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Progress of RFTES detector technology
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The paper examines the current state of research and development of a new ultra-sensitive detection technology

based on high-frequency heating of a superconducting microbridge by a combination of resonator currents at

frequencies of about 1.5GHz and a signal from a planar antenna in the frequency range 550−750GHz at

temperatures of 50−400mK, called RFTES technology. The new technology aims to development of terahertz-

range direct detectors of attowatt sensitivity and has already demonstrated performance close to theoretically

possible under experimental conditions. A comparison with known superconducting detectors is made, competitive

advantages and prospects for use in integrated circuits, including multi-element imaging arrays, are discussed, as well

as the recently discovered strong kinetic effect in hafnium film at temperatures of about 100mK. The prospects for

the development of RFTES technology towards complex devices such as differential detectors and active integrated

detectors with quantum sensitivity, as well as sources of thermodynamic noise for calibrating terahertz detectors

with picowatt heat production are analyzed.
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Introduction

The development of a new technology for detection

and visualization of superweak terahertz signals that was

called Radio Frequency Transition Edge Sensor (RFTES)
was aimed at making a detector that would combine

the best properties of mature technologies such as TES

(Transition Edge Sensor), MKID (Microwave Kinetic In-

ductance Detector), HEB (Hot Electron Bolometer) [1–8].
The name for the technology was chosen with reference

to the established and internationally accepted English

terminology, as applicable at that time, so the abbreviation

RFTES will be used below. The basic operating principle

of RFTES detector described in [9] was meant to be a new

method for resistance measurement of a superconducting

film in the vicinity of its critical temperature using the

microwave resonator currents. Coaxial cables and a

total absence of wires carrying direct current ensure high

noise immunity of the measurement without using any

special filters. The RFTES detector similar to the HEB

detector has an absorber and thermometer combined in a

single microbridge which allows the contradiction between

bolometer sensitivity and quick response to be reduced

dramatically. Such detector may be also called a HEB

detector with microwave reading, but due to the essential

part of innovative solutions and a wider range of applications

described herein, it is reasonable to keep the traditional

name RFTES.

A modern detector technology trend includes creation of

imaging matrices where pixels are read via parallel channels

to reduce the celestial mapping time due to the simultaneous

signal integration. To protect against undesired heat, cooled

detectors are combined into a matrix by the Frequency

Domain Multiplexing Method (FDM) [6,10,11] using high-

Q filters set to individual different frequencies which is one

of the fundamental radio communications principle; thus,

the resonator matrix may be read using a single physical

channel — the coaxial cable, and in case of MKID and

RFTES, a low-frequency SQUID amplifier may be replaced

by a standard semiconductor microwave amplifier. The

MKID technology uses the FDM method at frequencies

about 10GHz using planar superconducting resonators that

serve as a band-stop filter, whose transmission is controlled

by the nonlinear impedance ZB of a film microabsorber

as shown in Figure 1. This is a well-known radio

engineering concept that has been used for almost half-

century in frequency meters where mechanical variation of

the resonator length makes it possible to find an unknown

frequency by a narrow and deep minimum in power

transmission [12]. The selective circuit using a planar band-

stop filter (Figure 1) has universal applicability in a wide

absorber impedance range ZB and may be optimized for a

distributed resonator. The bridge absorber, depending on

its impedance, shall be inserted to different points on the

distributed resonator because the current amplitude in such

resonator varies along its length. Summing up all the above,
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Figure 1. Conceptual equivalent circuit diagram of a receiver with

RFTES detector. Operating principle — carrier modulation using

a resonance band-stop filter at Fc by means of varying the band-

stop filter Q factor. The antenna array (THz-Ant1 and THz-Ant2)
provides directional reception of terahertz emission that warms up

thermistor ZB.

direct detectors running in the FDM mode are sounding

signal modulators and, therefore, — dimensionless linear

power transducers [W/W]. For this reason the signal transfer

may be characterized in terms of the
”
power transfer ratio“

and
”
carrier modulation“. The direct power conversion

to voltage or current (square-law detection) takes place in

one of the last (buffer) stages of such receiver (Det — in

Figure 1).
A detector constituting a HEB that operates at extremely

low temperatures and has a record-breaking sensitivity

of about 10−20 W/
√
Hz was described in [7]. Terahertz

photon irradiation changed the resistance R of the Ti-

based electron-gas microbridge near the critical microbridge

temperature Tc and such response was measured with

direct current using a SQUID amplifier. It was believed

that measurement of such type of thermoresistive sensor

using the FDM method at microwaves was most likely

impossible or at least inefficient [13]. However, we have

managed to develop a microbridge reading circuit from Hf

using a microwave resonator and to demonstrate that it

isn’t so [14,15]. Value of the RFTES technology may be

characterized as a combination of a maximum sensitivity

with high stability and quick response that are sufficient to

produce a high-performance direct detector that does not

require any SQUID amplifier and allows integration into the

imaging FDM matrix with reading frequencies about 1GHz.

