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We examine the role of a silicon-based amorphous insulating substrate in the thermal relaxation in thin
NbN, InO,, and Au/Ni films at temperatures above 5 K. The samples studied consist of metal bridges
on an amorphous insulating layer lying on or suspended above a crystalline substrate. Noise thermom-
etry is used to measure the electron temperature 7, of the films as a function of Joule power per unit
area Pop. In all samples, we observe a Pop o< 7% dependence, with exponent n >~ 2, which is inconsistent
with both electron-phonon coupling and Kapitza thermal resistance. In suspended samples, the functional
dependence of P,p(7T,) on the length of the amorphous insulating layer is consistent with the linear tem-
perature dependence of the thermal conductivity, which is related to lattice excitations (diffusons) for a
phonon mean free path shorter than the dominant phonon wavelength. Our findings are important for
understanding the operation of devices embedded in amorphous dielectrics.
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I. INTRODUCTION

Dielectric substrates covered with an amorphous insu-
lator are often used as a platform for planar electronic
devices. The use of an amorphous insulating layer (AIL)
in electronic circuits provides technological advantages
for optical circuits [1-3] or electrostatically gated devices
[4,5] or for fabrication of amorphous metallic films used in
single-photon detectors [6,7], calorimeters [8], and super-
conducting resonators [9,10]. In the latter case, materi-
als have greater robustness with respect to the structural
defects. An AIL further ensures a greater yield of prac-
tical devices and uniformity of their characteristics [11].
Substrates with an AIL are also commonly used by default
for the fabrication of strongly disordered superconducting
films, which are of interest for the study of superconductor-
insulator transition [12,13]. Despite the obvious techno-
logical advantages, amorphous materials also cause some
undesirable effects in device operations. For instance, in
resonators and qubits, two-level systems located in amor-
phous media lead to energy dissipation and decoherence
at low temperatures [14]. In electromagnetic detectors,
enclosed in an amorphous dielectric, additional phonon
bottlenecks in thermal relaxation are observed [15—17],
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which restrict the response timing of the devices. This is
manifested in the fact that the magnitude of the phonon
escape time s is much greater than the typical ballistic
phonon time of flight d/v, [18], where vy, and d are the
sound velocity and metal-film thickness, respectively. The
observation is now interpreted in terms of strong reflection
anisotropy of ballistic phonons at the interface depending
on the angle of incidence [16,19,20].

To understand the thermal behavior of thin-film devices,
we conduct a systematic study of the electronic heat flow
rate, which is proportional to the power-law dependence
Pop o« T — Ty, where T, and T, are the temperatures of
electrons and the bath. Here, the exponent n provides infor-
mation on the dominant energy-relaxation mechanism.
At low temperature 7, electron-phonon coupling usually
mediates the heat flow rate, and in this case n ranges from
4 to 6 [8]. However, in devices on amorphous dielectric
substrates, sometimes smaller values of n are observed at
low T [21]. This fact cannot be captured by conventional
models for electron-phonon coupling.

Heat transfer in amorphous systems is fundamentally
different from that in crystalline materials. Above all, the
phonon propagation in disordered media is mainly dif-
fusive, since the phonon mean free path (/) is limited
by scattering at defects, boundaries, or two-level sys-
tems [22,23]. In amorphous insulators, /;,, which defines
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the thermal conductivity, is dependent on the phonon
energy and strongly decreases with increase of T' [24].
On reaching the Ioffe-Regel threshold, which corresponds
to lyn A~ A/2, where A is the dominant thermal phonon
wavelength, phonons fade quickly, and the heat transfer
is implemented by other vibrational excitations, known
as diffusons [23,25-27]. As a result, even a thin layer of
an amorphous insulator between the metal film and the
crystalline substrate can play a crucial role in the thermal
transport in real devices. However, this effect is usually not
taken into account in modern electrothermal models [28],
which successfully describe single-photon detectors on
polycrystalline materials [29] but poorly apply to devices
embedded in an amorphous insulator [30,31].

