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The rapid development of infrared spectroscopy, observational astronomy, and scanning near-
field microscopy has been enabled by the emergence of sensitive mid- and far-infrared photode-
tectors. Owing to their exceptional signal-to-noise ratio and fast photoresponse, superconducting
hot-electron bolometers (HEBs) have become a critical component in these applications. While
superconducting HEBs are traditionally made from sputtered superconducting thin films like Nb or
NbN, the potential of layered van der Waals (vdW) superconductors is untapped at THz frequen-
cies. Here, we report the fabrication of superconducting HEBs out of few-layer NbSe2 microwires.
By improving the interface between NbSe2 and metal leads connected to a broadband antenna, we
overcome the impedance mismatch between this vdW superconductor and the radio frequency (RF)
readout circuitry that allowed us to achieve large responsivity THz detection over the range from
0.13 to 2.5 THz with minimum noise equivalent power of 7 pW

√
Hz. Using the heterodyne sub-

THz mixing technique, we reveal that NbSe2 superconducting HEBs are relatively fast and feature
a characteristic response time in the nanosecond range limited by the slow heat escape to the bath
through a SiO2 layer, on which they are assembled, in agreement with energy relaxation model.
Our work expands the family of materials for superconducting HEBs technology, reveals NbSe2 as
a promising platform, and offers a reliable protocol for the in-lab production of custom bolometers
using the vdW assembly technique.
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Layered van der Waals (vdW) superconductors have
recently emerged as a convenient platform to investi-
gate quantum phenomena arising in two dimensions and
to prototype future technology1–3. Among them, two-
dimensional (2D) niobium diselenide (NbSe2) is one of
the most extensively studied compounds4–9. Not only
has it enabled the observation of numerous spectacu-
lar effects ranging from high-critical-field Ising supercon-
ductivity10 and charged density waves11–13 to unusual
continuous paramagnetic-limited superconducting phase
transitions14 and magnetochiral anisotropy15,16, but it
has also given rise to several interesting applications such
as superconducting diodes16 and rectennas15. Despite
significant progress in understanding the fundamental
properties of this material via transport17 and optical
experiments18–21, little is known about the response of
NbSe2 to terahertz (THz) radiation22–24.

The interaction of THz radiation with thin supercon-
ductors has been a focal point of intensive research, as
superconducting hot-electron bolometers (HEBs) play a
crucial role in a variety of applications, ranging from in-
frared spectroscopy to near-field microscopy and observa-
tional astronomy25,26. Due to the small specific heat ca-
pacity of charge carriers, low-dimensional superconduc-
tors can convert absorbed low-intensity THz radiation
into a strong voltage signal, thanks to the high sensi-

tivity of their resistance to the radiation-induced change
in electronic temperature. While conventional supercon-
ducting HEBs are typically produced from sputtered Nb
or NbN films27, their thickness and quality are limited by
the magnetron sputtering system, making it exceedingly
difficult to achieve thicknesses in the nanometer range.
Layered van der Waals (vdW) superconducting materi-
als, especially NbSe2, offer an alternative and more ac-
cessible platform for this research, owing to the simplic-
ity of achieving few-layer thicknesses28. Nevertheless,
the opportunity to use NbSe2 for sensitive THz detec-
tion remains largely unexplored. The major obstacle
for the integration of this material into high-frequency
circuitry, critical for the THz exploration in a control-
lable manner, is the fabrication of low-resistance Ohmic
contacts, a known challenge in most transitional metal
dichalcogenides. In this article, we overcome this chal-
lenge and demonstrate high-responsivity THz detection
using antenna-coupled NbSe2 devices, explore the fun-
damental limits of their application in superconducting
HEBs, and provide a recipe for the in-lab production of
custom bolometers using the vdW assembly technique.

Our NbSe2 devices were fabricated using the vdW as-
sembly technique, specifically through the dry transfer
method29. In short, a few-layer NbSe2 microwire-shape
flake exfoliated onto a Polydimethylsiloxane (PDMS)
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FIG. 1. Antenna-coupled NbSe2 devices. a-b, Schematic (a) and photograph (white bar is 20 um) (b) of the encapsulated
NbSe2 device. Thin NbSe2 microwire is covered by a 50 nm-thick hBN slab and connected by top Al contacts coupled to a
log-periodic bow-tie antenna. c, Two-terminal resistance R2pt as a function of T for one of our devices close to the critical
temperature, Tc, and over the whole measurements range (bottom inset). Rc denotes the residual resistance of the device below
Tc. Top inset: zoomed-in photograph of the encapsulated NbSe2 microwire (dashed red line). White bar is 10 um d, Example
of the two-terminal Idc −V2pt curve measured by biasing the microwire with DC current (Idc). Top inset: Idc −V2pt curve near
the hysteretic region. Bottom inset: The dependence of critical Ic and retrapping Ir currents on T .