It is known that in the superconducting transition region

the resistive component of non-linear microwave impedance

prevails and RFTES matrix pixels, in contrast to the MKID

matrix pixels, almost do not change their resonant frequency

either when the carrier power varies or depending on the

terahertz signal power increment, and are insensitive to

the reference-frequency oscillator instability, thus, making

their control easier. In addition, the frequency range

of the received RFTES signals may extend from just a

few GHz to far IR band, and the operating temperatures

may be increased up to 400mK [15] making sorption-

pump cryostats suitable. These features will in future

promote a wider application range of RFTES detectors as

multipurpose sensors, including for fundamental research of

terahertz cosmic radiation, in particular on board of space

observatories. This study analyses the RFTES technology

progress: brief history of creation, current status and some

development prospects.

1. Experimental study at 4K and 400mK

Study of the new technology was started in collaboration

with German colleagues at Karlsruhe university with build-

ing an electromagnetic all-niobium prototype to perform

relatively simple experiments at liquid helium temperatures

of about 4K and to validate both the initial concept and the

engineering approaches and analysis methods [14].
To receive the terahertz radiation from a black body

at room temperature, an optical-window cryostat and

a chip with 550−750GHz integrated double-slot planar

antenna were used (Figure 2). The resonance band-stop

filter was designed using a quarter-wave segment of the

coplanar waveguide with a frequency of about 5.4GHz

to implement the compact chip design. Interesting results

were obtained already at the liquid helium temperatures

and quite high practical sensitivity of the proposed detectors

(Noise Equivalent Power, NEP) about 10−14 W/
√
Hz was

demonstrated [16,17]. These studies have clearly shown the

benefits of the new concept and the feasibility of cross-over

to lower temperatures.

Tests at low and extremely low temperatures were started

at National University of Science and Technology MISiS

in 2014 where a set of RFTES prototypes using hafnium-

film bridges was fabricated and passed preliminary test.

Figure 2. Photo of a chip with C-type RFTES detector. The

magnified detail shows a terahertz double-slot antenna with a

hafnium bridge in the center. A 1.5GHz quarter-wave niobium

resonator is folded for compactness. The bridge absorber is

located near the open end of the resonator where the embedding

impedance is about 1Ohm.

Technical Physics, 2024, Vol. 69, No. 7



XXVIII International Symposium
”
Nanophysics & Nanoelectronics“ 989

The critical research stage included demonstration of high-

frequency warm-up of the bridge by the reference (carrier)
of about 1.5GHz and smooth superconductivity suppres-

sion. Thermal conductivity measurements with substitution

of the heat sink power by the carrier power keeping constant

the Q factor showed that the electronic subsystem exhibits

the electron gas properties within 100−300mK [18].
The employed materials science approaches demonstrated

thin (50−80 nm) films of hafnium with a critical tem-

perature within 200−400mK; bridges made from this

material are technologically compatible with niobium mi-

croresonators Q ∼ 10 000 and exhibit microwave current

nonlinearity very similar to that of the superconducting

transition. At the next research stages, new testing methods

were developed for RFTES detectors inside the dilution

cryostat [19]. The bolometer response rate was measured

using the method of warm-up the absorber at harmonics

of the resonator; the experimentally measured response

time was about 3µs which agrees well with the high-Q

resonator response time. It has been shown recently that

the sensitivity of experimental chips agrees well with the

theoretical predictions for electron-gas HEB detectors that

are record-breaking to date, and features are described by

original mathematical models that consider both the anoma-

lous skin effect [20] in superconducting hafnium thin films

and electrothermal feedback in the carrier circuits similar

to [3]. Optical sensitivity of the experimental detectors

was examined with the black-body source method within

550−750 GHz and a NEP value of about 10−17W/
√
Hz [15]

was obtained and almost coincided with the theoretical

prediction defined by the geometry of a particular prototype

( 2× 2µm bridge) and supported the feasibility of further

efforts towards a sensitivity of about 10−20 W/
√
Hz which

is at the cosmic background noise level making the RFTES

technology interesting for many other applied superconduct-

ing nanosystems. For successful development in this area,

transition to submicron lithography of microbridges shall

be planned, e.g. to 0.2× 0.2µm, to increase the RFTES

detector sensitivity by two orders of magnitude at once at

the same operating temperatures.