Here we focus on the study of the role of a silicon-
based AIL in thermal transport in thin-film devices at low
temperatures. Ballistic and diffusive regimes of phonon
transport are expected to produce two different scenarios
of heat dissipation from a metal film into the substrate.
In the ballistic regime, when the scattering happens only
at the interface, we deal with the thermal interface resis-
tance, which corresponds to a Zg Tp_h3 dependence [32],

where Zg is the Kapitza resistance and Tjy, is the phonon
temperature of the metal film. In the diffusive regime,
the thermal resistance is determined by the AIL and can
be expressed as Z(7T) o< Ian/kar (T), where kap is the
thermal conductivity of the AIL and /sy is the effec-
tive length of the amorphous insulator. In that case, Z(T)
is determined by the temperature dependence of ka (7).
To discriminate between these two possibilities, we pre-
pare two different sets of samples, deposited on an AIL
(see Fig. 1). In set 1, we vary the film material and film
thickness. In set 2, a thin metal film is deposited on the
AIL, which is suspended above the crystalline substrate.
The latter configuration allows us to vary [a; without
changing the material batch. Our main result is that the
heat dissipation in both sets is controlled by /sy and
is described by the Z(7T) o« T~ dependence. The data
are quantitatively consistent with ka1 (7) o< T observed in
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FIG. 1. Sample configurations. The gradient of red represents
the distribution of Ty, and red arrows show the direction of heat
flow. Set 1 (left): the metal film is deposited on the amorphous
insulating layer. Set 2 (right): the metal film and the amorphous
insulating layer are suspended relative to the bulk substrate.

independent calorimetric measurements [24,33]. Our find-
ing also demonstrates the insignificant role of the Kapitza
resistance at 7 > 5 K.

II. DEVICES AND METHODS

Set 1 includes films of various metals deposited on com-
mercial substrates based on an amorphous silicon dioxide
(S10,) layer on the top of silicon (Si). The thickness
of Si0,, considered here as the AIL, is about 300 nm,
and the thickness of the Si substrate is 400 um. Set 2
includes a thin NbN metallic layer deposited on a mul-
tilayer (SiN,:H/Si0,/GaAs) substrate. The thickness of
SiN,:H/Si0,, considered here as the AIL, is about 700 nm.
See Appendix A for details. Although the substrates come
from different suppliers, we see no difference in the
experimental results.

To study the heat dissipation law, we investigate a
change of 7, as a function of Joule power per unit area
of the metal film (P,p). To measure 7,, we use resistive
thermometry for the Au/Ni sample and noise thermome-
try for all other samples. For resistive thermometry, we
measure the current-voltage (/-V) characteristic, and define
T, from the resistance R(7T,) = V/I and the R(T) depen-
dence obtained at low bias current. For noise thermometry,
we measure the current noise spectral density S; in the
current-biased regime and determine the noise tempera-
ture as Ty = S; (dV/dl) /4kg. The length of our samples
(L) is chosen to be much longer than the electron-phonon
length /., (see Appendix B), which allows us to ignore
the electronic contribution to the heat outflow. The config-
uration also implies uniformity of 7, along the length L in
set 1, and, as a consequence, Ty = T,. The situation in set
2 is different. Since the temperature gradient is established
along the length L in the suspended bridges (see Fig. 1),
Ty reflects the length-averaged temperature.

It is instructive to estimate the approximate size of
the effective thermal conductances G = dP,p/dT, at T =
5 K expected for different cooling mechanisms. The Joule
heat can be removed from the metal film by thermal
conduction and thermal radiation. For set 1, the thermal
conduction occurs through the metal film, the AIL, and
the bath, connected in series. Here the total G can be
defined by the smallest contribution among the electron-
phonon conductance G ~ (0.74 — 30) x 10° WK !'m2
(see Appendix B), the Kapitza thermal conductance G ~
(1.15 — 1.5) x 10° WK~ m~2 (see Appendix C), and the
thermal conductance due to diffuson lattice excitations of
the substrate. The latter thermal conductivity can be calcu-
lated as G = kap/IaiL = 3 X 10° WK 'm~2 for IanL =
300 nm and k. &~ 0.09 WK~ m~! for amorphous silica
[24]. At 5K all terms are of the same order of magnitude.
At increasing 7, the thermal relaxation will be governed
by the term with the weakest temperature dependence. As
we show below, it is the thermal conductance of the AIL
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that determines G T in the range from 5 to 70 K. For set
2, the thermal conduction occurs from the metal film and
the AIL to the metal contacts, which represent the thermal
bath in this case. Here the thermal conductance is given by
G ~ Kk, /aL?, where @ = 72 /64. In the present experiment,
Ky = kd + karLdai,, where « is the thermal conductiv-
ity of the film and day is the thickness of the AIL (see
Sec. III for details). In that case, the total G is determined
by the largest contribution to the two-dimensional (2D)
thermal conductivity k. related to electrons and phonons
in the film or phonons in the AIL. A preliminary esti-
mate of the thermal conductance due to the AIL is G ~
180 WK'm~2 for Iy = 50 um. To estimate G of the
film, we suppose that electron and phonon contributions to
Kk, are of the same order. The thermal conductance of elec-
trons determined according to the Wiedemann-Franz law
yields G ~ 0.4 WK~'m~2 for L = 50 um. Thus, in sus-
pended devices, due to day/d > 1, the thermal conduc-
tance of the amorphous substrate is expected to dominate
already at 7= 5 K. Finally, electromagnetic thermal radi-
ation provides the least-effective channel for cooling (G =
4073~ 28 x 1075 WK'm=2 at 5K according to the
Stefan-Boltzmann law, where o is the Stefan-Boltzmann
constant), and we do not consider it further.

