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ABSTRACT

We have studied THz heterodyne detection in sub-micrometer MgB, hot electron bolometer (HEB) mixers based on superconducting MgB,
films of ~5nm (HEB-A), corresponding to a critical temperature (T,) of 33.9K, and ~7 nm (HEB-B), corresponding to a T of 38.4 K. We
have measured a double sideband (DSB) receiver noise temperature of 2590 K for HEB-A and 2160 K for HEB-B at 1.6 THz and 5 K. By
correcting for optical losses, both HEBs show receiver noise temperatures of ~1600 K referenced to the front of anti-reflection (AR)-coated
Si lenses. An intermediate frequency (IF) noise bandwidth of 11 GHz has been measured for both devices. The required local oscillator (LO)
power is about 13 uW for both HEBs. We have also measured a DSB receiver noise temperature of 3290 K at 2.5 THz and 5 K but with an
AR-coated lens optimized for 1.6 THz. Besides, we have observed a step-like structure in current voltage (IV) curves, which becomes weaker
when the LO power increases and observable only in their differential resistance. Such a correlated structure appears also in the receiver
output power as a function of voltage, which is likely due to electronic inhomogeneities intrinsic to the variations in the thickness of the
MgB, films. Different behavior in the IV curves around the low bias voltages, pumped with the same LO power at 1.6 and 5.3 THz, was
observed for HEB-B, suggesting the presence of a high-energy c-gap in the MgB, film.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0128791

I. INTRODUCTION a heterodyne receiver with high sensitivity, namely, a low receiver

Superconducting hot electron bolometer (HEB) mixers,’
which consist essentially of a thin superconducting bridge embed-
ded within a planar antenna on a chip, are currently the most sen-
sitive heterodyne detectors for high-resolution spectroscopy at
frequencies between 1 and 6 THz.” HEB mixers play a crucial role
in astrophysics in this frequency region, which is rich in atomic,
ionic, and molecular spectral lines that, for example, probe the
origin of galaxies, stars, and planets.” Among them, the fine struc-

noise temperature, and also a large intermediate frequency (IF)
bandwidth of the mixer, which should, for example, be as large as
6 GHz if the observations target the center of the Milky way.

HEBs based on superconducting NbN thin films with a critical
temperature (T.) of 9—10 K have been so far the only mixing detec-
tors at 1-6 THz and have been successfully applied in the airborne
telescope of Stratospheric Observatory for Infrared Astronomy
(SOFIA)," the balloon-borne telescope of Stratospheric Terahertz

ture line of [OI] at 4.7448 THz probes the star formation process,
which is the most important cooling line in the interstellar medium
(ISM) for gas clouds with densities of n > 10* cm?® and the tempera-
ture of >200 K. Detection of spectrally resolved [OI] lines requires

Observatory 2 (STO-2),” and the Herschel Space Observatory.®
They will be flown in the upcoming NASA balloon-borne THz
observatories, GUSTO” and ASTHROS,” and are planned for the
recently proposed NASA far-IR space mission of OASIS,” which
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will have an unprecedented large telescope of 14-m diameter, and
also for the mission concept of a far infrared spectroscopy surveyor
(FIRSS)."?

NbN HEB mixers have demonstrated high sensitivities with
double sideband (DSB) receiver noise temperatures (T2SE)
approaching a few times the quantum noise.'" The high sensitivity
is essential since the integration time of an observation is propor-
tional to the square of T2E. The NbN HEB mixers offer an IF
bandwidth typically not more than 4 GHz, which is limited by the
thermal time determined by the electron—phonon scattering time'”
(14 ps at a T, of 9.5K) and the phonon escape time from the film
to the substrate. Such a bandwidth can meet many scientific goals
but is insufficient for detecting emission lines at the high end of
the 1-6 THz region, such as the [OI] lines emitted from the center
of the Milky Way or most emission lines from external galaxies.’
Furthermore, a large IF bandwidth is preferred since it can cover
more spectral lines within one single measurement, which makes
the observations more efficient and calibration more accurate. NbN
HEBs require a low operating temperature of about 4 K, which can
be provided either using a liquid helium vessel or a mechanical
pulse tube, both of which increase considerably the cost and com-
plexity of a space mission. Both factors can be reduced significantly
by raising the operating temperature to, for example, 20 K, which is
reachable by the compact, low mass, low dissipation, and space-
qualified Stirling cooler.'” This will increase the design freedom,
ambitions, and scientific return for new space instruments, for
example, an interferometer with a number of telescopes in space'”
or new observatories from space for Earth atmosphere.'”

Schottky diode mixers operated at room temperature work
also at the THz region. Unfortunately, they usually have higher
noise levels than superconducting mixers. In particular, it seems to
be difficult to realize sensitive Schottky mixers at the high end of
the 1-6THz range.'® HEB mixers based on high T,
Yttrium-barium-copper-oxide (YBCO) thin film superconductors
may offer an elevated operating temperature such as the liquid-
nitrogen temperature, but they have so far not demonstrated reli-
able, low noise performance at THz frequencies due to chemical
non-stability and aging effects in the thin YBCO films."”

With a T, of about 40 K and a short electron—phonon interac-
tion time (1-2ps),’® superconducting magnesium diboride
(MgB,)"” opens a new avenue for HEB mixers with enlarged IF
bandwidths and high operating temperatures of 20 K or above. On
the other hand, because of the double superconducting gaps in
MgB,,”’ the HEB structure can explore the electrodynamic process
by applying THz radiation across the two bands, which may offer
unique opportunities to optimize the HEB operating frequency.

Thin MgB, films with a T, even higher than the value of the
bulk'” can be grown using different techniques, out of which
hybrid physical chemical vapor deposition (HPCVD) has shown
the highest T. for ultra-thin films, i.e, <20 nm.”' MgB, films have a
hexagonal structure with a lattice constant in the ab plane, match-
ing closely to 6H-SiC substrates, facilitating epitaxial growth of
c-axis-oriented MgB, films with the ab plane in parallel with the
substrate. Like in bulk, MgB, films show two superconducting
gaps,”’ namely, the low-energy m-band, A, and the high energy
o-band, A,, which govern two parallel conductivities along the
film. Uniquely, despite the two distinct gaps of different

ARTICLE scitation.org/journalljap

magnitudes, there is only one single T, of the material, caused by
finite coupling between the two gaps.'’

An HPCVD-grown clean MgB, film with a low impurity level
has shown double gaps™ in the far-IR optical response covering the
range of its superconducting gap frequencies in the 0.7-4 THz range
for the ab plane of MgB,. However, it is known to be difficult to find
the signature of the double gaps in the far-IR response measure-
ments if the films have impurities, defects, or dirty spots (called the
dirty film here), resulting in intra-band as well as inter-band scatter-
ing. Because of scattering, dirty MgB, films in Refs. 20 and 22 fail to
show double gaps in a far-IR response measurement, but only one
gap, which is dominated by the low-energy n-band. An MgB, film
(34K) in Ref. 22 shows one gap of 2.5 meV that is close to A,. Why
there are more impurity scatterings in some films is not fully clear
yet. The strong impurity scattering might be due to exposure of the
films to moisture in the air, which causes degradation that could
happen easily and quickly, e.g., within a few minutes.”

