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Abstract—Our new detector and readout concept brings 
together TES and MKID technologies and exploits the idea of a 
microwave-induced superconducting transition in a small thin-
film micro-bridge. The superconducting transition of the bridge 
manifests itself as variation in the Q-factor of niobium resonators 
at 5-8 GHz, somewhat similar to MKID operation. We present 
data showing the potential for developing this concept into multi-
pixel detector arrays. Single-pixel sensitivity was measured at 4.5 
K for an input band of 600-700 GHz using a prototype 10 nm-
thick Nb bridge of size 1 µm x 500 nm. Radiation from human 
skin was detected with resolution better than 1K/rtHz, which is 
encouraging for THz imaging applications. To further improve 
device sensitivity we are also developing Hf-based devices that 
operate near 0.35 K. Details about the physics and stability of 
these devices are discussed.  
 

Index Terms—Terahertz range, superconducting bolometer, 
transition edge sensor, HEB micro bolometer, electrothermal 
feedback, high-Q resonator, microwave kinetic inductance 
detector, FDM readout  , microwave bias, superconductor 
impedance, blackbody calibration. 
 

I. INTRODUCTION 

ENSITIVE imaging with superconducting detectors, for 
example in radio astronomy or public security, can benefit 

from frequency division multiplexing (FDM), which allows 
both the most efficient signal integration for each pixel and the 
reduction of wiring complexity at a cryogenic interface [1]. 
The FDM technique has been used successfully with 
superconducting MKID [2] and TES array detectors [3], [4]; 
their pixels are equipped with individual resonators, which are 
probed using a comb-spectrum signal sent through a common 
feed-line. In the case of TES detectors, the probing signal 
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varies due to the thermal resistance effect near the 
superconducting transition temperature. Both the amplitude 
and phase variations of the probing signal in an MKID are 
used to detect the absorption of pair-breaking terahertz 
photons. A typical MKID resonator (Q ≈ 104) can work at a 
few gigahertz frequency using relatively inexpensive 
commercial RF amplifiers; a kilo-pixel MKID array can be 
integrated on a chip. By contrast, TES detectors usually 
operate below MHz frequencies due to limitations of a 
SQUID-based readout. It is difficult to design a fully 
integrated FDM circuit at such low frequencies.  

Can a TES array-detector benefit from GHz-range FDM? At 
first sight, the answer is negative for at least four reasons: (i) 
the impedance of a biased TES is relatively high, so a TES 
cannot replace the MKID in a high-Q resonator; (ii) electro-
thermal feedback cannot be designed in the same way as for a 
traditional TES, (iii) the thermal isolation of an RF resonator 
made of bulk films is hard to achieve; (iv) the superconducting 
gap energy, Δ, is nearly zero at the superconducting transition, 
so the absorption of RF photons does not depend on the 
number of quasiparticles, thus the impedance cannot be 
varied. These four general statements are challenged below 
and in Ref [5-6], where we provide intuitive yet simple 
physical models of the “RFTES”. Below we describe how 
blackbody radiation was detected using a single-pixel RFTES 
designed for a 600-700 GHz signal band and a probing 
frequency of about 5.6 GHz [7]. 

II. CONCEPT OF RFTES DETECTOR 

A. Equivalent schemes and Q-factor 

The simplified scheme of a MKID sensor is presented in 
Fig. 1(a) using lumped elements; the sensing part is 
substituted, for simplicity, with a variable (non-linear) resistor, 
RB1. Since the full current of the resonator is flowing through 
RB1, reaching a high-Q regime (Q ≈ 104) is possible only at 
mΩ-resistance values. In Fig. 1(b) an alternative way is 
presented. To achieve the same Q-factor for two different 
resonators, they must dissipate equally through their loads RB1 
and RB2 meaning that I1

2RB1= I2
2RB2. In the case of Fig. 1(b), 

current through the resonator is split between two branches in 
proportion I2/I1 = C2/(C1 + C2) ≈ C2/CR. Here we assume that 
C2 << C1 ≈ CR and condition of equal Q is RB2 ≈ RB1×(C1/C2)

2. 
For example, Q ≈ 104 can be achieved either for RB1 = 0.001 Ω 
or for RB2 ≈ 10 Ω, if C1/C2 = 100. The case of a quarter-wave 
distributed resonator is considered in our papers [6], [7]; the 
value Q = 7×103 is achieved experimentally for RB2 ≈ 10 Ω. 
The open-ended section of the resonator plays the role of C2. 

S 
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Fig. 1.  Equivalent schematics of two high-Q resonators loaded with nonlinear 
absorbing resistors. The device M must register a minimum of the current 
from the source RS at the resonant frequency. (a) The case of a low-resistive 
absorber RB1 (MKID); (b) the partially loaded resonator; the absorber RB2 is a 
higher-resistive RFTES. 