III. RESULTS
A. Set 1

Here we investigate metal films based on various
materials (NbN, InO,, and Au/Ni) deposited on similar
Si0,/Si substrates. Images of the samples and schematic
sketches of the thermometry methods are presented in
Fig. 2(a)2(c); see Appendix A for details. The materials
substantially differ in the level of disorder, the resistivity
varies by 3 orders of magnitude, and the film thickness d
varies in the range from 5 to 130 nm. Figure 2(d) shows the
measured 7, as a function of P,p on a log-log scale. In the
limit of small heating, 7, remains close to the bath temper-
ature Tj, which corresponds to the plateau in the Ty (P,p)
dependence. Note that 7} is sample specific. For supercon-
ducting NbN and InO, films, 7} is chosen to be slightly
higher than the critical temperature of the superconduct-
ing transition to keep samples in the normal state. For the
nonsuperconducting Au/Ni device, T, = 0.5 K; however,
T < 15 K data were omitted due to the lack of accuracy
of resistive thermometry in this temperature range. With
intense heating, when the 7, > T}, regime is achieved, we
observe the same dependence for all samples character-
ized by the power-law dependence P>p o T g (the dashed
guideline). Overall, the measured 7,(P,p) dependence can
be fitted by the equation Pop = Z?P(77 — T}) (solid lines),
where X?P is the two-dimensional cooling rate and n = 2
is the exponent in the heat-outflow law. The fact that
a similar dependence is observed for different materials

(d)

FIG. 2. Devices and the experimental methods. The pho-
tographs from scanning electron and optical microscopes of a
few samples with schematic sketches of the experiment: resis-
tive thermometry, applied for the Au/Ni device (a), and noise
thermometry, used for the NbN device (b) and the InO, device
(¢). (d) The measured 7, is presented as a function of P,p on a
log-log scale for samples with various metal-film thicknesses d.
The solid lines represent the fits, obtained with the expression
Pop = E°(T" — T7) with the power index n = 2. The dashed
black line displays Pap o< T2 as a guide for the eye.

clearly indicates that the observed effect is mediated by the
substrate.

In Fig. 3 we plot the fit parameter X?P versus the
film thickness d. Here we add the series of data for
NbN samples with d varying by 2 orders of magnitude,
each symbol on a graph corresponding to an individ-
ual sample. %P remains insensitive to d and is close to
¥2D = 10* WK ~? m~2 for all samples studied (the dashed
green line). In addition, we compare our data with three-
dimensional (3D) heat dissipation, which is defined as
V) Q= 23P(T" — T}), where Q is the sample volume
and %3P & const. The dashed orange line shows the trend
expected for 3D heat dissipation, which does not occur
here. Summarizing the experimental results from Figs. 2
and 3, our main findings are P,p o T g and ¥2P ~ const.
The temperature dependence of P,p we find is in contradic-
tion with the model of thermal boundary resistance, which
implies that the heat flow is due to ballistic phonons and
predicts Pop o T;h. In the inset in Fig. 3, we compare typ-
ical experimental values of the thermal resistance, defined
as Z = 1/nE2P7"!, with the expected Kapitza thermal
resistance Zx. Here Zx is calculated in the frame of the
acoustic mismatch model (AMM) [32]. The red line shows
estimations for the interfaces between all metallic films
and the SiO, layer (see Appendix C for details). From
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FIG. 3. The thickness dependencies of the experimental 2D

cooling rate 2P, The symbols represent X?P for different mate-
rials (NbN, InO,, and Au/Ni) deposited on a SiO,/Si substrate.
The dashed green and orange lines highlight 2D and 3D heat dis-
sipation. The inset shows the temperature dependencies of the
thermal resistance Z and the Kapitza resistance Zx (red line) on
a log-log scale.

the graph, we find Z > Zx at T > 5 K, which indicates a
gross violation of ballistic phonon flight in this temperature
range. This observation demonstrates that in this temper-
ature range the probability of a phonon backscattering
approaches unity.