stamp was deposited on top of the low-conductivity THz-
transparent silicon wafers with a 285 nm thick oxide
layer. We intentionally refrained from using monolayer
flakes as they have lower critical temperatures Tc and
are prone to degradation upon the contact with environ-
ment28. The microwire was then covered by a thin slab
of hexagonal boron nitride (hBN) to protect it from con-
tamination during electron-beam lithography that was
subsequently used to pattern electrical contacts. Some
of our microwires were fully encapsulated by hBN flakes.
After lithography patterning, we applied selective reac-
tive ion etching to remove hBN from the contact area30.
At the next stage, we applied mild argon milling to strip
a thin oxide layer from the surface of the NbSe2 surface
and thus prepared the NbSe2 surface for metal deposition
(180 nm of Al) conducted in the same vacuum chamber31.
Such a milling procedure was critical to ensure low inter-
facial resistance between NbSe2 and the antenna leads
essential for the radio frequency (RF) response time mea-
surements (see below). The NbSe2 microwire was further
connected to a gold spiral log-periodic antenna (150 nm
thick), which was designed to operate over the desired
frequency range (see Fig. 1a-b). In Supplementary Infor-
mation we provide a detailed description of the fabrica-
tion steps along with the parameters of the antenna that
we used in this study. In total, we studied four partially-
encapsulated or fully-encapsulated devices all exhibiting
similar properties.

Prior to photoresponse measurements, we character-
ized the transport properties of our NbSe2 devices.
Fig. 1c shows the dependence of the two-point resistance
R2pt on temperature, T for one of them. The data for the
other samples are shown in Supplementary Information.
The NbSe2 microwire features a standard metallic behav-

ior as revealed from the monotonic R2pt dependence (in-
set to Fig. 1c) and is characterized by a typical to NbSe2
residual-resistance ratio (RRR) of 817,32. The supercon-
ducting transition temperatures, Tc, of the microwire,
was around 6.5 K which is consistent with previous stud-
ies of few-layer NbSe2

28. Notably, in the middle of the su-
perconducting transition, R2pt ≈ 50 Ω, which is identical
to the impedance of the RF readout circuit that ensures
the perfect matching between the superconducting flake
and the circuitry enabling us to explore the fundamen-
tal limits of the response time in NbSe2 superconducting
HEBs. At T < Tc, R2pt(T ) experiences a bulge around
6 K and remains finite Rc = 27 Ω upon decreasing T .
While the latter is a measure of the contact resistance
between the NbSe2 microwire and the metal lead, the
bulge observed in the two-terminal configuration is likely
related to the superconducting proximity effect33. Fig-
ure 1d shows an example of the two-terminal Idc − V2pt

curve measured in one of our devices at T = 4.8 K us-
ing DC current (Idc) biasing and reveals that at this T
the critical current, Ic, of the NbSe2 microwire, is of the
order of 110 µA. The finite, yet relatively small slope of
the Idc − V2pt dependence around Idc = 0 is indicative
of the aforementioned contact resistance. Also, we ob-
served the hysteresis in the Idc−V2pt characteristics that
we attribute to the metastable state related to the com-
petition between the current-induced Joule self-heating
of the microwire in the normal state and electron cooling
processes, behavior typical for superconducting micro-
and nanowires34. To calculate the exact value of critical
current we numerically differentiated the current-voltage
characteristics, followed by the finding the maxima of the
function. The right inset of Fig. 1d shows the Ic and Ir
vs T dependencies; Ir is the retrapping current defined in
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the uppers inset of Fig. 1d, which was measured to study
the dynamics of thermal relaxation in this material Sup-
plementary Information.

To perform the photoresponse measurements, we
mounted our antenna-coupled NbSe2 microwires onto
the hemispherical lens attached to the cold finger of
the variable-temperature cryostat equipped with high-
frequency coaxial cables. This setting along with the
broadband antenna allowed us to carry out direct detec-
tion and heterodyne mixing (see below) measurements
at different T . In the direct detection scheme, we used
a backward wave oscillator (BWO) with frequency f
= 0.13 THz and a quantum cascade laser generating
f = 2.5 THz radiation. The output radiation was mod-
ulated by a mechanical chopper revolving at 77 Hz while
the response voltage ∆V was measured as a function of
bias current Idc using a standard lock–in measurement
technique synchronized to the chopper frequency35. The
output radiation power, P0, was determined using a cal-
ibrated Erickson power meter or a Golay cell depending
on the power range.

