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General work description

At present, superconducting detectors such as superconducting nanowire
single photon detectors (SNSPD), Transition Edge Sensors (TES), and hot
electron bolometers (HEB) are the most sensitive infrared detectors. For example,
SNSPDs have high sensitivity to infrared and photons, almost 100% detection
efficiency [1—3| and hundreds of MHz counting rates [4], making them suitable for
a wide range of applications [5]. However, to combine all these high characteristics
in one device is a challenge, requiring not only technical achievements, but also
a clear understanding of the physics underlying the theoretical description of
single photon detection mechanisms. The problem of development a theory for
superconducting detectors lies in the complex relationship between the resistive
and thermal properties of a thin superconducting film in a highly nonequilibrium
regime [6]. Understanding the detectors response to radiation is complicated by
the fact that the converted energy of absorbed photons in the film is associated
with quasiparticle excitations, the phonon system, the Cooper pair condensate,
and unpaired Berezinsky-Kosterlitz-Thouless (BKT) vortices.

The appearance of resistance in a superconductor can be explained by
considering the transition of a normal conductor to a superconducting state.
It is known that such a transition occurs continuously and is accompanied by
fluctuations in the modulus and phase of the superconducting order parameter |7|.
These fluctuations manifest themselves in various macroscopic properties [8] and,
most importantly, in direct current resistance (R), although their dynamics is
averaged over time and sample volume. When measuring resistance, fluctuations in
the modulus of the superconducting order parameter cause excess conductivity at
temperatures above the critical temperature, T, |9; 10|, and its phase fluctuations
lead to non-zero resistance below T, [11—18|. Thus, the resistive transition (RT)
is stretched over the width of the fluctuation region. It is also expected that the
RT broadening effect will be stronger for smaller samples, which is determined
by the ratio of the linear size of the sample to the superconducting coherence
length &. However, many studies show a much stronger RT broadening, which
is difficult to explain within existing theories [19]. Such discrepancies can be
attributed to the influence of built-in inhomogeneity [20] or, as recent studies
of low-dimensional superconductors suggest, to more fundamental effects such as

the preformation of Cooper pairs above T, [21; 22|. To better understand the
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mechanisms of fluctuations, one should go beyond measuring the time-averaged
response and focus on the dynamics of fluctuations. A well-known tool is the
use of noise measurements as a direct study of correlation time scales and the
magnitude of fluctuation effects. Thus, in previous studies of spontaneous voltage
or resistance fluctuations on the RT, various mechanisms were considered, such as
the correlated motion of magnetic vortices [23], the stochastic motion of vortices
over the BKT transition [24; 25|, and electron temperature fluctuations [26; 27|.
In such experiments, excess noise was measured at relatively low frequencies
(f < 100kHz), which is far beyond the frequency range of the Ginzburg-
Landau (GL) correlation time 7qgr, which is responsible for thermodynamic
fluctuations at superconducting phase transition [17]. It is noteworthy that the
time divergence GL 7qp, o |T' — T.|™! for T — T, has apparently never been
observed experimentally. On the contrary, measurements of the fast relaxation
dynamics, important for the time response of superconducting detectors [28—30],
show that the resistance relaxation time 7y at the resistive junction is related to
inelastic energy relaxation processes [31—36|. The resistance relaxation time 7g
tends to diverge in the superconducting phase as T. is approached from below,
which is observed for superconductors with relatively narrow RT [31; 37; 38]. This
behavior of R is related to the renormalization of inelastic scattering in the limit of
the superconducting gap tending to zero [39]. Description of the time response of
superconducting detectors to radiation is not straightforward. For example, it was
found that 7 is described by the relaxation time of the radiation energy absorbed
by electrons into phonons 7., and the time of escape of the ballistic phonon into
the substrate 7o, which depends on the acoustic properties of the film-substrate
interface. In real detectors, the phonon escape time 7. is much longer than the
flight time of the ballistic phonon across the film d/vg [35; 40—42], where d and
vs — film thickness and sound velocity, which has no unambiguous explanation
today. In general, studies of the time scales that determine the spreading of the
RT and the escape of phonons into the substrate are, unfortunately, extremely
scarce and do not allow us to draw unambiguous conclusions [35].

Aim of this work is to study spontaneous voltage fluctuations in
microbridges of titanium nitride and niobium nitride in the vicinity of the
critical temperature of the superconducting transition and in the normal state

in order to obtain information about the microscopic mechanisms responsible
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for the formation of a resistive transition and manifested in the response of low-
temperature detectors.

