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Abstract—In order to improve the frequency-division multiplexing (FDM) in transition edge sensor (TES) imaging arrays,
it is suggested to replace commonly used SQUID amplifiers with
a semiconductor high-frequency cooled amplifier. This would
result in a single 10-GHz bandwidth amplifier serving the array
of more than 1000 detectors. The basic idea is to implement an
antenna-coupled TES as a load for a high- resonator, weakly
coupled to a microwave transmission line. This high-frequency
scheme substitutes the traditional wire connections to the TES.
The NEP as low as 2
10
W/Hz
is estimated at ambient
temperature of 300 mK for submicron-size TES absorber made of
Ti; the NEP is limited by 3 K noise temperature of the amplifier.
To verify the new concept, prototype TES devices made of Nb are
developed and tested above 4 K. The NEP of about 1.5
10
W/Hz
is estimated for the experimental micron-size prototype
devices made of Nb at 4.5 K. The
-curves of the TES at different temperatures are recovered using the RF and heat balance
data; presence of the
models along with the experimental
negative electrothermal feedback is verified.
Index Terms—Bolometer, electrothermal feedback, frequencydivision multiplexing (FDM), high- resonator, imaging array, terahertz range, transition edge sensor (TES).

I. INTRODUCTION

T

HE superconducting bolometers based on transition-edge
sensing (TES) are nowadays of active interest, due to
their great potential for ultra-low-noise operation with noise
equivalent power (NEP) down to 10
W/Hz and below [1].
Usually TES acts as a thermometric device, which changes its
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resistance abruptly near the temperature of the superconducting
transition, thus detecting the power coupled to the attached
absorber. This traditional approach unavoidably increases the
heated volume/mass over the volume/mass of the thermometer
that is limiting sensitivity of the TES-based bolometric device.
The antenna-coupled TES devices are relatively new;
they comprise absorber and thermometer in the same physical volume, within a submicron-sized film [2]–[4]. The
antenna-coupled TES provides direct dissipation of a time-dependent signal current from the feeding antenna converting it
into the Joule heat within the tiny volume of its own electron
gas. This “signal heat” is combined with a much larger constant
“pre-heat” from the bias current, which sets the temperature
within the transition range of the TES. Since the transition
region is extremely sensitive, such combining makes a strong
time-dependent effect on the TES resistance. Note that the
terahertz antenna attached to the TES does not play the role
of an absorber, since it does not dissipate any Joule heat; the
antenna is assumed as the extension of the lossless optical path
providing the energy flow to the absorbing electron gas. The
reduction in the volume naturally leads to better sensitivity.
However the shorter film results in the lower impedance; 2–3
is typical at the bias point. The low-impedance SQUID sensor
is the proven solution in this case.
In order to readout the imaging array, the frequency-division multiplexing method (FDM) [5] has been suggested and
tested successfully with practicable systems for more than a
few thousand pixels. However, the instantaneous bandwidth of
best SQUID-sensors is restricted to few MHz that sets a limit
for FDM to less than 1000 channels while the practicable realization contains less than 200 channels [6]. Therefore quite a
few SQUIDs are required to serve a large array of detectors.
This increases both system complexity and cost and, potentially, limits calibration accuracy/stability due to variations in
regimes/parameters of the multiple SQUID readouts. Moreover,
the assembly of the low-frequency multiplexing circuit made of
lumped elements does not look like an easy procedure.
II. CONCEPT AND APPROACHES
A. General Idea
To improve the capability of the multiplexing circuit for TES
arrays by a factor of 10 along with using advantages of the
integrated circuit (IC) technology, we suggested in [7] to follow
the well-known radio engineering approach by going towards
higher frequency readout. The usage of microwave IC design
opens a variety of ways to build a compact multi-channel FDM
system, possibly fully integrated at one wafer with the imaging
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Fig. 1. Equivalent scheme of RF biased TES bolometer. The open-end quarter-wave resonator (
). The resonator electrical length (EL) is split in two arbitrary parts
and
P1 and P2,
.