The operation of superconducting HEBs is rooted in
the absorption of incident THz radiation, which induces
an elevation of the electronic temperature, Te. Conse-
quently, this results in a significant increase in the sam-
ple’s resistance when it is brought close to the super-
conducting transition27,36–40 . Figures 2a-b illustrate the
dependencies of ∆V on the bias current Idc when the
sample is illuminated with 0.13 THz and 2.5 THz radia-
tion. For both f , we observed a pronounced peak in ∆V
near the critical current for a given T . As the T is reduced
below Tc, the peak’s magnitude gradually increases, con-
current with an increase in the current value (Imax) at
which it appears (see insets in Figs. 2a,b). Above Tc, the
peak disappears, naturally indicating its association with
the bolometric response, wherein ∆V = Idc∆R, with ∆R
denoting the radiation-induced change in resistance.

For further characterization, we have measured the
photoresponse of our devices upon varying P0 of the
0.13 THz source using an attenuator coupled to the BWO
output waveguide, as the latter provides calibrated power
variation (Fig. 2c). At low P0 < 5 µW, ∆V featured
linear scaling with P0 that allowed us to estimate the
voltage responsivity RV = ∆V

αP0
of our detector to be of

≈ 3.2 kV/W (α ∼ 0.33 is an attenuation factor that
accounts for losses in the cryostat window, lens, and
the low-pass Zitexm shield filtering thermal radiation
from the room35). The RV obtained in this way pro-
vides a lower bound for the responsivity and is usually
termed extrinsic, i.e., the calculations assume that the
full power delivered to the device antenna is funneled
into the channel. The obtained value is comparable to
the commercially available NbN-based HEBs41. In this
linear regime, we have also estimated the noise equiva-
lent power (NEP ) of our NbSe2 bolometer using a stan-

dard relation42 NEP = αP0/(SNR
√
B) ≈ 7pW/

√
Hz,

where SNR is the signal to noise ratio and B is the mea-
surement bandwidth. Finally, we further note in passing,

that estimates based on the isothermal method suggest
that only 25% of the incident power is absorbed by NbSe2
(Supplementary Information). .

Another crucial parameter of superconducting HEBs
is their response time27,37,38,43 τ . To determine τ in
our NbSe2 detectors we used a standard heterodyne mix-
ing scheme44 (Supplementary Information). In short, the
scheme employs two BWOs called signal (RF) and local
(LO) oscillators, which generate radiation with slightly
dissimilar frequencies fRF = 130 ± 1 GHz and fLO =
129 GHz respectively (Fig. 3a). RF and LO beams are
directed onto the antenna-coupled sample, where their
interference causes the beating in the absorbed power
with an intermediate frequency (IF) f0 = |fRF − fLO|.
By varying the frequency of the LO, the IF can be tuned
from 10 MHz to 1.2 GHz, thus enabling the measure-
ments of the frequency range within which the bolometer
can respond.

To perform the heterodyne mixing experiments, we
biased our NbSe2 microwires using an isolated voltage
source connected to the DC port of the bias tea (Fig. 3a).
Voltage bias eliminates hysteretic behavior (Fig. 1d) and
enables smooth Idc − V2pt curves critical for heterodyne
mixing45 (see Fig. 3b and Supplementary Information).
The photovoltage amplitude VIF at f0 is read out using a
spectrum analyzer connected to the RF port of the bias
tea (18 GHz bandwidth) through the cryogenic ampli-
fier. Figure 3c shows the results of such measurements
for varying f0 obtained in the optimal operation regime
of one of our NbSe2 bolometers. In our experiments, we
chose this optimal regime as the maximal response region
(purple area in Fig. 3b). Upon increasing, f0, the VIF de-
creases and becomes indistinguishable from noise above
1 GHz. Similar results were obtained for other NbSe2 de-
vices which are presented in Supplementary Information.

