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Reduced Noise Temperatures of a THz
NbN Hot Electron Bolometer Mixer

Behnam Mirzaei”, Jose R. G. Silva

, Willem-Jan Vreeling, Wouter M. Laauwen, Dingding Ren ",

and Jian-Rong Gao

Abstract—In this article, we measure the double sideband (DSB)
receiver noise temperature (T>5®) of an NbN hot electron bolome-
ter (HEB) mixer at three local oscillator frequencies of 1.6, 2.5,
and 5.3 THz. The HEB has cleaned contact interfaces with a
200-nm-thick Au layer. The measured T'°5® values are 530 & 11 K,
640 £ 18 K, and 2190 +150 K at 1.6, 2.5, and 5.3 THz, respectively,
using an air setup with total optical losses of 2.60 + 0.04, 2.63 +
0.16, and 4.70 4 0.24 dB, respectively. We derived low mixer noise
temperatures (T2S8 ) of 240 & 6 K at 1.6 THz and 290 + 13 K at
2.5 THz, achieving over 30% improvement compared to published
NbN HEB mixers. This enhancement can reduce the integration
time of a heterodyne instrument by roughly a factor of 2. At 5.3
THz, TPS® is 620 + 55 K, showing limited improvement due to
nonoptimized antenna geometry. These results also contribute to
understanding the device physics of a wide HEB (4 pom) at high
frequencies. The mixer was developed for the proposed Orbiting
Astronomical Satellite for Investigating Stellar Systems and Single

Aperture Large Telescope for Universe Studies (concept) missions.

Index Terms—Hot electron bolometer (HEB) mixer, low noise,
NbN, spiral antenna, terahertz.

1. INTRODUCTION

OT electron bolometer (HEB) mixers based on a thin

NbN superconducting bridge are, so far, the most sen-
sitive heterodyne detectors for high-spectral-resolution (>10°)
spectroscopy in astronomical observations within the frequency
range of 1-6 THz. Due to water vapor absorption in the at-
mosphere, such observations can only be realized through air-,
balloon-, and space-borne observatories. NbN HEBs have been
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flown, for example, on HIFI-Herschel [ 1], SOFIA [2], STO2 [3],
GUSTO [4], and ASTHROS (to be flown) [5]. They are also the
choice for far-infrared spectroscopic surveyor (or line emission
terahertz observatory (LETO)) [6], Orbiting Astronomical Satel-
lite for Investigating Stellar System (OASIS) [7], and Single
Aperture Large Telescope for Universe Studies (SALTUS) [8]
space missions, proposed to the European Space Agency or Na-
tional Aeronautics and Space Administration (NASA). Notably,
due to the limited lifetime of a space mission, a low mixer noise
temperature (7258 ) is highly desirable to optimize observation
time as the integration time of the heterodyne instruments is
proportional to the square of the receiver noise temperature
[(TDSB),  which is the sensitivity of a mixer including the
contribution from all the optical components] [9].

Many years of research and development at various research
groups in the world have been devoted to realizing, under-
standing, and improving low-noise NbN HEBs [10], [11], [12].
Here, we only quote the sensitivities for one frequency, namely,
TDSB measured at 1.6 THz or extrapolated to this frequency,
which is, for example, 750 K from HIFI [1], 690 K from STO2
[13], and 760 K from GUSTO [14]. T.2SB has not been reduced
in the past decade. The HEBs for STO2 [13] and GUSTO
[14] were fabricated at TU Delft/SRON, using contacts with
a superconducting interlayer of either NbTiN [15] or Nb [16]
between thin Au and ultrathin NbN layers. This interlayer helps
mitigate the proximity effect, maintaining the superconductivity
of the NbN underneath the Au and preventing the reduction of
the critical temperature (7.) of the NbN bridge. However, the
interlayer may introduce side effects, such as RF loss, which can
impact T2SB .

The development of Au contacts for NbN HEBs, with efforts
to improve interface quality, has been reported in [17] and [18].
In [17], thin Au contacts (15 nm) were created using an in situ
process, where the Au layer was sputter deposited immediately
after the growth of the NbN film, without breaking the vacuum.
This work reported a minimal 7258 of 600 K at 2.5 THz; how-
ever, a detailed breakdown of the different noise contributions
was not provided. Furthermore, it remains unclear if the in situ
process results in a highly transparent interface between Au and
NbN, as the interface quality depends on factors such as the
vacuum conditions, the waiting time before Au deposition, and
the presence or absence of an adhesion layer.

