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Abstract—Several new approaches to the measurement of intrinsic noise and dynamic characteristics of
superconducting bolometers based on the RFTES technology are demonstrated. The developed methods
were tested with an experimental 550—750 GHz sample at reading frequency of ~1.5 GHz at a temperature of
400 mK. The absorption of thin-film resistive coatings on sapphire and quartz substrates was studied, and the
emissivity of the experimental heat source was estimated as ~14%. A shot noise source based on Al/AlO, /Al tun-
nel junction was developed, and the noise temperature of the 1.35—1.6 GHz buffer amplifier referred to the detec-
tor output was determined as ~20 K. The response time of RFTES with a hafnium film sized 6 % 2 X 0.08 um
was evaluated as ~3 s via microwave heat modulation at the second resonance at ~4.2 GHz; the dynamic
range at a modulation frequency of 10 kHz was more than 23 dB. The data obtained made it possible to deter-

mine the RFTES sensitivity as 1 x 107 W/vHz + 30%, that coincided with the theoretical value up to the
measurement error.
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INTRODUCTION

Determining the sensitivity, response rate and
dynamic range of superconducting terahertz detectors
at ultra-low temperatures of the order of 100 mK is a
task for which some traditional, time-tested methods
and devices are poorly suited. Such detectors are
designed, as a rule, to operate with low background
radiation values on board space observatories or
stratospheric balloons. The sensitivity of detectors is
usually characterized by the parameter of Noise
Equivalent Power (NEP) which is determined by
comparing inherent noise with the noise of a known
(calibrated) noise source. The classical source of cali-
brated noise is a heated black body (BB)—an ideal
absorber with a known physical temperature. The
absorption and emissivity of the bodies coincide under
the condition Af < kzT due to the principle of revers-
ibility of the field, which is associated with the Planck
distribution of the thermodynamic noise spectrum
[1]. In practice, electromagnetic radiation absorbers
are “gray,” i.e. they do not have ideal absorption, and
in some cases their absorption capacity is obviously
small and uneven in frequency. In this case, the power
received by the detector depends not only on the tem-

perature of the black body and the receiving band, but
also on the spectral density of the radiation. Thus, the
measurement error may be unacceptably high without
taking into account the correction for the frequency-
dependent absorption coefficient of the black body.

The traditional method of signal input into the
cryostat in the form of a quasi-optical beam is poorly
suited for laboratory studies of ultra-low-temperature
detectors, since the absorption of broadband back-
ground black body radiation ~300 K can overheat the
dilution refrigerator, whose refrigerating capacity is
~100 uW at 100 mK. For this reason low-intensity
sourses placed inside the cryostat near the entrance
aperture of the detector are used at ultra-low tempera-
tures. Such black body absorbers may look like a
porous sponge or a cone-shaped cavity with absorbing
walls [2]. The heat source should be heated to ~10 K to
achieve the power of the test signal ~10~* W in the
detector band 550—750 GHz, so that the operating fre-
quency range of the sensor would be near or below the
cutoff frequency of the Planck spectrum, which corre-
sponds to condition Af < kgT. Such heating requires a
fairly large electrical power ~10 mW, so the source
cannot be placed on the same cooling stage with the
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detector. It is advisable to sink heat to a more powerful
stage of the cryostat ~1 K, but even in this case, a pulse
surge of heat to the stage ~1 K can cause noticeable
temperature drifts of the cryostat, which last for min-
utes, and they can be confused with the response of the
detector. Usually, a signal modulation is used to sup-
press the effects caused by thermal drifts, the period of
such signal modulation is obviously less than the char-
acteristic drift time, and this modulation is imple-
mented using mechanical or electronic obturators at
the detector input. An alternative method is to modu-
late the temperature of the black body itself. However,
at frequencies higher than ~1 Hz, such modulation
may be difficult due to the low thermal conductivity of
the porous absorber, as well as due to the heat capacity,
which is significant even for BB mass ~1 g, since rapid
heat discharge during the modulation period is inevi-
table leads to an increase in the average electrical
power transmitted to the refrigerating system. A solu-
tion can be found by increasing the efficiency of the
heat source and the lower the efficiency the more mas-
sive the heat source itself (the greater its heat capac-
ity), since the power transmitted to the detector
depends only on the temperature and the blackness
coefficient. Progress in noise measurements at THz
frequencies can by found on the path to creating
small-sized black body emitters in combination with
broadband emitting antennas [3].