) is weakly coupled to the throughput line (ports
by the insertion of antenna-coupled

array. The required amplifier can be either a semiconductor
cooled wide-band low-noise amplifier (LNA) in the range
of about 10 GHz, which can operate at noise temperature in
order of 3–4 K [7], or a RF-band SQUID amplifier with noise
temperature down to, possibly, 0.1 K [8], [9]. The amplifier
match to the detector can be obtained using the standard RF
impedance transformation techniques. This would result in a
relatively simple system, containing only one amplifier and
two coaxial input/output cables, which serve up to 1000 or
even more TES detectors. In other words, the low-frequency
interconnecting wires and the lumped LC circuits would be
replaced with coaxial cables and RF integrated circuits.
B. TES-Loaded Resonant Circuit
It is possible to use the high- resonator technology similar to one used for the microwave kinetic inductance detectors (MKID) [11]. We suggest reading the RF response caused
by variations in resistivity of the tiny “lumped” TES loading
the high-Q quarter-wave resonator. The equivalent scheme of
such resonator is shown in Fig. 1. The bias power is applied to
the throughput transmission line, which is weakly coupled to a
open-end quarter-wave resonator. The spectral response of the
throughput line contains an absorption/reflection dip, which is
the result of the interaction of the incident RF wave with the
resonator. It is assumed that the bias current at about 10 GHz
pre-heats the TES, providing its resistance within the superconducting transition region at the value about 0.1 . This pre-heat
resistance defines a certain depth in the spectral response of the
throughput line corresponding to the dark state of the bolometric
device. If the extra heat (current) is applied from the THz antenna, the resistance of the TES will grow, and the Q-factor will
change, changing the dip in the throughput spectrum as shown
in Fig. 2.
It is important to note here, that such combined heat effect,
which is equivalent to the external Joule heat, can be expected,
if the thermal relaxation time of the TES film is much longer
than the period of the RF current, i.e., the TES must be slow
enough. To emphasize the effect of THz heating, the impedance
of the antenna has to be well coupled to the impedance of TES
driven by RF current. At the same time, the THz signal must
not leak away from the antenna to the RF resonator. This can be
achieved by using the standard technique of reactive stop-band
filters, which must be a part of the RF resonator.

Fig. 2. Calculated example of possible Joule heat effect on RF resonator
combined with a general resistance temperature detector (RTD), R, as from
Fig. 1. The resistance R grows from 3 to 6 , and the Q-factor changes approximately 25%, thus varying the RF throughput signal (1) to about 2 dB (2).
Numbers denote: (3) and (4) are variation in phase, (5) and (6) are power transfer
to RTD.

To understand whether it is possible to design a high- resonator loaded with a desired resistor, the embedding (source)
impedance,
, over the sensor,
, is calculated for the
resonator from Fig. 1. The graph presented in Fig. 3 sets the relation between the source impedance and the optimum position
for the insertion; each value corresponds to the same Q-factor
at 10 GHz. Note that the small THz-antenna circuit is
assumed to be a lumped part of the resonator, so it is not shown
in Fig. 1.
The general scheme of a possible imaging array is presented
in Fig. 4. Note that all N resonators (
in this example)
are spatially distributed over the image aperture and tuned to
slightly different frequencies fitting to the comb spectrum of
the RF bias. The THz signal illuminating the array provides the
extra Joule heat for each pixel and changes their Q-factors independently (changes the dips as in Fig. 2). The analysis of components of the output comb signal will reveal the brightness of
the THz image at relevant pixels.
The new approach might bring a few advantages over both
“traditional” MKID and TES. i) Since the TES behave as a
lumped resistor (1 and up), it is definitely possible to match to
the receiving antenna, much easier than MKID. ii) The response
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Fig. 3. Calculated embedding (source) impedance for a TES inserted in the
as a function of arbitrary position,
, from Fig. 1. Note
resonator
the wide range of possible values for the matched resistance of TES.

of TES is generally independent on frequency, since the only
Joule heat effect is detected. iii) In respect to present (published)
TES technology, the open-end high- resonator will provide almost perfect protection of the nanometer-scale TES from electrical shocks including static discharge; there is no wire chain
connected to the TES and the effective capacitance of the RF
interface is extremely small. The video-bandwidth of the detector is limited to the bandwidth of the resonator that is about
500 kHz in our case.
C. Design Approach and Estimate for NEP
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Fig. 4. Conceptual scheme of the imaging receiver. 1—Reference comb generator. 2—Cold attenuator for cutting 300-K thermal noise. 3—Chip with TESloaded resonators coupled to common throughput line. 4—Refrigerator and con(dashed). 5—low-noise
troller providing stable temperature for the bath,
amplifier LNA. 6—Registering and spectrum/amplitude analyzing device.

