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Abstract

The superconductor-ferromagnet thermoelectric detector (SFTED) is a novel ultra-
sensitive radiation detector based on the giant thermoelectric effect in superconduc-
tor-ferromagnet tunnel junctions. This type of detector can be operated without the
need of additional bias lines and is predicted to provide a performance rivaling tran-
sition-edge sensors and kinetic inductance detectors. Here, we report our numerical
studies on the SFTED noise equivalent power, energy resolution and time constant,
and the feasibility of a SQUID readout in both bolometric and calorimetric regimes,
with the goal to provide practical design parameters for the detector fabrication and
the readout circuitry implementation.

Keywords Thermoelectric - Bolometer - Calorimeter

1 Introduction

The superconductor-ferromagnet thermoelectric detector (SFTED) is a novel low-
temperature radiation detector [1, 2] based on the recent discovery of the giant ther-
moelectric effect in superconducting-ferromagnet hybrids [3, 4]. In contrast to other
commonly used ultrasensitive detectors such as the transition-edge sensor (TES) [5],
the kinetic inductance detector (KID) [6] or the superconducting tunnel junction
(STJ) [7] for which the signals come from changes to a quiescent current or volt-
age, SFTED directly utilizes the measurable electrical signal transduced from the
radiation absorption without bias power and therefore fundamentally cuts down the
heat dissipation and wiring complexity for large sensor arrays. This feature can be
extremely attractive for modern bolometer and calorimeter applications, in which
large sensor arrays are preferred [5, 8].
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Here, we discuss the SFTED in both bolometric and calorimetric regimes. Numer-
ical results of the detector performance, i.e., noise equivalent power (NEP), thermal
time constant (r,,), and energy resolution (AE), will be presented with realistic design
parameters. We also explore the feasibility of using a dc Superconducting QUantum
Interference Device (SQUID) for the readout. Using a SQUID has the added benefit
that several well-developed multiplexing schemes for large arrays already exist [5, 9,
10].

2 Bolometer Study

The sensing element of a SFTED is a tunnel junction between a superconductor and
a normal metal, where the superconducting density of states has been spin-split by an
exchange field (%) induced by a nearby ferromagnetic insulator. To generate the elec-
tron—hole asymmetry required for thermoelectric response, where a temperature dif-
ference AT between the electrodes produces a thermovoltage V,;, and thermocurrent
Iy, [3], either the normal metal electrode or the tunnel barrier insulator has to be fer-
romagnetic (Fig. 1a, b). Within the small signal regime, the thermal and electrical bal-
ance of the device can be expressed as:

dAT

ChT = Pin - G:ﬁlAT + a’Vth
AT (H
Iy, = 0‘7 - GVy

where C, is the heat capacity, P;, the absorbed power, a the thermoelectric coef-
ficient [3], and G the junction dynamic electrical conductance. The simplest rel-
evant circuit that connects to the junction has a capacitance C and an inductance
L in parallel, in which case the thermocurrent and thermovoltage are related by
Iy (w) = (ioC + 1/iwL)V,y(w) at a particular frequency w. In the thermal model
used here (Fig. 1c), the thermal conductance through the tunnel barrier Gy, and
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Fig.1 a, b Schematics of SFTED with SQUID readout. Superconducting electrode is used to absorb
incoming radiation, and the temperature difference between the two electrodes drives the thermoelectric
current /,, tunneling across an insulating barrier made of either a AlO, or b EuS. Current signal will be
coupled by an input inductor into a SQUID readout. ¢ Thermal model of SFTED (Color figure online)
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through the electron—phonon coupling in the superconductor G, _,, are assumed to be
much smaller than the conductances to the phonon bath, and thus G' = Gy, + G,
is the total thermal conductance that dominates the heat flow.

