In the case of a grating there is a partially reflected wave at each of the free
space/dieletric interfaces. The reflected and transmitted electric fields are given by the
Fresnel equation for normal incidence: Erefl = ρEinc, where ρ = (n1 —n2) /(n1 + n2), and
Etrans = τ Einc, where τ = 2 n1 / (n1 + n2). In these equations n1 and n2 are the refractive
indices of the media for the incident and transmitted radiation, respectively. The
reflected field Erefl can be written in terms of the modes travelling in the negative z
direction Erefl = Σ n Bn ψn-. Since Einc itself is written as a sum of modes travelling in
the positive z direction Einc = Σn An ψn+, then the Bn can be derived from the scattering
relationship: Bn = Σ m Smn Am, where Smn = ρ ∫A (ψn- )* ψm+ dx. Since it is assumed that
the modes travelling in the negative z direction have the same waist position and waist
radius as those travelling in the positive z direction: Smn = ρ ∫A (ψn+) * exp(-ikr2/R) ψm+
dx, integrated over the grating surface. The quadratic complex exponential term
represents the fact that the reflected wave suffers a sign change of its phase front

Intensity (Arbitrary units)

radius of curvature on reflection, or in other words that the reflected field continues to
diverge after reflection.
In the following example the above theory is applied to the case where the incident
Gaussian beam is transformed into 5 × 5 beams at the output Fourier plane of the
grating. The gratings considered have refractive indices of 1.66 and 2.00 and the cell
parameters were set to those appropriate values (see [1]). In general to accurately
describe the phase variation introduced on the incident beam by the grating a large
number of higher order modes are needed in any Gaussian beam mode analysis.
However, one can increase the accuracy with a limited mode set by careful choice of
the beam width parameter W (and not setting it equal to the beam width of the
incident Gaussian). In fact, the best choice is determined by the scale of the structure
on the grating rather than the width of the incident Gaussian so that fewer modes are
needed to describe the grating more accurately. The incident Gaussian field must then
of course be expanded in terms of a best choice mode set.
The transmitted and reflected far-field patterns of a grating with refractive index 2 and
1.66 are shown in figures 4 and 5, respectively, for a thickness value of 1λ, 1.25λ,
1.5λ, and 1.33λ.

Thickness = 1.25λ

Thickness = 1.5λ

Thickness = 1.33λ.

Intensity (Arbitrary units)

Thickness = 1λ

Off Axis Position (Arbitrary units)
Cross section of beam patterns of 5x5 grating (n = 2) of thickness 1λ, 1.25λ, 1.5λ, and 1.33λ.

FIG. 4.

The overall reflection and transmission coefficients for a slab of dieletric of thickness
ρ + (− ρ )e 2 i β
τ τ e iβ
and
t
=
t are given by r =
, where β = 2πnt / λ 0
1 + ρ (− ρ )e 2 i β
1 + ρ (− ρ )e 2 i β
For maximum and minimum transmission in the grating e 2 i β will either be zero or
one. This means that both the refractive index n and the thickness of the grating must
be chosen correctly to insure maximum transmission.
It can be seen that the transmission peaks for the grating of refractive index 2 are all
equal intensity while for the grating of refractive index of 1.66 the transmission peaks
are of unequal intensity. This is due to the contribution to the overall field from the
wave that has been multiply reflected within the grating and does not add with the
same phase lag as the straight through beam. What this clearly indicates is that for
idealised grating operation both the refractive index of the material and the thickness
of the grating have to be carefully chosen.

Thickness = 1.25λ

Thickness = 1.5λ

Thickness = 1.33λ

Intensity (Arbitrary units)

Thickness = 1λ

Cross section of beam patterns of 5x5 grating (n = 1.66) of thickness 1λ, 1.25λ, 1.5λ, and 1.33λ.

FIG. 5.