To achieve this goal the following objectives were considered:

1. Techniques for measuring voltage noise with primary calibration of
the signal by Johnson-Nyquist noise in a dilution cryostat and a
helium Dewar at the Laboratory of Quantum Detectors at MSPU were
implemented.

2. The transport properties and heat transfer of NbN and TiN
microbridges were studied by noise thermometry in the normal state.

3. The bolometric voltage response at the resistive transition of the NbN
detector in response to laser radiation is studied.

4. The spectrum of voltage fluctuations in the vicinity of a resistive
transition in TiN microbridges was studied. It was found that the
main mechanism responsible for the voltage fluctuations at the resistive
junction is associated with spontaneous temperature fluctuations.

5. The effect of spontaneous temperature fluctuations and random
magnetic disorder on the broadening of the resistive transition in TiN
was studied.

Theoretical significance of the obtained results lies in receiving new
information about the role of inelastic energy relaxation processes in the
phenomenological theory of superconductivity. Such information is of critical
importance for solving the fundamental question of the temporal and spatial scales
of superconducting fluctuations. The results obtained could stimulate new interest
in this direction.

From the side of practical significance, knowledge about the
mechanisms of energy relaxation and suppression of superconductivity can be
directly used to improve the characteristics of superconducting devices, in

particular, to select the material of the substrate and the surface protective layer.
KEY RESULTS

The key results of the study and provisions for the defense can
be summarized as follows:
1. The transport properties of epitaxial TiN films with a low level of

disorder at low temperatures were studied. The effect of suppression
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of the critical temperature with decreasing film thickness was found,
which was explained by the presence of a small amount of built-in
magnetic disorder on the surface of TiN films. A model was provided
that consistently described the shift of the critical temperature due to
magnetic disorder and smearing of the resistive transition by spatial
fluctuations in the number of magnetic moments.

. It was demonstrated that broadband resistance fluctuations at
the superconducting resistive transition in TiN microbridges were
associated with spontaneous fluctuations of the electron temperature.
The latter in turn were due to the stochastic energy exchange between
the electronic system and the thermal reservoir. It was shown that the
correlation length and time of resistance fluctuations coincide with the
time and length of inelastic energy relaxation and turned out to be much
larger than the scales of the Ginzburg-Landau correlation length and
time. A fundamental limit was proposed for the minimum smearing of
the resistive transition in TiN microbridges, which was associated with
temperature fluctuations.

. The heat transfer of thin NbN microbridges on an amorphous substrate,
including those suspended over a crystalline substrate, was studied
using noise thermometry in the normal state. Due to the strong
electron-phonon interaction in NbN, all remaining thermal bottlenecks
in the film-substrate-sample holder system became revealed. It was
demonstrated that, at temperatures above 10 K, in NbN microbridges
deposited on amorphous dielectric substrates, heat transfer was
determined by the thickness of the amorphous dielectric layer, and not
by the thermal resistance of Kapitza. This phenomenon was explained
in terms of the propagation of a special type of phonon excitations —
diffusons.

. The heat transfer in NbN microbridges of various thicknesses on a
crystalline substrate was studied using noise thermometry in the normal
state. It was demonstrated that, as the thickness of the NbN film
increased, an additional thermal bottleneck arose due to the short

phonon mean free path in NbN films. As a consequence, in the process of



energy relaxation, an electron temperature gradient appeared, directed
towards the substrate.

Reliability of the obtained results is confirmed by their reproducibility
on various experimental setups and by agreement with the results obtained by
other authors, to the extent that such results exist.

Author’s personal contribution is to carry out most of the
experimental measurements given in this paper. The author took an active part
in the interpretation and processing of the experimental results. These works were
carried out by the author in the Laboratory of Quantum Detectors of the Moscow
State Pedagogical University and in the Laboratory of Electron Kinetics of the
Institute of Solid State Physics, Russian Academy of Sciences.
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This dissertation contains an introduction, seven main chapters and a conclusion.
The total length of dissertation is 140 pages with 32 figures and 4 tables. The
reference list contains 197 items.

Chapter 1 provides information from experimental and theoretical works
devoted to the study of noise in mesoscopic systems and the thermal model used
to describe low-temperature detectors.

Chapter 2 provides general information about the exploited
superconducting films and the procedure for preparing the studied samples,
as well as describes the main experimental techniques and the processing of
experimental data.

Chapter 3 is devoted to measurements of superconducting and transport
properties of epitaxial TiN films. The obtained experimental data demonstrate the
high structural quality of the films and the size effect as a function of the thickness
of the film resistance. As the film thickness decreases, the critical temperature of
the superconducting transition is suppressed. The data obtained are in reasonable
agreement with the Abrikosov-Gorkov model, which describes the suppression of
superconducting properties by magnetic disorder.