To gain insight into the processes that limit the band-
width of our NbSe2 bolometers, we conducted a standard
analysis and attempted to fit the frequency dependence
depicted in Fig. 3c using Lorentzian functions. Unexpect-
edly, the data could not be precisely fitted with a single
cut-off frequency: while the low-frequency data aligned
with a 28 MHz cut-off Lorentzian (dashed line), the high-
frequency range notably deviated from this trend. This
behavior proved consistent in both partially- and fully-
encapsulated NbSe2 devices and was notably absent in
conventional NbN superconducting HEBs tested under
the same conditions. Such a deviation from the typi-
cal Lorentzian decay response is uncommon for super-
conducting HEBs, suggesting special energy relaxation
pathways in our NbSe2 devices, which we now proceed
to analyze.

In sputtered superconducting HEBs, incident THz ra-
diation is absorbed by electrons, which is followed by
electron thermalization and the subsequent release of ex-
cess energy to phonons which typically maintain ther-
mal equilibrium with bath. The timeframe of this en-
ergy escape determines the response time of the bolome-
ters. However, in van der Waals (vdW) heterostructures,
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FIG. 2. THz photoresponse of antenna-coupled NbSe2 microwires. a, The voltage response ∆V vs bias current Idc
at given T obtained under 0.13 THz radiation illumination. Inset: Variation of the current value Imax, at which the ∆V peak
occurs, with T . The solid line serves as a visual guide. b, Same as (a), but for 2.5 THz excitation. c, ∆V as a function
of the output power (P0) of the 0.13 THz BWO source. The data is acquired at a temperature of T = 4.8 K with a bias
current Idc = 90 µA. The dashed line provides a visual guide. Inset: Low-P0 region of the ∆V − P0 data with a solid red line
representing the linear fit.

a different scenario arises. Phonons might not achieve
equilibrium with the substrate, primarily due to the vdW
gap between the superconductor and the SiO2 layer upon
which they are typically deposited. This gap could po-
tentially act as a barrier, delaying the energy relaxation
of overheated electrons. Furthermore, within the amor-
phous SiO2 layer thermal relaxation might also be ham-
pered. Here, the phonon propagation tends to be dif-
fusive, resulting from scatterings on defects, boundaries,
and two-level systems typical of amorphous structures,
contrasting with the faster, ballistic relaxation seen in
conventional thermal bath media46. Considering these
observations, we develop a model elucidating the ob-
served deviation from the expected single-frequency roll-
off response in our devices.

The thermal relaxation path’s diagram is depicted in
Figure 3d. We posit that each subsystem has a distinct
temperature, governed by the quasi-equilibrium condi-
tion when the energy relaxation time scales within a sub-
system are faster than the relaxation times between sub-
systems47. The electron subsystem in NbSe2 is character-
ized by an electron temperature Te and a heat capacity
ce. Concurrently, the phonon subsystem in NbSe2 has a
phonon temperature Tph and a heat capacity cph1. The
electron and phonon subsystems in NbSe2 interact via
the electron-phonon coupling, represented by the ther-
mal resistance Ze−ph. The phonon subsystem in the
hBN layer, characterized by a phonon temperature Tph

and heat capacity cph2, is connected to the phonons in
NbSe2 through the thermal boundary resistance Zesc1.
Both these phonon subsystems interface with the sub-
strate through the thermal boundary resistance Zesc2.
The phonon subsystem in the SiO2 layer, characterized
by the average phonon temperature Tox and a heat capac-

ity cox, influences the thermal relaxation via the thermal
resistance Zox. The crystalline Si section of the sub-
strate is regarded as a thermal reservoir at a tempera-
ture T0. Consequently, the bolometer is interpretable as
a distributed system, and its behavior can be modeled
using the thermal analog of Ohm’s law: δT = PabsZth,
where δT represents the electronic temperature deviation
from the bath, Pabs is the absorbed power, and Zth sig-
nifies the effective lumped-element thermal impedance.
δT leads to the bolometer voltage response VIF , which
equates to the IF output power PIF at the load resistance
RL of the IF amplifier, given by PIF = V 2

IF /(2RL). The
electrical analogy of the thermal circuit under discussion
can be found in the Supplementary Information.

