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ABSTRACT - Improvements in device development and quasi-optical coupling techniques utilizing
planaranten nas have led toasig nificantachieve mentin low noise submillimeter wave re ceiv ersat pro gres-
sively higher frequencies. Hot Electron Bolometric (HEB) receivers made of thin film superconducting
films such as NbN have producedaviableoptionforinstrumentsdesignedtomeasurethemolecularspectra
for astronomical applications as well as in remote sensing of the atmosphere. Total system DSB receiver
temperaturesof500 Kat1.56 THzand 1,100 K at 2.24 THz were mea sured since the last STTSymposium.
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 ersisabout
100 to 200 times the quan tum noise limit. The tech nol ogy of NbN Hot Elec tron Bolometric (HEB) mixersis
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 re-
quirements for such devices is emphasized. One important characteristic is the LO power consumption
which isin the hun dreds of nanowatts range and, there fore, makesNbN HEB mixersex cel lentde vicestoin
tegrate 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 further; inparticular, im prove ment of the RF match of the de vice tothe antenna, op ti mi zation of the in-
putimpedance of the IFam pli fier, and fur ther im prove ment ofthe NbN filmac tive me diumqual ity. Pre lim-
i nary study of MgO sub strates shows an im proved IF band width. IF noise bandwidths in ex cess of 10GHz
are expected in the near future.

There centresultsre ported here make the de vel op ment of fo cal plane ar rays with tens of HEB mixer el-
ements 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 air-
borne astronomical observatories (FIRST, SOFIA, etc.), as well as space-based remote sensing of the

Earth’satmosphere (EOS-MLS). Untilafewyearsago, theonly heterodynereceiversavailable 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 technol ogy has re cently made atransition
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 noisetem perature of SBD mixer receivers has remained essentiallystationary at
about (100-200)x hf/2k [1] (hf/2k is the quan tum limit forDSB re ceiver noise tem perature and isabout 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 mwW of LO
power. InSb mixers have al ways beentoo re stricted inband width (only about 1 MHz) for mostap pli cations.
Below 1 THz, SIS (Superconductor/Insulator/Superconductor) mixer receivers have excellent noise tem-
per ature (only a few times the quan tum noise limit). The noise per for mance is lim ited to frequenciesbelow
or about equal to the superconducting bandgap frequency.

HotElectron Bolometric (HEB) mixers, which use non lin ear heat ing ef fects in su per con duc tors near
theirtransitiontemperature, havebecomeanexcellentalternativeforapplicationsr e quiring low noise tem-
per atures at fre quen cies from 1 THz up to the Near IR. There are two types of super con duct ing HEB de-
vices, the Phonon-Cooled (PC) ver sion[2], and the Dif fusion-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], al-
though the dif fer ence is not very large. This paper only de scribes the de vel op ment of the PC HEB. Super-
conducting HEB mixers also require much less LO power than SBD receivers (100 nW to 1 nW for PC
HEBs). The only practical LO source, presently available, is an FIR gas laser although solid state LO

sourceswith suf fi cientamount of power are under de vel op mentand will be avail able inthe fu ture. The pres-
ent state-of-the-art of different THz receivers is compared in FIG. 1.
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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 optimumreceivernoisetemperature 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 auni formelec trontem perature, is use ful for afirst order de-
scrip 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
operationforfrequenciesintheterahertz re gimeassumingnon-uniformelectrontem peratureareunderin
vestigation [9].

The IF band width for the con ver sion gain is de ter mined by the ther mal time-con stant (t ) of the HEB
device. The HEB dis si pates the power itab 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. Aninterface
re sis tance due tophonon 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 thinaspossible
while still having good superconducting properties (high T and low DT ). The mixer time-constant (t )
also in cludes a fac tor which de pends on the self-heat ing of the bolometer [7]. The receiver noise tempera-
ture bandwidth (By) is wider than the conversion gain bandwidth (B). The fact that the receiver noise
tem per ature band width is two to three times wider than the con ver sion gain band width isawell-known fea-
ture of HEB mixers. Thischarac teristic can be under stood if one re al izes that the main noise processinthe
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.

I1. DEVICE DESIGN AND FABRICATION

Atypical HEB de vice is made from a thin (3 to 4 nm) film of NbN de posited onasub strate of sil i con,
quartz, sap phire or MgO by DC magnetron sputtering. Thinnerfilmsaredesirableinordertoachieve wider
IFbandwidth. Thecriticaltemperature oftheNbN film is about 10 K, de pend ing on film qual ity and thick-
ness, 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, whichises pe cially criti cal for the thin nest films. Above the super conducting
bandgap frequency (roughly 1 THz for these films), terahertz radiation sees are sis tance roughly equal to
the normal resistance, which is 300 W/square to 600 W/square. A device with an aspect ratio (length to
width) of from 1:5to 1:10 will there fore match atyp i cal an tenna im ped ance of 75W. Thecriti cal cur rent of
adeviceisafewhundredmA, whileatypical DC bias voltage is1 mV. Since the de vice acts as a bolometer,
the ab sorbed LO power, whichis a func tion of the de vice area, is mea sured by the de vice it self and is com-

puted from its I-V curve. Our devices have a length of 0.6 to 1 nm and LO power from 0.5 to 1 miV.



