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Development of Phonon-Cooled NbTIN HEB
Heterodyne Mixers for GREAT

S. Bedorf, P. Miéoz, T. Tils, C. E. Honingh and K. Jacobs

Abstract—The current development status of Niobium-
Titanium Nitride (NbTiN) HEB mixers, for example for the
GREAT receiver on SOFIA, is presented for both waveguide
and quasi-optical mixers for 0.8, 1.9 and 2.7 THz LO frequency.
For the waveguide mixers at 0.8 and 1.9 THz the HEBs are made | e
on 2um thick silicon nitride membranes which are suspended in g
a substrate channel perpendicular to the waveguide.

For the quasi-optical mixer at 2.7 THz the devices are fabri-
cated on Si-substrates and are integrated into spiral- and double-
slot antennas and used with an extended hemispherical silicon
lens. Our measurements show that the waveguide/membrane 40+
mixers work well at both 800 GHz and 1.9 THz.

To increase the required IF bandwidth we are developing thin 204
NbN films. The first results of the NbN thin film development
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I. INTRODUCTION

() URRENTLY, siate-of the-at phoran-cooled HEBs arfd, . Resistance veraus temperature curves of two devices with and ithout
usually made of Niobium Nitride (NbN) thin films, but

results at 800 GHz [1] and above 1 THz [2] have shown that

Niobium Titanium Nitride (NbTiN) can be used as well. The The sypstrate is heated to 6D during deposition. The
physical and chemical properties of NbTiN and NbN thin filmgehosition process is optimized to yield a critical temperature
are closely related and quite similar. Recently it was showpc of 8-8.5 K for 4-5 nm films. The film has a normal-state
experimentally that the response of a phonon-cooled HEBsjstance of approximately 3@ per square. The active area
depends strongly on the nature of the contact from the actiyine HEB is defined by electron beam lithography to form
superconductor to the Au-leads. By cleaning this interface aHdmicrobridge about 0.4m long and 2um wide.

by inS(_erting a thin superconducting layer, an increase in l,FThe nature of the contacts determines the interface trans-
bandwidth and a reduced level of LO power was observed ﬁ'&rency between the bolometer and the contact structure.

[3]. . . . . Cleaning the interface leads to a better control over the
We have investigated the influence of different Cleai'ﬁterface

processes and contact pad materials on the DC characteristic§he cleaning process consists of an oxygen plasma etching

of NDbTIN HEBs. Also, we present RF measurements %ftep, followed by an argon physical plasma etching step.

de¥ices which rf1av§ beedn fgbricated using thiz qpprrc])_ach. To restore the superconducting film properties that might be
wo types of mixer designs are presented in this Worlge o by the cleaning process, a NbTiN layer (10 nm) is

a _qua5|-opt|_cal Mixer b"?‘sed on an e>_<tend_ed hem'Spher'ﬁﬂébosited on top of the contact area. The result is shown in
silicon Ien_s mtegrated with a Iogarlthm_lc Sp'_r?" ante_nr_1a e resistance versus temperature (RT) curve in Figure 1.
?ne%ag;%ﬂgiv;?éﬁe;r:iiizeﬁgeﬁr?n g]lé:jbss’tlrlzznchn;:f; Two different _supercondycting transitions are obsgr.ved, one
" due to the NbTIN bridge itself and the lower transition due
to the interface between the pads and the NDbTIN bridge.
[4]. The parts of the bridge close to the contact pads show
Both kinds of mixers are based on 4-5 nm thin NbTiN reduction of the critical temperaturg, associated with
films which are deposited on high resistivity silicon substrates superconducting proximity effect, which is influenced by
for the quasi-optical design and a;Bi, membranes for the the interface transparency. Devices with additional cleaning
waveguide design by DC reactive magnetron sputtering usisijow a larger resistance at the lower transition. A higher
a Nbygo, Tinoy, alloy sputtering-target in a mixture of Ar andvalue of the resistance at the lower transition is caused by
No. a larger proximity effect and therefore indicates a better
_ _ _ _interface transparency. A better interface transparency gives
S. Bedorf, P. Moz, T. Tils, C. E. Honingh and K. Jacobs are with . A
KOSMA, |. Physikalisches Institut, Univergit zu KoIn, Zllpicher Str. 77, less RF losses and could improve the HEB sensitivity and LO
50937 K5In, email: bedorf@ph1.uni-koeln.de requirement. This is indeed observed for NbN HEB devices.
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Fig. 2. Resistance versus nominal bridge dimension (in number of squarg)- 3. 1.9 THz bolometer mixer with 0.4 x Am NbTiN HEB device.
for devices with and without additional cleaning The horn antenna is removed and the device metallization is seen through the
backside of the transparent/2SiN membrane

HEB devices with different lengths have been fabricated to ,,,
investigate more precisely the influence of cleaning the inter-
face. Figure 2 shows the nominal bridge dimension in number "]
of squares versus the resistance for HEB devices with and .,
without additional cleaning. The dashed line is a linear fit to< S
the resistance values for the devices with additional cleaning; **°
Devices with additional cleaning show very little deviation $ oo /
from the linear behavior, while devices without additional 4 N S
cleaning show a significant deviation from the linear scalinge ]
which is attributed to an uncontrolled contact resistance. Theé 2w
contact resistance for HEB devices with additional cleaning is
7, indicated by the y-axis intercept of the linear fit. Devices e
with an additional cleaning of the interface show a much better o