To gain further understanding of the P,p o T: g depen-
dence we consider that the measured heat-dissipation
dependence is restricted by the diffusive heat propaga-
tion in the AIL. It is convenient to introduce a gradient
of the phonon temperature 7}, across the AIL (see the
inset in Fig. 4). The boundary conditions at the upper
and bottom surfaces of the AIL are Tpn(z = 0) = 7, and
Ton(z = dan) >~ Tp. Here we ignore the contribution of
the crystalline Si substrate since its thermal resistance is
3 orders of magnitude lower than the thermal resistance
of the AIL (see Appendix E for details). The heat-flux
continuity condition is given by the expression:

d dTp(2)\
E(KAIL pE )—0, (D

where kap 1s the thermal conductivity of the AIL. The
solution of Eq. (1), described in Appendix D, connects
karL(T,) and the thermal resistance Z = d7,/dP,p. Note
that ka1 also depends on Ty, at the z-axis coordinate. Thus,
under the assumption of a substrate effect, one obtains the
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FIG. 4. Comparison of thermal conductivity derived from dif-
ferential thermal resistance with the data from calorimetric
measurements. The colored symbols correspond to the thermal
conductivity of the AIL calculated with Eq. (2) for NbN/SiO,,
InO, /Si0;, and Au/Ni/SiO, devices. The black symbols repre-
sent the data for SiO, thermal conductivity (ksio,) obtained with
calorimetric measurements [24,33]. The inset shows the ther-
mal relaxation in a metal film deposited on the substrate with
the AIL leads to a temperature gradient across the AIL in the z
direction.

temperature dependence of kayy :

d
kaL(Te) = %- ()

The differential thermal resistance Z yields a nearly
linear temperature dependence of k. under the assump-
tion of the substrate effect. Figure 4 shows s obtained
via Eq. (2) as a function of 7 on a linear scale. Colored
symbols correspond to kayp obtained for all samples. For
comparison, we plot the values of the thermal conductivity
of SiO; (ksio,) obtained by calorimetry [24,33]. The mea-
sured k. is in good agreement with the calorimetric data
ksio, over the temperature range from 20 to 70 K. In the
range from 4 to 20 K our estimation of x4y deviates from
Ksio,, and the origin of the discrepancy is unclear. In the
next section, we verify the functional dependence of Z on
the length of the AIL in suspended devices.

B. Set 2

As follows from Eq. (2), for unequivocal identifica-
tion of the AIL bottleneck mechanism, a variation of the
amorphous-layer thickness is desirable. To this end, we
perform analogous experiments in metal-on-AlIL bridges
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suspended in a vacuum above the crystalline substrate.
The idea is that the Joule heat released in the metal film
propagates along the bridge toward the massive Ohmic
contacts [see Fig. 5(a)] so that the thermal gradient is
directed along the bridge and its length L controls the solu-
tion of the heat-balance equation. Using 5-nm-thick NbN
films deposited on 700-nm-thick AIL, we ensure that the
thermal relaxation is determined by the thermal proper-
ties of the AIL. In this experiment, the AIL consists of
two layers of amorphous insulators: 200-nm-thick SiN,:H
and 500-nm-thick SiO, layers. We also fabricate two non-
suspended devices on the same substrate (see Table II in
Appendix A for detailed information). A schematic illus-
tration of sample set 2 and the thermal gradients is given in

(@) suspended (al, a2)
T

4 -
7/ metal film

<« AIL —>

crystalline substrate
1 1

2 0 L2
on substrate (b1, b2)

Tb/Te T
T(2)
d
© .9y
_ 10—y by
Q Ty=25K a2 _{ —
£ -9 g
L —4 /// g
B 107 s ] \:
S b2 | =
N 1076” IIIII.IQI 01 9?9 0 I L
10 50 10 20 4060
L (pm) T (K)
FIG. 5. Comparison of heat transport in the suspended NbN

and NbN devices on the substrate. (a) Schematics of the rele-
vant mechanisms of the thermal transport of suspended samples
(al and a2) and samples on the substrate (bl and b2). (b) Ty
as a function of P,p on a log-log scale at the bath tempera-
ture 7, =~ 10 K. The data for samples al and a2 are displayed
with orange and red symbols, while the data for samples bl
and b2 are displayed with blue and green symbols. The solid
and dashed black lines represent the fits of the data for sam-
ples al and a2 with Ty (see the main text). The solid and dashed
blue lines represent the fits of the data for samples bl and b2

with Ty = /Pap/ E2P + T2. (c) The thermal resistance Z versus

length of the samples L at 7y = 25 K on a log-log scale. (d) The
calculated thermal conductivity of the AIL for the studied NbN
samples in comparison with kg;jo,. Solid and dashed black lines
correspond to the values of kaj, estimated with Eq. (3), for sam-
ples al and a2. The blue lines correspond to kaj. obtained with
Eq. (2) for NbN samples bl and b2. The symbols demonstrate
the data for «sio, [24,33].