Quasi-optical couplingisvery conve nientat the very high THz fre quen cies where waveguidesbecome
increasinglydifficult to manufacture. We cou ple our de vicesthrougha4 mmdiameter elliptical lensmade
from high-purity silicon. In order to facilitate testing over a wide range of frequencies, we have initially
usedalogperiodicself-comple mentary toothedantenna. Thisdesignisscaled fromthe mil li me ter wave de-
sign in [10] and is il lustratedin FIG.2. Otherantennasunder investigationinanumber of laboratories are
spiralantennas, twindipole/slotantennas, andslotringantennas. We have usedalog-pe riodic antennawith
amaximum frequencyof3.4 THzmost re cently (designatedas AntennaC). Our log-periodicantennashave
a 4:1 band width. The antennais fab ri cated from a gold film us ing lift-off li thog ra phy. Atthe moment, we
use no reflection matching for the silicon lens (e, = 11.8). Optical losses should decrease by about 2 dB
once a suit able mate rial for such coat ings in the THz range. One such mate rial, which is un der investiga-
tion, 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 cable to acooled 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 nm wave-
length (1.56 THz) or at 134 nm (2.24 THZz) by choosing one of two orthogo nal po larizations. Ithasanin-
var-supported struc ture which was de signed with ther mal com pen sation to main tain con stant cav ity length.
Inorderto ob tain high power sin gle mode out put, uni form cou plers con sisting of wire grids de pos ited ona
siliconsub strate (also coated for high re flec tivity from 9-11 nm) were used. The la ser beam was mea sured
to have a Gaussianspatial out put pro file with the firstsidelobes 20 dB down. The FIR la ser was pumped by

an extremely stable twometer long grating-tuned CO,-la ser. The avail able power from the CO,-laserwas
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FIG. 2. Log-periodic toothed antenna fabricated on a silicon substrate and attached to a silicon lens.
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FIG. 3. Measurement setup for noise temperature.

about 200 W [13]. A 6 mm thick mylar win dow was used as beam splitter. A di elec tric lens was used to fo-
cus the laser LO. The 50-100 mW out put power of the la ser was at ten u ated by crossed wire grid polarizers
inor der to setthe op ti mum LO level. Although me chani cal chop ping of the hot/cold source ispossibleand
sometimesused, atypical measure mentwasperformedbyinsertingaroomtemperatureabsorber in front of
the LN, load by hand. The IF out put power was de tected on a power me ter and re corded in acom puter with
the help of aLabview program. The fact thatitis possi ble to per form the Y-factor mea sure ment with out the
useofarotatingchop perisatributetotheexcel lentam pli tude stabil ity of the UMass/Lowell la ser used for
this ex periment. Theam plitude stabil ity of the 1.56 THz la ser source, measured over a period of min utes,
witharelativelyfast (0.1s) integrationtime, was 0.3%. The stabil ity wasalsoev ident in the I-V curves re-

corded by our fast (about 50 ms) computerized recording system.

I11. EXPERIMENTAL RESULTS FOR SINGLE-ELEMENT RECEIVERS

TABLE | gives a summary of data measured for devices which reached DSB noise temperatures at
1.56 THzof 500 Kand at 2.24 THz as lowas 1,100 K. The out put noise tem per a ture was mea sured by com-
par ing the total out putnoise power inthe opti mumoperating point (with LO ap plied) withthat of the de vice

in the super con duct ing state (the bias volt age was de creased to zero). Since the IF noise temperaturewas



TABLE I. SUMMARY OF NOISE DATA

f[THz]  Dev.#/  Tow[K]  Toss[K] Tosei[K] Low[dB] Low[dB]  Lei[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 ature (T , ) fromthis measure ment. The opti cal cou pling loss
was esti mated from known lossesinwindows, lens re flection loss, etc. The remaining conver sion loss is the
intrinsicconversionloss, L . ; which can be cal cu lated from the ory ac cord ing to the stan dard model. A set

of consistent values of L ;, T, and T pgg can then be obtained [8]. We have identified part of the in-

c,i’
crease (0.5dB) inoptical losses from 1.56 THz to 2.24 THz as be ing due to ares o nance in the polyethylene
window material. Also, the at mo sphericattenuation is higherat2.24 THz thanat 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 esti mated atten u ation over this pathat2.24 THzis 0.5- 1 dB. There is still an un ex plained in crease of
about2 dB. Someoftheincreasesinoptical lossesareinevitable butcareful opticalde 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 de-
velop 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 istat 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
thegeometricspacing ( Dx) ofad jacentel e mentsinthearray. Ifeachelementinthearrayil luminatesatele
scope atan f-num ber of f/D, then ideal sam pling of the fo cal plane im age at the Nyquist rate re quires that Dx
= 0.5 x (fl /D) [15][17]. Thereis no type of feed el e ment which is ca pa ble of be ing spaced this close while
stillilluminatingthetelescopeefficiently [15][18]. About the best which has been achieved in prac tice is Dx
= 1x(fl /D), and corrugated horns, for exam ple, which are very ef fi cient feed an ten nas, must be spaced at
about 2x(fl /D) [15]. The displacement (N) of the telescope beam on the sky, measured in Full Width Half
Maximum Power (FWHM) beamwidths is also related to Dx by N»Dx/1.2| (f/D) [16]. An array element
spacing of about 1.2x(fl /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.