The normal resistance just above
mK is
;
it is reported
mK for a good example of Ti film.
At the second step we set the bias point for the TES at
. To calculate the response of the
throughput RF line, we use a small probe signal, which is assumed to provide small (20%) growth of the TES resistance to
. This ensures that TES operates within the region
of its linear response. Solving (1) for we get two electron gas
temperatures:
mK and
mK.
The second step includes Joule heat balance. This allows for
finding the bias power, which corresponds to
and its combination with the probe signal yielding
. The volume, , of
a practicable TES absorber can be set for 1 m 200 nm 20
nm. Suggesting the Andreev mirrors [13] present at the Ti/Nb
interface, we can use the heat balance equation for the power
absorbed by TES from the resonator [14],

The prototype detector circuit for the temperature 280–
300 mK is developed on the base of a coplanar waveguide
(CPW) following the conceptual scheme from Fig. 1. All parts
of the circuit can be fabricated of thick (200–300 nm) films of
Niobium (Nb) on either silicon or sapphire substrates. The TES
can be made of thin (20–30 nm) films of Titanium (Ti, about
300 mK), which demonstrates the pronounced effect of electron gas heating at this temperature [4]. A compact THz-range
double-slot antenna [12] integrated with the TES has to be
placed in the CPW resonator according to the data from Fig. 3
and then positioned in a focus of a hyper-hemispherical lens,
which provides the Gaussian beam waist on top of the antenna.
We have performed the detailed EM simulation of this prototype detector circuit using the parameters from Fig. 1. It should
be noted here that adding the antenna results in a RF discontinuity and noticeably modifies the resonator. Therefore the accurate iterated numerical simulations are required for finding the
proper embedding impedance, thus making the Fig. 3 an important but rather qualitative illustration.
We have estimated the sensitivity of the new device via the
virtual (numerical) experiment using the particular EM-layout
as described below. First, we analytically approximated the superconducting transition
using the following formula:

Here
W/( m
) is the material parameter
of Ti,
mK—phonon temperature defined by the
refrigerator (by the bath), —electron gas temperature due to
the combined RF power. The power of the bias and the probe
signals can be calculated from (2) as
W
and
W respectively.
Using the linear EM-model of the circuit from Fig. 1 we obtain
-parameters at the resonance frequency: the dip
dB and the variation
dB
% . The element
is replaced in the simulation with the port P3. The
transfer of the bias power from the throughput line to the TES is
dB
% . Using
we get for the throughput
line
W and for its variation caused by the extra probe signal
W. The incremental voltage,
, in
the throughput transmission line (
Ohm) can be calculated as

(1)

(3)

(2)
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Fig. 5. (a) Optical photo of experimental chip with quarter-wave resonator at
about 6 GHz incorporating a double-slot THz antenna. (b) Close-up of 600-GHz
double-slot antenna with 5 2.5 0.015 m Nb TES. (c) Schematic side view
of Nb double layer structure on sapphire substrate.

Note that the response
is the incremental voltage at
the input of the LNA, and the response is growing with increase
of the bias power. Using (3) we can calculate power-to-voltage
responsivity
V/W at the input
of the LNA. Setting the noise temperature of the cooled LNA to
K, which definitely dominates the noise of the 300-mK
device, we calculate the 1-Hz bandwidth voltage noise of LNA
as
V/Hz . The estimate for the whole
detector-amplifier chain gives
W/Hz , which can be certainly improved for at least one order
would a lower noise amplifier be available.
III. EXPERIMENTAL DETAILS AND DISCUSSION
A. Fabrication
Since the low-temperature experiments are quite laborious,
expensive and time consuming, we decided first to verify our
EM-model and most basic approaches at 4-K temperature level.
A pilot 4-K device was designed with the resonator from Niobium (Nb) film and TES from Tantalum (Ta) film on -axis sapphire substrate. However, in the first implementation described
below, the Nb process was used for the whole device. Thick (300
nm) Nb with
K was used for the throughput line and
for the quarter-wave resonator. To reduce the transition temperature of TES of Nb from 8.8 K to about
K, the intrinsic
proximity effect, i.e., decrease of with thickness of ultra-thin
film with
, was studied by measuring the superconducting
transition in test films of different thickness in the range 5–30
nm. The Nb films are sputtered in the UNIVEX 450 magnetron
sputtering system at the deposition rate 0.27 nm/s. The process
is optimized for the argon gas pressure: films of the best quality
(highest
and RRR) are deposited at
mbar. The
superconducting and transport properties of the test films are
measured with the DC-insert in the transport He Dewar vessel
without special temperature stabilization.
The geometry of the pilot device presented in Fig. 5 was
formed by the standard optical contact photolithography. At the
first step thin (15 nm) Niobium film is deposited on the whole
sapphire substrate. At the second step the throughput line, the
CPW resonator and the planar antenna are patterned from a thick

