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A superconducting hot electron bolometer (HEB) mixer is an ultra-sensitive detector widely used for heterodyne
detection of electromagnetic radiation, particularly at terahertz (THz) and submillimeter wavelengths. The response time
of an HEB mixer is a critical parameter that defines its dynamic properties. In this work, we employ a pump—probe optical
technique to investigate how the response time varies with temperature and bias voltage. Our measurements, conducted at
7 K under bias voltages of 1 mV and 2 mV, reveal a response time of approximately 40 ps. The pump—probe method was
introduced to measure the HEB response time for the first time, overcoming conventional electronic bandwidth limitations
and achieving picosecond-scale temporal resolution to characterize its ultrafast dynamics in the time domain. Additionally,
the results not only reflect the intermediate-frequency noise bandwidth performance of the device but also provide direct

guidance for material and fabrication process verification.

Keywords: properties of superconductors, thermodynamic properties, thermoelectric effects, time and fre-

quency
PACS: 06.30.Ft, 74.25.—q, 74.25.Bt, 74.25.fg
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1. Introduction

The terahertz (THz) band is typically defined as the fre-
quency range from 0.1 THz to 10 THz, which spans part of
the millimeter-wave region, the full submillimeter-wave band,
and extends into the lower end of the far-infrared spectrum. It
offers promising capabilities for spectroscopy, imaging, and
high-resolution sensing.!!! The THz band plays a vital role
in astronomical observations, including the study of star and
planet formation, the detection of interstellar molecular spec-
tra, and the study of interstellar chemistry.[?! The exceptional
sensitivity of superconducting hot-electron bolometer (HEB)
mixers makes them widely used in terahertz high-resolution
spectroscopy observations, especially at frequencies above
1 THz. The bolometer was first invented by American as-
tronomer Samuel P. Langley in 1881 and was initially applied
to study the infrared spectral lines of the Sun. Superconduct-
ing HEB mixers operate based on the nonlinear behavior in
terms of electron heating and the temperature-dependent resis-
tance around the critical temperature.?! Since the 1970s, InSb
semiconductor HEB mixers have been widely employed due
to their relatively high sensitivity.[*l With the advancement of
materials science, the superconducting material niobium ni-
tride (NbN), which possesses a relatively high critical temper-
ature (7¢) in the range of 10 K-16 K, has been widely adopted
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in modern cryogenic applications. Its ultrashort electron—
phonon relaxation time — typically on the order of picosec-
onds — makes it highly suitable for fast response applica-
tions, including the heterodyne detection of THz radiation.l!
Instruments such as HIFI on the Herschel Space Telescope, [©!
GREAT onboard the SOFIA!7! telescope, and the multibeam
receivers on the GUSTO telescope!®! have adopted supercon-
ducting NbN HEB mixers as the option for heterodyne de-
tection at THz frequencies. As demonstrated, superconduct-
ing NbN is capable of achieving low noise temperature and a
broad intermediate frequency bandwidth, making it ideal for
high-resolution spectroscopy in the range of 1 THz—5 THz.
Among various HEB types, phonon-cooled HEB has
emerged as the dominant architecture due to its large band-
width and low noise characteristics.[>~'!l The phonon-cooling
process of an HEB refers to the mechanism by which ab-
sorbed electromagnetic energy is transferred from the electron
subsystem to the phonon subsystem and subsequently dissi-
pated into the substrate. The operation of such a device is
governed by three primary processes: electron—electron scat-
tering, electron—phonon scattering, and phonon escape. A
thorough understanding of the thermal transport mechanism
in HEB enables the enhancement of bandwidth, thereby im-
proving the overall observational efficiency. Meanwhile, the
broadband local oscillator source provided by quantum cas-
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U2-14] can be combined with it, enabling si-

cade laser combs
multaneous multi-line detection and broadband communica-
tion at THz frequencies.

The phonon cooling time, electron—phonon interaction
time, phonon escape time, and diffusion time of superconduct-
ing NbN HEB mixers have been calculated on the picosec-
ond scale as functions of critical temperature.[!'> Direct re-
sponse measurement on the picosecond scale requires high-
performance sampling equipment and is often susceptible to
significant measurement uncertainties. Due to these technical
limitations, an accurate measurement of picosecond-scale re-
sponse time has not yet been fully achieved.

