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Abstract—Here we focus on thermal transport in NbN films,
deposited on crystalline substrates. Using the noise thermom-
etry, we found that thermal relaxation in thin NbN films at
temperatures above the critical superconducting temperature is
mainly restricted by the thermal boundary resistance, and it can
be modified by a structural disorder on a substrate surface. In
addition, for thick NbN films deposited on a sapphire substrate,
we also observe that thermal relaxation occurs in the diffusive
phonon regime when the phonon mean free path is shorter
than the film thickness. The findings can be exploited for low-
temperature devices based on NbN films.

Index Terms—superconducting thin films, thermal boundary
resistance, low-temperature detectors, phonon mean free path.

I. INTRODUCTION

THERMAL properties of thin metallic layers have an
outsized impact on efficiency and sensitivity of devices

with nanoscale structures, such as superconducting single-
photon detectors [1], superconducting thermal switches [2],
hot-electron [3] and microwave bolometers [4]. Typically,
thermal transport in thin-film devices is determined by micro-
scopic processes such as electron-electron (e-e) and electron-
phonon (e-ph) interactions, and phonon scattering at sample
boundaries. For instance, in devices based on one of the con-
ventional superconducting materials, niobium nitride (NbN),
e-e and e-ph scatterings occur rapidly [5], that is why a
bottleneck in thermal transport is often associated with the
passage of phonons through the film-substrate interface, so-
called the Kapitza resistance [6], [7]. The aforementioned
thermalization process in NbN films plays a key role in the
operating parameters of devices, such as the response time
of bolometers [7], the intermediate frequency bandwidth of
mixers [6], quantum efficiency, latency, and jitter of super-
conducting single-photon detectors [8], [9]. However, recent
studies of the thermal properties of various NbN devices
pose further challenges. First of all, experimental values of
the phonon escape time from the NbN film to the substrate,
τesc, are shown to be more than one order of magnitude
longer than the ballistic phonon time of flight across the film
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thickness d/vs [5], [10], [7], where d and vs are thickness
and sound velocity, respectively. To explain this difference,
it has been shown recently that the magnitude of τesc is
determined by the angle-dependent transmission coefficient
of phonons through the film-substrate interface [11], [12]. If
the incident angle of the phonon is larger than the critical
angle, the phonon cannot escape the film, increasing τesc to
infinity. Further studies also show that the phonon spectrum
in a thin film cannot be considered isotropic, and, in result,
it causes suppression of the phonon density of states and a
two-time decrease of the sound velocity [5]. Other heat flow
restriction mechanisms are revealed in NbN devices embedded
into amorphous substrates, where the thermal bottleneck is
established due to low thermal conductance of amorphous
substrate characterized by the short phonon mean free path
lph [13], [14], [15]. The common feature of these experiments
is that the heat transport is considered under the Casimir limit,
which implies that the bulk NbN phonon mean free path lph
is larger than d. However, when the strong e-ph interaction
and, hence, the strong phonon-electron scattering are inherent
for the film material, the magnitude of lph is under question.

Here we present our study of the heat flow rate in NbN
films deposited on various crystalline substrates. The heat
flow rate from electrons to thermal bath measured above
superconducting critical temperature Tc can be described with
the power dependence P2D = Σ2D(Tn

e − Tn
b ), where P2D

is the Joule heat normalized on the sample area, Σ2D is the
cooling rate, n is the exponent, Te and Tb are the electron and
bath temperatures. To compare our experimental results with
existing theories, we derive the effective thermal conductance
G2D = dP2D/dTe. For thin NbN films with d ≤ 7 nm, we
observe that G2D is quantitatively close to the thermal bound-
ary conductance GK , but its temperature dependence differs
from the expected GK(T ). With temperature increasing, the
discrepancy between G2D and GK also increases, which can
be attributed to substrate-mediated effects [13], [14], [15]. For
the NbN samples on sapphire substrate, we find that G2D

is less influenced by the substrate effects than the values
obtained for the other substrates. In addition, we study thermal
relaxation in NbN films on sapphire substrates as a function
of thickness, with d from 5 nm up to 300 nm. At increasing d,
we observe G2D decreases. This behavior is a hallmark of the
diffusive regime, which implies the condition lph ≪ d. This
condition also results in the gradient of Te established across
the film thickness [16]. The observed G2D(d)-dependence
allows to estimate the phonon thermal conductivity κph and
lph in bulk NbN.
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II. SAMPLES AND EXPERIMENTAL METHODS