Fig. 6. Superconducting transition curve
of the Nb witness bridge (the
insert image) near its critical temperature. The film thickness is about 15 nm.
The witness bridge was fabricated on the same wafer having the same size as
the TES in resonator from Fig. 5.

(200 nm) Niobium film by the lift-off process. Because of ex situ
process, the cleaning step with the argon gun prior the deposition is performed in order to have a good electrical contact with
the TES layer. Finally, the TES bridge of size 5 2.5 0.015
m is formed by the
ion gun, etching away the bottom
layer, using the resist layer and the thick structure of Nb as a
mask.
B. DC Measurement
Since the small TES is completely decoupled at DC, the direct
measurements of its superconducting and thermal properties are
not possible. Their estimate is done using a witness structures
of the same size and fabricated on the same wafer as the resonators. The critical temperature
K and the transition
width
mK are measured for the optimized witness
bridges as shown in Fig. 6. The transition of thick Nb film is
also seen in Fig. 6 at
K. The critical and the hysteretic
return currents, and
, are obtained from the experimental
– -curves (
K) in both the liquid He and the He
vapor. These currents of the witness bridges are about
mA and
mA. Using the value of the hysteresis current
in the He vapor one may estimate the thermal conduction coefficient,
. Following [16], we use the power balance equation:
(4)
is the normal state resistance of the witness
Here
bridge. The estimate for
is about
W/K.
According to the papers [17] and [18], [19] the heat transfer
from electrons to phonons in thin films of Nb at about 4 K is of
different power than in the formula (2), which is valid for Ti thin
films at about 300 mK [4]. For this reason we use the following
formula:
(5)
W
m
K
Here the material parameter
for Niobium, the volume of the TES absorber is set to
m . The
W
can
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TES remains in the superconducting state at the lower powers.
The Q-factor of about 7000 can be estimated from Fig. 7, along
with both the dip and the resonant frequency close to their design values of 0.8 dB and 5.85 GHz, respectively. These data
have validated the RF design successfully.
D. Discussion on Regime of Operation

Fig. 7. Frequency dependent transmission of the experimental device at bath
temperature about 5 K. The pronounced triggering effect, possibly, to the hotspot regime occurs around the resonance frequency, i.e., at maximum current in
the resonator. The two lowest curves correspond to superconducting state of the
.
resonator; its -factor can be estimated as

be estimated using the method described above for the experimental prototype devices made of Nb at 4.5 K.
The estimate for time constant of the thermometer gives
ns, where is calculated from the material parameters as in [17] that is in good agreement with the value of
Nb HEBs [18]. Accounting for the value of , one may suggest the experimental study at the bias frequencies higher than
4 GHz. At these frequencies the RF bias acts as the Joule heat
source, so the resistance of the TES cannot follow the phase of
the high-frequency bias current.
C. RF Measurements
The goal of the first experimental run is validation of the
RF design at 4-K temperature range. The chip from Fig. 5(a)
was mounted on the flat surface of the hyper hemispherical sapphire lens using the cyanoacrylate adhesive. The contact pads
of the throughput line are wire-bonded to a printed circuit board
(PCB), which serves as the electrical interface between the chip
and the input/output SMA-type connectors. The above assembly
is mounted to a stick insert, which dips into a vessel with liquid
Helium. The temperature range of the experiment was above
4.5 K, since the sample was operated in the dense vapor above
the surface of liquid Helium. To obtain the frequency responses,
the Agilent PNA-X series network analyzer was used at incident
powers ranging from 27 dBm up to
dBm.
It was initially suggested that the bias point can be set via
variation of the incident RF power, which heats the TES to a
desired temperature. However we did not find this way productive. The experimental trigger-like response of the device is presented in Fig. 7; it looks as an abrupt deviation from the smooth
curve upwards at its very dip. At lower powers (0.2 dBm) the
deviation looks as a peak which transforms into two-horn structure at higher powers. The response is very pronounced and
demonstrates a clear threshold. We think this is a hot-spot response, since the estimated amplitude of the switching RF current is about the critical current measured at DC for the witness
TES. The shape of the resonance curve did not change below the
power range presented in the inset for Fig. 7, so we conclude that