2. Potential for reducing physical
temperature of the detector

A method for achievement the nonlinear impedance at

the carrier frequency is non-equilibrium warming conditions

of the electronic subsystem near Tc that is an important

part of the RFTES concept. We have reviewed the Mattis-

Bardeen theory [20] provisions, which were used for critical

assessment [21] of the new technology by predicting the

degraded slope dR/dT of the superconducting transition

measured at a high frequency. The argument was in that

in the frequency region when the photon energy is close

to the superconductor gap energy, h f ≈ 21, the probability

of full unpairing of superconducting carriers with photon

absorption is close to 100% irrespective of temperature,

i.e. current is induced by normal electrons; the same

condition occurs near the critical temperature Tc, when the

gap energy 1(Tc) → 0, and, therefore, there shall be no

temperature nonlinearity of the high-frequency impedance

near Tc. According to this logic, reduction of Tc at the

specified carrier frequency resulting in reduction of 1 shall

additionally degrade the RFTES operation at extremely low

temperatures. However, our numerical simulation using the

Mattis-Bardeen results has shown that:

1) near Tc, dT · kB ∼ h f is satised, i.e. smearing of

the superconducting transition temperature region dT is

physically based on the shift of the effective electronic

susbsystem temperature of the film by the temperature

proportional to the carrier photon energy and weakly

depends on a particular gap energy value if the gap energy

at zero temperature is not too low, 1(0) ≫ h f , which is

shown by the data in Figure 3;

2) trend to the maximum slope is not a prerequisite for

achievement of the fundamental sensitivity of the RFTES

detector, which is supported bu electromagnetic calculations

considering the
”
smeared“ dependences R(T, f c) [15].

The calculation shows that the superconducting transition

slope dR/dT for the specified carrier frequency f c and

bridge resistance Rn depends weakly on 1. This suggests

that the employment of hafnium films with strong proximity

effect may help promote the RFTES technology into the

temperature region about 100mK and below and, therefore,

to reduce NEP proportionally to T−4, i.e. more than by two

orders of magnitude in transition from 400mK to 100mK

while maintaining the same geometrical parameters of the

bridge.

3. Kinetic effect

The main distinctive feature of the RFTES technology

is a dissipative response of the bridge near Tc that is

expressed in broadening the resonant absorption of the

chip and reducing the strength of the absorption. However,

minor shift of the resonance dip of the chip transmission

ratio S21 still occurs [15]. This is explained by kinetic

inductivity of the superconducting film when there is either

low density of superconducting carriers or high density

of high-frequency superconducting current that unpairs a

considerable part of such carriers. In contrast to MKID,

the kinetic induction may not play a significant role in the

RFTES current transport where normal electrons locked

within the bridge due to the Andreev mirrors [22] prevail,
especially as the bridge is inserted in the low current region

near the open end of the resonator as shown in Figure 2.

During the experimental studies, we tried to understand

a seemingly collateral issue — some prototypes had no

resonances. This could be explained by several reasons that

shall be assigned to the known chip processing problems

when the bottom absorber layer and top electrode film are

applied with vacuum break. The consequences may be as

follows: 1) insufficient quality of the hafnium film when

Technical Physics, 2024, Vol. 69, No. 7
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Figure 3. Normalized dependences of the resistive component of nonlinear impedance Re(Z(T )) calculated using the Mattis- Bardeen

theory [20] for hypothetical equivalent of the superconducting hafnium film having different critical temperatures for two different

frequencies: 1.5 and 4.2GHz (upper row). Temperature coefficient of resistance TCR= dRe(Z(T ))/dT (lower row) was calculated for

the same critical temperatures: 100 (a), 200 (b), and 400mK (c). For comparison, all dependences are given within the temperature

range of 40mK. It is shown that the TCR degradation on Tc at 1.5GHz may be neglected.