Toward MgB, HEB mixers, ultrathin films with a high T, have
been developed. The reduced thickness is essential to decrease the
phonon escape time to the substrate. All existing MgB, HEB
mixers have a similar layout, namely, MgB, patterned as a sub-um
sized or um-sized bridge, which is electrically connected to a broad
band Au spiral antenna patterned on a dielectric, semi-insulating
silicon carbide (SiC) substrate. The optical loss for a SiC substrate
has been evaluated experimentally up to 6 THz and is considered
generally low.”*** For example, it was reported that the optical loss
at room temperature is negligibly low up to 2.5 THz but starts to
increase afterward.”* However, no such data are yet available at
cryogenic temperatures, where, in general, the optical loss is
expected to be reduced.

Table I summarizes all the MgB, HEBs reported so far in the
literature, with their T2 either with or without correcting for
optical losses and IF bandwidths. They are highlighted as follows:
Cherednichenko et al. reported the first MgB, HEB in 2007, which
was fabricated using a 20nm molecular beam epitaxy (MBE)
grown film with a T, of 22K, resulting in a measured T2 of
11000K at 1.6THz and a mixer gain bandwidth (GBW) of
2.3 GHz.”® Cunnane et al. reported MgB, HEB mixers based on
10-20 nm HPVCD grown films with a T, of 33-38 K, which give a
measured T2 of 3900 K at 600 GHz and a GBW of 6.9 GHz.”” An
HEB mixer based on a MgB, film of 7nm with a T, of 34K,
thinned from a thicker film by Ar ion milling, gave a TESE of
3600 K at 1.9THz and an IF noise bandwidth (NBW) of
6.5GHz.”" A T2 of 930K at 1.6 THz [after correcting optical
losses before the Si lens and also assuming its anti-reflection (AR)
coated] together with a high NBW of 11 GHz in an MgB, HEB
mixer was reported at 5K in Ref. 32, which was based on an 6 nm
thick, HPCVD grown film with a T. of 31 K. Very recently, we
have reported a measured T2SE of 3960 K at 5.3 THz (the highest
frequency so far) with 20 K operating temperature using an ~7 nm
HPVCD grown film with a T, of 38.4K. This T2 gives a DSB
mixer noise temperature (T258) of 1470 K, derived from a standard
relation between the two performance parameters by subtracting
the noise and loss contribution from all the optics and the noise
from the IF chain using the measured receiver gain.”

The improvement in the IF bandwidth of MgB, HEBs is strik-
ing. For example, 11 GHz in Ref. 32 and 13 GHz in Ref. 33 noise
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TABLE I. Summary of all the MgB, HEBs reported in the literature. The table includes the frequency of a local oscillator (LO) fo, the measured receiver noise temper-
ature T,Z?B, the IF bandwidth IFB (either measured GBW or NBW is indicated inside the bracket in the table), the operating temperature Ty, the critical temperature of the
MgB,, the film thickness ¢, the MgB, growth method, and the reference. The superscript “corr” associated to the TESE means that the valug is not the directly measured value

of Trng but the one after correcting or removing some losses in the optical path.

rec

fro (THz) TgCSB (K) IFB (GHz) Tparn (K) T. (K) t (nm) Grown method Ref., year

1.6 11 000 2.3 (GBW) 22 20 MBE Ref. 26, 2007
0.6 700°°™ 2.2-3 (NBW) 8.5 10 MBE Ref. 27, 2015
1.6 1700°°" 2150°°™ 5 (NBW) 4.2 12 22.5 20 MBE Ref. 28, 2016
0.6 3900 6.9 (GBW) 33-38 10-20 HPCVD Ref. 29, 2015
0.69 4300°°™ 6 (GBW) 35 15 HPCVD Ref. 30, 2016
0.6 1.9 2000 3600 6.5 (NBW) 34 7 HPCVD Ref. 31, 2017
1.6 930°°™ 1120°°"" 1630°°™ 11 (NBW) 51520 31 6 HPCVD Ref. 32, 2017
1.6 1000°°™" 13 (NBW) 34 5 HPCVD Ref. 33, 2019
53 3960 2720°°™ 2400°°™ 10 (NBW) 20206 384 7 HPCVD Ref. 34, 2021
33 2600°°™ 5000°°™ 525 34-36 10 HPCVD Ref. 35, 2022

bandwidth at 1.6 THz. An IF gain bandwidth of 13-14 GHz mea-
sured at an elevated temperature using a cryo-probe station’” and
with a 90-GHz local oscillator (LO) together with the spectrum of
the output noise, suggesting a possible noise bandwidth exceeding
20 GHz for a proper IF-matched HEB-low noise amplifier (LNA)
combination. Therefore, current MgB, HEBs offer 3-4 times larger
noise bandwidth than NbN HEBs. Low noise performances have
been also demonstrated in MgB, HEBs and are extremely encour-
aging. However, the obtained TP from MgB, HEBs are still
higher than what is reported from NbN HEBs mixers. For example,
at 1.6 THz, the best noise temperature from MgB, (Ref. 32) is a
factor of 1.8 higher than a NbN HEB mixer,”® while at 5.3 THz,
this factor is about 2.5 if MgB, is operated at 20 K and becomes a
factor of 2.1 when it is operated at 6 K or below.”* To further
improve T2%B, one needs to explore the device physics, in particu-
lar, electrodynamical processes at THz unique to MgB, nature such
as the high and the double gap feature.

In this work, we will focus on experimental determination of
the heterodyne performance and device characteristics of MgB,
HEB mixers at 1.6 THz. The heterodyne performance, including
the receiver noise temperature and IF bandwidth, was characterized
at 5 or 6 K. The HEBs are fabricated on two ultrathin HPCVD
films and with two slightly different fabrication processes. We also
present experimental data on current-voltage (IV) under different
pumping levels and also discuss the origin of the observed struc-
tures in the IV curves. Finally, we address the double-gap effect in
MgB, HEBs by using higher frequency LOs at 5.3 THz in compari-
son to the data at 1.6 THz.

1. HEB DEVICES AND FABRICATION
A. HEB-A

The MgB, film used in our study is developed at Chalmers
University of Technology using a HPCVD method. The detailed
deposition process can be found in Ref. 37. The nominal thickness
of the MgB, film is ~5nm according to the deposition rate and
time. By lack of direct measurements, this number, including the
thickness of the second film used in this paper, is merely indicative
of a proportionally longer deposition time. The substrate is a

320 um thick 6H-SiC (0001), which gives only a 0.42% lattice mis-
match to the MgB, film.”® To minimize oxidation, when taken
out from the HPCVD chamber, the film was immediately loaded
into a sputter machine, where it was coated with an Au layer
(20 nm) after a short, in situ sputter cleaning of its surface. HEB
fabrication takes place at Delft University of Technology and
starts with the definition of the contact-pads with e-beam lithog-
raphy (EBL) and Au evaporation in combination with a lift-off
process. Then, the spiral antennas are defined using a similar
process but by evaporating a thicker Au layer followed by a layer
of Ti on top. The latter is to prevent etching of the Au antenna
during Ar Ion beam milling etching (IBME) to define the MgB,
bridge width. The Au protecting layer is then physically removed
using IBME, followed by sputtering a 40 nm Si;N, layer, which
intends to prevent oxidation of MgB, in the following fabrication
steps. The resist mask for the definition of the sub-micrometer
bridge is then patterned using EBL. Finally, uncovered Si;N, and
MgB, are etched away using ion-milling, where a sub-um MgB,
bridge between the two contact pads is formed and the device fab-
rication is, thus, completed.