In bolometric applications, NEP is often quoted as a benchmark for detector per-
formance, which is defined as the input radiation power in 1 Hz bandwidth required
by the detector to generate a signal equal to its noise. For a SFTED, based on Eq. (1)
and the fluctuation—dissipation theorem [2], the detector will exhibit the typical
Johnson noise and thermodynamic fluctuation noise (TFN) and, in addition, a nega-
tive cross-correlation term between the junction current and heat current fluctua-
tions, due to the strong thermoelectric response. The NEP for SFTED can then be
derived as:

2 (ot

NEP? = L”{i—T“‘ [1+1+2ZD)2e?], @
where 7, = C},/G}" is the thermal time constant and ZT is the thermoelectric figure
of merit [2]. As one can see, a ZT value larger than unity would mean an improve-
ment over a standard bolometer, made possible by the direct negative electrothermal
effect on the noise. This improvement in NEP is seen to take place only at low fre-
quencies below the effective thermal time constant 7.4 = 7, V/1 + ZT, which also
increases with ZT.

Numerical calculations of the zero-frequency NEP (Fig. 2a) and the correspond-
ing ZT (Fig. 2b) for different junction sizes in a range 1-400 um? are presented as
a function of operation temperature in Fig. 2. Two different tunnel barrier materials
EuS and AlO, have also been compared in these plots.
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Fig.2 Numerical calculation of zero-frequency NEP (a) and ZT (b) of SFTED in the bolometric regime.
Color indicates different junction areas, solid lines are junctions with EuS tunnel barriers (P = 0.9),
and dotted lines are those with AlO, barriers and ferromagnetic electrodes (P = 0.3). In these plots,
the superconducting electrode was assumed to be absorber and the material was Al with a volume of
V =2um?’, a broadening parameter of I' = 10™* A, and an exchange field of # = 0.3 A. The specific
junction resistivities used were 1kQ pm? (AlO,) and 10 MQ pm? (EuS). These calculations follow refer-
ence [1] and take into account the modification of the superconductor energy gap and density of states
due to the exchange field [11] (Color figure online)
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EuS is a ferromagnetic insulator and has been considered as a promising tunnel
barrier material for SFTED in bolometric applications [2]. When contacted with
a superconductor, it induces a spin-splitting exchange field (). At the same time,
EuS can also function as a spin-filter between the superconductor and a normal
metal electrode, to generate thermoelectric signals with a large polarization factor
(P) exceeding 0.9 [12]. As shown in Fig. 2, junctions with EuS barriers can have
ZT larger than unity and are predicted to have a NEP below 100zW/ \/E with
Ty, = 0.1-40ms (not shown), improving over many previously reported detec-
tors [13—15] for microwave and far-infrared applications.

However, a ferromagnetic EuS barrier with a high polarization typically has a
high tunneling resistance [16] (10 k—10 MQ for the junction sizes considered here),
and thus a current sensing scheme based on a SQUID can be very hard to achieve.
For a two-stage SQUID readout with a low current noise ~ 100 fA/ \/E, the corre-
sponding amplifier NEP is above 10 aW and would thus dominate over the noise of
the detector. To be matched with an SFTED, an on-chip large winding-ratio super-
conducting flux transformer with a gain > 500 would be required.

3 Calorimeter Study

For calorimetric applications, the energy resolution AE (rms) is a figure of merit.
By applying optimal filtering [17] and assuming an infinite bandwidth amplifier, the
energy resolution of SFTED can be obtained as [1]:

AE,, = NEP /7, 3)
where NEP,, is the total zero-frequency NEP contributed by both the detector and
the amplifier, and r;(gf‘ is the effective thermal time constant [1].

Calorimeters are routinely used for higher energy photon detection. To absorb
the incident photon with high efficiency, an absorber structure with a larger volume
compared to a bolometer is required. For SFTED at a low temperature, the heat
transported through tunneling can be much larger than through electron—phonon
coupling (G, > G- This fundamentally relaxes the requirement of a dedicated
thermal isolation platform [5] such as a membrane, therefore easing the fabrica-
tion process. However, this also limits the use of high P EuS as tunnel barrier for
SFTED, since its lower specific transparency [16] will significantly increase the time
constant and the amount of heat leaked through electron—phonon coupling. On the
other hand, detectors with AlO, barriers can provide a very promising performance
for calorimetric applications due to much higher transparency [19].