the film does not demonstrate the superconducting state;

2) resistive (non-superconducting) contact of the bridge in

the electrode overlapping area; 3) full absence of the con-

ducting contact between the bridge and one or both niobium

electrodes due to the interface contamination. The first and

second consequences result in weak and indistinguishable

resonance because the resonator is damped so much that its

amplitude is very small and the band is incomparably wider

that the expected one. The third case should result in the

resonance shift to higher frequencies that are beyond the

operating range of the 1.35−1.6 GHz buffer amplifier used

in the system. It was decided to modify the absorber, in

particular, to replace a small microbridge contact area by a

wide hafnium underlayer as shown in Figure 4 in order to

avoid the effect of contacts or at least to make the induced

impedance low due high capacity of such overlap. The

same approach was used in the niobium prototype at the

early research stage [14,16,17].

The measurements gave a somewhat unexpected and

interesting result. Critical temperature of the hafnium film

was about 210mK and an effect occurred that can be

explained by high kinetic inductance that was not observed

before. As the carrier level increases, the resonance

curve becomes asymmetric already at low powers and

is characterized by soft nonlinear resonance that is quite

sensitive to the black-body radiation and, similar to MKID,

reacts to the physical heating and irradiation with the shift

to the low frequency only (Figure 5).

Figure 5 shows that the left slope of the resonance curve

is extremely steep dS21/d f and, therefore, the detector

demonstrates the power gain (input power to the carrier

1

1

2

4
3

a b

Figure 4. Topology of two options of the contact between

the hafnium film and niobium electrodes as part of the same

terahertz double-slot antenna (top view, solid lines show the film

boundaries); only part of antenna (1) is shown (see Figure 2): a —
50 nm hafnium film (2) as a short 2× 2 µm bridge connecting the

niobium electrodes with 2× 2 µm overlap; b — hafnium film (3)
that forms the same bridge, but broadening under the niobium

electrodes (4).

power increment) more than 10 dB (Figure 6). Such RFTES

behavior may be explained qualitatively by the reduction

(disappearance) of the Andreev mirror effect [22].

It was expected that due to the proximity effect between

the hafnium sublayer and the covering niobium film,

superconductivity enhancement in hafnium will take place,

and the Andreev mirrors at the input electrode boundary

will be kept at least at the bias frequency of about 1.5 GHz.

If there are no mirrors on such boundary, then the quick

Technical Physics, 2024, Vol. 69, No. 7
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(Optical Power) measured for the black body temperature range

1−10K. The output power is the carrier power variation at a

fixed frequency 1.4554GHz. The optical power calibration was

performed as described in [19] considering the Planck formula.

The resonance dip shifts as shown in Figure 5, and for the BB

radiation lower than 0.1 pW, at frequency 1.4554 GHz falls on the

steep left slope of the resonance curve (Gain is higher), and for

high powers — to the right more gardual slope (Gain is lower).
The detector output power increment has opposite signs depending

on the minimum position S21( f ) relative to the carrier frequency;

the absolute value of such increment, 1Pout, was used to draw the

data.

removal of hot electrons from the small bridge volume to

the larger hafnium volume under the electrodes takes place

and heating of the electronic subsystem in the bridge area

becomes impossible (inefficient). It is logical to assume that

the increase in the current density in the shrink (bridge)

area results in the kinetic effect. It is known that the MKID

concept is built on unpairing without heating, i.e. with

small number of non-equilibrium (hot) electrons, meaning

that 21/h ≤ f s ( f s — is the signal frequency). In other

words, almost all photon energy is spent to break a pair

and negligibly small part of energy is left for thermal

interaction with quasiparticles. In our case, due to low

hafnium gap energy, this condition is not satisfied, and

21/h ≈ 20GHz≤ f s ≈ 650GHz is the actual case. Large

hafnium film volumes under the niobium electrodes are

presumably absorbers of the energetic quasiparticles that are

generated in the bridge because the difference between the

signal photon and gap energies is high. If such interpretation

is valid, then the wide sublayer helps avoid increasing in the

density of non-equilibrium quasiparticles in the bridge that

is favorable in terms of the MKID concept. Note that in our

case such outflow of hot (non-equilibrium) quasiparticles

appears not only at the terahertz signal frequency f s, but

also at the low carrier frequency f c.