T . . 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
reproducibility in the values of the normal state resistance. IF [MHz]

—@— quasi-optical HEB mixer

—0— waveguide HEB mixer

N

Ill. RF MEASUREMENTS Fig. 4. Noise temperature versus IF at 800 GHz for waveguide and quasi-

All devices used for the RF measurements are devices witical NbTIN HEB mixer
an additional cleaning of the interface as described above. For
the waveguide mixer, the membrane with the HEB is flip-
chip bonded to a silicon frame. This frame is subsequenfi§mperature at 800 GHz LO frequency versus IF frequency for
mounted in a standard fixed tuned waveguide mixer blodRoth mixer types. The device size of HEB used for the quasi-
Figure 3 shows the inner part of the waveguide 1.9 THz HE@Ptical is 2.8 x 0.5um and 4.5 x 0.3%um for the waveguide
mixer. mixer. The noise bandwidth is found to be approximately

For the quasi-optical mixer the substrate with the HEB dd-5 GHz for both mixers. As the devices are very similar, the
vice is clamped onto the flat side of an extended hemispheriégfson for the decreased sensitivity is a yet unknown coupling
silicon lens. loss.

The noise performance of the mixers was measured atVe have used a Fourier Transform Spectrometer (FTS) to
800 GHz. The uncorrected receiver noiBg,. as a function measure the spectral response of the 1.9 THz waveguide mixer.
of the intermediate frequency (IF) is measured using the figure 5 the FTS measurement is shown and compared to
standard Y-factor method. The local oscillator (LO) sourcgmulated data. The simulation is done in CST Microwave
for 800 GHz is a solid state LO with an output power of maxStudio [5]. From the calculated impedance versus frequency
30 4W. The signal and the LO radiation are superimposed I§e coupling factor is obtained by matching the impedance
a 50 um Mylar beamsplitter (44% reflection) for the quasidata to the normal state resistance of this specific device, in
optical mixer and 13:m (8.8% reflection) Mylar beamsplitter this case 342.
for the waveguide mixer. For the measurement the optical path is evacuated to approx.

The lowest measured DSB receiver noise-temperaturelisnbar. The measured bandwidth is smaller than the predicted
T..c = 650 K for waveguide mixer. The quasi-optical mixeone. The drop of the coupling factor at 1.6 THz is probably
shows a higher receiver noise temperaturel'gf. = 3000 K a feature of the measurement setup. The simulated bandpass
at 800 GHz. Figure 4 shows the measured receiver nois@respond fairly well to the measurement.
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10 . : 10 our first time to pump the 1.9 THz waveguide mixer using a
BWO with a frequency tripler. Form Figure 7 we see that it is
possible to pump the device almost to normal state resistance,
demonstrating the possibility to use the BWO with frequency
tripler as LO source for the GREAT receiver.
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Fig. 5. Spectral response of the 1.9 THz waveguide HEB mixer measured

by FTS in direct detection mode as function of frequency. The dashed line | : :E&upzzie/xf\zve |
indicates the simulation. /
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160 - — Fig. 7. The I-V curves of the 1.9 THz waveguide HEB mixer with and
o a without LO power at 1.9 THz using a BWO with a frequency tripler.
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§ " Biks valiage range g IV. NBN HEB MIXERS
for T _=2000K a . .
60 N 5 The NDbTIN HEBs fabricated for GREAT show a rather
o ] limited noise bandwidth of about 1.5 GHz. The HEB devices
[T . . .
- fabricated on thin SN, membranes do not show a different IF
or | ] noise bandwidth than the devices fabricated on much thicker
oo 0z o4 o6 o8 10 1z 14 1o Si wafers. That indicates that the cooling mechanism to the
Bias Voltage [mV] substrate of the waveguide mixer is not the limiting factor