4. MODE ANALYSIS OF GRATING TOLERANCES.
An investigation of the effect of errors in the width and depth of the slots making up
one of the faces of the grating was undertaken using Gaussian Beam Mode Analysis.
The phase shift difference for the distinct binary paths through the grating, depends on
the groove depth, h and the refractive index of the grating material, n. The phase shift
and groove depth are related by:
2πh(n − 1)
∆φ =
=π ,
λ0
where λ 0 is the wavelength of the incoming radiation in a vacuum and ∆n is the
difference between the refractive index of the grating material and the surrounding
medium.
The cell depth or equivalently phase, was changed with addition of a small deviation,
δ to the phase shift term. Thus, setting δ=0 the phase change remains π corresponding
to a groove depth of λ/4 for a reflection grating and the expected symmetric array of
equi-intense images are obtained. The resulting field patterns for δ = π/16 , π/8 are
superimposed on the ideal case for comparison in Figure 6. A phase change of
π /8 illustrates the change in relative peak intensity and the deterioration of the
uniformity of the peaks indicates that the tolerance threshold is exceeded with δ>π/8.

The output field patterns for grating with phase errors of δ = π/16, π/8 are superimposed on the ideal
case for comparison.

FIG. 6.
Similarly by modifying the groove widths from the ideal values by approximately
0.2% of the cell width quite a substantial reduction in the efficiency of the operation
of the grating as a multiplexor is observed. The results are shown in Figure 7.

Reduction in ideal grating operation for case where cell widths are varied.

FIG. 7.
5. CONCLUSION.
In this paper we have described some recent work on the manufacture and testing of
reflection phase gratings. The analysis of reflection gratings using Gaussian Beam
Mode Analysis was described and standing wave effects were shown to have a
deleterious effect on ideal grating function unless the refractive index and thickness of
the grating are carefully chosen. It may be possible to combine the ease of
manufacture of metal gratings with a moldable powder[7] of the correct refractive
index to produce transmission gratings with optimised characteristics. We have also
summarised some modal modelling work we have carried out into assessing grating
tolerances.
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Abstract
We have designed a 460 GHz FFO-driven integrated SIS receiver in which the signal is fed via a quasi-optical hybrid antenna feeding system. Since in such quasi-optical
SIS receivers the contribution of the quasi-optics to the overall receiver noise is considerable, it is important to be able to analyze the antenna efficiency in order to optimize
its coupling and improve the noise temperature of the receiver. The goal of this paper
is an attempt to analyze the gaussian coupling efficiency, far-field pattern and loss of
the system, applying the geometrical optics-physical optics combined method to our
hybrid integrated feed antenna. The computation of the loss contributed by different
quasi-optical solutions can be a decision factor for selecting one particular design (optics materials, geometries, and configuration). Quite commonly adopted solutions employ a substrate hemispherical lens in conjunction with (or without) an objective lens of
HDPE or Teflon located in the Fresnel region of the hemispherical lens. Such solutions
have advantages and drawbacks, and other solutions, better for the receiver noise, may
exist. In addition, computing the radiation characteristics of the quasi-optical system
will be useful to interpret the integrated receiver measured performances and evaluate
the diverse noise sources in this complicated system. A numerical tool based on the the
ray-tracing and diffraction mixed approach was implemented to examine the radiation
characteristics of the feed structure of FFO integrated SIS receiver.

1 Introduction
Flux-Flow Oscillators (FFO) integrated with SIS receivers have been proposed as an attractive alternative to commonly used submillimeter wavelength local oscillators; they
are compact, low-mass and low-power consumption devices, and they can provide individually optimized LO power to the SIS mixers of a focal plane heterodyne receiver
array. The most recent and extensive experimental work aiming at producing a fully
operational-and phase-locked-integrated SIS receiver, for array applications, has been
done by Shitov et al [1].