A numerical calculation of energy resolution (main plots) and thermal time con-
stant (insets) for SFTEDs with two different absorber volumes is presented in Fig. 3.
In these plots, the tunnel barrier was AlO, and the absorber material was assumed to
be Al for simplicity, and the volumes roughly correspond to X-ray detection.

The detector energy resolution (solid lines in Fig. 3) is proportional to the
square root of the absorber volume and decreases with decreasing tempera-
ture. However, the latter dependency becomes weaker at 7 < 150 mK, and a
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Fig. 3 Numerical calculation of energy resolution (main) and thermal time constant (insets) of SFTED
as a calorimeter. Colored lines indicate different absorber volumes. In both main and inserts, solid lines
are the results for the detector alone, and dotted, dashed and dash-dotted lines are the results with both
the detector and the readout with different SQUID current noise 1/S,,,,- In these plots, the junction bar-

amp
riers were assumed to be AlO, with an area of 10* um?, a broadening parameter of I' = 10~* A, and an

exchange field of 72 = 0.3 A. The polarization factor used in calculation was P = 0.3. For ferromagnetic
electrodes such as Co or Fe, P can be as high as 0.35-0.4 [18] (Color figure online)

saturation-like resolution floor appears. This saturation is caused by the sub-gap
leakage current of the tunnel junction, described by a broadening parameter [20]
I (see Fig. 4a). We adopted a typical value for Al [21] I" = 10* A in our calcula-
tions shown in Fig. 3, but it has been lowered to 107 A with a multistage shield-
ing [22], which would improve the ultimate resolution further.

The low-temperature energy resolution limits are also very sensitive to the
applied exchange field #, as shown in Fig. 4b. A dramatic change in how the
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Fig.4 Numerical calculation of the detector energy resolution of SFTED with different broadening
parameters (left) and exchange field (right). Colored lines indicate different absorber volumes. Solid lines
are results using same parameters in Fig. 3. In these plots, the junction barrier was assumed to be AlO,
with an area of 10* pm? (Color figure online)
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resolution depends on % appears around 0.1-0.2 K, and therefore, for each opera-
tion temperature of SFTED, a different optimal exchange field exists.

Looking back at the energy resolution results that include readout noise in
Fig. 3, we see that a SQUID readout with 20 fA/ \/IE current noise matches per-
fectly with an SFTED (dotted lines). A SQUID with a superconducting flux trans-
former can in practice achieve a noise level of < 60fA/ \/E with an optimized
design [23, 24] (dash-dot), and in that case SFTED will not be limited by readout
noise at 7 > 150 mK. An energy resolution less than 1 eV with an absorber volume
of 4 x 10% pm? is thus predicted below 0.2 K.

However, using a large flux transformer will introduce an electrical resonance
into system and reduces the electrical bandwidth due to its large input inductance
and parasitic capacitance. Figure 5 shows the frequency-dependent NEP and respon-
sivity of a SFTED, read out by a flux-transformer-coupled SQUID with an input
inductance of 2 pH and a total capacitance of 0.5 nF. It shows that detector band-
width will be limited by the readout for small absorber volumes, while with the
larger absorber, the roll-off of the thermal time constant dominates.

4 Conclusions

We have demonstrated that the novel superconductor-ferromagnet thermoelec-
tric detector (SFTED) is a device that has promising characteristics when operated
either as a bolometer or as a calorimeter. As a bolometer, SFTED with EuS as the
tunnel barrier is competitive with the current state-of-the-art detector technologies.
However, a current readout with a SQUID can be hard to achieve due to the high
impedance of the EuS detector junction even with the highest ratio superconduct-
ing flux transformers. Other amplification techniques probing the voltage signal may
thus be more suitable.