Figure 1(a) shows a top view of a completed MgB, HEB
imaged by a scanning electron microscope (SEM), together with a
3D drawing focused only on the MgB, bridge and contact pads.
For HEB-A (numbered as MgB2_BM1_1C), the MgB, bridge has a
width of 0.4 um and a length of 1.2 um. The widths and lengths of
HEB-A together with HEB-B are summarized in Table II. The
narrow bridge is to minimize the HEB volume and, hence, to
reduce the required LO power. It has a room temperature resistance
(Rrr) of 84Q and a low temperature normal-state resistance (Ry)
of 62 Q, taken above T,. The residual resistance ratio (RRR = Ryy/
Ryo x) of the HEB is found to be 1.35. The MgB, HEB has a T, of
339K, and a critical current of 0.9 mA at 5K, giving a critical
current density of 4.5 x 107 A/cm?.

We found an increase in the Ry of HEB-A from 84 to 108 Q
after it was exposed to normal air and a wet environment. The Ry
and the critical current are also changed and become 78 Q and
0.68 mA, respectively. Since MgB, is known to be sensitive to
water, our SizNy layer in terms of thickness and width is not suffi-
cient to protect the MgB,.
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FIG. 1. (a) SEM micrograph of a spiral antenna coupled MgB, HEB from the same batch as HEB-A. The inset is a 3D model of the MgB, submicrometer-bridge and part
of the contact pads and the spiral antenna. The colors indicate different materials. (b) Optical micrograph of a device chip, containing four HEBs, from the same batch as
HEB-B. A layer of 500 nm thick SizN, is sputtered to cover the surface of the chips except for the bonding pads to isolate MgB, bridges from water and air. The inset in
(b) is an artistic impression of HEB-B, which shows exactly the same layout as the design. (c) The resistances of HEB-A and HEB-B as a function of temperature, where

the critical temperatures are 33.9 and 38.4 K, respectively.

B. HEB-B

To eliminate the device degradation due to the exposure to
air, we fabricated another batch of HEB devices with a ~7 nm thick
MgB, film grown by HPCVD. We applied a very similar fabrication
process as for HEB-A except for a few differences. The Au layer of
20 nm is removed using IBME, followed immediately by depositing
a layer of 80 nm thick Si;N, to avoid the oxidation of MgB,. Before
dicing the HEB wafer, a 500 nm thick Si3Ny is sputtered to cover
the surface of the chips except for the bonding pads to isolate

TABLE II. Width, length, and low temperature normal state resistance Ry of two
HEB devices from two batches. They are based on two MgB; films with different
thicknesses and T ~5nm and 339K for HEB-A and ~7nm and 384K for
HEB-B.

HEB-A HEB-B
Devices (MgB2_BM1_1C) (MgB2_BM3_2b)
Width (um) 0.4 0.285
Length (um) 1.2 0.85
Ry (Q) 78 51

MgB, bridges from water and air. Each chip contains four MgB,
HEBs as shown in Fig. 1(b), where the inset shows an HEB of
285 nm width and 850 nm length on a 320 um thick SiC substrate.
The tapered contact-pads are designed to reduce the reactance.”
HEB-B (MgB2_BM3_2b) has a Rgr of 92 €, while Ry equals 51 Q.
The T, is 38.4K and the RRR value is 1.8. The critical current of
the HEB is 1.3 mA at 5K, corresponding to a current density of
6.5 x 107 A/cm?, which is a factor of 1.4 higher than HEB-A and a
factor of 3 higher than what was reported in Ref. 32.

The same antenna design was used in both batches to match
ideally an HEB impedance of 80 Q, with an upper cut-off frequency
of >6 THz."

Ill. MEASUREMENT SETUPS
A. Setup-A in air for receiver noise temperatures

Figure 2 shows a schematic of setup-A, the experimental setup
in air for measuring the T2%% of MgB, HEB-A. The method is based
on the Y-factor technique'’ using THz calibration sources of hot
(@293 K) and cold (77 K) blackbody loads. A far-infrared (FIR) gas
laser, optically pumped by a CO, laser, acts as a LO, which can emit
lines at different frequencies by combining a specific gas with a CO,
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FIG. 2. Schematics of setup-A that is the measurement setup in air for measuring T,ZEB of the HEB-A mixer. It is measured at f¢=2 GHz with a narrow band (Af;) of

100 MHz, defined by the bandpass filter.

pumping line. We used the line at 1.6 (1.626) THz with CH,F, gas
and the line at 2.5 (2.523) THz with CH;0H gas.

A voice coil attenuator located in front of the gas laser is used
to vary the LO power absorbed by the HEB."' The TP%® of HEB-A
was measured at 1.6 and 2.5 THz. The signal and the LO are com-
bined by a 6um thick Mylar beam splitter, passing through an
ultra-high-molecular-weight polyethylene (UHMW-PE) window at
300K and a QMC multimesh low pass filter with a cut-off fre-
quency of 5.8 THz at 4K, then reaching the Si lens-coupled HEB.
The HEB chip is glued to the back side of an elliptical Si lens*
with an AR coating. The coating is a 28 um thick Parylene-C,
which is designed for 1.6 THz. The lens-antenna HEB mixer is
mounted on a metal block, which is anchored on the 4 K plate of a
liquid helium cryostat. Their interface is on purpose made ther-
mally resistive so that the operating temperature can be raised
locally. A heater together with a temperature sensor is installed on
the mixer block to elevate the local temperature of the mixer from
the bath temperature up to T,. The optical losses contained in the
optical path at two frequencies, 1.6 and 2.5 THz, are presented in
Table III, where the optical loss of the AR-coated Si lens is simu-
lated using COMSOL Multiphysics, taking the absorption

coefficients of Parylene C of 10.5cm™" at 1.6 THz and 16.2 cm™" at
2.5 THz into consideration.*>**

A 0.2-18 GHz cryogenic Bias-Tee is used to give DC bias to the
HEB and transmit the intermediate frequency (IF) to an amplifier
chain. The latter includes a 0.1-14 GHz cryogenic LNA (LNA#1, at
4.2 K) with a 39 dB gain, a 0.1-14 GHz room temperature (RT) LNA
(LNA#2) with a gain of 42 dB, and a 0.1-12 GHz RT LNA (LNA#3)
with a gain of 30 dB. A bandpass filter (BPF) with 100 MHz band-
width is used to filter the IF signal at 2 GHz. Between each two ele-
ments, there is an attenuator to suppress standing waves. The total
gain of the IF chain is 85dB (at 2 GHz), and the noise temperature
contribution from the IF chain to the mixer is 4.5K at 2 GHz. The
amplified IF signal is read out by a power meter.

B. Setup-B in vacuum, with a circulator for receiver
noise temperatures

Figure 3 shows a schematic of our measurement setup-B in
vacuum for characterizing T2SE and receiver conversion gain G2

at 1.7 GHz for the HEB-B device, which is reproduced from Gan
et al, Appl. Phys. Lett. 119, 202601 (2021). Copyright 2021 AIP

TABLE Il Signal losses in the components of the optical path (from the hot/cold loads to the HEB-A chip), including the 30 cm air path (L), the 6 um Mylar beam splitter
(Lgs) at 300 K, the window (Lyingow) at 300 K, the 5.8 THz low pass filter (Lger) at 4 K, the AR-coated Si lens (Liens) Optimized for 1.6 THz at 4 K, and the coupling between
antenna and HEB when we assume the normal resistance of the HEB as the RF impedance. Components in orange fields are at room temperature, and components in blue
fields are at 4 K. The measured TBSE together with the corrected receiver noise temperature TS9™ referenced to the front of AR-coated Si lenses at two frequencies, to be
described in Sec. |V, are also presented.