There is a growing need for heterodyne focal plane imaging arrays, either to speed
up commonly time-consuming mapping observations, or to do interferometry with a
single-dish telescope. In this context we have designed an integrated FFO SIS receiver
chip for 460 GHz, and the receiver is now under construction. Our goal is to test
the mixing performance of this new kind of superconducting submillimeter receivers,
using slightly different technological choices than those of [1], for a frequency range
of typical interest for radioastronomical studies.
Since the relatively complicated superconducting circuits (FFO, integrateddiplexer)
require more contact pads which hardly fit within the regular dielectric chips for waveguide mounts, the quasi-optical solution is generally the adopted one to feed the FFO
integrated SIS mixers. It usually consists of a combination of planar antenna and dielectric lens, and for array applications, either the ’fly’s eye’ configuration-where each
planar antenna and integrated receiver pixel has its own dielectric lens-and the ’singlelens’ configuration-where only one lens illuminates the whole array can be considered.
Several other options can be considered for the design, depending on the type of planar
antenna (bow-tie, double-dipole, double-slot, log-periodic, etc), the type of lens (elliptic, hyperhemispherical, extended hemispherical), the lens material and the nature of
the substrate on which the superconducting receiver is fabricated.
Choosing among these design options not only drives the receiver optical coupling
scheme and geometry, but it may also have consequences on the RF losses which often
considerably contribute to the total noise of receiver-although the sensitivity of the SIS
mixer itself is quantum noise limited [2]. Therefore, it is necessary to analyze in detail
the RF characteristics of the quasi-optical solutions considered to estimate their impact
on the receiver system.
Most of all, the radiation properties of the FFO integrated SIS mixer is critical in
the case of a focal plane imaging array receiver in which the beam pattern of the feed
antenna must be well matched to the radiotelescope optics. In particular, it is important
to pay attention to the feed antenna’s directivity and sidelobes. For an array, high
directivity with low sidelobes is required, to optimize the pixels aperture efficiency and
to have each pixel sample the sky in a clean way.
The hybrid feed antenna for our quasi-optical receiver consists of an extended hemispherical lens with a double dipole as the elementary radiator and, potentially, one
additional-’objective’-dielectric lens. This type of integrated lens antenna has been
widely used in the millimeter and submillimeter wavelength domain [4]. Yet our goal
was to determine, before finalizing the receiver’s design, whether this configuration was
the best suited for our purpose, given our experimental constraints.
A numerical tool was implemented to estimate the radiation properties (gaussian
coupling, directivity, sidelobes) of our quasi-optical feed system and to investigate the
influence on those of the lenses geometry, such as the hemispherical lens extension.
Since a direct application of the diffraction theory for our hybrid feed antenna would be
very time consuming, we used a mixed approach[7], combining a ray-tracing technique
within the substrate lens and the diffraction theory to calculate the far fields.

2 Design aspects
Hybrid antennas-substrate lenses combined with elementary planar antennas-are widely
used in open structure integrated receivers. One reason is that they solve the problem
of substrate modes at submillimeter wavelengths-the dielectric lens can be considered
as half space. Most of the radiation occurs within the substrate, yet some amount still
radiates in the air, resulting in extra RF losses. If a high dielectric constant material
cannot be used for the lens-or is not wished-then a back plane reflector must be placed
about l/4 wavelength away from the planar antenna to fold the back-radiated beam onto
the main beam in the lens, without modifying its radiation pattern. Most people use
silicon lenses for this reason; the power loss in the air side of double-slot antennas on
silicon( = 11:7) is only 8%[5]. However, silicon lenses induce important reflection
losses at their front surface, which must be minimized by hard-to-manufacture antireflection coating.
Our choice of dielectric material for the lens was mostly driven by SIS technologyour superconducting FFO-SIS receiver is made on fused quartz substrates ( = 3:8).
Having a different dielectric for the lens would cause spurious and inevitable reflections
at the interface, and restore potential substrate modes in the receiver chip. Fused quartz
is not a bad choice, compared to silicon, for spillover and polarization efficiencies. And
the lower dielectric constant of fused quartz compared to silicon gives an advantage of
lower reflection loss without anti-reflection layer. However, due to its low dielectric
constant, the power loss radiated into the air side in our case is about 20  30%,
and therefore a metallic back reflector must be used. This can be done because we
use microstrip structures and double-dipole antennas, hence leaving most of the chip’s
surface unoccupied. The beam pattern of the double-dipole antenna does not change
with the reflector. The double-dipole size and spacing were determined so as to produce
a symmetric radiation pattern in the E- and H-plane[3].
If we place the elementary radiator at the aplanatic point of the hemispherical lens
p
(i.e. R=n, where R is the lens radius and n = r , as one often conveniently does, it
is then necessary to add an objective lens to enhance the directivity of the overall feed
system. But there is a possibility of using a simpler configuration, with no objective
lens. This depends on the elementary radiator’s position relative to the center of the
hemispherical lens-the hemispherical lens extension. Büttgenbach [10] defined the hybrid antenna as a special case of extended hemispherical lens with the extension length
beyond the aplanatic point, combined with a planar feed antenna. Then the lens, which
approximates an elliptical lens, is diffraction-limited. He proposed to use this hybrid
antenna as an alternative to the hyperhemispherical lens antennas used in conjunction
with an objective lens, and discussed related problems of gaussian coupling efficiency.
These feed structures seem very attractive because they allow simpler designs and low
cost fabrication. As a consequence, we have considered with no a priori the addition of
an objective lens and the extension length of the hemispherical lens as a free parameter
for our feed design.