The detector response rate is usually measured
using a modulated signal. The maximum speed is usu-
ally set by the criterion of reducing the amplitude of
the demodulated signal by half. In case of high-speed
detectors, the detector response time can be ~10 Us or
less, which makes it difficult to use even relatively low-
inertia thermodynamic sources. Electronically modu-
lated monochromatic signals are used when measur-
ing short response times of ~1 ns. For example, there
is a known beat method of two monochromatic tera-
hertz oscillators, the radiation of which is supplied
from the room [4]. The dilution cryostat for the appli-
cation of this technique should be provided with an
optical or waveguide system that prevents the penetra-
tion of infrared radiation ~300 K, and expensive tera-
hertz generators should be purchased.

Progress in measuring the response rate of bolo-
metric detectors can be realized on the path of internal
heat generation, as discussed in this paper in relation
to a bolometric detector built using Radio Frequency
Transition Edge Sensor (RFTES) technology [5—7].
The sensitive element of the RFTES bolometer is a
hafnium film micro-bridge with an electron gas
included simultaneously in the circuit of a planar
antenna of the range 550—750 GHz and in the circuit
of a superconducting coplanar resonator with a fre-
quency (reading) ~1.5 GHz, which allows the use of
such a detector in matrices with frequency selection of
pixels using FDM (Frequency Division Multiplexing)
technology [8]. This paper is devoted to demonstrating
new devices and methods for measuring noise and
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dynamic parameters of a detector built according to
the RFTES [9] technology, which, according to the
authors, has certain advantages over the already
matured TES and MKID [10, 11] technologies.

1. THERMODYNAMIC NOISE SOURCE

A “gray body” was developed to measure the opti-
cal response of the RFTES detector, which is a resis-
tive film deposited on a sapphire plate with a diameter
of 15 mm, a thickness of 0.5 mm and a mass of less
than 0.5 g. The time constant of heating and cooling of
the absorber turned out to be close and amounted to
~1 s (Fig. 1a); in the experiment, the temperature set-
ting time was longer ~15—20 s. Figure 1b shows the
calculated dependences of the optical power on the
blackbody temperature, available to a bolometer: for
each temperature 7., the spectrum is integrated in the
frequency band 550—750 GHz, taking into account
the Planck’s cut-off. Two values of the emissivity A
were used in calculations: for a completely black body,
A =1 was used (at all frequencies), and for an experi-
mental absorber, the spectrum was adjusted taking
into account the frequency-dependent A(f).

The estimated value of the emissivity ~0.42 was
used in [9]; it neglects the frequency variation and
transparency of the film. A comparison of the calcu-
lated power at the input of the RFTES bolometer and
the measured increment at the output allowed obtain-
ing the transmission coefficient and additional NEP

~3 x 107 W/~/Hz, which turned out to be only 3
times higher than the theoretical prediction. This was
the motivation for a separate study devoted to clarify
the characteristics of the source.