LO fl‘equenCY (THZ) Lair (dB) LBS (dB) Lwindow (dB) Lﬁlter (dB) Llens (dB) Lcoupling (dB) Tng(K) ngcﬂ(K)
1.6 0.65 0.27 0.37 1.00 0.35 0.02 2590 1596
2.5 0.38 0.56 0.63 0.33 1.11 0.11 3290 1866
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FIG. 3. Schematics of setup-B that is the setup in vacuum for measuring the T258 and GPSE of the HEB-B device at f;= 1.7 GHz (Af¢ =85 MHz). There is a circulator in
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rec

the IF chain, which is dedicated to G258 measurements. The hot/cold loads and the Mylar beam splitter are placed in a vacuum enclosure, attached to the cryostat. A rotat-
ing mirror is used to switch between the hot and cold loads. Reproduced from Gan et al., Appl. Phys. Lett. 119, 202601 (2021). Copyright 2021 AIP Publishing LLC.

Publishing LLC. This setup is in principle the same as setup-A,
except for that the hot/cold loads and the Mylar beam splitter are
placed in a vacuum enclosure, attached directly to the cryostat
where no cryostat window is needed. The optical losses contained
in the optical path at 1.6 THz, are presented in Table IV. The
vacuum setup is applied for the 1.6 THz measurement although
originally it was to avoid the air absorption loss (~1dB) at 5.3
(5.246) THz with CH;0H gas.™

The IF chain is similar to setup-A. However, we introduce a cir-
culator with a bandwidth from 1.3 to 1.7 GHz between the bias-tee
and LNA#1. The circulator is necessary for an accurate measurement
of the HEB receiver gain G28 since it prevents standing waves
between the HEB and the LNA. Since we measure the T2SE of the
device at 1.7 GHz, we use a bandpass filter (operated at 1.7 GHz in
this case) in the room temperature part of the IF chain. But the band-
pass filter is not capable of blocking the signals beyond 5 GHz, which
adds noise to the measurements at 1.7 GHz; thus, we add a low pass
filter with a cut-off frequency of 2.2 GHz after the bandpass filter.

The IF chain has a total gain of 85 dB and a noise temperature
of 4.7 K at 1.7 GHz. We performed the measurements of T2 and
GPSB at 1.7 GHz instead of 2 GHz for HEB-A (in setup-A) because

rec
we have only the circulator up to 1.7 GHz available.

C. Setup-C for determination of the IF bandwidth

To measure TE® over a wider range of IF frequencies to

obtain an IF bandwidth of the HEB, the bandpass filter and RT
LNA#2 are removed from setup-A, while the circulator, RT
LNA#2, bandpass filter, and a low pass filter, are removed from
setup-B. Furthermore, the power meter is replaced by a spectrum
analyzer, which records the receiver output power vs IF in response
to either the hot load or cold load from 0.1 to 14 GHz at high spec-
tral resolution. Then, the receiver noise temperature vs IF can be
obtained by applying the Y-factor method.

IV. MEASUREMENT RESULTS
A. Unpumped and pumped IVs

At an operating temperature of 5K and with the LO at
1.6 THz, two sets of IV curves from zero LO power to fully
pumped (driving the HEB to the normal state) for HEB-A and
HEB-B are measured and shown in Fig. 4. Within the optimal
operating region, which is 6-10 mV and 0.27-0.33 mA for HEB-A
and 2-5.5mV and 0.17-0.28 mA for HEB-B, the sensitivity of the
HEB degrades by only 5% from its best value, which is determined

TABLE IV. Losses of the components in the optical path from the hot/cold loads to the HEB-B at 1.6 THz in the vacuum set, including the 6 um Mylar beam splitter (BS) (Lgs)
at 300 K, the 5.8 THz low pass filter (L) at 4 K, the coated Si lens (Liens) at 4 K, and the power coupling between antenna and HEB by assuming the HEB RF impedance to
be the same as the Ry. Components in orange fields are at room temperature, and components in blue fields are at 4 K. The measured ngﬂ, the corrected receiver noise

temperature TS referenced to the front of AR coated Si lens, and the mixer noise temperature T25 are also included (to be described in Sec. 1V).

LO fl'equenCY LBS (dB) Lﬁlter (dB) Llens (dB) Lcoupling (dB) TchB (K) T::Cm (K) T,E,Sf (K)
1.6 THz 0.27 1.00 0.35 0.35 2160 1634 1319
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FIG. 4. IV curves of the MgB, HEB mixers at 1.6 THz with different applied LO powers at 5K operating temperature. (a) IV curves of HEB-A. At the optimal operating
point, the required LO power is 13.6 uW. (b) IV curves of HEB-B. At the optimal operating point, the required LO power is 12.5 uW. The yellow circle indicates the optimal
operating region derived from Fig. 5. Both HEBs show step-like structures in their IV curves, which become weaker with increasing LO power.

by measuring the T2E at different bias voltages. The optimal LO
power P (i€, corresponding to the lowest Tfe)fB) as absorbed
by the HEB was determined by the standard isothermal tech-
nique:*’ 13.64W for HEB-A and 12.5u4W for HEB-B. A smaller
bridge volume in HEB-B as compared to HEB-A compensates for
its higher T, hence resulting in nearly the same Pr0 gp:.

Reproducible step-like structures can be observed in under-
pumped IV curves of both HEBs below 20mV in Fig. 4. The
amplitudes of the current steps reduce with increasing LO power.
Around optimal IV curves (“optimal region” in Fig. 4), no such
features seem to be present. However, as it will be discussed in
Sec. IV C, these structures persist and can be seen from the differ-
ential resistance (dV/dI) as well as in the Py, — V and Py — V
curves, where Py o1 is the receiver output power when the HEB is
irradiated by the hot load or the cold load.

B. Receiver noise temperature for a given bias voltage
at 1.6 THz

To obtain a TP5B based on the Y-factor, Py, or Py is mea-
sured at the same IV-point. For a fixed bias voltage (V), the dc
current (I) through the HEB is defined by the LO power absorbed
in the HEB. The accuracy of the Pj,/ P4 measurements is depen-
dent on the LO power stability, which is not a trivial task at THz
frequencies. In order to mitigate this issue, we utilized a method
introduced in Ref. 41. Instead of stabilizing the power of the FIR
gas laser we intentionally sweep its power (using a voice-coil actua-
tor), while simultaneously recording Py, (or Py) and the bias
current.*® Using this method, the error of the T2%® measurement of

rec

a HEB is within 5%. To find the minimum T25, we conduct this

exercise at a number of bias voltages. The results at the fixed bias
voltage of 8 mV for HEB-A and 2.5mV for HEB-B are shown in
Figs. 5(a) and 5(b), where Py and P,y are plotted as a function of
the current together with their polynomial fitted curves. The latter
are used to determine the TESE, plotted in the same figures, from

which we select the minimum TgCSB. We have carried out such

measurements at a number of bias voltages to obtain the minimum

TDSE at each bias voltage, where the LO power varies. The results
are summarized in Figs. 5(c) and 5(d). Because of variable LO
power, here the dependence of T8 on voltage is different from

that in Fig. 6 to be presented in Sec. IV C. The lowest T2SE for
HEB-A is 2590 K (at 2 GHz) when it is biased at 8 mV and 0.3 mA
and the lowest T28 for HEB-B is 2160 K (at 1.7 GHz) when it is
biased at 2.5mV and 0.22 mA. Both measured T258 are listed in
Tables 11T and 1V.