80mm

cryoperm and Pb foil

back reflector

double-dipole hemispherical lens

48.88mm

objective lens

Figure 1: Feed structure of a FFO integrated SIS receiver
When the extended hemispherical lens is diffraction-limited and use without objective lens, its radius determines the f-number of the quasi-optical system. Therefore
several geometrical factors had to be taken into account as boundary conditions.
The FFO being a very sensitive device to magnetic field, one must enclose FFOintegrated SIS receivers in magnetic shielding assemblies. In our case, the shield consists of a cylinder with one closed end, made of two concentric 1.47-mm thick Cryoperm layers and one inner 0.25-mm thick lead foil layer, in order to provide approximately 70 dB of magnetic shielding at 4.2K[6]. To maximize the shielding and reduce
the open end effect, the length-to-diameter ratio should be as large as possible. The
length of our cylinder assembly is 80mm and its inner diameter is 42.5mm. So, we
have to make a very compact quasi-optical mixer design, with a f-number larger than 8.
Figure 1 shows the overall feed structure of our FFO integrated SIS mixer.

3 Theoretical analysis
3.1 Hemispherical lens fed by double-dipole antenna
Figure 2 shows the structure to be analyzed. To calculate the radiation properties of
the hemispherical lens antenna, the ray tracing and diffraction theory similar to the
approach of [7] is used in this report. We consider here only on-axis feed position case
but this method can be easily generalized to off-axis feed positions. Ray-tracing can be
used to treat the radiation in the lens only because its dimensions are much larger than
the wavelength.
The double-dipole antenna is located on the planar surface of the hemispherical lens
with distance, e from the center of hemispherical lens. The electromagnetic fields on
the internal curved surface of the lens, (s , s ) coordinate system, can be determined
!
from the far-fields of the double-dipole antenna, F (d ; d ) , assuming that the size
of lens is enough large compared to the wavelength to satisfy the conditions of the
geometrical optics,
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Figure 2: Coordinate system for the analysis of hemispherical lens
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where kd , d are the propagation constant and intrinsic impedance in the substrate
lens respectively. The transmitted fields on the external curved surface of lens are found
using the Fresnel transmission coefficients,
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where 'i = s d
The equivalent surface electric and magnetic current on the external curved surface
of the lens are,
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The far-fields at the observation point P from the hemispherical lens can be calculated using diffraction theory,
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where the radiation vectors
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k is the propagation constant in the free space, R is the radius of the hemispherical
lens, is the angle between the integration point and the observation point, and the
integration is done on the surface S of the hemispherical lens.

3.2 Hyperhemispherical lens combined with an objective lens
By definition, a hyperhemispherical lens is an extended hemispherical lens with the
elementary radiator located at the aplanatic point. Such a feed system is characterized
by a high gaussian coupling efficiency. However, the directivity is not sufficient to
match most f-numbers of practical use in receiver applications, and it must therefore be
used together with an objective lens to increase the global directivity.
Even though one needs a full-wave numerical modeling to analyze the radiation
properties in the Fresnel zone which is located between the hemispherical lens and the
objective lens, we believe that the ray-tracing method can provide a first approximation
of the radiation pattern of the extended hemispherical lens combined with an objective
lens[8]. In the calculations, we assume that the objective lens has hyperbolic surface on
the back side and a plane surface on the front side as shown in Fig.3. To simplify the
ray-tracing method, the curved surface of the hemispherical lens is assumed to have an
anti-reflection layer - to neglect the reflected rays.
Since we assume the hyperhemispherical lens to be ideal, we can virtually move the
focal point, R=n, of the hyperhemispherical lens into the one, nR, of the objective
lens. In the Fig.3, n; R; D; F are respectively the refractive index and radius of the
hyperhemispherical lens, and the diameter and focal length of the objective lens. In
the diffraction limit, the diameter D will define the feed system’s FWHP (Full Width
Half-Power) .