Thus, the absorber reconfiguration detected a strong

kinetic effect that achieves its maximum nonlinear shape —
soft resonance with hysteresis and slope dS21/d f → ∞ at

the incident frequency of about 1.5GHz, demonstrating

quite moderate heating of the electronic subsystem in the

hafnium-based film microbridge. Summing up, the new

experimental data support the existence of the Andreev

mirrors in case of short bridges, which was discussed

previously [15,18], and the unusual kinetic mode of RFTES

with new absorber configuration deserves more detailed

study.

The experiment data enable some theoretical estimates

for which equivalent RFTES circuit diagrams as shown in

Figure 7 may be used. The kinetic inductance increment Lk

at T = 70mK may be estimated by the shift of the resonator

frequency with respect to its low-power position using

the data from Figure 5 and electromagnetic RFTES model

shown in Figure 7, b in low loss approximation (Yb → 0).
The experiment has shown that at low carrier power

Pc ≈ −105 dBm (on chip), nonlinear effect is low and

the resonance curve S21 is symmetric at a frequency

near f c = 1.45545 GHz. Calculation using the EM model

shown in Figure 7, b estimates the bridge current as

0.33 µA. When an increased carrier power Pc ≈ −80 dBm

is applied to the chip, the current through the bridge

is about 6µA, and distortion is observed — shift of

the lower resonance point downwards in frequency by

about 50 kHz (Figure 5, curve 0mA), which, according

to the calculation, corresponds to the additional bridge

inductance dLk1 ≈ 0.11 nH. The same frequency shift is

provided by the optical power Ps1 ≈ 0.15 pW, when low

nondistorting carrier power Pc ≈ −105 dBm is used. At

Ps2 ≈ 1 pW (curve 2.5mA, Figure 5), additional inductance
occurs for which the EM model predicts dLk2 ≈ 0.33 nH.

Approximately the same frequency shift occurs when the

chip temperature increases up to T ≈ 200mK, which is

close to the critical bridge temperature. Using these

data, the superconducting carrier concentration ns may

Technical Physics, 2024, Vol. 69, No. 7
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Figure 7. Simplified equivalent circuit diagrams of C-type RFTES

detector chip: a — in resistive approximation; b — in terms

of kinetic effect described by the nonlinear inductance Lk. The

terahertz antennas shown in Figure 1 are not shown herein for

clarity. Resonator frequency is defined by LR and CR , and the

dip in the carrier transmission depends on by the coefficient of

coupling with the excitation line, which is defined by inductor Lc.

For C-type RFTES, the resonator Q factor is set using the current

divider Cb/(CR −Cb). It should be noted that the input/output

terminals on the chip are interchangeable.

be solved and the kinetic effect model may be verified.

The known relation for the kinetic inductance of a square

thin superconducting film for the fixed concentration of

superconducting carriers ns :

Lk�(ns) =
m

ns e2d
, (1)

It is obvious that the inductance increment is caused by con-

centration variation due to unpairing of the superconducting

carriers exposed to terahertz photons. It should be noted

that the experimental film has the equal width and length,

i.e. 1 square (Figure 4, b). Let’s estimate the concentration

variation dns using the experimentally calculated inductance

increments dLk� for the 0.15 pW and 1 pW optical signal as

discussed above:

dLk�

dns
= −

m
n2

s e2d
. (2)

The optical power can be written as the photon flux Nph

with a mean frequency in the antenna range of about

650GHz: Nph2 ≈ 2.3 · 109 s−1 for Ps2 = 1 pW that, con-

sidering the bridge geometry (volume), gives the photon

flux density nph2 ≈ 2.58 · 1018 s−1·cm−3. For 0.15 pW, the

photon flux will be Nph1 ≈ 3.5 · 108 s−1, and the flux

density will be nph2 ≈ 1.74 · 1018s−1·cm−3. We assume that

all photons are absorbed by the superconducting carriers

which are unpaired and, without the Andreev mirrors, the

excess heat is quickly removed by quasiparticles from the

bridge volume. The number of simultaneously excited (un-
paired) superconducting carriers will depend on the excited

state lifetime τ that will be defined by the recombination

time. This time is assumed equal to the electron-phonon

interaction time and for T = 200mK, τ2 ≈ 0.2ms, and for

T = 100mK, τ1 ≈ 1ms may be assumed. This means that

with shorter recombination time (with shorter lifetime of

hot quasiparticles), the transfer process will involve fewer

pairs than the number of photons arriving per second, and

the concentration variation effect will be lower

nphτ = dns . (3)