The approach in [18] differs by using Ar" plasma to clean
the surface of the NbN film in the contact areas, followed by the
in situ evaporation of a thick Au layer (200 nm) with a thin Ti
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adhesion layer. These HEBs demonstrated a minimal 7258 of
780 K at 2.5 THz. The critical step in this process is determining
the amount of surface material of the NbN that should be etched
away.

Here, we present the results of a new NbN HEB mixer with
contacts that were ArT cleaned and in situ evaporated with a
thick Au layer, following a method like in [18]. We demonstrate
that T2SB improves by roughly 30% at 1.6 and 2.5 THz com-
pared to our previously reported results for HEBs using Au/Nb
(or NbTiN) superconducting contacts. We measured 7258 and
receiver conversion loss (LR5B) at three frequencies: 1.6, 2.5,
and 5.3 THz, and determined TS and the mixer conversion
loss (LDSB ). The last two provide valuable and crucial data
for the practical application of HEBs in observatories and for
understanding their ultimate heterodyne performance.

The aim of this study is also to demonstrate sensitive HEB
mixers for the SALTUS mission [8], which requires three arrays
of HEBs operating in distinct frequency ranges: the 1-2 THz
band for various molecules, such as HyO lines; a single fre-
quency of 2.67 THz for the HD (1-0) line; and a single frequency

of 5.33 THz for the HD (2-1) line.

II. HEB GEOMETRY AND FABRICATION

The antenna used in [19] and in GUSTO [20] was modified to
accommodate the bridge, which is twice as wide at its center. The
log spiral (defined by R = R exp (. ¢), where R is the distance
from the center, R is the inner radius, and ¢ is the azimuthal an-
gle) was adapted and optimized in COMSOL with the following
parameters for optimal coupling to the lower frequencies: Ry =4
pm and o = 0.39. The device was fabricated on a 380-pm-thick
highly resistive silicon wafer covered with an approximately
5-nm sputtered NbN film! with a 7. of 9.9 & 0.1 K.

The HEB under study, labeled as “OASIS BM2 7B,” has a
0.4-pum-long and 4-pm-wide NbN bridge, with a normal state
resistance (Ry) of 79 Q and a T, of 8.8 4= 0.1 K, embedded in
the center of a spiral antenna. We chose the larger size instead
of the typical size of a 0.2 um x 2 pym NbN bridge, as used in
[19] and [20], due to the strong lateral proximity effect caused
by the contacts, which will be discussed further. Our fabrication
method may bring 7, to a lower value, which can affect the
local oscillator (LO) power and the operating temperature. We
aim for an LO power of around 200 nW, which is desirable for
receiver stability and the availability of power from existing LO
sources. In addition, we expect wider HEBs to show a lower
contact resistance, which could lead to an RF loss.

The spiral antenna, including contact structures, was patterned
by the evaporation of a 200-nm-thick Au layer on the NbN
film, followed by a liftoff process. The base pressure before
the evaporation was 2 x 107® mbar. A crucial step involved
properly performing in situ Ar™ milling (cleaning) of the film
prior to Au evaporation to ensure that the Au/NbN interface
was as transparent as possible. The optimal milling parameters
were determined by extensive pretests on a similar NbN film.
Specifically, the milling beam voltage was 350 V, the beam

IThe NbN film on Si was provided by Terahertz and Infrared Photonics,
Moscow, Russia. We measured the thickness to be 5 nm using high-resolution
transmission electron microscopy although the nominal thickness was 3.5 nm.
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Fig. 1. Resistance versus temperature around the superconducting transition
of a400 nm (length) x 4 pm (width) NbN HEB with cleaned Au/NbN contacts,
where the Au is 200 nm thick and forms the spiral antenna. The measurement
was conducted using a 1-pA current. Inset: optical micrograph of the device,
showing the spiral arms around the NbN bridge.

current was 38 mA, the acceleration voltage was 600 V, and
the discharge voltage was 30 V. The sample rotated at 10 r/min,
and the etching duration was 50 s. This process etched the native
oxide (assumed) and about 8% of the NbN film, corresponding
to approximately 0.4 nm, which was monitored by the change
in the sheet resistance of the film.

In contrast to the method of adding a superconducting inter-
layer (e.g., Nb or NbTiN) between the Au contacts and NbN
[15], [16], as used for GUSTO’s detectors, we directly deposit a
200-nm-thick Au layer with a 5-nm-thick Ti adhesion layer on
the cleaned NbN, which is expected to provide better contacts
and thus reduce the loss of the RF current from the antenna to
the NbN bridge. Moreover, this approach reduces the number
of fabrication steps, making the fabrication more reliable and
reproducible.

