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Abstract—In this paper, we present the development of the
waveguide Niobium Titanium Nitride (NbTiN) superconducting
hot electron bolometer (HEB) mixers, cryogenically cooled by a
4-K close-cycled refrigerator. The NbTiN thin film is formed on
a crystalline quartz substrate by sputtering an NbTi target with
the Ar and�� gas at room temperature. The HEB mixer element
is fabricated by using the 12 nm NbTiN film, and is mounted on
a waveguide block. Measurement of a Fourier transform spec-
trometer shows that the response of the mixer is centered near 810
GHz with a bandwidth of about 500 GHz. The uncorrected DSB
receiver noise temperature is measured to be 500 K, and the noise
bandwidth is to be 1.4 GHz at 810 GHz. The present result shows
that a good noise performance can be obtained for the NbTiN
HEB mixer even with a relatively thick film (12 nm) fabricated at
the room temperature.

Index Terms—Hot electron bolometer mixer, NbTiN film, Tera-
hertz.

I. INTRODUCTION

S UPERCONDUCTING hot electron bolometer (HEB)
mixers have matured as the most sensitive heterodyne

detectors in the frequency range from 1.5 to 6 THz [1]–[6],
where the performance of superconductor-insulator-super-
conductor (SIS) mixers degrades drastically owing to the
abrupt increase of the losses of superconducting films above
the energy gap ( 700 GHz for niobium, for example). The
superconducting HEB mixers show double-sideband (DSB)
receiver noise temperature approaching six times the quantum
limit and require the local oscillator (LO) power of
only a few tens of nanowatt. Therefore, they are employed
in astronomy and atmospheric science as sensitive detectors
for passive observations of faint signals in the THz region
[7]–[9]. In particular, state-of-the-art phonon-cooled HEB
mixers using a thin niobium nitride (NbN) film attract a great
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deal of attention because of their high sensitivity and broad
intermediate frequency (IF) bandwidth. However, the niobium
titanium nitride (NbTiN) HEB mixer is promising as well in the
THz region, because the NbTiN film has physical and chemical
properties similar to the NbN film. In contrast to the NbN film,
the NbTiN film can readily be fabricated on a quartz substrate,
and hence, it can be used for a waveguide mixer, which gives a
well-defined beam pattern. This is an important merit for astro-
nomical applications. For instance, Wiedner et al. has recently
observed the CO emission line (1.5 THz) with
the waveguide NbTiN HEB mixer receiver equipped on the
APEX telescope [10]. However, efforts and experiences have
still been limited for the NbTiN HEB mixers. We here present
the design, fabrication, and RF performance measurement of
our waveguide NbTiN HEB mixer in detail.

II. DEVICE FABRICATION AND DESIGN

The NbTiN thin film is deposited on a Z-cut crystalline quartz
substrate by reactive sputtering of an NbTi (weight ratio of

) alloy target with the gas at room tem-
perature. By using the RF plasma assisted sputtering system,
the NbTiN film can be deposited in a low pressure condition
(0.4 Pa), which would improve the quality of film. According
to Maezawa et al. [11], the characteristics of the NbTiN film
depend on the flow rate and the total pressure. The critical
temperature of the NbTiN thin film is sensitive to the flow
rate, whereas the stress of film relies on the total pressure. In-
deed, we find that a slight change in the flow rate sensitively
affects , particularly for thin film ( 10 nm). We carefully op-
timized the flow rate, and finally found the best value to be
0.94 sccm. The thickness dependence of for two cases of the

flow rate is shown in Fig. 1, as an example. The value
for the 5 nm film is 9.8 K at the best condition. In this case, the
resistance-temperature curve shows a smooth super-
conductive transition, as shown in Fig. 2. Since it is very dif-
ficult to measure the thickness of ultra thin NbTiN film with a
high accuracy, the film thickness is estimated as the product of
sputtering time and deposition rate. The NbTiN film thickness
is confirmed to be proportional to the sputtering time for films
with thickness of a few tens nanometer. Although our deposition
process is carried out at the room temperature unlike the other
groups [12], a good quality film which deserves fabrication of
the HEB mixers can be obtained.

In an HEB device fabrication, the NbTiN and Ti/Au layers
are successively deposited on the crystalline quartz substrate
without breaking vacuum. This is essential for ensuring a good
contact between the two layers without suffering from natural
oxidation of the NbTiN film surface. The active area of the HEB
mixer is defined by the electron beam lithography and the ICP
(inductively coupled plasma) RIE (reactive ion etching) system.
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Fig. 1. Thickness dependence of the critical temperature of the NbTiN film for
two cases of the � flow rate.