The system of equations for the two obtained kinetic

inductance increments dLk1 and dLk2 can be written for

corresponding photon concentrations, and solved for ns :

Lk(ns − nph1τ1) − Lk(ns) = dLk1,

Lk(ns − nph2τ2) − Lk(ns) = dLk2. (4)

Solution (4) gives quite low concentration of supercon-

ducting carriers ns ≈ 3.4 · 1018 cm−3. It is important that

solution of system of equations (4) depends on the selected

parameters τ1(100mK) and τ2(200mK) which do not

contradict the known experimental data, for example [23].
It should be also noted that the experimentally obtained

inductive response caused by the optical action of the

same power does not depend on the carrier power, which

proves the independent action on the electronic subsystem

of the carrier at approx. 1.5 GHz and of the signal

at approx. 650GHz. As the carrier power increases,

only the resonance curve symmetry varies: the lower

frequency slope becomes steeper and the upper slope

becomes more gentle, which is also inevitably reflected on

the conversion gain ratio dS21/dT that may exceed 10 dB.

Thus, we have demonstrated the effective nonlinear kinetic

inductance mode in the detector built according to other

rules than MKID, but having similar and even higher

transfer characteristics.

We may compare the MKID and RFTES mode noise of

our detector. The nonlinear kinetic inductance is directly

associated with the variation of the superconducting carrier

concentration, i.e. a stochastic process of Copper pair disin-

tegration and recombination takes place and is accompanied

with the electronic noise of non-thermal origin. The MKID

concept includes a condition of quite small-size film (the
size of about the free electron path) where the gap energy

is lower than in the electrodes and where superconducting

carriers as well as relaxing quasiparticles are locked within

the absorber, that is obviously not satisfied in the case of

our
”
MKID“. In the locked volume with low gap energy,

heating of the electronic subsystem is inevitable, which is,

on the one hand, favorable for unpairing with participation

of the terahertz photons (RFTES concept), but, on the

other hand, heating stimulates the accumulation of thermal

quasiparticles and
”
dark“ unpairing due to the carrier power,

which contradicts the MKID concept. The same spurious

effects limit the carrier level required for resonator excitation

and reading the MKID state. Summing up, the RFTES and

Technical Physics, 2024, Vol. 69, No. 7



XXVIII International Symposium
”
Nanophysics & Nanoelectronics“ 993

MKID modes have contradictory optimization conditions

that cannot be implemented for the same material at the

same temperature. This complicates direct comparison of

the two types of detectors.

Invasive reading is the basis of the RFTES technology,

however, in the MKID concept, invasive action to the

resonator results in occurrence of excessive recombination

noise known as the fundamental restriction on NEP (on
threshold sensitivity) MKID [24–26]:

NEPGR = 21

√

Neq

τqp
,

Neq = n0V. (5)

For RFTES with a short bridge, another noise statistics is

assumed: near Tc, the Copper pair concentration is low

and the gap energy is also low, which allows to neglect the

recombination noise compared with the thermal noise of

normal electrons in the electron gas mode. For RFTES, the

main component will be sufficient - the NEP-term defined

as the thermal noise of the electron gas:

NEPRFT ES =
√

4GT 2
e kB ,

G = n6NeqT n
e (6)

and then estimate the MKID and RFTES sensitivity ratio as

α =
NEPGR

NEPRFTES
=

21
√

4n6T n
e T 2

e kBτqp

, (7)

n0 is the concentration (density) of equilibrium quasipar-

ticles within the bridge V ; 6 is the material parameter

(12.5 ± 2) · 108 W/(m3·K6); exponent n in our experiments

was n = 5 [18]. It should be noted that the thermal noise

is also present in MKID, but is not included in (7). The

estimates show that α ≈ 1MKID/1RFT ES , i.e. RFTES noise

is lower in the case of operating temperature of the absorber

is the same.