In the next step, a submicrometer NbN bridge area is masked
using a negative E-beam resist, followed by reactive ion etching
of the rest of the surface until the remaining bare NbN is fully
removed. An optical micrograph of the detector is shown in the
inset of Fig. 1.

We measured the resistance versus temperature (R-7) of eight
HEBs with lengths varying from 200 to 450 nm. As shown
in Fig. 1, a T, of 8.8 £ 0.1 K for the 400-nm-long HEB was
typically found, which is about 1 K lower than the T, of the
original film. Furthermore, from the single transition feature in
the R-T curve and the nonzero resistance at 4 K, the contact
regions of Au/NbN become fully normal, confirmed through
a dedicated test structure (not shown). We also found a T, as
low as 8.2 4+ 0.1 K from an HEB with a 200-nm-long bridge.
This confirms that a (lateral) proximity effect, together with
charge conversion resistance at normal-metal-superconductor
interfaces [12], has been induced in the superconducting NbN
bridge from the thick Au contacts, weakening its supercon-
ductivity. This also suggests a transparent (or clean) interface
between Au and NbN in the contacts. In contrast, Tretyakov
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et al. [17] reported that a 100-nm-long HEB still has a 7. of 9
K. Thus, we observed a stronger suppression of 7. than in [17].

III. EXPERIMENTAL SETUP

We applied a heterodyne measurement setup in air to measure
receiver noise temperature, which is very similar to the setup
reported in [14] and [21]. Specifically, a far-infrared (FIR) gas
laser generates the LO signal at three frequencies: 1.63,2.52, and
5.25 THz, referred to as 1.6, 2.5, and 5.3 THz, respectively, in
this article. These frequencies are very close to what are required
for SALTUS mixers. A solid-state multiplier source could serve
as the LO at 1.6 THz, while THz quantum cascade lasers could
be used as the LO for the two higher frequencies. Unfortunately,
these sources are not available in our labs.

The FIR gas laser LO power delivered to the HEB is controlled
by a swing-arm voice coil actuator positioned in front of the
laser. This actuator partially blocks the LO radiation, effectively
serving as a variable optical attenuator [22]. The HEB mixer is
mounted behind an elliptical silicon lens, which has a semiminor
axis (a) of 5 mm, a semimajor axis (b) of 5.235 mm, and an exten-
sion (c) from the geometric center of the lens of 1.2 mm. The lens
has an antireflection (AR) coating [23], [24] made of 28.6-um-
thick Parylene-C, optimized for 1.6 THz. The lens is like the one
used in [14] and [21] and couples the radiation to the antenna.
The mixer block is placed in a liquid helium cryostat. The THz
signal and the LO pass through an ultra-high-molecular-weight
polyethylene (UHMW-PE) window at 300 K and a heat filter
(QMC) at 4 K, with a cutoff frequency of 5.8 THz. A 3-um-thick
Mylar beam splitter is used to combine the radiation from a hot or
cold (295/77 K) load with that of the LO. The hot and cold loads
are needed for the Y-factor measurements to determine 7258
The mixer is biased and read out using a bias-T, followed by a
cryogenic low-noise SiGe amplifier (LNA) inside the cryostat.
Between the bias-T and LNA, there is a circulator to prevent
standing waves between the LNA and the HEB. The IF signal is
filtered at 1.7 GHz within a band of 80 MHz and further amplified
by a room temperature LNA before being measured by a power
meter. The noise temperature of the IF chain (7if) is 6.5 K. The
mixer block is at a temperature of 4.6 K.

The optical losses (L) of the components in the optical path
from the hot/cold load to the HEB antenna are summarized in
Table I. The air path is approximately 30 cm long with a relative
humidity of ~40%.

The optical loss of the lens (Lieys) at three different frequen-
cies, as presented in Table I, was simulated using COMSOL
by assuming a Gaussian beam as input, which is transmitted
and focused on the antenna. We used the actual thickness
(28.6 um) of the AR coating layer, Parylene-C, with the absorp-
tion coefficients taken from [23] and [24], and the same elliptical
lens shape as in practice but scaled down in size to reduce com-
putation time. The absorption coefficient at room temperature
was sourced from [25]. Since the lens operates at 4 K in practice,
the absorption in Si is expected to be negligibly low, reducing
the loss at 5.3 THz (stated in Table I) to 0.92 dB. Essentially,
the optical transmission loss calculated by COMSOL includes
all factors, such as the loss due to oblique incidence on the