Figures 5(e) and 5(f) show the minimum Tng at different
operating temperatures from 5 to 20 K. For HEB-A, when the oper-
ating temperature increases, the T2E stays nearly the same from 5
to 10K, but it increases by 15% at 15K and 37% at 20K. For
HEB-B, the T8 increases only by 17% when the operating tem-
perature increases from 5 to 20 K. The slower increase in HEB-B
should be related to the higher T, of the HEB-B and has also been
seen in the 5.3 THz measurements of the same device.”* Previously,

TDSE v operating temperature T in MgB, HEB mixers was studied
at 0.6-3.3 THz’' "> where the possible effect of a high T, on
the T2 vs T behavior was pointed out. Because T. of HEB-B
(38.4K) used in our study is significantly higher, we now demon-
strate that the heterodyne sensitivity of the MgB, HEB degrades
only marginally for temperatures up to 20 K.

At the optimal operating point where the T2? is the lowest,
the G?efB(: GaptGﬁsB) for HEB-B is measured by using the
U-factor,”® which is the ratio between the receiver output power
when the HEB is at its operating point and the receiver output
power when it is in its superconducting state. The G5B is found to
be —7.8dB by subtracting all the optical losses from the derived
GPSB. However, we could not get a reliable GPS5 for HEB-A (using

setup-A) because of the standing waves between the HEB and
LNA. Therefore, no GﬁSB data for HEB-A are present.
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FIG. 5. (a) and (b) Measured receiver output power (left axis) of HEB-A (biased at 8 mV) and HEB-B (biased at 2.5 mV), respectively, in response to hot/cold loads,
together with the polynomial fits (solid lines) as a function of the current and the resulting receiver noise temperature (right axis) when it is operated with an LO at 1.6 THz.
The lowest noise temperature for HEB-A is 2590 K and for HEB-B is 2160 K. (c) and (d) The minimum receiver noise temperatures of HEB-A and HEB-B for different bias
voltages. (e) and (f) The minimal T2SE at different operating (bath) temperatures. Results of HEB-A are for fz=2 GHz (Afy= 100 MHz), while those of HEB-B are for

fr=1.7 GHz (Af; = 85 MHz).

C. Receiver noise temperature vs bias voltage

at 1.6 THz

We measured Pj,,; and P,y of both HEBs as a function of the
bias voltage under the optimally pumped LO power. The results

from HEB-A are plotted in Fig. 6, where the Pp, and P,y show
irregular features that are also present in the resulting T22. The
latter is plotted in the same figure in green. The irregular features
are reproducible, but some details seem to vary, probably due to
fluctuations in the LO power from the FIR gas laser. For this
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FIG. 6. Measured receiver output power (left axis) of HEB-A responding to the
hot and cold load and resulting T2S8 (right axis) as a function of the bias
voltage with the HEB pumped at the optimal LO power at 1.6 THz and at 5K
operating temperature. Solid lines for the receiver output power are smoothed
curves.

particular measurement (as a function of the bias voltage), we were
not able to keep the LO power constant. The T2 as a function of
the bias voltage for HEB-A shows a minimum T2 of 2070 K at
8 mV, which is 20% lower than what is found in Fig. 5(a). This is
caused by LO power variation between the measured hot and cold
power curves.

To understand the structure of Ppy s, we measured the
Photcola of HEB-B as a function of bias voltage within a relatively
short time period by scanning a relatively small voltage range (0-
5mV) with a voltage step (0.1 mV), so the LO power was relatively
constant and the data, which are reproducible, are chosen to be dis-
cussed further. The dataset was taken from the same HEB although
at 5.3 THz and 20 K instead of 1.6 THz and 5 K, which should not
affect the discussion. Figure 7 plots the IV curves and P14 and
TPSE vs V, respectively. The two identical IV curves in Fig. 7(a)
indicate that the LO power is the same when measuring Py, and
Poiq. The curves of Pporcoq in Fig. 7(b) show clearly structures,
which are expected to correlate to the structures in the curves of
dV/dI vs V, to be discussed. The derived T2%® curve in Fig. 7(c)
shows also structure, which is interestingly not fully in line with the
peaks and valleys in the Ppy 014 curves. It is worth to note that the
variation in amplitude is much larger than the uncertainty of the
measurement data.

We believe the structure in the Ppotor co1d VS V curve origi-
nates from the IV or the differential resistance dV/dI vs
V. However, the IV curves in Fig. 7(a) with the large voltage step
do not allow us to calculate the small features in dV/dI due to
the noise. By smoothing the data, the main fluctuating features
are averaged out. Instead, we plot the dV/dI of the same HEB
(HEB-B) as a function of bias voltage over a wide voltage range
from 0 to 40 mV for an optimally pumped case (at 1.6 THz)
together with Py, in Fig. 8, where we found that the large fea-
tures in the dV/dI curve correspond well to those in the Py,
curve. We conclude that the structure on Py, correlates to the
differential resistance.
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derived from the Y-factor based on Pt corg data in (b).

D. Receiver noise temperatures at 2.5 THz

We also measured the T2S5 of HEB-A with the LO at 2.5 THz.
Using the same current scan method, we obtained a minimum
TDSB of 3290 K at 8 mV and 0.31 mA. The details are illustrated in
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FIG. 8. Comparison between the measured receiver output power Py and the dif-
ferential resistance of HEB-B (from IV) as a function of the bias voltage with the
HEB pumped at the optimal LO power at 1.6 THz and at 5 K operating temperature.
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voltage with the HEB pumped at the optimal LO power at 2.5 THz and 5 K. The solid lines for the receiver output power are the curves as a result of smoothing.

Fig. 9. By increasing the LO frequency to 2.5 THz, the optical losses
in the optical path are also increased, as shown in Table IIT; in par-
ticular, there is more loss at the AR-coated Si lens because it was
optimized for 1.6 THz. To establish a sensitivity of the MgB, HEB
at 2.5THz, we also calculated the receiver noise temperature
referred to the front of the Si lens by correcting the optical losses of
the components in the optical path before it (lens) and by assum-
ing an AR-coated lens optimized for the right frequency. We found
this corrected T28 to be 1866 K. The latter is about 14% higher
than the corrected TP value at 1.6 THz (to be described in
Sec. V A). The structure was also observed in Pj, and Py vs
voltage at 2.5 THz.

E. IF noise bandwidth

Sections IV B-IV D present our studies of the MgB, HEB
mixer sensitivity (T2%%) in a narrow (100 MHz or 85 MHz) band,
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centered at fir =2 GHz or fiy =1.7 GHz. In practical astronomical
observations, different IFs are utilized, depending on how far the
LO frequency is from the frequency of the celestial source.
Furthermore, as we discussed in the Introduction, an IF band as
wide as several GHz is often required.” Wide-IF-band characteriza-
tion of TP with a high frequency resolution will also provide
insight into the physics of HEB mixers and determine their time
response limits associating to the ultra-thin MgB, films used.

With this goal in mind, device HEB-A was studied across a
wide IF range of 0.2-14 GHz when the HEB is biased at the
optimal point at 5K and with the 1.6 THz LO. The obtained T2%5
is plotted as a function of IF frequency in Fig. 10(a). We used the
equation Tng(f) = To(1 +( f/f,,)z) to fit the Tfe)fB vs IF data. For
this device, we have the best fit when the NBW is 11+ 1 GHz,
where the large error bar is due to the low signal-to-noise ratio.
The IF NBW of HEB-B (with an uncoated lens for this particular

measurement) were also fitted and measured to be 11 +1 GHz, as
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FIG. 10. T,ng as a function of IF frequency at 5K and 1.6 THz for device HEB-A in (a) and device HEB-B (with uncoated lens) in (b). The solid lines are the fits to the
data using the equation T255(f) = Ty(1 + (fIf,)?), and the fitted noise bandwidth f, for both devices are 11 GHz with an error bar of +1 GHz.
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FIG. 11. Comparison of the IV curves at two different frequencies for both MgB, HEBs. (a) The optimally pumped IVs at 1.6 and 5.3 THz for HEB-B, at 5 and 20 K.
Reproduced from Gan et al., Appl. Phys. Lett. 119, 202601 (2021). Copyright 2021 AIP Publishing LLC. (b) The optimally pumped IVs at 1.6 and 2.5 THz at 5K for

HEB-A.

shown in Fig. 10(b). Our NBW data support the results reported in
Refs. 32 and 47.