In Chapter 4, we study the superconducting fluctuations in TiN
microbridges. First, the dependence of resistance on temperature is investigated. It
is shown that the width of the resistive transition increases with decreasing sample
width. Meanwhile, it remains much wider than the Ginzburg-Levanyuk number,
and the conductivity in the vicinity of the critical temperature is not described by
the Aslamazov-Larkin corrections. The study of spontaneous voltage fluctuations
at a resistive transition demonstrates that superconducting fluctuations are caused
by resistance modulation noise. The measured characteristic time of resistance
fluctuations is described by the time of electron-phonon interaction and diffusion
of electrons into the contacts. At the end of the chapter, it is shown that the
minimum smearing of the resistive transition in TiN microbridges is determined
by the length and time scales of the electron-phonon interaction and diffusion of
electrons into contacts. The rest of broadening of the resistive transition can be
explained by fluctuations in the number of surface magnetic moments.

In Chapter 5, we investigate the thermal transport of a superconducting
single-photon NbN detector at the critical temperature of the superconducting

transition. We study the response to modulated laser radiation via resistive
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thermometry, and obtain the temperature dependence of the thermal resistance
of the detector. From this data, we estimate the ratio of the electronic and phonon
heat capacities of NbN. This parameter is important for describing the operation
of single-photon detectors.

In Chapter 6, we investigate the thermal transport in various films (NbN,
InO,, Au/Ni) deposited on a Si substrate with an amorphous SiO, layer (200-300
nm). [t is shown that at temperatures above 10 K in metal microbridges deposited
on SiOy/Si substrate, the heat transfer is determined by the thickness of the SiOy
layer, rather than by the thermal resistance of Kapitza.

Chapter 7 continues the study of thermal transport in NbN films, but
from a slightly different perspective. We study NbN samples on crystalline Al,Os,
GaN, and Si substrates above the critical temperature of the superconducting
transition by noise thermometry. The data shows that the heat transfer on
crystalline substrates has noticeably improved in comparison with the data
obtained in the samples on SiO,/Si substrate. In the NbN/Al,O3 samples, a
regime, when with an increase in the thickness of the NbN film, a temperature
gradient appears across the NbN film, is reached.

The conclusion contains the list of main results of this dissertation.

Bibliography

1. Detecting single infrared photons with 93% system efficiency / F. Marsili

| np.| // Nat. Photonics. — 2013. — @enp. — T. 7, Ne 3. — C. 210. — DOL:
10.1038/nphoton.2013.13.

2. Waveguide integrated superconducting single-photon detectors with high
internal quantum efficiency at telecom wavelengths / O. Kahl [u ap.] //
Scientific Reports. — 2015. — Mionn. — T. 5, Ne 1. — DOI: 10 . 1038/
srepl10941.

3. NbN single-photon detectors with saturated dependence of quantum
efficiency / K. Smirnov [u np.| // Superconductor Science and Technology. —
2018. — Desp. — T. 31, Ne 3. — C. 035011. — DOI: 10.1088/1361-6668/

aaaraa.

10



10.

11.

12.

Gigahertz Counting Rates of NbN Single-Photon Detectors for Quantum
Communications / A. Pearlman [u np.| // IEEE Transactions on Appiled
Superconductivity. — 2005. — Wionb. — T. 15, Ne 2. — C. 579—582. — DOLI:
10.1109/tasc.2005.849926.

Natarajan C. M., Tanner M. G., Hadfield R. H. Superconducting nanowire
single-photon detectors: physics and applications // Superconductor Science
and Technology. — 2012. — Anp. — T. 25, Ne 6. — C. 063001. — DOI:
10.1088/0953-2048/25/6/063001.

Klapwiygk T. M., Semenov A. V. Engineering Physics of Superconducting
Hot-Electron Bolometer Mixers // IEEE Transactions on Terahertz Science
and Technology. — 2017. — Hos6. — T. 7, Ne 6. — C. 627—648. — DOI:
10.1109/tthz.2017.2758267.

Skocpol W. J., Tinkham M. Fluctuations near superconducting phase
transitions // Reports on Progress in Physics. — 1975. — Cenr. — T. 38,
Ne 9, — C. 1049—1097. — DOI: 10.1088/0034-4885/38/9/001.

Varlamov A. A., Galda A., Glatz A. Fluctuation spectroscopy: From
Rayleigh-Jeans waves to Abrikosov vortex clusters // Rev. Mod. Phys. —
2018. — Mapt. — T. 90, Boim. 1. — C. 015009. — DOI: 10.1103/RevModPhys.
90.0150009.