for the IF bandwidth of these mixers. An experiment in
Fig. 6. _tEqucr)ent-voltagel(;\é) TC#rveT ﬁf t:; Bl-é? THz NbTiN gvzver%uidA? HEEcollaboration with Delft University of Technology, Physics of
;T:)SS\;nV\i”s the Ilfgvl;lt%ru?tpo.wer in féspoense to h(ca)\t”z:z(_:‘ggli‘)3 :nd .co)lid (.77lf)oloa<[1\éanOE|eCtromcs (R. Bgrends) _mdlcated an, intrinsically slower
placed at the receiver input. electron-phononr._,;, interaction for NbTiN compared to
NbN. Even though the actual IF bandwidth of the NbTiN HEB
devices could only be measured with an appropriate IF system,
First experiments of a 1.9 THz waveguide HEB mixer werthe results of this work show that NbTiN is potentially inferior
performed at 1.75 THz using a FIR laser as LO sourci# bandwidth to NbN. To increase the IF bandwidth for the
The CQ laser is tuned on a 9P36 line and pumps th@REAT HEB mixers, 3-4 nm thin NbN films, fabricated at
methanol line at 170.5%m wavelength. The current-voltageKOSMA, will be used for the next generation of our HEB
(IV) characteristic of the 0.4 x 4m device with LO power mixers.
at 1.75 THz is shown in Figure 6. Also shown in Figure The thin NbN films are deposited onto 35@m high
6 is the receiver output in response to hot and cold loadssistivity Si substrates. The NbN films are deposited by DC
The optimal sensitivity is achieved at a bias voltage of 0.5magnetron sputtering in a AriNatmosphere. For the thin films
0.7 mV and a bias current of roughly 11L@. The uncorrected a low sputtering rate of 2-B/s is desired. Therefore, a small
measured noise temperature at this bias point is about 2000ckKnstant current of 0.3 A is used.
A beam splitter with 29% reflection loss was used which addsFigure 8 shows the resistance versus temperature (RT)
substantially to the mixer noise. curves for 4 and 5 nm thin NbN films on high-resistivity
For the GREAT receiver the 1.9 THz waveguide mixer wilSi. The 4 nm thin films which will be used for the HEB
be pumped using a BWO with a frequency tripler as LQlevice fabrication have a critical temperatire = 8.7 K and
The estimated LO power of the BWO with the frequencsy transition width ofAT, = 1.7 K. The surface resistance of
tripler is max. 2.4uW. A Martin-Puplett-Interferometer wasthe 4 nm thin films is about 80Q. The deposition rate is &
used to superimpose the LO and the signal radiation. Figyrer second.
7 shows the current-voltage characteristics of the 1.9 THzTo deposit 4 nm thin NbN films with these characteristics,
waveguide HEB mixer with and without LO power. This issubstrate heating is essential. Substrate heating is achieved by
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using a PBN/Pyrolytic (PG) resistance heating element with .,
an operating temperature up to 1800 104

The influence of heating the substrate during deposition ]
on the superconducting properties of 5 nm thin NbN films ]
is shown in Figure 9. Heating the substrate up to °€D0
significantly increases the critical temperatdrg from 8.1 K
at ambient temperature to 9.4 K. The transition widtf',
becomes slightly smaller.

In order to verify the uniformity of the critical temperature
T, across the wafer, a 30 x 30 mm wafer was cut into three 10 *°1
x 30 mm pieces after the deposition. The critical temperature °*]
was measured at distances of 5 mm across the wafer slice] .
to get an indication of the large-scale critical temperature °° T - 5 T ;A T i
distribution across the wafer. Figure 10 shows the resistance Temperature [K]
versus temperature diagram of the 5 different position on the
center part of a split wafer. The NbN film is about 4 nm thickrig. 9. R(T) curves for 5 nm ultrathin NbN films on Si-substrates for different
The identifiers A2-A6 and B6-B7 indicate contact positions ofgmperatures during deposition.
the wafer in 5 mm distance, respectively. Although the critical
temperaturel’. of the wafer is lower than the expectéd
for a 4 nm thin NbN film, figure 10 clearly shows that the
critical temperature and the resistance ratigyfR,, remains 1000.]
constant, indicating that the film thickness is very uniform ]
across the 10 x 30 mm wafer. The resistance in this diagram ]
varies because the four-point probe distance was different fog, ]
each measurement point. 8
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0 | | | | | | | The first heterodyne measurements of the 1.9 THz
6 8 10 12 14 1 18 20 waveguide GREAT HEB receiver based on NbTiN showed
Temperature [K] an uncorrected receiver noise temperaturd'gf. ~ 2000 K
using a FIR laser as LO source. It is also possible to pump the
Fig.h§3.h Re_sis_te_lnce_versus temperature curves of 4 and 5 nm thin NbN fiIT_sQ THz HEB mixer using a BWO with a frequency tripler.
on high-resistivity Si. Receiver noise temperature measurements using the BWO will
follow.
To increase the required IF bandwidth of the GREAT HEB
V. CONCLUSION mixers we are developing thin NbN films. The first results

We have demonstrated receiver noise temperature of 6¥o4 nm thin NbN films on high-resistivity Si show a critical
K and 3000 K at 800 GHz for waveguide on suspendd@mperature ofl'. = 8.7 K and a sheet resistance Bf; ~
Si;N, membrane and quasi-optical mixers respectively. The fif0£2. The large-scale critical temperature distribution is very
noise bandwidth is 1.5 GHz for both mixers. The comparab@iform across the wafer. The next batch of our HEB devices
IF-bandwidth for Si and $N, substrates indicates that thevill be fabricated based on 4 nm thin NbN on Si angNi.
present IF bandwidth is dominated by intrinsic NbTiN film
parameters. The additional cleaning of the interface did not
improve the noise temperature or the IF bandwidth compared
to previous HEB batches fabricated without additional clean- This development has been supported by the Deutsche
ing. Cleaning the interface area however shows a much bef@rschungsgemeinschaft (grant Sonderforschungsbereich SFB
reproducibility of the normal state resistance. 494).
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