In this paper, measurement of the picosecond-scale re-
sponse time of the superconducting NbN HEB mixer was

[16] effectively

conducted by using the pump—probe technique,
overcoming the limitations of conventional measurement ap-
proaches and enabling more accurate characterization of ultra-

fast thermal dynamics.

2. Thermal transport mechanism

Hot electron bolometers are highly sensitive detectors that
operate based on the nonequilibrium dynamics of electrons in
response to incident electromagnetic radiation. Upon absorb-
ing electromagnetic radiation, energy is rapidly transferred to
the electron subsystem, leading to an increase in electron tem-
perature while the lattice (phonon system) remains compara-
tively cool. This creates a transient nonequilibrium state in
which the electron and phonon systems maintain distinct tem-
peratures.

This relaxation behavior can be effectively described by
a two-temperature model, in which the electron and phonon
subsystems are each assigned their own temperature and are
thermally coupled:

d dT: dT:
-7 <;Lee) +Ceie +Pe7p = Pheating"'prea (D

dx dx dt
d dTp dTp
T (*m) TG thetho=hy @)
1550 nm .
femtosecond Variable
laser Attenuator

50:50
Optic splitter

Optic splitter

Here, T and T}, represent the temperatures of the electron and
phonon subsystems, respectively. Pheating i the total heating
power. x is the length of the device, and dx is the length of
a segment. P, denotes the thermal power transferred from
the electrons to the phonons, while B, . represents the reverse
heat flow from the phonons back to the electrons. B, refers
to the thermal power conducted from the phonon system to the
substrate. C. and C,, are the heat capacities, and Ae and Xp are
the thermal conductivities of the electron and phonon subsys-
tems, respectively. In the steady state, the temperatures of both
the electrons and phonons remain constant over time.

A phonon-cooled superconducting NbN HEB mixer is in-
vestigated in this study. The electron—electron scattering time
has been experimentally estimated to be on the order of 2 ps
at cryogenic temperatures.!!”] The electron—phonon scattering
time Teph = 5007, 16 ps- K is typically 1 ps—10 ps, depend-
ing on temperature and disorder level.['®! The phonon escape
time is Tesc = 10.9 d-ps-nm~'.1"%! For the phonon-cooled NbN
HEB mixer, the response of the HEB is governed by a phonon-
cooling process. Therefore, the response time of the NbN
HEB mixer is characterized by the phonon cooling time, which
is defined as Tpp = Tepn + (Ce/Cp) X Tese, ] where the electron
heat capacity is Ce = 1.85 x 10747, J.cm™3.K~2,!8] and the
phonon heat capacity is Coh = 9.7 x 10772 J.cm=3 - K~4.[20]
Therefore, the response time of the NbN HEB mixer is primar-
ily influenced by T..

3. Response time measurement

To measure the intrinsic picosecond-scale response time
of the superconducting NbN HEB mixer, a pump—probe tech-
nique is employed. This method involves varying the delay
between two pump pulses while recording the corresponding
detector response. By analyzing the change in response as a
function of delay time, the behavior of the device can be re-
solved with picosecond resolution. The experimental setup
used for this measurement is illustrated in Fig. 1.

Dispersion-

compensating

fiber At

Oscilloscope

Fig. 1. Schematic diagram of the experimental setup for measuring the picosecond-scale response time of a superconducting NbN HEB mixer using the

pump—probe technique.
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A femtosecond erbium laser (MenloSystems C-Fiber
780) was utilized as the excitation source, delivering 100-
fs pulses at a central wavelength of 1550 nm with a repeti-
tion rate of 100 MHz. To avoid saturation of the HEB de-
vice and prevent IF amplitude variations arising from nonlin-
ear heating, the laser pulses were attenuated using a tunable
fiber attenuator (0-30 dB). The beam was then split into two
paths by a 50:50 fused fiber-optic splitter. One path was di-
rected through a miniature motorized variable optical delay
line (General Photonics MDL-002) to introduce a controlled
delay relative to the other path. Subsequently, the two paths
were recombined and coupled into a dispersion-compensating
fiber (DCF) to counteract pulse broadening due to dispersion.