B. Variable RF impedance and response 

To understand limitations of the impedance variability at 
high frequencies, the Gorter-Casimir two-fluid model [8] or 
the Mattis-Bardeen theory [9] can be used. They predict two 
major effects: (i) the presence of an active impedance for  
alternating current at temperatures well below Tc, which grows 
with the photon energy and reaches almost normal state 
impedance at frequencies comparable with the 
superconducting energy gap frequency, fg=2Δ/h at T = 0; (ii) 
reduction of thermal sensitivity, dR/dT, for higher frequencies, 
as shown in Fig. 2.  

The microwave scattering parameters of the layout 
illustrated in Fig. 3 (left) will be used for further evaluation of 
the RFTES. The responsivity, S, can be defined as a ratio of 
the incremental transmission, δ|S21|

2, in the feed-line and the 
incremental absorption of the incoming signal: S=δ|S21|

2/δPsig. 
The free parameters are the resistance of the absorber, R, and 
its increment, δR. The conversion efficiency, ГH = 
δPRF/δPsig = S×PRF, can benefit from larger probing power, 
PRF. The full dissipated power Pdis in the bridge is a sum of the 
signal power and the coupled part of the probing power, which 
is defined by the parameter |S31|

2 and works as a pre-heat. The 
increment of the total heat, dissipated in the absorber, is 
δPdis = δPsig+ δ|S31(R,δR)|2×PRF. The last term in the 
expression characterizes the electro-thermal feedback and 
allows different signs of δ|S31|

2: (sgn(δ|S31|
2)=−sgn(R−Remb). 

Since RFTES is a power-to-power converter, the conversion 
efficiency can be expressed as ГH= PRF×δ|S21|

2/(δPdis− 
δ|S31|

2×PRF). It is worth adding here that the conversion 
efficiency ГH may turn into gain for R < Remb. The gain can 
grow infinitely until the stability condition 
δPdis−δ|S31|

2×PRF>0 is true. Such gain may exist even for the 
relatively smooth dependence R(T) from Fig. 2. We conclude 
that the regime with gain can be set using a combination of 
PRF and the bath temperature Tbath<Tc, (Fig. 3 - right), at least 
following the above model. 

C. Thermal isolation of RFTES detector 

In a typical TES-bolometer, the absorber and the 
thermometer are thermally integrated and isolated from the 
bath using a suspended dielectric membrane. The electrical 
connection of the thermometer may limit FDM frequency due 
to excess reactance of the long wires. Moreover, the size of the 
absorbing membrane must be larger than the wave length, 

~λ ≥ 300 μm for a THz-signal, which makes it susceptible to  
the cosmic rays (high-energy particles). An alternative 
solution, exploiting the superconducting transition, is the 
nano-volume antenna-coupled HEB, which is based on the 
hot-electron effect at low temperatures, when electrons are 
well decoupled from the lattice [10], [11]. Following the nano-
HEB concept, RFTES, similarly to MKID, does not need a 
thermally isolated resonator. 
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Fig. 2. Real and imaginary components of the impedance calculated from the 
two-fluid model [8] for a Nb film at frequencies 10-2fg, and 10-3fg. The dashed 
line approximates the thermal sensitivity TdR/RdT ≈ 200 at f = 10-2fg. 

III. EXPERIMENTAL DETAILS 

A. Layout of RFTES detector 

Our electromagnetic demonstrator of the RFTES concept 
[5] is designed for Tbath ≈ 4.2 K. The resonator and the rest of 
the circuit, except the bridge, are made from 200-nm thick 
niobium film (Tc ≈ 9 K) on the sapphire substrate [6], [7]. The 
embedded micro-bridge is 1.0×0.5 μm2 and was fabricated 
from a 10 nm-thick niobium film (Tc ≈ 5.3-5.8 K) using e-
beam lithography and Ar+ ion-beam etching. The interface 
between the two layers of Nb is cleaned in-situ with Ar+ gun. 
The simplified drawing of the chip with the resonator, the 
planar antenna and the embedded micro-bridge is presented in 
Fig. 3. The exact position of the micro-bridge within the 
resonator (port 3) depends on Remb as described above. 

T

R(T)

Rn

T1…T
n

Tc0  
Fig. 3. Simplified layout of the RFTES chip (left). The chip comprises the 
micro-bridge integrated with the planar resonator and the double-slot antenna. 
Numbers are: 1 and 2 - input and output ports of the chip, 3 - absorber port is 
a narrow bridge in series with the central wire of the resonator (a photo of the 
experimental bridge is shown as the inset). Transfer coefficients S21 and S31 in 
the text are for the feed-line and bolometer ports respectively; more details on 
layout can be found in [6]. The operational points at different bath 
temperatures T1…Tn are illustrated on the right.  