4 Results of computation and design considerations
To confirm the validity of our computer program, we compared the calculated results
with the published ones of [7] for the same data and found good agreements.
The radiation properties of the feed structure of FFO integrated SIS receiver were
then calculated, first with an extended hemispherical lens, the extension length of which
could be varied, and no objective lens.
Figure 4 shows the beam pattern of our double-dipole antenna, used as an elementary radiator on the planar surface of the fused quartz hemispherical lens. The length
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Figure 3: Hyperhemispherical lens combined with an objective lens
of the double-dipole antenna is 0:5d , its distance, 0:4d and the distance of the back
reflector, 0:25d where d is the wavelength of 460 GHz in the fused quartz( = 3:8).
Figure 5,6,7,8, and 9 show the far-field pattern at 460 GHz of the hemispherical
lens, the diameter of which is 12 mm, for different extension lengths varied from 2.5 to
6.5mm by steps of 1.0mm. The extension length of 3mm approximately corresponds
to our R=n. We note a good E and H plane symmetry in Fig.10. As with the elliptic
lens, the phase, shown in Fig.10, is flat (top-hat) across the main lobe. The extension
length referred here is in fact the distance from the center of hemispherical lens to
the back reflector. As expected, the radiation lobe of the hemispherical lens becomes
sharper when the extension length increases; the sidelobes level decreases; it seems to
converge toward a diffraction limit.
Figure 11 shows the directivity and gaussian coupling efficiency of the hemispherical lens with the variation of the extension length. The gaussian coupling efficiency is
defined in (13)[9],
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where Eg is the electric field represented by the incident gaussian beam, Ea is the
field of the hemispherical lens antenna and S is the spherical surface of integration
centered on the position of the hemispherical lens antenna. The amplitude and phase
!
of electric field of the incident gaussian beam, Eg , must be varied to find the maximum
gaussian coupling efficiency. As already mentioned in [7], Figure 11 shows that when
the extension length increases, the gaussian coupling efficiency decreases while the
directivity of the hemispherical lens increases to reach a maximum value around the
extension length of 5.5 mm. Past the extension length of 5.5 mm, the side lobe levels
increase again, hence degrading the directivity of the extended hemispherical lens.
Now, we made similar calculations in the case of a hyperhemispherical lens combined with an objective lens. For practical reasons (the magnetic shield) our objective lens has a diameter of 18 mm, a focal length of 41.78 mm. It is made of Teflon
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Figure 4: Beam pattern of double-dipole antenna with back reflector
(r = 2:3)-a common choice at these frequencies-and is 4.0 mm thick at the widest.
Again to simplify the ray-tracing technique, we assumed that its front side is coated
with an anti-reflection layer.
Figure 12 shows the calculated beam pattern of hyperhemispherical lens combined
with an objective lens at 460 GHz. The calculated directivity is 34.9 dB and the estimated FWHP is 2:7Æ . This is close to the FWHP of about 2:49Æ at 460 GHz expected
from diffraction theory for our objective lens, according to (14):
F W HP

' 1:2 D

(14)