Fig. 5(a) for suspended (al, a2) and nonsuspended (b1, b2)
devices.

Assuming that the phonon temperature is uniform within
the cross section of the bridge and 7, = T, = T, we obtain
a thermal-balance equation for a suspended device:

8( “>=—&m 3

ox ax

where «, is the total (two-dimensional) thermal conductiv-
ity of the bridge and x is the coordinate along the bridge.
In Fig. 5(b) we plot the measured noise temperature 7Ty
for all four devices from set 2 as a function of P,p. We
observe the same power-law functional dependence as
before, Pop o (T — T3), with a notable distinction. Here
the suspended devices al and a2 exhibit strong length
dependence: the longer device a2 is much easier to heat up.
This effect is not observable for devices bl and b2 lying
on the substrate, as well for set 1 discussed above. The
observed length dependence is consistent with the fact that
the solution of Eq. (3) in the reduced coordinate X = x/L
is a universal function of length T~ 2(X) < L2Pyp at T>> Tp.
This is illustrated in Fig. 5(c), which shows the thermal
resistance Z = dTy/dP,p evaluated at Ty =25 K as a
function of L. The data for suspended devices are indeed
consistent with Z o< L? (see the dashed line), whereas Z ~
const is observed for the nonsuspended devices (see the
dotted line).

The observation of a parabolic temperature dependence
Pyp o« (T ]2\, - T 127) is consistent with a linear temperature
dependence «, o< T of the heat conductivity in Eq. (3).
This yields the estimation of the thermal resistance Z =
w2L? /64K, at Ty > Tp. In the present experiment, xy =
KNbNANBN + KarLdalL, Where knpy 1S the thermal conduc-
tivities of NbN (electron and lattice). In our devices with
darL > dnon, the contribution of the NbN film is negli-
gible and we obtain k, & karLdam, also consistent with
an independent estimate of wnpn. Solving Eq. (3) for
suspended devices, we fit the data from Fig. 5(b) and
extract the corresponding kay . In this two-step procedure
we find a temperature profile along the bridge 7%(¥) =
T; + (T2 — T5) (1 — 4%%), where |%| < 1/2, and subse-
quently evaluate the noise temperature of the device Ty =
[ T(x)dx. The data for nonsuspended devices are analyzed
according to Eq. (2) in the same manner as for set 1 before.
Figure 5(d) shows the obtained linear dependencies of
karL on temperature for all four devices, with the same
line styles as the fits in Fig. 5(b). Note that the temper-
ature ranges, which vary for the samples, correspond to
the range of Ty variation in the experiment. Because of
the lack of data on the calorimetric measurement of the
thermal conductivity of amorphous SiN,:H, we compare
our results with data for SiO, only. The data are consis-
tent with each other within the uncertainty of about 15%,
as well as with independent calorimetric measurements of
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Ksio,, shown by symbols. The plotted data for «s;o, are the
same as in Fig. 4. In the range from 10 to 60 K, our estima-
tion of xay for set 2 slightly deviates from kay for set 1.
The origin of the discrepancy can be explained by
the uncertainty in the thermal conductivity of SiNx:H,
which is expected to exceed the thermal conductivity
of SiOz.

IV. DISCUSSION

We now summarize and discuss our observations of
thermal transport in the samples studied. The observed
heat flow rate with the exponent » =2 is not compat-
ible with the electron-phonon relaxation or the phonon
relaxation mediated by the Kapitsa thermal resistance [8].
Experimental findings such as (i) the similar value of %2P
observed for the different metal films and (ii) the functional
dependence of Z on the length of the AIL strongly indicate
that the heat transport is mediated by the thermal properties
of the AIL. This effect is also confirmed by the obtained
dependence kayp o 7.