Aslamasov L., Larkin A. The influence of fluctuation pairing of electrons on
the conductivity of normal metal // Physics Letters A. — 1968. — ®epp. —
T. 26, Ne 6. — C. 238—239. — DOI: 10.1016/0375-9601(68) 90623-3.

Maki K. The Critical Fluctuation of the Order Parameter in Type-II
Superconductors // Progress of Theoretical Physics. — 1968. — Amp. —
T. 39, Ned. — C. 897906. — DOIL: 10.1143/ptp.39.897.

Bezryadin  A., Lau C. N., Tinkham M. Quantum suppression of
superconductivity in ultrathin nanowires // Nature. — 2000. — Amp. — T.
404, Ne 6781. — C. 971—974. — DOI: 10.1038/35010060.

Quantum Phase Slips in Superconducting Nanowires / C. N. Lau [u np.| //
Phys. Rev. Lett. — 2001. — Hos6. — T. 87, Bemr. 21. — C. 217003. — DOI:
10.1103/PhysRevLett.87.217003.

11



13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Arutyunov K., Golubev D., Zaikin A. Superconductivity in one dimension //

Physics Reports. — 2008. — Urwoab. — T. 464, Ne 1/2. — C. 1—70. — DOI:
10.1016/j .physrep.2008.04.009.

Universal Features of Counting Statistics of Thermal and Quantum Phase
Slips in Nanosize Superconducting Circuits / A. Murphy |u np.|] // Phys.
Rev. Lett. — 2013. — Uionb. — T. 110, Bem. 24. — C. 247001. — DOI:
10.1103/PhysRevLett.110.247001.

Semenov A. G., Zaikin A. D. Quantum phase slip noise // Physical Review
B. —2016. — Wionb. — T. 94, Ne 1. — DOI: 10.1103/physrevb.94.014512.

Semenov A. G., Zaikin A. D. Full counting statistics of quantum phase
slips // Phys. Rev. B. — 2019. — Mapt. — T. 99, Bbir. 9. — C. 094516. —
DOI: 10.1103/PhysRevB.99.094516.

Tinkham M. Introduction to Superconductivity. — Dover Publications,
2004. — (Dover Books on Physics Series). — ISBN 9780486134727.

Resistance of two-dimensional superconducting films / E. J. Konig [ 1p.] //

Phys. Rev. B. — 2021. — Cent. — T. 104, Bom. 10. — C. L100507. — DOI:
10.1103/PhysRevB. 104.L100507.

Benfatto L., Castellani C., Giamarchi T. Broadening of the Berezinskii-
Kosterlitz-Thouless superconducting transition by inhomogeneity and finite-
size effects // Phys. Rev. B. —2009. — Jlek. — T. 80, Beim. 21. — C. 214506. —
DOI: 10.1103/PhysRevB.80.214506.

Effective medium theory for superconducting layers: A systematic analysis
including space correlation effects / S. Caprara [u jap.| // Phys. Rev. B. —
2011. — Mronb. — T. 84, Boin. 1. — C. 014514. — DOI: 10.1103/PhysRevB.
84.014514.

Sacépé B., Feigel'man M., Klapwigk T. M. Quantum breakdown of
superconductivity in low-dimensional materials // Nature Physics. —
2020. — Mo, — T. 16, e, 7. — C. 734—746. — DOI: 10.1038/s41567-
020-0905-x.

Direct evidence for Cooper pairing without a spectral gap in a disordered
superconductor above T / K. M. Bastiaans [u ap.|. — 2021. — arXiv: 2101.
08535 [cond-mat.supr-con].

12



23.

24.

25.

26.

27,

28.

29.

30.

31.

32,

Clem J. R. Flux-flow noise in superconductors // Physics Reports. — 1981. —
Cent. — T. 75, Ne 1. — C. 1--55. — DOI: 10.1016/0370-1573(81)90102-2.

Voss R. F., Knoedler C. M., Horn P. M. Phase-Slip Shot Noise at the Two-
Dimensional Superconducting Transition: Evidence for Vortices? // Physical
Review Letters. — 1980. — Hos6. — T. 45, Ne 18. — C. 1523—1526. — DOI:
10.1103/physrevlett.45.1523.

Knoedler C. M. Phase-slip shot noise contribution to excess noise in
superconducting bolometers // Journal of Applied Physics. — 1983. —
Maii. — T. 54, Ne 5. — C. 2773—2776. — DOI: 10.1063/1.332306.