TABLE I
OPTICAL LOSSES ARE PRODUCED BY AIR (L;r, CALCULATED), WHERE THE
ERROR BARS ARE DUE TO UNCERTAINTY IN THE OPTICAL PATH LENGTH
FrROM THE HOT/COLD LOAD TO THE CRYOSTAT’S WINDOW, THE 3-uM BEAM
SPLITTER (Ls, CALCULATED FOR CIRCULAR POLARIZATION), WITH ERROR
BARS ARISING FROM UNCERTAINTY IN ITS THICKNESS, THE UHMW-PE
WINDOW (Lwinpow, MEASURED DIRECTLY BY THE FIR LASER LINES), QMC
HEAT FILTER (Lgi;rgr, MEASURED), AND THE SILICON LENS WITH AR
COATING DESIGNED FOR 1.6 THZ (L zns)

LO L Lgs Lyindow | Lritter Liens Total
Frequency | (dB) | (dB) | (dB) | dB) | (dB) | (dB)
1.63THz | 0.64 | 0.09 | 0.38 1.14 | 035 |2.60
+0.02 | £0.01 | £0.02 | £0.02 | £0.02 [=0.04]
252THz | 0.38 | 0.19 | 0.61 0.34 1.11 |2.63
+0.01 | £0.02 | £0.02 | £0.02 | +0.11 [=0.16]
525THz | 0.90 | 0.63 1.47 | 0.56 1.14 |4.70
+0.03 | £0.07 | £0.04 | £0.02 | £0.22 F0.24

The loss of the lens at each frequency was simulated using COMSOL (see the text), where
the error bars originate from the assumption of either loss or no loss in the silicon.
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Fig. 2. Unpumped and pumped /-V curves of the NbN HEB at 1.6 THz. The

thick red curve represents the optimally pumped /-V. The optimal operating

region, within approximately 5% of the lowest T}ECSB, is marked with a circle,

covering two bias points at 0.6 and 0.8 mV. The dashed load line is used to
estimate the LO power at the HEB itself [33].

elliptical surface, the effects of the actual AR-coating thickness,
nonideal refractive index and absorption of Parylene-C, and the
absorption in Si.

It is worth mentioning that the impedance mismatching loss
between the antenna and the HEB [19] is neither listed in Table I
nor included in the calculation of T°SE and the mixer conversion

loss LPSE from the measured 7258 and receiver conversion loss

LPSB . The reason for this will be discussed in Section IV.

IV. RESULTS AND DISCUSSION

We focus on a single NbN HEB mixer (“OASIS BM2 7B”)
although two other HEBs from different batches (wafers) have
reproduced similar results, showing very comparable sensitiv-
ities. A set of measured current—voltage (/-V) curves, both
without and with varying LO pumping levels at 1.6 THz, is
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Fig. 3. Measured receiver output power (IF power) in response to hot/cold
loads together with the fitted curves (left axis), and DSB receiver noise temper-
ature (right axis) as a function of current at three LO frequencies: 1.6, 2.5, and
5.3 THz, with a bias voltage of 0.6 mV.

presented in Fig. 2, where the optimal operating region resulting
in the best 7258 is indicated.

TESB of the mixer is obtained using the Y-factor, which is
the ratio between the two measured receiver output powers
responding to the hot (FP) and the cold loads (Feq). By
combining the Y-factor and the Callen—Welton temperatures of
the blackbody loads, .25 can be obtained [26].

Pt and P4 are recorded as a function of HEB current at an
optimal dc bias voltage (0.6 mV), where the current variation
reflects the scan of LO power by the voice coil attenuator. We call
this measurement method as “the same-current method.” In this
way, the measurement of 7258 is not influenced by the fluctua-

tions and drift of the FIR laser power, which is known to occur in

TABLE IT
MEASURED DOUBLE SIDEBAND (DSB) RECEIVER NOISE TEMPERATURES
(TDSB), DSB RECEIVER CONVERSION LOSSES (LRSB), AND ABSORBED LO

POWERS
Lo TDSB [DSB Lo
Frequency rec rec power
1.63 THz 53011 K [6.6+0.08 dB| 245nW
2.52 THz 640 +18K |7.7+0.1dB| 235nW
5.25 THz 2190+ 150K [11.7 £ 0.3 dB| 233 nW

FIR gas lasers. This technique can also mitigate the direct detec-
tion effect, as referred to the Appendix. Due to stability issues,
our FIR gas laser does not allow for reproducible measurements
of TDSB as a function of bias voltage by the fixed-LO-power
method, but it does permit the recording of pumped I~V curves,
as these can be measured within a much shorter time frame.