Heat transfer in an AIL is different from heat transfer in
a crystalline material, and /,;, in amorphous solids strongly
decreases with increasing 7. In silicon-based materials at
a certain temperature, /y, reaches the loffe-Regel crite-
rion. Note that the phonons, considered as plane waves
with well-defined wave vector ¢ and frequency w, are
in a strongly scattering regime and cannot propagate and
transfer heat here [25]. By contrast, the heat transfer is
expected to be controlled by diffusons [23,25-27]. In this
framework, the thermal conductivity is determined by
KAIL X f 2(w)D(w)C(w/T)dw, where g(w) and D(w) are
the density and diffusivity of vibrational modes, respec-
tively, and C(w/T) = x2/sinh®x, with x = hw/2ksT, is
the specific heat capacity of a harmonic oscillator. For dif-
fusons, the functions g(w) and D(w) are approximately
constant in some frequency interval [23,26], which leads
to k& o k3T/(hao) in given temperature range, where ag
corresponds to an interatomic distance. In our study, the
Ioffe-Regel threshold is expected to occur at approximately
10 K [23,34]. The estimated phonon wavelength A and
phonon mean free path /,,(w) at 10 K are 9 nm and approx-
imately 4.5 nm, respectively. However, in our experiment
we do not observe the plateau of x, which has been found
with calorimetric measurements [33] in the range from 5
to 20 K (see Fig. 4). The position of this plateau in « (7)
agrees with the position of the boson peak in vitreous SiO,
[27,35], and is usually considered as the boundary between
ballistic and diffusely propagating lattice excitations. It is
possible that the fact that we do not observe a plateau is
related to the fabrication process for contemporary com-
mercial substrate materials, and this remains to be clarified
in future experiments.

Our results also shed light on a recent proposal of a
universal energy-relaxation bottleneck in thick strongly

disordered metallic films [36]. In this work, since %P ~
const in Fig. 3, we do not observe an impact of phonon
scattering in NbN films on heat transfer up to thickness
on the order of 200 nm. Further studies of disordered
metal films on crystalline substrates are required to verify
the strong phonon-scattering effects inherent in disordered
metal films. Our results may also be useful for interpret-
ing the thermal transport in devices embedded in an AIL
at low temperatures. At subkelvin temperatures, when the
phonon mean free path is long enough, the exponent in
the heat flow rate n is determined by the internal prop-
erties of the metal film [37]. Thus, the decrease of n at
low T in other devices on amorphous dielectric substrates
[21] may be related to the transition from the electron-
phonon coupling regime to the substrate effect. In addition,
the AIL may be a possible candidate for phonon-filtering
applications [38], since /,, in amorphous insulators is fre-
quency dependent ([ o o™ [23,39]). In this respect,
the phonon scattering in amorphous insulators resem-
bles phonon propagation as a low-pass energy filter, and
the low-energy modes have an opportunity to propagate,
while the high-energy phonons cannot pass. The energy
filtration can be an intriguing alternative to the mod-
els of strong acoustic mismatch, which assume ballistic
phonon filtering at the interface depending on the angle of
incidence [16].

V. CONCLUSION

In conclusion, we conduct a systematic study of the
electronic heat flow rate in metal films on silicon-based
amorphous insulating substrates at temperatures above
5 K. For samples lying on the substrate, the observed
two-dimensional heat-relaxation law with Pyp = X0 (7" —
T},) with exponent n 2~ 2 is inconsistent with both electron-
phonon cooling and Kapitza resistance. For samples
suspended above the crystalline substrate, we observe
length-dependent heat relaxation with the same exponent.
This effect is quantitatively explained by the low ther-
mal conductance of the amorphous insulating layer. The
exponent n =~ 2 is related to the well-known linear tem-
perature dependence of thermal conductivity in amorphous
solids, which is described by the concept of diffuson lat-
tice excitations. Our findings refine the understanding of
thermal transport in mesoscopic devices embedded in an
amorphous dielectric.
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Note added—Recently we have become aware of
Ref. [40], which provides insights about the presence of
diffusivelike damping of vibrational excitations in amor-
phous materials and even ordered crystals, and its strong
influence on low-T properties of solids.

APPENDIX A: DETAILS OF SAMPLE
FABRICATION AND EXPERIMENTAL SETUP

The films of set 1 are deposited on a SiO,/Si sub-
strate obtained from NOVA Electronic Materials LLC.
The 280-300-nm SiO, layer is produced by the thermal
oxidation of a crystalline Si substrate.

The Au(120 nm)/Ni(10 nm) bilayer is deposited by
means of electron-beam lithography and lift-off technol-
ogy [21]. Here we use the residual resistance ratio, g =
(R300xk — R2ok) /Raok, to characterize the metal films.
Positive values of rg correspond to dR(T)/dT > 0, and
vice versa. The bilayer is characterized by rz =2 and
resistivity p = 1.6 x 1078 Qm at 10 K.