B. RF probing/biasing 

The experimental data on |S21|
2(f) (Fig. 4) illustrates that the 

micro-bridge in the resonator may abruptly leave its 
superconducting state as discussed in [6] and [7]. Our analysis 
suggests that such an event corresponds to the RF current 
reaching the critical value measured at DC with an accuracy of 
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±0.5 dB. At this point, we suppose, a hot-spot, i.e. a resistive 
domain appears across the micro-bridge [12]. It introduces 
steady losses, which can be seen as a cratered resonance dip. 
The higher the input microwave power PRF, the bigger the size 
of the resistive domain and the shallower the dip of |S21|

2(f). 
The fact that the shape of the crater is reproducible at a given 
PRF and bath temperature Tbath means that the resistive domain 
is stable and shows no thermal runaways. The stability can be 
explained by the presence of electrothermal feedback (ETF), 
very similar to traditional TES [3], or a superconducting 
antenna-coupled hot-spot micro-bolometer [13]. Substituting a 
shunt resistor, Rsh=Remb , we may conclude that ETF in RFTES 
devices generally works in the same way as it does in a 
classical TES.  
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Fig. 4. Non-linear effect (switching) in the optically coupled RFTES detector 
near the resonance. The probing microwave power, PRF, is a parameter. Psig=0. 

C. Optical off-cryostat detection 

Our initial model of the variable Q-factor includes both the 
effect of a growing resistive domain in the micro-bridge and 
the presence of electron-gas heating. Although the electron-
gas heating is hard to expect above T > 1 K, the blackbody 
experiments performed in-situ at Tbath ≈ 1.5 K have brought 
interesting results [7], so we tested the same sample in an 
optical 4-K cryostat. The synthesized RF generator (see 
Fig. 5a) provides probing/biasing of the Nb micro-bridge at 
5.7875±0.0025 GHz; the immersion sapphire lens focuses the 
chopped blackbody radiation at the double-slot antenna 
(Fig. 3); the low-noise amplifier (LNA) provides the proper 
power level and SNR for homodyne detection with the IQ-
mixer and further lock-in registration. The response on the 
probing microwave power, PRF, is presented in Fig. 5b for 
blackbody sources with 3 different temperatures. These 
maxima correspond to peaks of the gain, ГH, that must be at 
maximum of dR/dPsig expected at about the middle of the 
slope of R(T)/Rn (see Fig. 2). The shifts of the optima are 
monotonic with respect to the temperature of the blackbody. 
The high gain ГH is useful to suppress the noise of the readout 
electronics at low signal levels. To preserve the dynamic range 
for large signals, the ETF can be enhanced using greater 
microwave bias power PRF.  

D. Array RFTES detector 

The array of long resonators is not an easy object for 
packing within the limited area of the chip. We design and 
tested the hexagonal package (Fig. 6 left), which can be used 
with an immersion lens forming the multi-beam "pixel" 
suitable for further hierarchical integration into a larger array. 
So far it is confirmed (Fig. 6 right) that elements of the array 
behave the same way as the above single pixel (Fig. 4). 
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Fig. 5. Optical off-cryostat detection with RFTES at Tbath ≈ 4.5 K from Fig. 4: 
(a) schematic of test setup with the optically chopped blackbody, (b) measured 
contrast, referenced to the room temperature, 294 K, for various blackbodies 
at video BW=1 Hz; the blackbodies are liquid nitrogen, boiling water and skin. 
The measured resolution (noise-equivalent temperature, NET) was better than 
1 K at a contrast of +15 K. 
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Fig. 6. Hexagonally packed array of 7 RFTES: close-up photo of the chip 
(left); the experimental spectrum |S21|

2 (f, PRF) of the array (right). Color lines 
are for various probing microwave powers, PRF, similar to Fig. 4. One pixel is 
missing due to mechanical damage of its resonator. 