(a) 104k
1024
— Vs =4 x 10" pm? § 103}
= —— Vs =4 x 10% pm? ﬂ:\
= 3
§ 1015 42‘ 102}k
: g — Vas=4x 10‘1 um‘:‘
Z S 101} — Vay=4x10°um?
= 0
1026} 19
o
100¢
17 B ) '
10 104 106 108 10 107 o8 To8
Frequency (Hz) Frequency (Hz)

Fig.5 Numerical calculation of NEP (left) and responsivity (right) of SFTED with a flux-transformer-
coupled SQUID readout. Colored lines indicate different absorber volumes. The junction barrier was
assumed to be AlO, with area of 10* pm?, with a broadening parameter of I' = 10~* A, and an exchange
field of & = 0.3 A (Color figure online)
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On the other hand, SFTED shows a promise as a calorimeter in terms of both
energy resolution and detector bandwidth (speed), if used with an AlO, tunnel bar-
rier, or if a low tunneling resistance EuS barrier can be made. A SQUID readout
with a moderate flux-transformer-coupled input is feasible for this type of detector,
without sacrificing much of the bandwidth. Combined with other beneficial features
such as lack of bias and self-isolation by electron—phonon coupling, SFTED can be
both attractive and practical for calorimetric applications that require large sensor
arrays.

Acknowledgements Open access funding provided by University of Jyviskyld (JYU). This study was
supported by the Academy of Finland Project Number 298667 and by the European Union’s Horizon
2020 research and innovation program under Grant Agreement No. 800923 (SUPERTED).

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

References

1. S. Chakraborty, T.T. Heikkild, J. Appl. Phys. 124, 123902 (2018). https://doi.org/10.1063/1.50374
05
2. T.T. Heikkild, R. Ojajérvi, I.J. Maasilta, E. Strambini, F. Giazotto, F.S. Bergeret, Phys. Rev. Appl.
10, 034053 (2018). https://doi.org/10.1103/PhysRevApplied.10.034053
3. A. Ozaeta, P. Virtanen, F.S. Bergeret, T.T. Heikkild, Phys. Rev. Lett. 112, 057001 (2014). https://
doi.org/10.1103/PhysRevLett.112.057001
4. S. Kolenda, M.J. Wolf, D. Beckmann, Phys. Rev. Lett. 116, 097001 (2016). https://doi.org/10.1103/
PhysRevLett.116.097001
5. IN. Ullom, D.A. Bennett, Supercond. Sci. Technol. (2015). https://doi.org/10.1088/0953-
2048/28/8/084003
6. E.N. Grossman, D.G. Mcdonald, J.E. Sauvageau, IEEE Trans. Magn. 27, 2677 (1991). https://doi.
org/10.1109/20.133763
7. M. Kurakado, Nucl. Instrum. Methods 196, 275 (1982). https://doi.org/10.1016/0029-
554X(82)90654-1
8. S. Pirro, P. Mauskopf, Annu. Rev. Nucl. Part. Sci. 67, 161 (2017). https://doi.org/10.1146/annurev-
nucl-101916-123130
9. M. Kiviranta, H. Seppd, J. van der Kuur, P. de Korte, in AIP Conference Proceedings (2003), pp.
295-300. https://doi.org/10.1063/1.1457649
10. K.D. Irwin, K.W. Lehnert, Appl. Phys. Lett. 85, 2107 (2004). https://doi.org/10.1063/1.1791733
11. F. Giazotto, P. Solinas, A. Braggio, F.S. Bergeret, Phys. Rev. Appl. 4, 044016 (2015). https://doi.
org/10.1103/PhysRevApplied.4.044016
12. JI.S. Moodera, T.S. Santos, T. Nagahama, J. Phys. Condens. Matter 19, 165202 (2007). https://doi.
org/10.1088/0953-8984/19/16/165202
13. B.S. Karasik, R. Cantor, Appl. Phys. Lett. 98, 193503 (2011). https://doi.org/10.1063/1.3589367
14. T. Suzuki, P. Khosropanah, R.A. Hijmering, M. Ridder, M. Schoemans, H. Hoevers, J.R. Gao, Tera-
hertz. IEEE Trans. Sci. Technol. 4, 171 (2014). https://doi.org/10.1109/TTHZ.2014.2298376