An unexpected peak in the T2SE vs IF is observed at 8 GHz
(and at 12 GHz for HEB-B) at all temperatures, operating points,
and LO frequencies. It is also seen in data for different HEBs.
Characterization of each IF component separately does not allow
us to see where this particular problem could be. It seems to come
from an interaction of the HEB mixer itself with the extremely
broadband IF LNA that we utilized. A study of the IF impedance of
MgB, HEB mixers is required for an accurate HEB-to-LNA integra-
tion. Fortunately, this peak has little effect on our determination of
the NBW because of the wide IF range used.

F. Comparison of pumped IV at different frequencies

For HEB-B, we measured its optimally pumped IVs at 1.6 and
5.3 THz at both 5 and 20 K, which are plotted in Fig. 11(a). A pres-
ence of the bulging part in the IV roughly below 10 mV at 1.6 THz
(indicated with an arrow) as compared to the IV at 5.3 THz is char-
acteristic to this device. However, the difference, the increased
current at 1.6 THz in this region compared to 5.3 THz, vanishes as
the voltage increases. The two IV curves become exactly the same
at high voltages, where the HEB turns into a resistive state toward
the normal state. Since in this case the effective gap frequencies are
substantially reduced, the absorption of photon power is expected
to be no longer dependent on the photon frequency. The well-
overlapping IV curves at high voltages suggest the same LO power
at 1.6 and 5.3 THz. We note that the effect is also present at 20 K
but weaker.

For HEB-A, we have measured its optimally pumped IVs
at 1.6 and 2.5THz at 5K, which are plotted and compared in
Fig. 11(b). We found they are almost identical. The slight offset in
the currents is due to a small difference in LO power. Physical
interpretations of the observations in both HEBs, taking the
double-gap nature into account, will be discussed in Sec. V C.

V. DISCUSSION

A. Comparison of the measured receiver noise
temperatures with other HEBs

The measured TE%8 of 2160 K at 1.6 THz for HEB-B is prom-
ising and better than other MgB, HEBs reported in the
literature,” "' where although the operating frequencies and
detailed optics are not the same, this general conclusion is valid.
However, our value is higher than the best MgB, HEB in Ref. 32.
To compare with the data in Ref. 32, we corrected for optical losses
until the front of the AR-coated Si lens in the same way as what
was done in Ref. 32, and we find a value of 1634 K in our case.
This value is 1.6 times higher than ~1000 K derived from Ref. 32.
We continue the comparison by listing G?B, which is —7.8 dB for
HEB-B and —6.2 dB for MgB, HEB in Ref. 32. The factor of 1.6 is
largely explained by the difference in GESE. We notice that HEB-B
has a narrower MgB, bridge of 285 nm, while the HEB in Ref. 32
has a bridge width of 1 um. As demonstrated in Ref. 49, the TrDefB
increases with reducing the bridge width. This might explain the
difference. We could confirm this by measuring a wider HEB.
Unfortunately, the LO power is not sufficient to optimally pump
the larger HEB.

Since we determined experimentally GPB for HEB-B, we can
also derive its minimum 7258 at 1.6 THz in the same way as in
Ref. 34, which is 1319 K and is also included in Table IV.

Our best TPSE at 1.6 THz is 3-4 times the T2® found in a
NDN HEB measured in a very similar vacuum setup, after correct-
ing for losses in the uncoated Si lens (842K on an uncoated Si
lens).”® The higher noise temperature in MgB, HEB due to the
high T is expected because the output noise is proportional to it.”’
However, the mixer conversion gain might be different from the
NDN HEB and is expected to be higher. As shown in Sec. IV B,
HEB-B has a GLB of —7.8dB, which is higher than —9.47 dB
found for the NbN HEB in Ref. 36. Our recent, unpublished
results’ have also shown that NbN HEBs can have a higher GﬁSB,
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e.g, —3.2dB at 1.6 THz. As a result, the T2 was also reduced con-
siderably, for example, to 490 K. Therefore, we believe that the
GﬁSB of MgB, HEBs can be further improved and, thus, TDSB,

rec

The T2 increases by 37% for HEB-A and 17% for HEB-B
when the mixer operating temperature increases from 5 to 20 K.
Compared to the 12% increase in TES® for HEB-B operated at

53THz,™ the increase in T2 for HEB-B at 1.6 THz is slightly
higher. The reason could be the different electron temperature pro-
files of the device due to the different LO frequencies, caused by
the double gap effect to be discussed in Sec. V C, which causes a
different temperature dependence of T,ZSB and, thus, TrDefB. The
MgB, HEB has the advantage of operating at temperatures >20 K,
but the degradation with increasing temperature depends on T;
thus, HEB-B is more favorable for 20K operation. Uniquely,
between 5 and 10K, the sensitivity is nearly temperature

independent.

B. Origin of the structure in IV, output power, and
receiver noise temperature

The stepwise features appearing in the IV curves of narrow-
or nano-wires based on an ultrathin MgB, film are known in the
literature. Such MgB, nanowires can show current jumps and dis-
continuities in their IV curves.”” The nanowire in Ref. 52 has a
width of 320 nm based on a 10 nm thick film, which is very com-
parable to our HEBs. The amplitude of the stepwise features
depends on temperature. By raising the temperature, the IV curve
gradually becomes smooth and the structure seems to be washed
out, but it might still be present since no differential resistance data
were shown. The latter can magnify the detailed features. Such data
were obtained when the devices are current biased. However, in
our case, all the IV curves were recorded when the HEB is voltage
biased, where the bias circuit can influence the detailed features.
Because of this, our HEBs are not expected to show exactly the
same features as in Ref. 52.

Fine features in the differential resistance of the pumped IV
under THz radiation have been observed in an MgB, HEB geome-
try,”" where fluctuations are observed in the receiver output power
of the HEB vs the voltage. The authors attributed them to sudden
switches in the resistance. However, little discussion on the origins
can be found. The irregular features observed in the IV curves or
their differential resistance vs voltage are expected to relate to the
film quality, the transport mechanism, or a combination of both. It
was reported that a thin MgB, film of 40 nm grown by HPCVD
shows well-connected hexagonal grains with sizes ranging from 90
to 180 nm,”" where the electrical connectivity between the grains is
expected to be weak when the film gets thinner. Since the grain
sizes vary in the film, one could expect electronic inhomogeneities
intrinsic to grains in MgB, thin films, where there are spatial varia-
tions in the critical temperature and where the effect to the IVs is
magnified in the bridges with a submicrometer-width.

Unfortunately, we have no information of the material and
surface structure of our specific MgB, HEBs. So we do not know
whether the mechanism of the grains in the electrical transport is
applicable to our case. However, we find that a comparable MgB,
film of 5nm thick (nominal) has shown considerable fluctuations
of the surface profile, measured by an atomic force microscopy
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(AFM) scan, where local peaks or dips reach an amplitude of as
much as 3nm in a scale of roughly 100 nm spatially. So the film
uniformity is absolutely not ideal because the fluctuation amplitude
is close to the thickness. We thus expect strong non-uniform elec-
tronic properties, which result in spatial variations in the critical
temperature. As suggested in Ref. 53, local variations in the critical
temperature in NbTiN narrow strips can cause stepwise features in
IV curves. This mechanism may also apply to our narrow MgB,
bridges.