Determining the emissivity of a film absorber at
terahertz frequencies looks like a very difficult experi-
mental task, and it was decided to limit the calculation
of the absorption coefficient using modern methods of
electromagnetic modeling. An electromagnetic model
was developed using the AWRDE Microwave Office
[12] environment this, which allows the formation of a
flat incident wave. The wave properties in a rectangu-
lar single-mode waveguide with metal walls were taken
as a basic model. It is known that a plane wave propa-
gating in a limited section of such a waveguide coin-
cides with the result of interference of two plane waves
incident at a slight angle to the waveguide axis, i.e. to
the normal of the film installed across the waveguide
axis. It is reasonable to assume that the reflection from
a film mounted in a rectangular waveguide should not
differ from the reflection of a linear superposition of
two plane waves in free space. The virtual measuring
system is arranged as follows. An identical emitter and
receiver were designed in the form of two pairs of half-
wave vibrators from an ideal conductor at the two
opposite ends of a short-ended rectangular waveguide
of section 400 x 240 um with perfectly conducting
walls, as shown in Fig. 2a. The installation planes of
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Fig. 1. Direct current heating of the film emitter. (a) Experimental dynamics of direct current heating of a sapphire plate 0.2 mA
(points). Calculated heating dynamics with a time constant of 0.8 s (solid curve); (b) dependence of the maximum possible power
value received by the detector in the range 550—750 GHz, on the temperature of the absorber, calculated for two values of the
blackness coefficient: 4 = 1 (upper curve) and 4 = (.14 (lower curve).
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Fig. 2. Results of electromagnetic analysis of the absorption coefficient 4 of a thin resistive film on a dielectric substrate from fre-
quency. (a) Electromagnetic model of a muffled segment of a rectangular waveguide with receiving and transmitting pairs of
dipoles. All external faces of the parallelepiped—are thin perfectly conductive walls; the axis of wave propagation is directed ver-

tically: /—absorber film, 2—dielectric substrate; (b) film absorption coefficient 1000 /] on a sapphire substrate thickness
500 um (experimental case); (c) film 200 €/[J applied on both sides of a sapphire substrate 500 um; (d) “suspended” film
200 Q/; (e) film 200 /] on a quartz substrate with a thickness of 50 wm; (f) summary absorption data for “suspended” film
with different values of surface resistance €2/ (average values for range 550—750 GHz).

the vibrators shown in Fig. 2a are located at a distance  quency band of 550—750 GHz with losses of no more
of about 80 um from the shorted ends of the waveguide ~ than 1 dB at the edges of the range.

(top and bottom), which act as a counter-reflector. This model made it possible to determine the
The system is configured to transmit power in the fre- reflection and wave transmission coefficient for a thin
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resistive film with different resistance on substrates of
sapphire (¢ = 10) and quartz (¢ = 4), while aiming to
refine the parameters of the experimental source. The
resistance of the film per square varied in the range
p = 25-1000 Q/], and the thickness of the substrate
in the range 50—500 pwm, which allowed determining
the optimal value of the surface resistance, which was
p = 200 Q/01. Figures 2b—2e shows the case of an
experimental film p = 1000 /[, the case of a two-
sided coating of the substrate with a resistive film p =
200 €/, the ideal case of a suspended film (without
a substrate), as well as a variant of a thin quartz sub-
strates. Figure 2f summarizes the absorption data of a
suspended film of different resistance.

Electrodynamic modeling showed that the emis-
sivity of the absorber can reach the highest value of
50% at p = 200 /1 only for suspended film. Full
absorption is impossible due to the fact that the ultra-
thin film radiates into both half-spaces, i.e., it is trans-
lucent. For experimental resistance ~1000 /(] on a
0.5 mm thick sapphire substrate, the emissivity is
reduced to several percent, demonstrating serious fre-
quency ripples caused by interference of direct and
reflected waves inside the sapphire substrate. The
integral emissivity coefficient of such an emitter in the
frequency range 550—750 GHz is only 14% of the ideal
black body with the same temperature, as shown in
Fig. 1b (lower curve). The double-sided coating of the
same substrate (Fig. 2c) allows improving the emissiv-
ity to A = 0.4 and avoiding frequency ripple, which can
be considered a good emitter option for future experi-
ments. The use of a relatively thin substrate € = 4
(quartz 50 um) is less effective.

An important result of the study of the film-based
black body is that the thermodynamic power used in
calculating the sensitivity of the detector in [9] was
overestimated by 3 times, and the value of NEP turned
out to be overestimated (i.e., assumed worse). This is a
good reason for correcting the response data of the
experimental bolometer. At this stage of the study, it can
be concluded that, based on the physical parameters of
the hafnium film used and the operating temperature

the obtained experimentally NEP ~ 1 x 10-77 W/v/Hz
coincides with the NEP calculated by HEDD (Hot
Electron Direct Detector) up to the measurement
error (~1 dB or ~30%) [13].