To model the response spectrum, in Supplementary
Information we provided the full determination of the ef-
fective thermal impedance Zth. The comparison of the
model and the experimental data is shown in Fig. 3c
that plots PIF as a function of f0 using the frequency
dependence of Zth (pink line). The model shows a
good agreement with the experiment considering that
it does not involve any fitting parameters (all the pa-
rameters are taken from independent transport measure-
ments provided in Supplementary Information and liter-
ature). This result can be interpreted in the framework
of the discussed thermal model as follows. The main
factor limiting the bandwidth of our NbSe2 bolometers
is related to the larger contribution of the thermal re-
sistance of the SiO2 layer compared to other relaxation
processes (Ze−ph, Zesc2 < Zox), which may be due to
both the low thermal conductivity and relatively large
thickness of the SiO2 layer (280 nm). At higher frequen-
cies, the observed response also points to other factors
limiting the bandwidth in NbSe2 bolometers, in particu-
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FIG. 3. Heterodyne mixing. a, Typical measurement scheme for heterodyne mixing. Tunable BWOs are used as the local
oscillator (LO) and signal source (RF) in the frequency range from 129 - 131 GHz. The device is located in a closed-loop
cryostat and mounted on a hemispherical silicon lens. b, I − V curves near Tc under varying power values of the LO ranging
from 0 to 3 µW, the shaded area shows the optimal bias voltage range for heterodyne measurement. c, The superconducting
HEB output power vs intermediate frequency f0. Pink solid line: energy relaxation model with zero fitting parameters. Black
dashed line: Lorentzian decay with a characteristic 3dB roll-off frequency of 28 MHz. Solid blue line: our model’s prediction
of the photoresponse for the NbSe2 microwire brought in direct contact to the bath, i.e., without hBN and SiO2 buffer. d,
Thermal model for cooling path in hBN-encapsulated NbSe2 devices. Electrons are thermalized via electron-phonon coupling
with phonons in the NbSe2 layer, which are coupled to phonons in the hBN layer. Subsequent thermalization with the bath
occurs through the amorphous SiO2 layer.

lar, the heating of hBN phonons and their participation
in the overall energy relaxation in the device. In our
model, we also obtain relatively fast electron-phonon re-
laxation and phonon escape to the substrate, for which
the following characteristic time scales were obtained:
τe−ph ≈ 89 ps and τesc ≈ 60 ps (details given in Sup-
plementary Information). Importantly, the effective re-
laxation time due to the e-ph scattering and the phonon
escape to the oxide is τ = τe−ph + τescce/cph ≈ 0.28 ns
(here ce/cph = 3.2), which corresponds to much higher
values of the cut-off frequency (568MHz) which is close to
the our model’s prediction of the photoresponse for the
NbSe2 microwire brought in direct contact to the bath
(blue line in Fig. 3c), that we envision can be achieved if
the devices are assembled on substrates with larger ther-

mal conductance.

In conclusion, we have demonstrated the use of NbSe2
vdW superconductors in the construction of THz bolome-
ters. By improving the interface between NbSe2 and
metal antenna sleeves, we mitigated the impedance mis-
match between this vdW superconductor and the RF
readout circuitry, thus enabling us to attain strong pho-
toresponse at 0.13 and 2.5 THz. Moreover, this RF read-
out capability facilitated precise measurements of our de-
vice’s response time, revealing the deviation from the ex-
pected for superconducting HEBs single-frequency roll-
off response. This deviation is attributed to a slow path-
way for heat dissipation from NbSe2 to the bath through
a relatively thick SiO2 layer on which our devices are
assembled. Our work opens up the family of vdW su-
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perconductors to supoerconducting HEB technology and
highlights NbSe2 as a promising platform for THz appli-
cations. It would also be interesting to conduct similar
experiments with atomically thin high-Tc vdW supercon-
ductors, which have recently gained momentum in the
field of infrared optoelectronics48,49.

*Correspondence to: dab@nus.edu.sg.
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Semenov, G. N. Goltsman, A. I. Kardakova, and V. S.
Khrapai, Phys. Rev. Appl. 15, 054014 (2021).

47 M. V. Sidorova, A. G. Kozorezov, A. V. Semenov, Y. P.
Korneeva, M. Y. Mikhailov, A. Y. Devizenko, A. A. Ko-
rneev, G. M. Chulkova, and G. N. Goltsman, Phys. Rev.
B 97, 184512 (2018).

48 R. L. Merino, P. Seifert, J. D. Retamal, R. K. Mech,
T. Taniguchi, K. Watanabe, K. Kadowaki, R. H. Hadfield,
and D. K. Efetov, 2D Materials 10, 021001 (2023).

49 I. Charaev, D. A. Bandurin, A. T. Bollinger, I. Y. Phinney,
I. Drozdov, M. Colangelo, B. A. Butters, T. Taniguchi,
K. Watanabe, X. He, O. Medeiros, I. Božović, P. Jarillo-
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