By applying a hotspot mixing mechanism’*** to an uniform
HEB, one will derive structure-less Ppot o4 and Tng vs V curves
although they are voltage dependent and although there is a
minimal T2 at the optimal bias voltage as shown in NbN
HEBs.'""” However, the non-uniform electronic properties can
introduce an additional structure in addition to the voltage- and
LO power dependence governed by the hotspot. Thus, P o Will
also show structure, where the location and amplitude of peaks and
valleys will be both voltage and LO power dependent. In essence,
the mixer gain and output noise will be affected by the non-
uniformity. As a result, the MgB, HEBs can have reproducible
structure in Pyopcoi and T2, In contrast to a NbN HEB, the non-
uniform MgB2 HEB can have different local minimal noise temper-
atures, as demonstrated in Fig. 7(c).

It has not been studied yet whether the additional structure
can influence the direct detection effect’® or the stability”” of the
HEB. But we noticed that LO power needs to be absolutely constant
between two measured traces of Pj, .14 of the HEB as a function of
bias voltage; otherwise, the features in the output power curve
change, for example, Py, curve will shift with respect to the Py
one. As a result, additional fluctuation features appear in the T,lsz,
making the measured values less reliable.

C. Effect of the gap frequency

A; =1.8meV and A, = 6.3meV were reported for MgB,
with a T, of 38.7K,” corresponding to gap frequencies, f, and f;,
of 0.87 and 3.05 THz, respectively. The two frequencies are derived
by making use of the relation of the gap frequency to the supercon-
ducting gap of  m-band or o-band, namely,
fr = 2Az/h, while f; = 2A,/h,'"® where h is the Planck constant.
We assume that these two gap frequencies apply also to HEB-B
since its T, (38.4K) is nearly the same as in Ref. 58. Actually
recently, Ref. 59 has found comparable two gap frequencies by
measuring the kinetic inductance of a similar thin film.
Photo-response in double energy gap superconductors is an inter-
esting research problem itself and deserves a separate study.
Nevertheless, since the frequencies of LO sources utilized in our
experiments occur on both sides of f;, and since LO power has
been known to affect the shape of the pumped IVs, we took this
opportunity to verify whether the double-gap conduction bands in
MgB, could be manifested in MgB, HEBs by the LO frequency.

Pumped IVs of HEBs are a result of RF heating by THz radia-
tion and dc heating by the current in the superconducting bridge.
A resistance over a hot-spot, which appears in the middle of the
HEB, is observed as the voltage in the IVs under both the LO and
the dc-voltage (current) bias. Obviously, if fio is < 2A/h, the LO
photons can be absorbed only in the areas with a suppressed
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energy gap. In case f,o > 2A/h, the LO photons are absorbed uni-
formly within the HEB. This phenomenon was indeed observed
experimentally in low-T, superconducting NbN HEBs when the
LO frequency varies across its gap frequency.””®' Furthermore,
with a gap frequency of 2A/h at ~0.8 THz, the IV curves of a NbN
HEB show no variations vs LO frequency from 1.6 up to 5.3 THz.*

Photons of 5.3 THz are expected to break Cooper-pairs uni-
formly within the ultrathin, narrow MgB, bridge since
fo < 5.3THz. However, when it is pumped at 1.6 THz, which is
expected to be between f; and f;, the photons can break the
Cooper-pairs in the n-band and only those in 6-band, which are
located in the middle of the bridge, i.e., in the hot-spot created by
the DC heat power. Thus, for the considered case
(f: <1.6THz < f,), the absorption is highly non-uniform.
Figure 11(a) shows IV curves for HEB-B pumped both at 1.6 and
5.3 THz at both 5 and 20 K. At both temperatures, the following
relation is valid: f; < 1.6 THz < f, < 5.3 THz. It is clear that at
the high bias voltages, when the superconductivity is suppressed
and the hot spot extends over the entire HEB, the effect of the LO
frequency cannot be observed. On the contrary, at lower bias volt-
ages [in Fig. 11(a)], a clear reduced effect of LO power heating on
the HEB (a higher current for a given bias voltage) at 1.6 THz is
seen. This effect, as one would expect, is stronger at 5K than at
20 K due to a marginally reduced energy gap in the latter case, but
the relation f; < 1.6 THz < f; < 5.3 THz is still valid, while the
two IV curves are exactly the same at voltages from roughly 10 to
40 mV. The latter suggests that the pumped LO power is the same
since the pumped IV curves are still LO power dependent as indi-
cated in Fig. 4. This observation can be explained by the existence
of a high-energy o-band with a characteristic frequency between
1.6 and 5.3 THz in the FIR absorption spectrum of MgB, films. We
are unfortunately not able to probe the small n-gap since we have
not measured the IV pumped with a LO frequency below f; of
0.87 THz.

How the double-gap absorption of the photons from the LO
will affect the MgB, HEB performance has to be modelled using,
e.g., a finite element modeling, which will require knowledge of
many superconducting parameters of the utilized films. At the
moment, we can state that the measured GP8 at 1.6 THz (-7.8 dB)
for our MgB, HEB is found to be slightly lower than that at
5.3 THz (—6.7 dB). This difference from 1.6 to 5.3 THz is small but
noticeable (+1.1dB). In contrast, the GP® of an NbN HEB is
known to be nearly constant although decreasing slightly (0.4 dB)
from 1.6 to 5.3 THz in practice.’

Although the film used for HEB-B is much thinner (~7 nm)
than the one reported in Ref. 20, which is 200 nm, it has a relatively
high T, of 384K and a low room temperature resistivity
(~22 u€ x cm), hence being close to the clean limit. The cleanness
is attributed to the thick Si;N, protection layer, which prevents
MgB, from being exposed to moisture in the air.

HEB-A does not show similar behavior in the pumped IV
between 1.6 and 2.5 THz as HEB-B. Thus, no signature of the
high-energy gap is present. The reason is unclear. Likely, the
MgB, bridge without a protection layer in HEB-A is considered
to be “dirty” because the MgB, has been in contact with mois-
ture and is, thus, hard to observe the high-energy gap, as
reported in Ref. 22.
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D. RF impedance of a MgB, HEB

Section V C implies that to explain the RF performance of an
MgB, HEB, like HEB-B, one needs to be aware of the operating fre-
quency with respect to two gap frequencies. Let us here discuss
what will be the RF impedance of an MgB, HEB at different fre-
quencies. For the case of HEB-A, the RF impedance could be con-
sidered to be the same as the normal resistance just above its T
when we apply the LO frequency at 1.6 and 2.5 THz since both are
considerably higher than the assumed single gap frequency of
1.2 THz corresponding to a A, of 2.5meV as suggested in Ref. 22.
Also the HEB film thickness is less than 25% of the skin depth (8)
of 142 nm (at 1.6 THz) of the MgB, at its normal.”* Furthermore,
since the § is about 36% of the HEB width, the RF current will be
uniform along the MgB, HEB since this is very similar to the NbN
HEB with Au contact pads in Ref. 63, where the current distribu-
tion is constant across the HEB width even when 3/HEB width is
17% at 8 THz. NbN HEB mixers are often within this limit; thus,
for a NbN HEB operated beyond 1THz, the RF impedance is
usually taken from the normal state resistance.