To find the right procedure for biasing the new TES device
in linear regime that exclude the trigger-like hot-spot phenomenon, the dynamic model of the system is developed along with
the procedure for extraction of – -curve at RF (will be published elsewhere). The dynamic model exploits -parameters of
the structure along with physical parameters of the absorber, including
. It was found that the dynamic model can explain
the major behavior of the experimental device.
To make sure that the stable regime of operation is possible,
we have analyzed the -parameter dependence on and found
the merit of stability, which is related to ratio
of the
resistance of the TES at its bias point, , and the embedding
impedance of the resonator at its resonance,
. For the case
of
the operation is unstable, since the resonator
acts as a current source, which gains the electrical power at the
resistor once its resistance starts increasing due to whatever reasons; here we got the positive electrothermal feedback. This is
exactly what we can see in the experiment (see Fig. 7)—fast
triggering from zero resistivity to the normal state—the hot-spot
nucleation in the middle of the dip. In the case of
the resonator acts as a voltage source, which supports the decrease of the electrical power, while the resistance of the TES is
growing. Here we got the negative electrothermal feedback.
Following the dynamics model, it is suggested to set the operation regime in the following way. First we fix the bath temperature,
, and set the RF power to the level which corresponds to
according to (1) and (2) for the desired value
within the transition region. The TES presumably stays in
its superconducting state, and the applied RF power (current)
cannot produce any Joule heat. Second step is sending to the
TES a pulse of Joule heat generated by a resistor. This pulse will
switch the device in its normal state. After a some time TES will
smoothly relax to lower temperatures following its
curve
and eventually reach the heat balance defined by the RF bias
power as above. Using this procedure we do not need a precision variable-temperature control. However the stability of the
bath temperature cannot be neglected along with smooth control over the RF power (0.01 dB step).
To estimate
-curves of our wireless devices, we have to
search for self-consistent solutions for RF power and resistance across the TES as
. The RF power
transfer to TES absorber
is calculated using
-parameter of EM-model,
is obtained from the experiment with
the witness bridge (Fig. 6) and
is based on (5).
Each point in Fig. 8 is a self-consistent solution for the various
bath temperatures,
; the voltage, , is extracted from the
incident power,
, in the throughput line. The
-curves
presented in Fig. 8 are very similar to ones reported for the
HEB mixers and for the traditional (low-frequency biased)
TES bolometers, which are stabilized with the negative electrothermal feedback. Since the matched RF lines are used, the
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Fig. 8.
-curves of experimental TES absorber calculated using -parameters of EM-model. Each point is a self-consistent solution for the dependence
for various bath temperature
(see inset) and scanning incident RF power, , across the absorber. The negative slope of the curves
al low voltages is the proof for the voltage source, which is known for providing
stability of TES via negative electrothermal feedback.

effect of the excessive inductance at the input of a SQUID is
not relevant to the stable operation of the new RF readout.
IV. CONCLUSION
We have passed successfully the introductory part for development of a new TES detecting device suitable for reaching
W/Hz
using the convenient RF readout technique, which is similar to the reported MKID readout technique. The new concept is analyzed and compared with existent
approaches demonstrating a number of advantageous features,
such as low cost, high interference protection and full compatibility with thin-film technology. First experiments with the pilot
Nb-devices demonstrate good agreement with EM-modeling.
The triggering regime is studied experimentally and a method
for initiating the linear regime is suggested via the numerical
simulation of dynamics of the device. The margins for the stable
operation were found along with presence of the negative electrothermal feedback. We plan a design of a few-pixel array and
measurements of its optical sensitivity along with attempts for
single-photon detection at m-wavelength.
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