The measured Pyo and P.oyg, along with the calculated 7258,
are shown for all three frequencies in Fig. 3. The minimum
TDSB_ observed at a current of around 45 pA, is 530 + 11 K,
640 + 18 K, and 2190 £+ 150 K at 1.6, 2.5, and 5.3 THz, respec-
tively, with error bars included to account for the uncertainty in
the measured receiver output power.

We repeated measurements by varying the voltage up to
1.2 mV in 0.2-mV steps, which yielded practically the same
minimum TrECSB values (530, 650, and 2190 K at 1.6, 2.5, and
5.3 THz, respectively) at 0.8 mV, but at a slightly higher current
(not shown). These two sets of 7258 values indicate that the data
are consistent and reliable.

We determined the receiver conversion loss (L23B), or total
conversion loss of the mixer, at the same operating points using
a standard U-factor technique [27]. The LRSB  values are 6.6
+ 0.08 dB, 7.7 £ 0.1 dB, and 11.7 & 0.3 dB at 1.6, 2.5, and
5.3 THz, respectively.

We also estimated the absorbed LO power at the HEB from
the optimally pumped /-V curve using the isothermal technique
[28]. Pro is 237 £ 8 nW for all three frequencies and is at
least 0.75 uW (1.63 THz), 0.83 uW (2.5 THz), and 1.4 W
(5.3 THz) in front of the cryostat window, calculated considering
the relevant optical losses in Table I, the spiral antenna (3 dB),
and the antenna—HEB impedance mismatch (to be described
later). These LO power values represent a good compromise
between the availability of the LO sources and the stability of
the receiver. A too high LO power requirement can challenge
the LO source, while a too low LO power can make the HEB
sensitive to fluctuations in the THz signal and LO power [22]. It
is also important to note that we will operate the HEB at a current
of <45 pA for the given voltage (e.g., 0.6 mV). The reason for
this will be discussed later. Table I summarizes all the measured
receiver performance parameters: 7258 LPSB and LO power at
the three frequencies.

To fairly assess the mixer performance independent of the
measurement setup, we obtain 7258 and LPSE from the mea-

mixer mixer
sured receiver parameters, 728 and LPSB, in Table II, using the

information provided in Table I, as described in [29]. Specifi-
cally, for 1.6 THz, we subtract the first four optical loss terms

listed in Table I from LRSE, excluding the loss term of the coated
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TABLE III
DERIVED DSB MIXER NOISE TEMPERATURE Tia35, AND DSB MIXER
CONVERSION Loss (LBSE ); BOTH INCLUDE THE CONTRIBUTION FROM THE
St LENS, IDEALLY AR COATED FOR EACH SPECIFIC FREQUENCY, AND
ANTENNA-HEB IMPEDANCE MISMATCHING LOSS

LO T
T DSB LDSB mixer
frequency mixer mixer (Quantum noise units)
1.63 THz 240+ 6 K |4.4+0.09 dB 3.1 x hv/ks
2.52 THz 290 £ 13K [ 5.5+0.2dB 2.4 x hv/ks
5.25 THz 620+ 54K | 7.4+ 04dB 2.5 x hv/ks
Trﬁ?fer is in units of hv/kg (QN). Note that all values are obtained at an IF of 1.7

GHz and an operating temperature of 4.6 K.

Si lens, to determine LPSB . 'We then apply [29, eq. (1)], using

TPSB | the noise due to the optics (Top) of 101 K, the sum of
the first four optical loss terms in Table I, and Tir of 6.5 K, to
derive T2SB It is important to note that both TPSE and LPSE
include contributions from the optical loss of the AR-coated Si
lens (0.35 dB) and the antenna—HEB impedance mismatching
loss (to be discussed).

For the 2.5- and 5.3-THz cases, we derive both T25B and
LP3E from the measured 7258 and LPSB  in Table II and the
optical losses in Table I, assuming that the lens is optimally AR-
coated for both frequencies, resulting in a loss of approximately
0.35 dB. We subtract the modified total optical loss given in
Table I, where Lj.,,s (the lens optical loss) is 0.35 dB less than
stated, from L2SB  to determine LPSB . We then apply [29, eq.

rec mixer*
(1)], using PS8 Top values of 116 K for 2.5 THz and 401 K

for 5.3 THz, the modified total optical loss, and Tir of 6.5 K,
to derive TP5B . As in the 1.6-THz case, both TPSB and LPSB
include contributions from the optical loss of the AR-coated Si
lens and the antenna—HEB impedance mismatching loss.