Since the refractive index of the fiber material varies
with wavelength, the propagation velocity of light becomes
wavelength-dependent, which induces dispersion in the fiber.
This dispersion broadens the pulse width from the femtosec-
ond scale to 11 ps at the NbN HEB, and DCF was introduced
to compensate for the effect. Figure 2(a) shows the pulse
widths obtained with different DCF lengths. After incorporat-
ing the DCEF, the pulse width was effectively reduced to 2 ps.
Based on this, a 3.3-meter long DCF was selected, correspond-
ing to the configuration that yielded the minimum achievable
pulse width of 2 ps. Although DCF was introduced, the theo-
retically compressed pulse width is still slightly larger than the
original pulse width. As a result, the response time measured
with fiber coupling is slightly slower than that obtained using
a free-space quasi-optical coupling without dispersion. After
compression, the pulse width is approximately 2 ps, compara-
ble to the temporal resolution, so its effect can be considered
negligible. For higher temporal resolution, a free-space quasi-
optical coupling approach is still required.

Since the pulses emitted by the femtosecond laser were
transmitted through an optical fiber, the optical fiber was fixed
onto a custom-designed block and aligned using an infrared
NIKON MA100 inverted microscope to ensure that the pulses
fully illuminated the NbN microbridge. As shown in Fig. 2(b),
the center position represents the microbridge, and the optical
spot completely covered it. Afterwards, the two delayed pulses
were coupled into the fiber and coupled onto the HEB mixer
mounted at the 4-K plate of the cryostat. The HEB device is
composed of an NbN bridge with dimensions of 1.7 um in
width, 165 nm in length, and 4 nm in thickness, fabricated on
a high-resistivity Si substrate. The IF output signal from the
HEB mixer corresponded to the illumination from the pulses.
These IF signals were initially amplified by a low-noise ampli-
fier operating within the range of 1 GHz-14 GHz at 4 K, fol-
lowed by further amplification using a room-temperature am-
plifier covering the range of 1 GHz-18 GHz. The amplified
IF signal was then recorded using an oscilloscope (Keysight
DS090804A) with an §-GHz bandwidth and a sampling rate

of 40 GSal/s.

(a) 1[0 DCF 9 ps

0.7 m DOF 8 ps

T2mDCF 6ps '

1.0 m DOF 5.5 D5 o .

Normalized (arb. units)

(b)

Microbridge

Fig. 2. (a) Dispersion of femtosecond laser pulses after transmis-
sion through the single-mode optical fiber in the measurement system,
and the resulting pulse width compression achieved by introducing a
dispersion-compensating fiber. The pulse width is defined as the full
width at half maximum (FWHM) of the pulse. (b) Fiber alignment scan
image captured using the infrared NIKON MA 100 inverted microscope.

4. Characterization of response time

The HEB response waveforms were sampled with the os-
cilloscope at a 25-ps time step and subsequently fitted using a
Gaussian function with a 0.1-ps time step. The response wave-
forms at different time delays are shown in Fig. 3(a). Az is the
temporal difference between the two pulses. When the two
optical paths are perfectly synchronized, the HEB mixer gen-
erates a single-pulse IF response, indicating that both pulses
arrive simultaneously and contribute collectively to the re-
sponse. As the time delay between the two paths is gradually
increased, the amplitude of the IF response progressively de-
creases, while the corresponding pulse width expands. Even-
tually, when the delay exceeds a certain threshold, the pulses
become fully separated, resulting in a distinct dual-pulse ex-
citation response, where each pulse independently contributes
to the IF output.

To further analyze this behavior, the response curves of
the HEB were measured under varying pulse delays, and the
corresponding amplitude values were extracted. This process
yielded a variation curve illustrating how the pulse response
amplitude changes as a function of time delay. To standard-
ize the analysis and facilitate comparison, the HEB response
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was normalized, where the response was set to 1 when the two
pulses were completely synchronized, representing the max-
imum amplitude, and the response was set to O when the re-
sponse amplitude is minimal. Under these defined conditions,
the time delay at which the HEB mixer response decreases to
the —3 dB of its maximum value is identified as the response
time of the superconducting NbN HEB mixer. To accurately
determine the pulse overlap point, the time delay was finely
adjusted while monitoring the response on the oscilloscope.
When the pulses overlap, interference effects occur, [21] ead-
ing to fluctuations in the HEB response amplitude. By observ-

ing these variations, the overlap point was identified at 32 ps
(At = 0 ps). Figures 3(b)-3(e) illustrate the response ampli-
tudes of the superconducting NbN HEB mixer as a function of
time delay at various bias voltages (4 mV, 6 mV, 8§ mV, and
10 mV) and temperature conditions. The time delay was var-
ied from O ps to 400 ps in 2-ps steps. When the time delay
reached 32 ps, the two pulses fully overlapped, resulting in
a maximum response amplitude. At a time delay of approxi-
mately 150 ps, distinct reflections were observed in the curves,
attributed to impedance mismatch between the block and the

bias tee, leading to signal distortions.