The NDbN films of set 1 are deposited on a substrate at
room temperature with dc magnetron sputtering. The NbN
films have 7z = —0.3, p = 107> m at 20 K, and critical
temperature of the superconducting transition 7, = 13.5
K in 200-nm-thick film. The Ti(5 nm)/Au(200 nm) metal
contacts to NbN are fabricated with standard photolithog-
raphy and thermal evaporation.

The amorphous InO, films are characterized by rz =
—03, p=8x10" Qm at 4 K, and 7. =2.7 K. The
metal Ti/Au leads are formed on the substrate before
evaporation of InO, films from In,O; granules at room
temperature [41].

All films are patterned into a bridge or a meander by
plasma-chemical etching or lift-off. Photographs of sam-
ples are presented in Fig. 2(a), and the sizes and resistance
of the samples are presented in (Table I).

The 5-nm NbLN film of set 2 is deposited on a
SiN,:H/Si0,/GaAs substrate at 250 °C with dc magnetron
sputtering. The SiO, layer is grown on a crystalline GaAs
substrate by chemical vapor deposition and the SiN,:H
layer is grown by plasma-enhanced chemical vapor depo-
sition at 250°C [42]. The thicknesses of AIL SiN,:H
and SiO; membranes are 200 and 500 nm, respectively.
The NDN film has rz = —0.25 and resistivity p of about
4 % 107° Qmat 10 K. p of NbN in set 2 is 2 times smaller
than in set 1 due to the higher temperature of deposition.
The NDN film is patterned to form a bridge-type struc-
ture with Ti/Au metal pads. To fabricate the suspended
structure (membrane), beyond the NbN bridge, SiN,:H and
SiO; layers are dissolved in hydrofluoric acid, and GaAs

TABLEI. Parameters of set 1. d is the thickness, w is the width,
L is the length, and R is the resistance measured above 7, for
superconducting NbN and InO, films or at 10 K for the Au/Ni
bilayer.

Sample d (nm) w (um) L (um) R (k2)
NbN 5 0.66 12.3 129
6 10.3 10.2 1.75
50 0.55 12.6 4.23
0.97 25.8 5.16
0.54 12.9 2.5
100 0.95 25.6 2.68
168 33 93 1.44
200 1 22.5 1.76
InO, 40 3.7 3.1 1.66
80 10.3 9.2 1.02
Au/Ni 130 0.25 105 0.03

under the membrane is etched in a solution of hydrogen
peroxide, ammonia, and water.

The noise and resistance measurements are performed
in a homemade “He insert, inside which the samples are in
a vacuum. For noise thermometry, the current-noise spec-
tral density is measured with a resonant tank circuit at the
input of a homemade low-noise amplifier (LTAMP) with a
gain of about 6 dB, input current noise of approximately
10727 A?Hz™!, and dissipated power of approximately
250 uW [see the sketch in Fig. 2(c)]. The output noise
signal of the LTAMP is amplified by a cascade of low-
noise amplifiers with a gain of 75 dB in total, and then it is
passed through a system of band-pass filters and measured
by a power detector. The current dependence of the power
is averaged over several measurements to reduce random
error, and the uncertainty of the measured temperature
is within 0.4 K. Calibration is achieved with equilibrium
Johnson-Nyquist noise thermometry. For this purpose, we
use a commercial high-electron-mobility transistor con-
nected in parallel with the device, which is depleted other-
wise. At high sample resistance (above 1 k2), the setup has
a bandwidth Af" of approximately 1 MHz around a center
frequency of 40 MHz. The low-quality factor of the res-
onant tank circuit precludes the use of noise thermometry
in the Au/Ni device, which has a resistance of about 30 €.
For the Au/Ni device the electron temperature is measured
by resistive thermometry as an alternative [see the sketch

TABLE II. Parameters of set 2. d is the thickness, w is the
width, L is the length, and R is the resistance measured above
T. for superconducting NbN films.

Sample d (nm) w (um) L (um) R (k2)
bl 5 6.5 8.7 4.1
b2 5 6.35 50 13
al 5 3.1 7 1.6
a2 5 3.77 53.8 7.2
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of the setup in Fig. 2(a)]. Since the accuracy of resistive
thermometry crucially depends on the function dR/dT, we
analyze only data that provide the uncertainty of the mea-
sured temperature within 0.15 K. Our results obtained by
resistive thermometry are qualitatively consistent with the
data from local noise thermometry in the same material
performed in the work reported in Ref. [21]. The relaxation
rates smaller by a factor of 3—4 obtained in Ref. [21] may
result from the substrate overheating effect, which was not
anticipated in that work.