However, the RF impedance for HEB-B will depend on the
LO frequency, either 5.3 or 1.6 THz. At 5.3 THz, the impedance
will be the same as the normal state resistance since it is far above
the two gap frequencies, and the HEB thickness is far less than
25% of the 8 of 75 nm of MgB,. Furthermore, & is 26% of the HEB
width.”” In contrast, at 1.6 THz, it is a frequency between two gap
frequencies, so for the o-band conduction, it is still superconduct-
ing, while for z-band conduction it behaves like normal. Thus, the
impedance needs to be calculated by using the general complex
surface impedance for a superconducting film under AC in a
similar approach as for a NbN HEB when it is operated below its
gap frequency.””** One more complication is that when it is DC
biased and LO pumped, the exact RF impedance could be operating
point dependent. So, strictly speaking, for HEB-B, the RF imped-
ance at 1.6 THz is not known, but is likely smaller than the normal
state resistance. Thus, the power coupling between the HEB and
antenna shown in Table TV is just an approximation since it was
based on the normal state resistance.

E. R-T curves and contacts

It is surprising to notice that two HEBs from different batches
have shown the R-T curves in Fig. 1(c) that seem to be fully char-
acterized by only one T, namely, the T, of the thin MgB, films. In
contrast, both NbN HEB®” and Nb HEB,’® contacted commonly
with thick Au pads being the same as for the MgB, HEBs, have
shown not only a reduced T, of contact pads, which consist of a
superconducting layer and an Au layer, but also a slow increase in
resistance from the T, of the contacts. Here, we focus only at one
particular phenomenon that is the reduced T. of NbN/Au or Nb/
Au contacts,””* which is known to be caused by the superconduct-
ing proximity effect. The latter describes a leak of Cooper pairs
from a superconductor (S) into a normal metal (N) when they are
in contact physically. For a given N, the parameters of supercon-
ducting coherence length (§), the thickness in the superconductor
ds, and the transparency of the interface between S and N play a
crucial role to determine the leaking distance of Cooper pairs in
the S-N structure®” and, in turn, to determine the reduced T, of

J. Appl. Phys. 133, 074503 (2023); doi: 10.1063/5.0128791
Published under an exclusive license by AIP Publishing

133, 074503-13


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

the S-N layer. To examine possible proximity effects in our MgB,-
Au bilayer, we compare the parameters of & and ds out of three
types of HEBs. We find &, the coherence length & along the c-axis
for thin MgB, films, to be 2-3 nm® and d,=5-7 nm in our case,
while & is 3-4°” and dy = 5-6 nm for NbN films (in practice), and &
is 5nm for Nb films® and d,=10 nm. We observe that the ratio,
&/d,, for MgB, is comparable to that for NbN in magnitude,
although MgB, is expected to have a slightly weaker proximity
effect. Furthermore, it has been shown that MgB, is a phonon-
mediated BCS superconductor,m which should behave similarly as
Nb and NbN but operate at a higher temperature. Therefore, if the
interface between S and N is transparent, one should expect the
proximity effect also from the MgB,/Au structure. The observation
of no reduction in T, in our MgB,/Au contact pads suggests that
the interface between MgB, and Au is poor. If this is true, improv-
ing the interface may further improve the performance of MgB,
HEB mixers. The existence of poor contacts or the contact resis-
tance in MgB, HEBs was suggested by the measured dependence of
mixer noise temperatures on the bridge width, where the mixer
noise temperature is lower when the width is larger.*

F. Preventing aging effect

HEB-A and other devices (not shown) from the same batch
suffered from an aging effect, where the Ry increases with time and
shows more changes when we removed the HEB from the Si lens,
in which the HEB is usually exposed to moisture in the air.
However, HEB-B and other devices with the protection layer have
shown no changes in Ry although HEB-B has been exposed to
moisture more than 5 times during a 2-month measurement cam-
paign. Thus, the protection layer is crucial, not only preserving the
transport property by keeping the resistance of the HEB
unchanged, but also maintaining it in the clean limit. We also
stored two HEBs from the same batch as HEB-B in air and moni-
tored the Rgr as a function of time for a period of 400 days. We
measured a relative change of 0.7% in the resistance averaged from
two HEBs, which is negligibly small. Even so, we keep such HEBs
in a storage in vacuum, so the aging effect can be mitigated to
almost zero.

VI. CONCLUSIONS

We have fabricated spiral antenna-coupled MgB, hot electron
bolometer mixers based on ultrathin MgB, films of ~5nm, corre-
sponding to a T, of 33.9K, and ~7 nm, corresponding to a T, of
38.4K. At 1.6 THz, we measured a minimal DSB receiver noise
temperature (T28) of 2590 K for HEB-A using a standard setup in
air and 2160 K for HEB-B using a vacuum setup. After correcting
for differences in optical losses between the two setups, both HEBs
show a comparable T2SE. We realized HEB mixers with narrower
MgB, bridges than in Refs. 32 and 47 where the best values so far
were ~1000 K, referenced to the front of the AR-coated Si lens. In
our case, this value is 1634 K for HEB-B. We believe that the differ-
ence is due to contact resistance between the Au contact pads and
the MgB, bridge, where the effect is larger for narrower bridges. All
the TPSE are measured around an operating temperature of 5K,
with a local oscillator power of 13.6 uW for HEB-A and 12.5uyW
for HEB-B. The IF noise bandwidths for both HEB-A and HEB-B
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were measured to be 11 GHz, which agree with the data in Refs. 32
and 47, and are roughly three times larger than what was found for
NbN HEBs. When the operating temperature increases from 5 to
20K, TESB at 1.6 THz increases by 37% for HEB-A and only 17%
for HEB-B, confirming a high operating temperature above 20K,
especially for HEBs with higher critical temperatures (38 K in our
case).

We measured a minimal T2%8 of 3290 K at 2.5 THz and at 5K
using HEB-A, leading to a corrected T2SE of 1866 K. The results
obtained at 2.5 THz together with the recent data in Ref. 35 repre-
sent the first reported noise data at this frequency for an MgB,
HEB in the literature, which adds to the understanding of the
complex THz-response nature of double-gap MgB, HEBs.

We have observed the structure in the IV curves, which
becomes weaker when the LO power increases, and can be observed
only in their differential resistance in optimally pumped IVs. The
structure is likely due to spatial variation in the thickness of the
ultrathin MgB, films, which leads to spatial variation in the critical
temperature. The effect on IV curves is magnified in narrow, sub-
micrometer bridges. We also found the structure in the output
power of the mixer as a function of bias voltage, which correlates
with that in the differential resistance and also in the measured
receiver noise temperature. They are reproducible, but sensitive to
LO power. So, to determine a reliable T2 as a function of the bias
voltage, stable LO power is a must.

Different response in the IV curves around low bias voltages,
pumped with the same power at either 1.6 or 5.3 THz, was
observed for HEB-B, suggesting the presence of a high-energy gap
in the ultrathin MgB,.

Our studies suggest how to (a) further improve MgB, HEBs,
including the structure in the IV curves being associated with the
thin MgB, film requires an in-depth study before this technology
can be fully implemented in a practical receiver; (b) characterize
the stability of MgB, heterodyne receivers in terms of an Allan var-
iance stability time,””**" in particular, to explore whether the struc-
ture appearing in the IV curves affects the stability or not;
(c) understand the interface between Au and MgB,, it is crucial to
reduce the contact resistance, thus allowing not only for a better
sensitivity, but also to have HEBs with a small width and, thus,
smaller HEBs. The latter allows for operating at a low LO power,
which facilitates array receivers. Finally, to predict the ultimate het-
erodyne performance of MgB, HEBs, detailed modeling, as per-
formed for NDN and YBCO HEBs, would be extremely valuable.
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