E. Material study 

The characteristic energy relaxation times (the quasiparticle 
recombination time and the phonon escape time) in the thin 
Nb micro-bridge on sapphire are rather short near Tc ≈ 5.3 K 
[14]. Thus, the hot-spot regime may dominate in the Nb bridge 
at Tbath ~ 4.2 K.  To achieve the hot electron-gas regime, we 
have developed films of hafnium (Tc= 0.35-0.4 K) as shown in 
Fig. 7 (left). Such films will be used for the micro-bridges 
embedded into resonators from Nb. However, the resonance 
frequencies will be designed to be about 1-2 GHz, to keep the 
probing frequency at about 10-2fg. 
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Fig. 7. The direct current R(T) measured for thin films of hafnium (Hf) (left); 
their thermal sensitivity, TdR/RdT ≈ 50, is below the limit of 200 at f = 10-2fg 
(see Fig. 2). Dependence Tc(d) shows reduction of Tc for thin films of Nb 
deposited on sapphire (dashed line is the exponential fit) (right). 
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IV. DISCUSSION 

A. Optical system corrections 

Adjusting a Gaussian-beam optical system at submillimeter 
wavelength is a serious engineering task, especially for a 
window-cryostat system. Since it was hard to expect high 
coupling efficiency, we compared the power received from the 
calibrated terahertz CW-source at fixed bath temperature (see 
Fig. 8) for known thermal conductance, GT. The value 
GT ≈ 140 nW/K was obtained using the isothermal technique 
[15] for witness bridges of the same size as the bridge in the 
resonator. The resulting beam efficiency is found to be ~5%, 
and NET from Fig. 5b can be corrected for the value better 
than 0.1K/√Hz. Since NEP =NET×kB×BW is related to the 
input bandwidth, the NEP ~10-13 W/√Hz can be estimated for 
the input BW=100 GHz.  
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Fig. 8. Experimental data used to evaluate the optical coupling efficiency of 
the quasi-optical detector. The calibrated THz power alone affects the Q-
factor since the probing power is very low (no crater). A transmittance of 5% 
was estimated using a known value of GT.  

B. Stability and gain 

The regime of operation for an RFTES can be found as the 
graphical solution illustrated in Fig. 9 (left). This solution is 
based on balancing the power dissipated in the device with the 
power going into the heat sink, Pdis(R(T), Rs)=GT(T-Tbath), 
which gives one or two cross-line solutions. The different 
temperature points, Tbath, are illustrated with R(T) in Fig. 3 
(right). It is worth adding here that, following the data from 
Fig. 9, the stable regimes can be available for δ|S31|

2(δR) > 0, 
although the negative ETF cannot be present due to R/RS < 1. 
The low R allows for the (infinite) gain, as discussed above. 
This conclusion can be supported with the solutions of 
equation |S21|

2 = f(R(T), Rs) for R using experimental curves 
from Fig. 4 as shown in Fig. 9 (right). The presence of the 
essential gain may explain the fact from [7] that the measured 
NEP was surprisingly insensitive to changes in configuration 
of the amplification channel. 

A complex spectrum of the output microwave signal was 
found in the experiment (Fig. 10); it can be evaluated as a 
small (-40 dBc) pulsed modulation of the input microwave 
signal limited to within the bandwidth of the resonator. We 
believe this modulation could be due to an interplay between 
recovery times of the microwave current and the RF-current-
driven dissipative hopping of thermally activated vortices in 
the superconducting part of the micro-bridge [16]. At higher 
values PRF, the resistive domain in the micro-bridge becomes 
larger, the Q-factor decreases and the RF-current recovers 
faster after a vortex-hopping event. Thus, the time between 
vortex-hopping events is shortened, which widens the 

observed spectrum. 
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Fig. 9. Graphical solution for operational points as the balance of the coupled 
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Fig. 10. Output spectra for RFTES operated at 1.5 K for two levels of probing 
signal: PRF = 1 a.u. (left) and PRF = 10 a.u. (right). Spectra are typical for 
pulsed modulation; bandwidth varies 3 times meaning drop of the Q-factor; 
modulation is arbitrarily low (-40 dBc).  

V. CONCLUSION 

We presented recent progress in both the development and 
understanding of a terahertz-range RFTES detector at liquid 
4He temperatures by demonstrating a single-pixel detector at 
6 GHz and a 7-pixel FDM-array at about 8 GHz. The detector 
with transition temperature Tc≈ 5.3 K exhibits temperature 
sensitivity NET~0.1 K/Hz1/2 (corrected for optical loss) at 
4.5 K bath temperature, promising NEP~10-13 W/√Hz. Clear 
evidence of negative electro-thermal feedback was observed 
for resonances in the range of 5.6-8.2 GHz. A parasitic 
spectrum of pulsed modulation was discovered that may 
contribute to the NEP of the Nb demonstrator. The modulation 
amplitude is small (-40 dBc), and we attribute it to thermally 
activated vortex-hopping events in the micro-bridge. We 
believe, it will be possible to avoid this effect by operating at 
temperatures below 1 K. RFTES devices made with hafnium 
films (Tc ≈ 0.4 K) should allow for operating in a regime 
where quasiparticles in the micro-bridge are more thermally 
isolated. 
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