2. BUFFER AMPLIFIER NOISE

All currently known terahertz signal sensors are sig-
nal converters to a lower frequency, at which further
signal processing is possible using traditional elec-
tronic devices, amplifiers, digitizers, etc. The power
conversion factor of such sensors, as a rule, does not
exceed unity. This means that the noise of the ampli-
fying path, referred to the sensor input, can signifi-
cantly reduce the sensitivity of the entire device. If a
semiconductor amplifier is used that produces rela-
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tively much heat (~10 mW), it is usually not placed
near the sensor, but connected to the sensor with a suf-
ficiently long heat-insulating coaxial cable, which
increases the noise temperature at the input of such a
circuit.

The experiment used a SIS junction with the struc-
ture Al/AlO,/Al at a temperature of 30—50 mK, as it
was proposed earlier in [3]. It is known that the noise
power generated by the SIS junction weakly depends
on the physical temperature, and the power dissipated
can by as low as ~0.1 uW. It was found that the noise
temperature measured at the input connector of the
cable that leads to the amplifier installed on the cryo-
stat stage 3 K is ~20 K, and not 5—10 K, as previously
estimated, based on the specification of the used
amplifier.

Such discrepancies seriously affect the assessment
of the conformity of experimental samples with the
physical and mathematical models used. At the same
time, the contribution of amplifier noise to the mea-
sured noise of the bolometric receiver as a whole may
be underestimated, which leads to incorrect estimates
of the noise of the bolometer itself. Since the sensitiv-
ity of the detector [9] is largely a calculated parameter
based on the calibration of blackbody noise, the
detected excess noise of the amplifier shifts the confi-
dence interval of the NEP values of the sensor itself
towards smaller values.

3. RESPONSE RATE AND DYNAMIC RANGE

Recently, new solutions for rapid modulation of a
thermodynamic signal source have been proposed and
elaborated in detail, suitable for use inside a cryostat at
temperatures of ~100 mK, including a terahertz noise
numerical study based on planar lens antennas with
internal temperature calibration based on the shot
noise of a superconducting tunnel junction [3]. The
modulation rate of such a terahertz source with a ther-
modynamic temperature of the order of ~10 K is
determined by the thermal relaxation time of the
microbridge and can be <10 s for a niobium film on
sapphire. At present, an experiment on direct modula-
tion of terahertz noise is in preparation stage, so we
used a new method for measuring based on modula-
tion of the internal heating of the detector using an
amplitude-modulated signal at a frequency that does
not coincide with the reading frequency (resonator
frequency). It should be noted here that at the resona-
tor frequency ~1.5 GHz and, consequently, at higher
frequencies, there is a smooth heating of the bolomet-
ric bridge, which allows setting the operating tempera-
ture to the optimal value dR/dT. It is reasonable to
assume that when heated by current at the frequency
of the second resonator mode, which can be called the
second resonator transparency band, the thermal
relaxation rate of the electronic subsystem of the
bridge will not change. If the frequencies of the second
resonator mode are outside the operating frequency
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band of the buffer amplifier, 1.35—1.6 GHz, then the
modulation of the carrier frequency ~4.2 GHz can be
registered only due to the heating of the electronic
subsystem.

The scheme of the experimental setup for measur-
ing the response rate and dynamic range of the bolom-
eter is shown in Fig. 3. The amplitude-modulated sig-
nal is formed using a balanced mixer ZX06-U432H-
S+ from “Mini Circuit.” The carrier frequency
~4.2 GHz (+17 dBm) is supplied as a heterodyne to
the LO (Local Oscillator) connector of the mixer from
the “Agilent” generator E8257D. Carrier modulation
is set using the IF (Intermediate Frequency) connec-
tor of the mixer from the reference generator of the
phase detector (hereinafter—PD) SR830 from “Stan-
ford Research.” The modulated signal is taken from
the RF (Radio Frequency) output of the mixer and
divided in half for the N9030A signal analyzer (Agilent
Technologies), which visualizes the spectrum, and
power coming to the detector. The second half of the
modulated signal is summed with the biasing power at
the frequency ~1.5 GHz, supplied from the vector net-
work analyzer N5242B from “Keysight.” The resulting
composite signal is fed inside the cryostat to the stud-
ied RFTES detector via a common coaxial cable.