Table III summarizes the mixer performance parameters,
namely, 7058 and PS8 | which are likely the lowest values ever
reported for HEBs. To provide insight into how close 7258 is
to the fundamental noise limit, we also express it in units of the
quantum noise (QN, hr/kg) [9] in this table, where /4 is Planck’s
constant, v is the frequency, and kp is Boltzmann’s constant.
We consider Table III to be the key outcome of this article. The
errors for T2S8 and LDSB are determined using standard error
propagation formulas, with the errors based on the total optical
losses in Table I and 7258 and LPSE values in Table II.
Additional useful information is the mixer output noise (7o),
which is given by TDPSB /[DSB Using the data in Table III,
we find Ty, to be 87, 82, and 113 K at 1.6, 2.5, and 5.3 THz,
respectively. These values arise not only from classical noise
sources but also include contributions from quantum noise [30],
as TDSB contains both components.

It is interesting to note that the same-current method measures
a slightly lower (~10%) TR compared to the conventional
fixed-LO-power method, even for a waveguide HEB [without
a cold narrow bandpass filter (CNBPF)], because the latter still
suffers from the direct detection effect [31]. Although the same-
current method was used in [31], [32], and [33] and in many
of the SRON/TU Delft publications, ideally, a CNBPF [26],
[34], [35] could be applied to mitigate the direct detection effect.

Unfortunately, we do not have ideal CNBPFs available for all

three frequencies. However, we do have a 1.6-THz CNBPF from
QMC, which has a main transmission peak at 1.59 THz and
another broad but much lower peak around 3 THz. At 1.63 THz
and 77 K, this filter shows a measured transmission of 75 £ 2%.

We repeated the noise temperature measurements using the
same-current method by adding the CNBPF at 4 K. As men-
tioned earlier, we are unable to use the fixed-LO-power method
to measure voltage-dependent 258 curves. In the measure-
ments, we found 7258 to be 530 K without the CNBPF and 640 K
with the CNBPF. The higher 7258 in the second measurement
is believed to be due to the additional optical loss introduced
by the CNBPF. We then performed an analysis being same as
for the data in Table III and derived T2SE to be 240 K without
the CNBPF, and 220 K with the CNBPF. In the second case, we
assume that the direct detection effect is minimized, although not
eliminated, so the same-current method should provide the same
value as the fixed-LO-power method. The observed difference
is likely due to an expected increase in the transmission of
the CNBPF at 4 K. Assuming a transmission of 83%, the two
measurements would show no difference in 725 . Therefore,
we conclude that the same-current method does not overestimate
TDSB or TPSB  We also noticed that adding a CNBPF not only
results in a higher measured 7058 but also introduces additional
uncertainty in deriving 7258 .

To better assess the improvements we have made in the HEB,
we will compare our 7258 and LB values with those reported
by others or by our team, if available. When such data are
not available, we will compare only TP5B. Specifically, we

rec
compare T258 and LDSB with the results obtained from the

mixer

HEBs used in GUSTO’s arrays [14]. These arrays feature spiral
antenna-coupled NbN HEBs with dimensions of 0.2 ym X 2 ym
and contact structures made of an Nb/Au bilayer. More than 16
HEBs were tested at 1.6 THz, and a similar number was tested
at 5.3 THz (from which we extrapolated the 4.7-THz data for
GUSTO).

It is important to note that at 1.6 THz, the GUSTO test setup
was the same as the one used in this work; therefore, all optical
losses are similar. However, all data were measured at an IF of
2 GHz, so we extrapolated the data to 1.7 GHz for comparison.
For GUSTO’s HEBs, we found the average 7258 and LDSE - to
be 390 K and 6.7 dB, respectively. In this case, Ty is 83 K and
will be used in a later discussion. Compared with the 7255 in
Table III (240 K), our new result shows a 39% improvement.

No data at 2.5 THz from the HEBs for GUSTO were avail-
able for comparison. However, numerous 7258 values at this
frequency have been published in the literature. For example,
a TDSB of 600-900 K, measured within 1.3-2 GHz at IF, was
reported for an HEB with in situ fabricated Au/NbN contacts
[17]. These data, however, show large variation and could also
be interpreted as ToSB = 750 4 150 K.