Fig. 2. Resistance-temperature curve of the 5 nm thick NbTiN film with the
� gas flow of 0.94 sccm.

A typical size of the microbridge structure is about 0.2 long
and 2 wide. In the present stage, we employ a rather thick
NbTiN film of 12 nm for easy fabrication. The fabricated HEB
mixer has a normal state resistance of 25 , a critical current of
higher than 500 at 4.2 K, and the critical temperature of 9.8
K. Fig. 3 shows a SEM micrograph of an example of our HEB
mixers.

The configurations of the NbTiN HEB mixer chip are de-
signed with the aid of the High Frequency Structure Simulator
(HFSS) software. For the 810 GHz mixer, the waveguide with
304- width and 105- height is chosen to cover the fre-
quency range of 780–950 GHz. The mixer’s RF choke filter is
designed on the basis of a 95- -wide and 44- -thick quartz
substrate , which is accommodated in a slot of
105- square. In the HFSS calculation, we take into account
of the real microbridge structure (0.2 long by 2 wide)
as the device’s feed point. Embedding impedance of the mixer
looked at the feed point is calculated by HFSS as

(1)

Fig. 3. SEM micrograph of a waveguide NbTiN HEB mixer.

Fig. 4. Embedding impedance as a function of frequency, simulated for the 810
GHz NbTiN waveguide HEB mixer.

where is the computed complex reflection coefficient at the
feed point and stands for port impedance. The calculated
embedding impedance is plotted in Fig. 4, which shows a good
RF impedance matching between the RF circuit and the NbTiN
HEB mixer.

To confirm the design of RF coupling circuit, the spectral
response of the NbTiN HEB mixer has been measured with a
Fourier transform spectrometer (FTS) by using the mixer ele-
ment as a direct detector. For this purpose, the mixer is oper-
ated at an elevated bath temperature close to the critical tem-
perature without introducing LO power. The mixer shows a re-
sponse centered near 810 GHz with the bandwidth of about 500
GHz (Fig. 5), which confirms a good RF coupling.

III. MEASUREMENT SETUP

The layout of the measurement setup is shown in Fig. 6. The
HEB mixer chip is housed in a waveguide mixer block, which
is mounted on a cold plate of a GM two-stage 4-K close-cy-
cled refrigerator. A Gunn oscillator, operating at 90 GHz, fol-
lowed by two frequency triplers, provides the LO power at a
frequency of 810 GHz. The blackbody radiation from a slab of
Eccosorb at 295 K (hot load) and 77 K (cold load) is used as an
RF signal. The LO signal is collimated with a parabolic mirror,
and is further combined with the RF signal by a beamsplitter.
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Fig. 5. Spectral response of the HEB mixer as measured by an FTS in direct
detection mode. Note that the standing wave caused between the FTS and the
4-K cryostat can be seen in the spectrum. A dip around 1 THz may be due to
the water absorption.

Fig. 6. Schematic of measurement setup.

The combined signal passes through a parabolic mirror, a 7.5
thick Kapton vacuum window, and two Zitex G106 infrared

filters mounted on the 50 K shield, and is finally focused into the
diagonal horn of the mixer block by a parabolic mirror on the
4-K cold plate of the cryostat.

The IF output signal with the frequency range of 0.9–1.3 GHz
goes through a bias-tee and an isolator to the cryogenic ampli-
fier, and it is further amplified by a room-temperature amplifier
chain. The latter consists of two amplifiers and a band pass filter.
The IF power is finally measured by a square-law detector. The
band pass filter has a bandwidth of 200 MHz at the center fre-
quency of 1.1 GHz. The entire IF chain has a gain of 87 dB and
a noise temperature of 9.5 K.

IV. RESULTS AND DISCUSSIONS

We have used the conventional Y-factor method to measure
the noise performance of the waveguide NbTiN supercon-
ducting HEB mixer. Fig. 7 shows the measured IF output
powers corresponding to the hot and cold loads as a function of
the bias voltage at optimum LO pumping level. The minimum
receiver noise temperature of 500 K is obtained at 810 GHz

Fig. 7. Current-voltage curves of HEB mixer with and without LO at 810 GHz,
and receiver IF output powers � (hot) and � (cold) corresponding to the
hot (295 K) and cold (77 K) loads respectively as a function of bias voltage at
optimum LO pumping level. The maximum Y-factor �� ������� ����	��
is 1.38, which corresponds to the receiver noise temperature of 500 K.