In addition it should be noted that the invasive reading

signal for both detectors results in generation of quasiparti-

cles by the reading photons. This causes the increase in Neq,

but also in noise induced by the carrier photons (photon
NEP of the carrier). Since the recombination noise is

essential for MKID, as low as possible powers are used for

reading (non-invasive or minimally invasive reading), which

imposes high requirements for the noise temperature of the

used semiconductor amplifier TLNA. Remember that both

types of detectors are the carrier modulators, i.e. the linear

power transducers [W/W]. The higher the carrier power and
the higher the intrinsic noise of the amplifier ∝

√
Pc · TLNA

are, the worse the amplifier-induced NEP is. However,

the noise value (NEP) reduced to the detector input is

inversely proportional to the detector conversion gain ratio

that grows linearly as the carrier power increases, that is

obvious at the specified modulation depth and specified

signal power. Thus, invasive reading may be favorable

for suppression of the NEP amplifier ∝
√

TLNA · Pc, if the

growth of the conversion gain ratio of the detector itself is

considered. This fits to the idea of the thermal action of the

carrier used to shift the effective temperature of the RFTES

electronic subsystem, i.e. to set the temperature higher than

the substrate temperature towards the optimum temperature

near Tc.

4. Stability and thermal oscillations

Instability of thermal and current mode in superconduct-

ing films is usually manifested in abrupt switching from the

superconducting state to the resistive state or back, often

accompanying with thermal hysteresis. Study of stability

of the superconducting thermometer film read with direct

current in middle of the superconducting phase transition

0 < R(T ) < Rn was an important stage in the development

of the classical TES detector [18]. It is known that for

stabilization in this area, negative electrothermal feedback

is required, which is equivalent to the voltage mode that

can be implemented with a low-resistance shunt [3]. For

the classical TES, such shunt is usually implemented in

hybrid way, i.e. at some distance from the thermometer

or even outside the chip, to avoid spurious heating of the

absorber. This condition hampers (limits) the use high

reading frequencies because the hybrid (wire) connection

circuit may become distributed and the impedance may

become frequency-dependent, which results in the loss of

the voltage mode. In this context, integral connection with

the resonator is a benefit of RFTES because it is used

to obtain a pre-calculated bridge insertion impedance with

high accuracy and provides an opportunity to define a stable

operation mode even with positive electrothermal feedback,

i.e. to achieve considerable amplification [15,16].

An interesting feature of RFTES is the self-oscillations in

the form of the carrier power modulation, which was found

even in the all-niobium electromagnetic demonstrator and

first described in [18]. Such phenomenon was also reported

in hafnium samples due to their ageing, i.e. it may be

qualitatively explained by the critical current at the boundary

of the bridge and niobium electrodes. We managed to build

a mathematical model where the carrier current may achieve

the critical current of the superconducting interface in the

point of bridge connection to the electrodes, and series

resistance 1Rn appears in the circuit in a stepwise manner.

This results in transition of a high-Q resonator to a new

state with lower Q factor and lower bridge heating, but is

accompanied by a heat pulse. When absorber cools down,

the new steady-state condition and the current become

lower than the critical current, then superconductivity is

restored and the system comes to the start of the cycle at a

rate defined by the new resonator Q factor. Thus, we most

probably deal with new type of relaxation oscillation.

It is interesting that the frequency of such oscillations

are of order of 10 kHz in the experiment being dependent

on the thermal power applied to the absorber, and their
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power is averaged at the detector output and no NEP

degradation is observed. Assuming that the spectral line

width of an oscillator is defined by the noise power, the

observed spectrum width of such oscillations is defined

by the noise whose level agrees with NEP measured by

a traditional method as the power dispersion. Mathematical

model of such oscillations is discussed in [27] and supports

the experimental data with reasonable accuracy.

5. Potential applications

A matrix imaging sensor is the most demanded applied

RFTES option [28]. Traditional design with individual lens

antennas, for example [29,30], implies the filling coefficient

of the field of view of about 0.25, i.e. 4 exposures are

required to get the full picture. This is attributed to the

optical system geometry when the effective lens aperture

diameter is equal to only half-distance between the optical

axes of the adjacent pixels. Solution for a more dense pixel

packing may be found by creating a multiple-beam antenna

when several antennas made on a single chip are installed in

the focal plane of the immersion lens [18,31,32]. However,
it is difficult to arrange antennas from figure 2 as a closely

packed group due to the extended structural part near the

open end of the resonator where the antenna is placed.

To implement the denser packing, an alternative approach

may be used with inductive connection of the bridge to the

resonator (L-type detector), that is illustrated in Figure 8. L-
type detectors have no extended structure near the antenna,

and a compact group of seven pixels may be configured as

shown in Figure 9.