Other examples include a T2 of 780 K reported in [36],
which used ArT-cleaned Au/NbN contacts [18], 900 K in [37],
1400 K in [38], and 630 K in [22], all measured in a similar
setup but in vacuum [26] at SRON, implying less optical loss
than our setup in air (e.g., no losses from air and window). In
addition, 1100 K was reported in an air setup in [39], 950 K in
[40], and 1800 K in [41], the latter being measured earlier in an

Nb diffusion-cooled HEB.
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Therefore, we can generally conclude that our new 7258 at

2.5 THz is at least 30% lower than what has been reported so
far in the literature [36], [37], [38], [39], [40], [41]. Here, we
compare 7058 rather than TDSB  because the latter is often not
available in the literature or cannot be derived due to missing
information.

At 5.3 THz, the HEBs for GUSTO have shown an average
TDSB  of 760 K and LDSB of 9.3 dB at an IF of 1.7 GHz [14].
The new TPSB of 620 K shows an 18% improvement, which

mixer
is marginal. We also compare our new 7258 value (2190 K) at
5.3 THz with those reported in the literature, specifically in [19]
and [42], using the vacuum setup at SRON, after correcting for
differences in optical loss. In comparison with these cases, the
improvement is almost negligible.

The smaller improvement in 7258 at 5.3 THz may be partly
due to the quantum noise, which plays a more significant role as
the frequency increases [30].

There are additional measured performance data of HEBs in
the literature. However, due to differences in LO frequency, we
do not provide a detailed comparison here but quote some recent
results of measured T258: 700 K at 1.9 THz (at 1.7 GHz IF) [43],
and 950K at4.75 THz (atan IF between 1.25 and 1.75 GHz) [31].

Here, we aim to address possible questions that might arise
from the measured data. First, why does LPSB in Table III
increase by 3 dB from 1.6 THz to 5.3 THz? We believe that
this is due to an increase in the antenna—HEB impedance mis-
matching loss. This is caused by the modification of the antenna
to accommodate a 4-pm-wide NbN bridge, resulting in a less
tightly wound structure than the antenna used in [19] and [20],
which has an inner diameter of 6.6 um and performs well at
higher frequencies. In contrast, the antenna used here has an
inner diameter of 12 yym, which is less favorable for 5.3 THz [44].

To discuss this quantitatively, we simulated the impedance
mismatching loss for our case using COMSOL, in the same
manner as in [19]. We found the impedance mismatching loss to
be 0.13,0.36, and 1.6 dB for 1.6, 2.5, and 5.3 THz, respectively.
Theloss at 5.3 THzis significantly higher than that of the antenna
used in [19] and [20] (0.63 dB), which can explain a large portion
of the increase in LDSE in Table III.

To further quantify this, we calculated the intrinsic DSB
mixer conversion loss (Lo ™) using the data for LDSB
from Table III, by subtracting the antenna—HEB impedance
mismatching losses and the 0.35-dB loss for coated Si lenses
at all three frequencies. We found that L2 ™" is 3.9, 4.8, and
5.4 dB for 1.6, 2.5, and 5.3 THz, respectively. These values are
considerably lower than those reported in [30] and are lower
than other values reported for THz HEBs, as far as we know.
However, the remaining increase in L2y ™™, which was also
observed in [30], is unexpected.

We expect L3P "1 (6 be frequency independent within the
range of our experiment, where THz photon energies are signif-
icantly higher than the gap frequency of the NbN bridge. This
expectation is supported by the close-to-optimally pumped -V
curves at the three frequencies, which overlap extremely well,
as shown in Fig. 4. This result suggests that the effect of THz
current heating in the bridge is same across all three frequencies.

Furthermore, we speculate that, despite the wide NbN HEB

(4 um), the flow of THz current along the bridge is likely
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Fig. 4. Close-to-optimally pumped /-~V curves of the NbN HEB at three
frequencies 1.6, 2.5, and 5.3 THz appear to be fully overlapped.

uniform, similar to what was observed for a narrower NbN HEB
(2 um) [45]. This is particularly interesting because the skin
depth for the NbN at 5.3 THz is 0.43 pm, which is only about
10% of the bridge width.

As a byproduct of this discussion, we can state that it is still
valid to apply the normal state resistance as the RF impedance
of the 4-m HEB at a high frequency of 5.3 THz.