Fig. 8. Measured receiver noise temperature and conversion gain. The mixer
noise temperature and gain are obtained after correcting the losses of the quasi-
optical path and the IF amplifier chain.

with the bias voltage and current of 0.8 mV and 93 , re-
spectively. This is comparable to the results of the other groups
published previously [13]. Even at 650 GHz, the receiver
noise temperature is 640 K, being consistent with a wideband
response of the mixer (Fig. 5).

In summary, We have also measured the DSB receiver con-
version gain of the waveguide NbTiN superconducting HEB
mixer using a U-factor technique [14], as shown in Fig. 8. The
HEB mixer gain is obtained after correcting the losses in the
quasi-optical path and the IF amplifier chain. Since the band-
width of IF amplifier chain is 0.9–1.3 GHz, the accurate receiver
and mixer gains cannot be obtained below 0.9 GHz. The IF gain
bandwidth of the mixer is supposed to be around 1.2 GHz, and
the measured receiver noise bandwidth is about 1.4 GHz. we
have successfully fabricated and characterized terahertz super-
conducting NbTiN HEB mixers. An uncorrected DSB receiver
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noise temperature is measured to be 500 K at 810 GHz, and the
calibrated mixer noise temperature is 260 K after the correction
of the losses of quasi-optical path and IF amplifier chain. The
measured noise bandwidth is about 1.4 GHz, and the IF gain
bandwidth is about 1.2 GHz. Although our mixer employs a rel-
atively thick NbTiN film (12 nm) deposited at the room temper-
ature, the performance obtained is comparable to those reported
previously.

In particular, it seems worth stressing that the above perfor-
mance is obtained with the 12 nm film which is thicker than
those used by other groups (a few nm) for the phonon-cooled
mixers. It is well known that the phonon-cooling is less effective
for a thicker film [15], [16]. In fact, the escape time of phonons
into substrate is longer than the phonon-electron interac-
tion time for a 12 nm thick film, giving unfavorable con-
dition as HEB mixers. Considering our HEB mixer fabrication
employs an in-situ deposition of the NbTiN film and the Ti/Au
electrodes, the good contact between the NbTiN and Au films
should be realized. Because of this reason, the diffusion-cooling
mechanism may also work to some extent in addition to the
phonon-cooling mechanism, which helps to improve the perfor-
mance [17]. Further experiments for the different-sized mixers
are needed to confirm it.

ACKNOWLEDGMENT

The authors thank Dr. Hiroshi Matsuo for allowing them to
use his Fourier transform spectrometer.

REFERENCES

[1] E. M. Gershenzon, G. N. Golt’sman, I. G. Gogidze, A. I. Eliantev, B.
S. Karasik, and A. D. Semenov, “Millimeter and submillimeter range
mixer based on electron heating of superconducting films in the resis-
tive state,” Sov. Phys. Supercond., vol. 3, p. 1582, 1990.

[2] A. D. Semenov, H.-W. Hübers, J. Schubert, G. N. Golt’sman, A. I.
Elantiev, B. M. Voronov, and E. M. Gershenzon, “Design and per-
formance of the lattice-cooled hot-electron terahertz mixer,” J. Appl.
Phys., vol. 88, no. 11, pp. 6758–6767, 2000.

[3] S. Cherednichenko, P. Khosropanah, E. Kollberg, M. Kroug, and H.
Merkel, “Terahertz superconducting hot-electron bolometer mixers,”
Physica C, vol. 372–376, pp. 407–415, 2002.

[4] J. J. A. Baselmans, M. Hajenius, J. R. Gao, T. M. Klapwijk, P. A.
J. de Korte, B. Voronov, and G. Gol’tsman, “Doubling of sensitivity
and bandwidth in phonon cooled hot electron bolometer mixers,” Appl.
Phys. Lett., vol. 84, no. 11, pp. 1958–1960, 2004.

[5] W. Zhang, P. Khosropanah, J. N. Hovenier, J. R. Gao, T. Bansal,
M. Hajenius, T. M. Klapwijk, M. I. Amanti, G. Scalari, and J. Faist,
“Demonstration of a heterodyne receiver for detection of OH line at
3.5 THz based on a superconducting HEB mixer and a distributed
feedback quantum cascade laser,” in 19th International Symposium
on Space Terahertz Technology, Groningen, The Netherlands, April
28–30, 2008.