—~ 1.5 " :_cg\ 1.5 . .
(a) ' ' ' 2 (b) 4mvV 5K 2 © 6 mV 5K
3.4+ At=0 ps | =] 7K =] . 7K
c 9 K 21.0 ;;g,\ 9K |
1.7F 1 £ 5 "
< ~ 3,
| | ~ ] 2
0 T T T [0} 2] v
200 700 1200 z 505 MAWELY
/_\3'4_ —— At =68 ps | 8 SN % ‘" «."":“’\.,%‘('..
o 0 - : 0 100 200 300 400 0 100 200 300 400
2 200 700 1200 s Delay (ps) s Delay (ps)
© 3.4F - ~ 1. T n L. T T T
> 3 —— At =284 ps 2 (d) 8 mV 5 K ‘é (e) 10 mV 5K
”J\ 1 £ TK | B 7K
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Fig. 3. (a) IF response waveforms of the superconducting NbN HEB mixer at different time delays. As the time delay increases, the response
waveform gradually broadens until it eventually splits into two distinct peaks. (b)-(e) Dependence of response amplitude on time delay at

different temperatures under bias of 4 mV, 6 mV, 8 mV, and 10 mV.

Higher temperature and bias voltage result in a more pro-
nounced reduction of the response amplitude, indicating a
faster response of the HEB mixer. Based on the extracted data,
the response times of the superconducting NbN HEB mixer
were estimated to be in the range of approximately 50 ps to
80 ps. At a bias voltage of 8 mV, the device operates closer
to its normal state, resulting in a reduced response amplitude.
This reduction in amplitude, coupled with a degradation in the
signal-to-noise ratio, introduces increased uncertainty and er-
ror in the response time measurements.

Table 1 summarizes the response times obtained using the
pump-probe technique at various temperatures and bias volt-
ages. The results show that the response time decreases with
increasing temperature and bias voltage, indicating a faster re-
laxation process. This trend is consistent with the thermal
transport mechanisms in superconducting NbN HEB mixers,
where electron—phonon interactions dominate the energy re-
laxation process. The electron—phonon interaction time ex-
hibits an inverse dependence on temperature, approximately
following a 5007, !-ps relationship.!'®! At temperatures of
5 K, 7K, and 9 K, the electron—phonon interaction times are

approximately 38 ps, 22 ps, and 15 ps, respectively, reflect-
ing the accelerated energy transfer from electrons to phonons
at higher temperatures. Enhanced thermal energy at elevated
temperatures facilitates faster electron—phonon interactions,
improving the overall thermal transport efficiency in the sys-

tem.

Table 1. Measured response times of superconducting NbN HEB mixer at
various bias voltages and temperatures.

Response time (mV) 5K 7K 9K
4 81 ps 74 ps 54 ps
6 72 ps 53 ps 56 ps
8 60 ps 56 ps 52 ps
10 58 ps 50 ps 52 ps

Notably, at high bias and elevated temperatures, the vari-
ation in response time becomes minimal and tends to stabilize
around 50 ps. As the temperature increases, the response time
becomes shorter than the oscilloscope’s response time of 54 ps
(10%-90%). At this stage, the intrinsic response of the HEB
mixer exceeds the temporal resolution of the oscilloscope, re-
sulting in waveform distortion during sampling. This distor-

060601-4



Chin. Phys. B 35, 060601 (2026)

tion arises because the oscilloscope cannot fully resolve the
rapid signal transitions, leading to inaccuracies in the extracted
amplitude values of the response time measurement.