The enhanced sensitivity of the NbN HEB mixer, indicated
by a reduced TPSB is primarily due to the reduction of LPSE
compared to GUSTO’s HEBs, which use Nb/Au bilayer contact
structures. This is evident since Tg, from both types of HEBs
is similar (87 K versus 83 K) when focusing on the 1.6-THz
data. LPSB in Table III at 1.6 THz is roughly 2 dB lower than
that found for GUSTO’s HEBs. We attribute the reduction of
LP3B to the following aspects of our contacts: a) the transparent
contacts in our HEBs, together with a wider bridge width of 4
pm, eliminate any contact resistance; b) the use of thick Au
contacts; both a) and b) can reduce RF loss and thus L23E : and
c) the transparent and thick Au contacts can alter the temperature
profile of the hot electrons across the bridge, affecting the I-V
characteristics. According to the hot spot model of mixing for
an HEB [46], [47], [48], the mixer conversion loss and noise are
influenced by these temperature changes, potentially reducing
LP3B . Our improved T2SB confirms experimentally that the
contacts play a crucial role, though this is not yet fully under-
stood theoretically. Therefore, other unknown effects cannot be
ruled out.

The reduced LE3E can further decrease the noise contribution
of an LNA (refer to [29, eq. (1)]) and thus lower the receiver (or
system) noise temperature of a practical instrument.

Our contacts behave differently from the earlier Au-to-NbN
contacts [15], [40], which do not change 7', of the contact region
or the NbN bridge. This suggests poor interfaces because of the
absence of Ar™ cleaning.

The enhanced sensitivity of the NbN HEB mixer through
contact engineering, as reported here, can also inspire the de-
velopment of novel MgB, HEB mixers [29], [49], [50], which
can offer a high operating temperature of > 20 K and a large
IF bandwidth of > 10 GHz. However, little research has been

conducted on optimizing the contacts [21].
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The optimal operating region of the HEB is indicated in Fig. 2.
More specifically, at 0.6 mV, we choose to operate the HEB at
a current of 45 A or below, as suggested by Fig. 3. Operating
at a current above 45 pA should be avoided because it shifts
away from the resistive state, where the HEB is known to be
unstable [51] and prone to relaxation oscillations that switch
between the superconducting and resistive states [52]. Such
oscillations have also been recently reported in [53]. The same
study found weaker intrinsic oscillations when an NbN HEB is in
the resistive state without LO power and is operated near its 7.
Although it is unclear whether these intrinsic oscillations affect
the performance of the HEB, it might be valuable to conduct
dedicated measurements to identify the region of low T25B
free of any unwanted oscillations.

V. CONCLUSION

By introducing cleaned thick Au contacts to an NbN HEB
mixer, we have demonstrated extremely low mixer noise temper-
atures T2SB of 240 and 290 K at 1.6 and 2.5 THz, respectively,
which are approximately three times the quantum noise (hv/kp).
All the TPSB  values account for contributions from both the
optical loss of the AR-coated Si lens and the antenna—HEB
impedance mismatching loss. The improvement in TDSE ex-
ceeds 30% in comparison with reported NbN HEB mixers [14],
potentially reducing the integration time of a heterodyne instru-
ment by roughly a factor of 2. In other words, this enhancement
can double the observation speed, which is highly advantageous
for cryogenic space missions with the limited lifetime.

TDSB of the same HEB at 5.3 THz has been measured and
shown 620 K, showing a more limited improvement. This is
partly attributed to the nonoptimized antenna geometry, sup-
ported by high antenna—HEB impedance mismatching, and
partly due to the quantum noise at this high frequency. Inter-
estingly, despite the 4-pm-wide NbN bridge, the pumped -V
curves are identical at the three frequencies, suggesting that the
RF current flows uniformly along the bridge.

This mixer is developed for future FIR space observatories,
particularly for the SALTUS mission concept, for which a pro-
posal has been submitted to NASA in response to the Probe

mission call.

APPENDIX

The technique of using the same-current method to determine
the Y-factor can mitigate the direct detection effect [26], [32],
[33] and thus reduce its impact on 25, Essentially, the same
current is achieved by slightly adjusting the LO power (Pr,0)
to compensate for the difference between the broadband hot
and cold load power. Consequently, the bias points in both
cases are made identical, although P10 is no longer the same.
Conceptually, this is not fully accurate because of the difference
in mixer gain [47], [54].

However, in the practical case of an NbN HEB, as discussed
in this work, where the change in Ppo is small (only 2—4% of
the required Pr,o, this method effectively mitigates the direct
detection effect without overestimating 7258, This conclusion

is based on our earlier experiments in [26] and [35], where

we compared the same-current method with the conventional
fixed-LO-power method, in which a CNBPF centered at the LO
frequency was introduced.
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