APPENDIX B: ESTIMATION OF THE
ELECTRON-PHONON COOLING

The electron-phonon length /.., can be calculated as
loph = /L] pnZeph T"2 0 loph = /Te-phD, Where Zepp
and 7., are the electron-phonon coupling constant and
the electron-phonon relaxation time, » is the exponent,
D is the diffusion coefficient, and £ is the Lorentz
number. Using Z,pn = 7.7 x 10° WK™"m™3, n =5.07,
for Au [43], Zepn = 1.85 x 10° WK™ m™3, n =6, for
InO, [44], and the value of 7., extrapolated to 10 K
(Teph = 9 ps) and D = 0.3 cm*s~! for NbN [45] we cal-
culate [.p,n is 350 nm for Au, 18 nm for NbN at 10 K,
and 6.6 nm for InO, at 5 K. The effective thermal con-
ductance G = dP,p/dT, is given by G = nZ, ;" 'd or
G= Ceref;hd, where d is the film thickness and C, is the
electron specific heat capacity.

APPENDIX C: ESTIMATION OF KAPITZA
RESISTANCE

The Kapitza resistance in analogy to the Stefan-
Boltzmann law is described by the heat-dissipation cool-
ing law P = Xx4 (Tgh — T‘g), where X is the cooling
rate due to Kapitza resistance. X can be estimated with
the AMM or the diffuse mismatch model (DMM). The
AMM describes phonon propagation through the interface
between two media in analogy to Snell’s law for electro-
magnetic waves. The probability of phonon transmission
depends on the angle of the incident phonon related to the
critical angle, where the critical angle is determined by
the acoustic properties of the medium [46]. In the DMM
the diffusive scattering of phonons at the interface is taken
into account, and thus the phonon transmission probabil-
ity depends only on the phonon densities of the states and
sound velocities of the two media [32]. In the DMM Xg
between the film phonons and the substrate phonons can
be obtained by summing over the two transverse acoustic
modes and one longitudinal acoustic mode [32]:

_ w2y [(1/vi) + @/vip] [(1/v3) + 2/vip)]
12073 [(1/v2) + 2/vip) + (1/v3) + 2/vip]
(ChH

DI

where v;; and v;7 are the longitudinal and transverse sound
velocities in medium i. In the case of solid-solid bound-
aries, the DMM and the AMM give similar predictions.
For simplicity, we use the DMM for estimation of the
Kapitza resistance. To calculate Xk, we use the values
of the sound velocity reported for Ni [32], amorphous
Si0, [47], and the cubic phase of NbN [48]. v, and vy
in InO,, are obtained from elastic constants and the density
of In, O3 [49,50]. We find that X covers the range from
230 to 300 WK~*m~2 for the thermal contacts of NbN-
Si0;, Ni-Si0,, and Iny03-Si0;. The thermal impedance
mediated by the Kapitza resistance Zx can be calculated
as Zx = 1/G, where the effective thermal conductance
G = 4%k T*. The temperature dependence of Zx for all
interfaces is shown in the inset in Fig. 3.

APPENDIX D: DERIVATION OF THERMAL
CONDUCTIVITY

Integrating the expression for the heat flow

dTon
Prp = kai—— = const (2) (Dl)
dz
over the thickness of the AIL layer, one gets
darL dTph Te
Prpdan. = / KAIL dz = / kaiLdTpn, (D2)
0 dZ T)

which, after differentiation over the electron temperature,
yields

dP, d Te
— 2 / karLdTpn = KkarL (Te) ;

- D3
dr, dr, Jr, (®3)

that is, Eq. (2).

APPENDIX E: ESTIMATION OF SiO; AND Si
BOTTLENECKS

In the main text, the thermal resistance Z of the sub-
strate is determined as Z = dT,/dP,p. The substrate used
in set 1 is made of an amorphous SiO, layer on bulk
crystalline Si with thicknesses of day, and ds;, respec-
tively. Since the geometry of the metal films satisfies the
conditions w, L > day, and w, L < ds;, a one-dimensional
heat outflow into the AIL and a further three-dimensional
heat outflow into the Si substrate are expected [51]. The
thermal resistances mediated by the AIL and the silicon
substrate (Zsio, and Zs;) can be calculated as Zsio, =
daiL/ksio, (see the derivation in Appendix D) and Zg; =
«/m//cgi [51]. Taking the thermal conductivities xsio, =
0.l WK 'm~"'[24]and kg; ~ 10* WK ' m~! at 10K [52]
and the maximum value of w x L = 307 um?, we estimate
Zsi0, =3 x 107 W'Km? and Zs; =107 W' Km?
at 10K.
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