Disordered NbN films are deposited by DC reactive mag-
netron sputtering onto crystalline substrates. The 4.7-nm NbN
film is deposited on the gallium nitride (GaN) substrate1

at heating temperature of 500 °C. The 7 and 50-nm NbN
films are deposited at room temperature on 400-µm thick Si
substrate with 1-2 nm thick native oxide layer (SiO2). The
set of NbN films of thicknesses from 5 nm to 300 nm are
deposited on the 300-µm thick sapphire (Al2O3) substrate at
400 °C. In Figure 1(a), we plot the atomic-force-microscope
(AFM) images of the substrates. We believe that completely
different conditions for the film deposition and the choice of
the substrate provide an astounding variety of morphology,
which is reflected in the level of the disorder of NbN films.
Thicknesses of the films are determined from deposition time
with a calibrated quartz crystal. After deposition, the films
are patterned into two-contact bridges using conventional UV
photolithography and thermal evaporation of Ti/Au contact
pads followed by plasma-chemical etching. The parameters
of films (the thickness d, Tc determined at R = Rn/2) and
the parameters of samples (the length L, the width w, and the
normal-state resistance Rn at 20K) are listed in Table I.
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Fig. 1. (a) AFM images of substrate surfaces is obtained in classical contact
mode. The rms roughness of the surfaces is 0.2 nm for Al2O3, 0.4 nm for Si,
and 2 nm for GaN, respectively. (b) Optical image of a representative device
and the schematic of the experimental methods. (c) Temperature dependence
of resistance normalized on value at 300 K. (d) The heat flow rate for NbN
samples marked in Table I with ∗-symbol. The values of bath temperature Tb

are marked with arrows.

The optical image of a representative sample is presented
in Figure 1(b). The temperature dependencies of the nor-
malized resistance (R/R300K) for thin (5-7-nm thick) NbN
films, deposited on three types of substrates, are shown in
Figure 1(c). We observe that R increases at decreasing T

1GaN layer was deposited with an underlying buffer layers over the
high-resistivity Si wafer. The layout was as follows (from top to bottom):
GaN(450 nm)/Al0.2GaN(150 nm)/Al0.5GaN(150 nm)/AlN(100 nm)/Si(350µm)

TABLE I
THE PARAMETERS OF NBN SAMPLES

Sub. d Tc w × L Rn n Σ2D × 102 G20K
2D × 106

(nm) (K) (µm×µm) (kΩ) (W/Knm2) (W/Km2)

GaN 4.7 13.7 0.9× 10 3.3 3 2.2 2.7
2.7× 7.3 1.5 3 1.7 2
0.5× 8∗ 4.7 3 1.8 2.2

Si 7 8 0.48× 3.9∗ 9.7 3 20 2.4
50 11.7 1× 25.6 4.4 3 23 2.8

Al2O3 5 11.7 0.5× 8∗ 9.7 4 2.1 6.9
0.5× 3 4.5 4 2 6.6
0.5× 1.5 3.5 4 2 6.6

10 12.6 0.5× 17 6.2 4 1.8 5.9
0.5× 7 2.8 4 2 6.5

30 13.2 0.5× 45 6.9 3.8 3.4 5.7
0.4× 18 2.9 3.8 3.3 5.6

50 12.9 0.6× 67 5.4 3 49 5.8
1× 54 2.3 3 39 4.7

100 13.3 0.5× 120 5.9 3 40 4.9
0.5× 48 2.5 3 41 5

200 14 0.5× 95 3.2 3 29 3.5
1× 94 1.4 3 23 2.7

300 13.9 0.35× 64 2.2 3 19 2.2
0.35× 64 2 3 18 2.1
0.95× 243 2.9 3 14 1.7

from 300 K to 20 K and drops to zero at Tc. Such behavior is
usually prescribed to effects of the weak localization and e-
e interactions on resistivity in the disordered NbN films [17],
[18]. At room temperature, where these mechanisms are weak,
the resistivity ρ reflects a level of disorder [18], which is also
responsible for superconductivity suppression in the disordered
NbN films [19]. We find consistency in qualitative values of
ρ (ρ = 208±20µΩcm for NbN/Al2O3 films, 173µΩcm for
NbN/GaN films, 550±10µΩcm for NbN/Si films) and Tc with
this mechanism.