The signal from the output of the RFTES detector
enters the cooled amplifier and is then divided equally
between the network analyzer and the demodulator
(video detector); the amplitude of the demodulated
signal is recorded PD. The modulation frequency var-
ied in the range from 100 Hz to 100 kHz in the exper-
iment. The obtained dependence of the amplitude of
the demodulated signal on the modulation frequency
of the signal at the second harmonic of the resonator
is shown in Fig. 4a. The response can be considered
independent of the modulation frequency below
16 kHz according to these data. The response is
reduces to 50% near the frequency of 20 kHz, which
allows estimating the relaxation time of the device
~3 us. The rate of electron—electron interaction in a
hafnium film at a temperature of ~400 mK, calculated
by the method [14], is ~15 ns, and the cooling rate
determined by the electron-phonon relaxation time is
~10 ps, which is close to the reaction time of the reso-
nator itself with the band ~50 kHz in terms of the order
of magnitude. Thus, we can conclude that the charac-
teristic times of the bridge and the resonator are con-
sistent with each other, and the system is close to opti-
mum.

The linearity of the RFTES bolometer response was
evaluated at a fixed modulation frequency ~10 kHz.
An almost linear dependence of the amplitude of the
demodulated response on the modulation voltage in
the range of 4—800 mV (more than 23 dB) was
obtained. Experimental data on the dependence of the
response amplitude on the voltage/modulation depth
are shown in Fig. 4b. The power of heating of the
bridge at a frequency of ~1.5 GHz was ~0.3 pW, which,
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Fig. 3. Scheme of an experimental setup for measuring the
dynamic characteristics of an RFTES bolometer: /—
decoupling attenuators 3 or 6 dB, 2—adders and power
dividers, 3—Ilow-noise low-frequency amplifier, 4—
cooled low-noise microwave amplifier, 5—demodulator,
6—dissolution cryostat DR200 “Triton” from “Oxford
Instruments.”

taking into account the negative thermal feedback,
determines the absolute maximum of the input signal
[8, 10]. As the spectral analysis showed, a small
“hump” on the dependence shown on Fig. 4b is a
“spoor response” associated with the leakage of para-
sitic harmonics that associated with imperfection of
the balanced mixer.

CONCLUSIONS

The developed instruments and measurement
methods were successfully used to determine the key
parameters of an ultra-low temperature RFTES
bolometer based on hafnium film: NEP, response
time and dynamic range. The study of the RFTES
detector required the improvement of the traditional
components of the measuring system and the methods
associated with its calibrations. An original study of
the emissivity of a heat source based on a dielectric
substrate with a resistive coating was performed, which
is not described in the literature, but fundamentally
affects the NEP calibration. The measurement of the
noise introduced into the system by the amplification
channel was measured not via physical heating of the
matched load, but using the shot noise of a supercon-
ducting tunnel junction, which can operate at ultra-
low temperatures. The search for alternative ways to
generate a rapidly alternating thermal signal led to the
development of an original method of injection of
modulated power at one of the higher resonator
modes. Thus, the work has methodological, scientific
and practical value, which makes it possible to extend
its results to a wider range of detectors. The results
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Fig. 4. Dynamic characteristics of the RFTES bolometer. (a) Experimental data on the dependence of the normalized response
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ulation amplitude at the input of the phase detector on the voltage of the modulator (points). Solid line is the linear interpolation

between experimental values.

obtained confirm the prospects of new detectors with
microwave reading of the nonlinear impedance of the
electron gas, and also demonstrate new approaches to
the development of traditional metrological methods.
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