[6] P. Khosropanah, J. R. Gao, W. M. Laauwen, M. Hajenius, and T. M.
Klapwijk, “Low noise NbN hot electron bolometer mixer at 4.3 THz,”
Appl. Phys. Lett., vol. 91, p. 221111, 2007.

[7] G. L. Pilbratt, “Herschel mission overview and key programmes,”
in 19th International Symposium on Space Terahertz Technology,
Groningen, The Netherlands, April 28–30, 2008.

[8] E. Becklin, “Stratospheric observatory for infrared astronomy,” in 19th
International Symposium on Space Terahertz Technology, Groningen,
The Netherlands, April 28–30, 2008.

[9] D. Meledin, V. Desmaris, S.-E. Ferm, M. Fredrixon, D. Henke, I.
Lapkin, O. Nyström, A. Pavolotsky, M. Strandberg, R. Sundin, and
V. Belitsky, “APEX band T2 1.25–1.39 THz waveguide balanced
HEB receiver,” in 19th International Symposium on Space Terahertz
Technology, Groningen, The Netherlands, April 28–30, 2008.

[10] M. C. Wiedner, G. Wieching, F. Bielau, K. Rettenbacher, N. H. Vol-
genau, M. Emprechtinger, U. U. Graf, C. E. Honingh, K. Jacobs, B.
Vowinkel, K. M. Menten, L.-A. Nyman, R. Gusten, S. Philipp, D. Ra-
banus, J. Stutzki, and F. Wyrowski, “First observations with CONDOR,
a 1.5 THz heterodyne receiver,” Astronomy and Astrophysics, vol. 454,
pp. L33–L36, 2006.

[11] H. Maezawa, T. Sato, and T. Noguchi, “Process simulation of reactive
DC magnetron sputtering for thin film deposition of niobium-titanium
nitride,” IEEE Trans. Appl. Supercond., vol. 15, pp. 3520–3523, 2005.

[12] S. Bedorf, P. Munoz, M. Brandt, P. Pütz, N. Honingh, and K. Jacobs,
“Development of phonon-cooled NbTiN HEB heterodyne mixers for
THz applications,” in Joint 29th International Conference on Infrared
and Millimeter Waves and 12th International Conference on Terahertz
Electronics, 2004, pp. 455–456.

[13] E. D. Loudkov, C.-Y. E. Tong, R. Blundell, K. G. Megerian, and J.
A. Stern, “Performance of the NbTiN hot electron bolometer mixer
with AlN buffer layer at terahertz frequency range,” IEEE Trans. Appl.
Supercond., vol. 15, no. 2, pp. 476–479, 2005.

[14] L. Jiang, W. Miao, W. Zhang, N. Li, Z. H. Lin, Q. J. Yao, S.-C. Shi,
S. I. Svechnikov, Y. B. Vakhtomin, S. V. Antipov, B. M. Voronov, N.
S. Kaurova, and G. N. Gol’tsman, “Characterization of a quasi-optical
NbN superconducting HEB mixer,” IEEE Trans. Microwave Theory
Tech., vol. 54, no. 7, pp. 2944–2948, 2006.

[15] H. Ekström, B. S. Karasik, E. L. Kollberg, and K. S. Yngvesson,
“Conversion gain and noise of niobium superconducting hot-elec-
tron-mixers,” IEEE Trans. Microwave Theory Tech., vol. 43, no. 4, pp.
938–947, 1995.

[16] K. H. Gundlach and M. Schicke, “SIS and bolometer mixers for tera-
hertz frequencies,” Supercond. Sci. Technol., vol. 13, pp. R 171–R 187,
2000.

[17] G. N. Golt’sman, N. S. Kaurova, S. A. Ryabchun, I. V. Tretyakov, M.
I. Finkel, S. N. Maslennikov, and B. M. Voronov, “Fabrication and
characterization of NbN HEB mixers with in situ gold contacts,” in 19th
International Symposium on Space Terahertz Technology, Groningen,
The Netherlands, April 28–30, 2008.

Authorized licensed use limited to: RAMAN RESEARCH INSTITUTE (RRI). Downloaded on August 7, 2009 at 05:25 from IEEE Xplore.  Restrictions apply. 