S. Temperature correction

To further investigate the relationship between the re-
sponse time and the IF noise bandwidth, the Y-factor method
was employed to measure the IF noise bandwidth of the super-
conducting NbN HEB mixer. Based on these measurements,
the IF noise bandwidth was calculated and compared with the
response time obtained from the pump—probe technique. The
measured IF noise bandwidth at 3.2 K for the NbN HEB was
found to be 5.5 GHz, 4.9 GHz, and 9.9 GHz at 1 mV, 2 mV,
and 4 mV, respectively, with the corresponding noise temper-
atures of 1700 K, 2100 K, and 5000 K. The ratio of the IF
noise bandwidth to the IF gain bandwidth in the NbN mate-
rial is approximately 1.56,!'!! yielding a 3-dB IF gain band-
width of 3.6 GHz. The response time can be expressed as
(2m x IFbandwidth)71 ,[221 corresponding to a response time of
44 ps. The discrepancy between the IF noise bandwidth cor-
responding to a response time of 44 ps and the measured re-
sponse time of 52 ps can be attributed to different HEB states.
Since the HEB is in a pumped state during the IF bandwidth
measurement, which differs from the HEB unpumped state
during the response time measurement with pulsed excitation,
the comparison between the IF bandwidth and the response
time becomes unreasonable.

To ensure a meaningful comparison between the mea-
sured response time and the IF noise bandwidth, the operating
temperature of the superconducting HEB mixer was adjusted
such that the I-V characteristics in both measurements closely
matched. As shown in Fig. 4(a), the I-V curve obtained during
the response time measurement at 7.2 K closely resembles the
I-V curve obtained in the IF noise bandwidth measurement at
3.2 K. Therefore, the response time measurement at 7.2 K was
selected for comparison with the IF noise bandwidth.

Figure 4(b) presents the response time of the supercon-
ducting NbN HEB mixer at 7.2 K across different bias volt-
ages using a 26.5-GHz oscilloscope. Exact synchronization
of the two pulses was observed at a time delay of 134 ps,
while reflections appeared beyond 300 ps. Based on these ob-
servations, the intrinsic response time of the superconducting
NbN HEB mixer was determined to be approximately 42 ps,
which agrees well with the IF gain bandwidth measurement
corresponding to a response time of 44 ps. In contrast to IF
bandwidths obtained via THz time—domain spectroscopy, the
IF bandwidth inferred from the measured response time in this
work directly reflects the intrinsic performance of the HEB,
rather than the bandwidth corrected with a low-pass filter as
reported in Ref. [23]. Furthermore, the measurement obtains
the thermal response of the HEB; it is not frequency-selective

and does not require the signal source to be matched to the
center frequency of the HEB. Therefore, this work provides
a direct and reliable approach to link the IF bandwidth with
the response time. However, due to the bandwidth limitations
of the amplifier employed, it was not possible to accurately
resolve response times below 40 ps at higher bias voltages.
Notably, the miniature motorized variable optical delay line
offers an exceptionally fine delay resolution of 0.3 pum, cor-
responding to 1 fs, enabling an effective sample rate equiva-
lent to 10° GSa/s, which significantly exceeds the capabilities
of the oscilloscope. This approach thus provides an effective
means of achieving high-resolution measurements.

(a) -
150+ i
é 100 e
-
=)
= .
8 50 o — Pumped@4 K i
Unpumped@6.5 K
Unpumped@7 K
Unpumped@7.2 K
O 1 1 1 1
0 2 4 6 8 10
Voltage (mV)
1.0 T T
— 1 mV 42 ps
@ — 2 mV 42 ps
E 0.8 — 3 mV 41 ps
=)
= 06
=
o)
2 04
o]
o
8
x 0.2
0 L / L
0 100 200 300 400

Delay (ps)

Fig. 4. (a) -V characteristic curves of the superconducting HEB mixer. The
black line represents the pumped /-V curve at 3.2 K during IF noise band-
width measurement, while the dots correspond to the unpumped /-V curves
at 6.5 K (black), 7 K (red), and 7.2 K (blue). (b) Normalized superconduct-
ing NbN HEB mixer response amplitudes as a function of time delay at 7.2 K
under different bias voltages, measured using a 26.5-GHz oscilloscope.

6. Conclusion

In this study, we investigated the temperature and bias
dependence of the superconducting NbN HEB response time
by using the pump-probe technique. To address the issues
of I-V curve mismatch and the discrepancy between the re-
sponse time and IF bandwidth, we conducted a pump—probe
experiment on the HEB at 7.2 K using a 26.5-GHz oscillo-
scope. The measured response time was 42 ps, which closely
matched the 44 ps derived from the IF noise bandwidth. This
method provides valuable insights into the hot electron trans-
port properties of superconducting NbN HEB mixers, which is
crucial for optimizing their performance in THz astronomical
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observations.
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