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.5037405
https://doi.org/10.1063/1.5037405
https://doi.org/10.1103/PhysRevApplied.10.034053
https://doi.org/10.1103/PhysRevLett.112.057001
https://doi.org/10.1103/PhysRevLett.112.057001
https://doi.org/10.1103/PhysRevLett.116.097001
https://doi.org/10.1103/PhysRevLett.116.097001
https://doi.org/10.1088/0953-2048/28/8/084003
https://doi.org/10.1088/0953-2048/28/8/084003
https://doi.org/10.1109/20.133763
https://doi.org/10.1109/20.133763
https://doi.org/10.1016/0029-554X(82)90654-1
https://doi.org/10.1016/0029-554X(82)90654-1
https://doi.org/10.1146/annurev-nucl-101916-123130
https://doi.org/10.1146/annurev-nucl-101916-123130
https://doi.org/10.1063/1.1457649
https://doi.org/10.1063/1.1791733
https://doi.org/10.1103/PhysRevApplied.4.044016
https://doi.org/10.1103/PhysRevApplied.4.044016
https://doi.org/10.1088/0953-8984/19/16/165202
https://doi.org/10.1088/0953-8984/19/16/165202
https://doi.org/10.1063/1.3589367
https://doi.org/10.1109/TTHZ.2014.2298376

Journal of Low Temperature Physics

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

PJ. De Visser, J.J.A. Baselmans, J. Bueno, N. Llombart, T.M. Klapwijk, Nat. Commun. 5, 3130
(2014). https://doi.org/10.1038/ncomms4130

J.S. Moodera, X. Hao, G.A. Gibson, R. Meservey, Phys. Rev. Lett. 61, 637 (1988). https://doi.
org/10.1103/PhysRevLett.61.637

D. McCammon, in Cryogenic Particle Detection, ed. by C. Enss (Springer, Berlin, 2005)

R. Meservey, PM. Tedrow, Phys. Rep. 238, 173 (1994). https://doi.org/10.1016/0370-
1573(94)90105-8

T. Greibe, M.P.V. Stenberg, C.M. Wilson, T. Bauch, V.S. Shumeiko, P. Delsing, Phys. Rev. Lett.
106, 2 (2011). https://doi.org/10.1103/PhysRevLett.106.097001

R.C. Dynes, V. Narayanamurti, J.P. Garno, Phys. Rev. Lett. 41, 1509 (1978). https://doi.org/10.1103/
PhysRevLett.41.1509

P.J. Koppinen, LJ. Maasilta, Phys. Rev. Lett. 102, 165502 (2009). https://doi.org/10.1103/PhysR
evLlett.102.165502

O.P. Saira, A. Kemppinen, V.F. Maisi, J.P. Pekola, Phys. Rev. B Condens. Matter Mater. Phys. 85,
012504 (2012). https://doi.org/10.1103/PhysRevB.85.012504

D. Drung, C. ABmann, J. Beyer, A. Kirste, M. Peters, F. Ruede, T. Schurig, IEEE Trans. Appl.
Supercond. 17, 699 (2007). https://doi.org/10.1109/TASC.2007.897403

D. Drung, IEEECSC ESAS Eur. Supercond. News Forum (2016)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

@ Springer


https://doi.org/10.1038/ncomms4130
https://doi.org/10.1103/PhysRevLett.61.637
https://doi.org/10.1103/PhysRevLett.61.637
https://doi.org/10.1016/0370-1573(94)90105-8
https://doi.org/10.1016/0370-1573(94)90105-8
https://doi.org/10.1103/PhysRevLett.106.097001
https://doi.org/10.1103/PhysRevLett.41.1509
https://doi.org/10.1103/PhysRevLett.41.1509
https://doi.org/10.1103/PhysRevLett.102.165502
https://doi.org/10.1103/PhysRevLett.102.165502
https://doi.org/10.1103/PhysRevB.85.012504
https://doi.org/10.1109/TASC.2007.897403

	Superconductor-Ferromagnet Tunnel Junction Thermoelectric Bolometer and Calorimeter with a SQUID Readout
	Abstract
	1 Introduction
	2 Bolometer Study
	3 Calorimeter Study
	4 Conclusions
	Acknowledgements 
	References