Clarke J., Hsiang T. Y. Low-Frequency Noise in Tin Films at the
Superconducting Transition // Physical Review Letters. — 1975. — Mait. —
T. 34, Ne 19. — C. 1217—1220. — DOI: 10.1103/physrevlett.34.1217.

Thermal fluctuation noise in a voltage biased superconducting transition
edge thermometer / H. F. C. Hoevers [u np.| // Applied Physics Letters. —
2000. — Hex. — T. 77, Ne 26. — C. 4422—4424. — DOI: 10.1063/1.1336550.

Prober D. E. Superconducting terahertz mixer using a transition-edge
microbolometer // Applied Physics Letters. — 1993. — T. 62, Ne 17. —
C. 2119—-2121. — DOI: 10.1063/1.109445. — eprint: https://doi .
org/10.1063/1.109445.

Irwin K., Hilton G. Transition-Edge Sensors // Cryogenic Particle
Detection / mom pea. C. Enss. — Berlin, Heidelberg : Springer Berlin
Heidelberg, 2005. — C. 63—150. — ISBN 978-3-540-31478-3. — DOI: 10.
1007/10933596_3.

Shurakov A., Lobanov Y., Goltsman G. Superconducting hot-electron
bolometer: from the discovery of hot-electron phenomena to practical
applications // Superconductor Science and Technology. — 2015. — Jlek. —
T. 29, Ne 2. — C. 023001. — DOI: 10.1088/0953-2048/29/2/023001.

Electron-phonon interaction in ultrathin Nb fims / E. M. Gershenzon |u
ap.] // Zh. Eksp. Teor. Fiz. — 1990. — T. 97. — C. 901—911.

Mixing and noise in diffusion and phonon cooled superconducting hot-
electron bolometers / P. J. Burke [u np.| // Journal of Applied Physics. —
1999. — ®eBp. — T. 85, Ne 3. — C. 1644—1653. — DOI: 10.1063/1.369299.

13



33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

Doubling of sensitivity and bandwidth in phonon cooled hot electron
bolometer mixers / J. J. A. Baselmans [u np.| // Applied Physics Letters. —
2004. — T. 84, Ne 11. — C. 1958—-1960. — DOI: 10.1063/1.1667012. —
eprint: https://doi.org/10.1063/1.1667012.

The electron-phonon relaxation time in thin superconducting titanium
nitride films / A. Kardakova |1 np.| // Applied Physics Letters. — 2013. —
T. 103. — C. 252602.

Relaxation of the resistive superconducting state in boron-doped diamond
films / A. Kardakova [u mp.| // Phys. Rev. B. — 2016. — T. 93. — C. 064506.

Electron energy relaxation in disordered superconducting NbN films / M.
Sidorova [ np.| // Phys. Rev. B. — 2020. — Asr. — T. 102, Bbim. 5. —
C. 054501. — DOI: 10.1103/PhysRevB.102.054501.

Schuller 1., Gray K. E. Experimental Observation of the Relaxation Time
of the Order Parameter in Superconductors // Phys. Rev. Lett. — 1976. —
@ep. — T. 36, Boim. 8. — C. 429—432. — DOI: 10.1103/PhysRevLett.36.
429.

Relaxation time of the order parameter in a high-temperature
superconductor / G. L. Eesley [u ap.| // Phys. Rev. Lett. — 1990. — Jlex. —
T. 65, B, 27. — C. 3445—3448. — DOI: 10.1103/PhysRevLett.65.3445.

Schmid A., Schon G. Linearized kinetic equations and relaxation processes
of a superconductor near T ¢ // Journal of Low Temperature Physics. —
1975. — Mwoas. — T. 20, Ne 1/2. — C. 207—227. — DOIL: 10 . 1007 /
bf00115264.

Energy relaxation time in NbN and YBCO thin films under optical
irradiation / D. Rall [m ap.] // J. Phys.: Conf. Ser. — 2010. — Wionp. —
T. 234, Ne 4. — C. 042029. — DOI: 10.1088/1742-6596/234/4/042029.

Nonbolometric bottleneck in electron-phonon relaxation in ultrathin WSi
films / M. V. Sidorova [u np.] // Phys. Rev. B. — 2018. — Maii. — T. 97,
Boin. 18. — C. 184512. — DOI: 10.1103/PhysRevB.97.184512.

Electron energy relaxation in disordered superconducting NbN films / M.
Sidorova [u np.|] // Phys. Rev. B. — 2020. — Asr. — T. 102, Bbim. 5. —
C. 054501. — DOI: 10.1103/PhysRevB.102.054501.

14