Ifwe firstconsider the single-lens case, the indi vid ual el e ments placed near the fo cus of the lenswill radi ate
a beam which has an f-num ber of roughly 1.0, i.e. a 56 de gree FWHM beam width. Filipovic etal. [19] an &
lyzed this case and de rived the mini mum spacing possible. Toobtainaroughesti mate, weassumeaspacing

correspondingtoonebeamwidth, andfind Dx» | /\E' or 35mm for| o= 119nm. 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 obviouslyimpossi-
ble to place the IF amplifiers close to the antennas.

Themulti-lensconfiguration, ontheother hand, ismuchmoreflexi ble. Therel ativelysmal | (radiusR »
101 o) el liptical 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 incom ing sig nal are in jected through a quasi-op ti caldiplexer. The op tics thus
areunchangedfromoursingle-ele mentap proach. The beamwidthfromeach lensisap proximately given by
1.2 x1/(2R), and the lenses can be placed at a spac ing equal to their diam e ter (2R), i.e. Dx=2R. The f-num-
ber of the array elements will be approximately 2R/l (» 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
beamwidth. Theangularresolution(angularspacingbetweenadjacentpixels) willthusbe about equal to the
diffraction-limited beam width of the tele scope, which s typ i cal of the best res o lu tion obtainable for FPA

receivers as discussed above.
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FIG 4. A portion of an HEB THz focal plane array.



The FPA can not use the log-peri odic toothed an ten nas which we have em ployed so far sincethese are
un-necessarily large. The focal plane array system is also not likely to require the very wi de band width of
theseanten nas. Weinstead pro poseaslot-ringantennaasshownin FIG. 5 (adou ble-slot ant ennawould also
be possible). The slot-ring antennahasbeendemon stratedinafour-el ement ar ray for a35 GHz monopulse
radar [20] and also, for ex ample, in 94 GHz MMICreceivers[21]. Thisantennaislinearly polarizedandcan
receiveradi ationinei ther of twoper pendicular polarizations. Therearesev eral possi bleconfigurationstoex-
plore. FIG. 5 showsonesuchconfigurationinwhichthe LO and RFareinjectedinthesamepolarizationasin
our present singlelensreceiver. ThelFisex tracted through acoplanar wave guide ( CPW) from the point on
thering at whichthe THz fieldshaveanull. Itisim por tant to useair bridgesin or der to can cel theevenmode
on the CPW. In the above-mentioned monopulse radar project, the LO and signal wereinjectedinopposite
polarizationsthroughasimplewiregrid and two (reversed) Schottky bar rier mixer di odeswereplaced at the
45 de gree po si tionsacrossthe ring thusforming abal anced mixer. HEB de vices can not bereversed, as can
Schottky di odes, but one or two devices could be placed at the 45 de gree po si tionsand thiswould a | ow very
effi cientLOinjection(ideally with out any loss) throughawiregrid. Thesignal wouldalso beinjected with-
out loss, ideally. The RFim ped ance of the HEB de vice(s) would be ad justed in the usual way by vary ingits
(their) aspect ratiofor opti mumcouplingtothering. Dif fer enttypesof fil terscanbet ried onthelFlineinor-
der to prevent leak age of the RF and LO throughthe CPW. FIG. 5and FI G. 6 show dif fer ent ver sionsof this.

Theentiresili conchipwithantennasand NbN mixer deviceswould befabri catedinoneprocess. MMIC
HEMT am pli fier chips (size about 1 mm 2) would be integrated withthemix ersby in serting themin etched
wellsinthesil i consubstrate, and transmissionlinescould berouted onathinlayer of spun -ondielectric. FIG.
7 shows awide bandM M I Campli fierunder devel opmentincol laborationwith Chalmers Uni ver sity of Tech-
nol ogy [cour tesy of Her bert Zirath]. Theampli fierwill include(onchip) theap propri ateimped ancetransfor -
mationaswell asbiascir cuitry for the HEB de vices. A nomi nal band width of 4-8 GHz will be suit able for
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FIG 5. HEB device coupled to a slot ring antenna FIG 6. A different version of the slot ring an-
with coplanar waveguide output for the IF. tenna/HEB device.



many anticipated system applications. Anotherimportantconsider ationistomini mize the DC power con-
sumption of the MMIC amplifier.
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