It means that the hyperhemispherical lens combined with the objective lens reaches
the diffraction limit.
From the calculated results, it would seem a priori a reasonable choice to select the
maximum gaussian coupling efficiency solution, that is, a hyperhemispherical lens with
an objective lens which increases the directivity of the system, and makes it diffractionlimited. But the calculated result of the gaussian coupling efficiency is always an optimized value: it needs the appropriate gaussian beam to obtain this maximum coupling
efficiency. Experimentally, it is very difficult to obtain, so as to measure the gaussian
coupling efficiency[7],[10]. Also, the coupling efficiency depends on other factors,
such as antireflection coating, alignment, etc. Figure 13 shows the calculated gaussian
coupling efficiency with variations of the amplitude and phase of the incident gaussian
beam. We see that the coupling efficiency is very easily affected by the amplitude and
phase of the incident beam. This means that only a small misalignment or error in
focusing will get us off the maximum gaussian coupling efficiency.
On the other hand, we have calculated the gaussian coupling efficiency and directivity of a hemispheric lens without objective lens, and have shown that for an extension
length past beyond the aplanatic point, the directivity reaches a maximum, and the
beam is diffraction-limited. We believe this criterion is more important than optimum
coupling efficiency in practice, especially from the point of view of making reliable
and optimized feed arrays for spectro-imaging systems. By choosing the lens diam-
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Figure 5: Beam pattern of hemispherical lens for the extension length of 2.5 mm
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Figure 6: Beam pattern of hemispherical lens for the extension length of 3.5 mm
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Figure 7: Beam pattern of hemispherical lens for the extension length of 4.5 mm
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Figure 8: Beam pattern of hemispherical lens for the extension length of 5.5 mm
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Figure 9: Beam pattern of hemispherical lens for the extension length of 6.5 mm
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Figure 11: Directivity and gaussian coupling efficiency of the hemispherical lens at 460
GHz
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Figure 12: Far-field pattern of hyperhemispherical lens combined with an objective lens
at 460 GHz
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Figure 13: Calculated gaussian coupling efficiency of the hemispherical lens fed by
double-dipole antenna at 460 GHz for the extension length of 3mm and the amplitude
and the phase are for the electric field representation of the incident gaussian beam.

eter (hence the beam f-number) and dielectric material (hence minimizing the risk of
reflection loss and back-radiated power loss), we can not only design an efficient lens
for a pixel, but make it easy to fabricate and low-cost. It remains to decide whether
the best configuration for an array receiver using these extended hemispherical lenses
is the fly’s eye or one single lens illuminating many pixels. Probably the former is the
best, when we want performance uniformity among the pixels-our drive to make FFOs
initially. Our future work will include calculations of antenna gain and directivity for
different off-axis positions of the double-dipole antennas within the lens plane.
Another advantage of this solution without objective lens concerns the associated
RF loss and its influence on the SIS receiver noise. Aside from reflection losses, the
objective lens has dielectric losses which will contribute to the RF noise, especially
since large Teflon lenses may not cool down uniformly, while fused quartz lenses on
the mixer block are certain to be at 4.2 K (be it the SIS device temperature) .

5 Conclusion
We implemented a numerical tool based on the the ray-tracing and diffraction mixed
approach which is similar to [7] to examine the radiation characteristics of the feed
structure of our FFO integrated SIS receiver, which consists of an extended hemispherical lens fed by a double-dipole antenna, backed by a plane reflector, and with or without
an objective lens. In the latter case (no objective lens), we found results very similar
to those of [7], and confirming the experimental results of [10], showing a maximum
of the directivity obtained for a lens extension larger than R=n -the hyperhemispherical lens plane of truncation. Then, the beam’s FWHP almost reaches the diffraction
limit. In our case, this extension length is about 0:9R, and the beam divergence is
small enough to be compatible with our FFO receiver design, where the mixer must
be housed in the rear end of a rather long cylindrical magnetic shield. We believe it
is not necessary to use an objective lens, even though the calculated gaussian coupling
efficiency of this hybrid lens antenna is smaller than in the case of a hyperhemispherical lens: what seems most important to us when selecting the configuration of the feed
system-especially in view of an array application-is the beam quality and directivity.
Furthermore, the gaussian coupling efficiency is very hard to measure at submillimeter wavelengths since it requires the measurement of absolute powers[10]. There is no
clear experimental indication, therefore, that this parameter is so drastically reduced
with our design that it should forbid it. In addition, there is one secondary-but not negligible for an array-advantage in using extended hemispherical lenses without objective
lens: the low fabrication cost compared to expensive elliptic lenses.
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