PoutPin

CR
L  – LR c

Lc

Rb

PoutPin

L  – L  – LR c b

Lc

Rb
Lk

a b

+
+

+

CR

Lb

L  + La k

Figure 8. Simplified equivalent circuit diagrams of the detectors

with absorber Rb in the inductive circuit of the resonator: a —
MKID sensor, b — L-type RFTES detector considering the

antenna inductance effect, La, and kinetic effect, Lk. The terahertz

antennas connected to the absorber are not shown to clarify the

idea. Resonator frequency is defined by LR and CR, coefficient of

coupling with the excitation line is defined by the inductor Lc. For

the L-type RFTES detector (b), the resonator Q factor is set using

the voltage divider, Lb/(LR − Lc − Lb).

1

3

2

Figure 9. Simplified chip layout of the matrix consisting of

seven closely packed RFTES detector antennas on the common

immersion lens using the L-type coupling element between the

resonator and absorber (L-detectors). Antennas are located within

the circle (1) approx. 1mm in diameter and can be easily

placed near the optical center (2) of the immersion lens 10mm in

diameter, which does not introduces significant distortions into the

symmetry of their beam patterns [31]. For clarity, only connection

lines between the antennas and resonators (3) are shown, that is

similar Figure 2.

Another interesting application of the L- and C-detector

concept is integration of two detectors into a differential

configuration [33] (Figure 10). Absorption balance of two

microbridges in a single resonator makes it possible to

record only the difference in power of signals arriving at

their antennas. This concept is based on the effect of

the same loss applied by the L- and C-absorbers into the

common resonator, but different signs of dS21/dT , which

leaves the resonator Q factor unchanged, if the same signals

apply to both detectors. When such method is used for

two adjacent pixels with minimum possible spacing on chip,

then detection of the radiation gradients (boundaries) may

become much more efficient.

Further development area of the RFTES technology is

in modification of the concept of two resonator loads to

create an active detector described conceptually in [34,35],
where the dc SQUID similar to [36] is integrated into the

resonator as L-absorber of the differential detector. This

provides the match between the SQUID amplifier and

resonator which current amplitude is controlled by the C-

type RFTES detector. Thus, noise-immune parametrical

signal amplification can be implemented to achieve quantum

sensitivity of the whole device.

The THz-frequency black-body radiation source method,

in terms of the signal circuit theory, may be implemented

similarly to the popular matched load method, which uses

a coaxial cable in the GHz range [37]. This follows from

the fact that the role of the cable is limited to channeling

Technical Physics, 2024, Vol. 69, No. 7



XXVIII International Symposium
”
Nanophysics & Nanoelectronics“ 995

1

23

4

4 4

4

3

5

6 6

7
89

Figure 10. Simplified layout of the differential detector chip

containing two RFTES structures: C-type (left-hand) and L-type
(right-hand). On substrate (1), there is resonator (2) loaded with

two bridges-absorbers (3) using end coupling capacitor (9) and

coupling inductor (8). terahertz antennas (4), excitation line (5)
with contacts (6) and magnetic coupling (7), which provide

heating of both bridges to the optimum temperature near Tc .

the microwave noise currents of the matched load towards

the sensor in a similar way as a rectangular waveguide

used for the same purpose. A quasi-optical beam formed

by the lens antenna is one of the radiation channeling

method, but without using waveguiding surfaces. Since

the size of the matched load inserted in the waveguiding

circuit of the planar antenna (Figure 2) does not play any

significant role, its size may be considered as lumped, and

the heated bridge in the resonator can also serve as a source

of thermodynamic power emitted by the lens antenna into

free space. This concept allowing heat production to be

reduced dramatically and modulation rate of the black-

body terahertz calibrator to be increased is developed in

the experimental study [38].

Conclusion

The RFTES detector concept has undergone several

verification stages, including the response and sensitivity

measurement using classical procedures, including optical

measurements with terahertz thermodynamic sources, and

demonstrated good agreement with the initial theoretical

predictions. The detected high-performance kinetic re-

sponse mode shall be additionally investigated. Promising

RFTES-based devices are imaging matrices that may be

operated using the existing MKID sensor matrix operation

procedures. The RFTES technology may be used to

create thermodynamic radiation sources and a set of new

integral devices such as a differential detector and active

detector with built-in parametric amplifier. Therefore, the

development of the RFTES technology is a very promising

applied research area.
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