In order to study the heat flow rate, we measure the noise
temperature TN [20], which reflects the average electron
temperature Te in the sample. Figure 1(b) shows the schematic
of the experimental setup. The sample biased with the dc
current I produces the excess current noise. The noise sig-
nal, passed through the resonance tank circuit at a central
frequency of 46 MHz, is amplified by a homemade low-
temperature amplifier (LTamp), with the 6-dB gain and the
input current noise of 10−27 A2/Hz, and the chain of room-
temperature amplifiers with the 75-dB gain and measured by
a power detector. Calibrating the circuit with the Johnson-
Nyquist noise [21], we extract the current noise of the sample
SI . Here TN can be found using the Johnson-Nyquist formula
TN = SIRd/4kB , where kB is the Boltzmann constant. The
change in the differential resistance of the sample Rd with
current is within 10%.

III. RESULTS AND DISCUSSION

Figure 1 (d) displays the dependencies of TN on the Joule
power P for samples on various substrates (shown with
symbols). At low heating, TN is close to Tb, which is usually
chosen to be above Tc in the experiment. At intense heating,
we observe the power dependence P ∝ Tn

N . For further
analysis, we fit our experimental data with the power-law
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dependence P2D = Σ2D (Tn
e − Tn

b ) shown with the dashed
lines. Table I gives an overview of the fitting parameters for
the studied samples: Σ2D and n. Since n and hence the unit of
measure for Σ2D differs for different samples, it is convenient
to compare the experimental data using the magnitude of G2D.
As one can see, the derived value of G2D at T ≡ TN = 20K
for NbN/GaN samples is surprisingly close to G2D for NbN/Si
samples, despite the different levels of disorder of NbN films.
Similar value of G2D (at n = 4) extrapolated to T = 20K
has been reported for NbN/Si interface [22]. However, for
NbN/Al2O3 interface we observe that G2D is three times
higher than the values derived for NbN/GaN and NbN/Si
samples and for NbN/Al2O3 interface reported in Ref. [22].

To analyze experimental results we compare temperature
dependence of G2D with both e-ph thermal conductance
Ge−ph and GK in Figure 2. As follows from the heat balance
equations (see Eq.(1)-(2) in the Appendix), G2D is defined
by the lowest thermal conductance among GK and Ge−ph,
which have the following temperature trends Ge−ph ∝ T 4 and
GK ∝ T 3 [23]. In the temperature range of our experiment,
GK ≪ Ge−ph, and therefore we expect that GK determines
the total thermal conductance. As expected, the experimental
values of G2D for thin films are much lower than Ge−ph,
but rather close to GK . Also, the temperature dependence of
G2D at T < 30K resembles the T -trend specific for GK , and
deviates slightly from it at T above 30 K.

Upon increasing temperature, the discrepancy between G2D

and GK becomes more pronounced and can be associated with
two different substrate effects, the first of which arises due
to the diffusion phonon regime in the substrate [13], [14],
[15]. To assess the contribution of the effect we estimate
lph = 3κph/vsCph (lph >150µm for Si and Al2O3 [24], [25]
and lph >0.5 µm for GaN [26] in the 10 K-40 K temperature
range) in the exploited substrates, where Cph is the phonon
specific heat capacity. Our estimations of lph crucially differ
from lph in SiO2 (lph ≃ 4.5 nm at 10 K) [15], and we believe
that this effect cannot take place here. Note, we do not take
into account the native SiO2 layer on top of the Si substrate,
since its thickness is less than lph for SiO2. In addition, we
observe that G2D for NbN samples on amorphous SiO2(300
nm)/Si [15] substrate (black dashed line) is significantly lower
than G2D for samples on crystalline substrates. The second
substrate effect, which is related to the structural disorder on
the surface, can explain the deviation of G2D from GK at
T above 30 K. This structural surface disorder can cause the
efficient scattering of high-frequency phonons, and thus can
lead to the weaker T -trend of G2D [24]. Since the Si and
GaN substrates have high surface roughness (see Figure 1(a)),
the mechanism could be responsible for the lower values of
G2D observed for NbN/Si and NbN/GaN samples.

Next, for the samples on the sapphire substrate, for which
the observed deviation between G2D and GK is minimal, we
investigate the transition of the thermal relaxation from the
ballistic to the diffusion phonon regime. We observe that G2D

decreases with increasing d and the T -trend of G2D ∝ Tn−1

changes from n = 4 to n = 3. In Figure 3 we plot G2D

obtained at 20 K for all studied NbN/Al2O3 samples versus
d; the same trend is also observed at other temperatures (not
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Fig. 2. Measured thermal conductance G2D as a function of T , for the NbN
samples deposited on GaN, Al2O3, Si, and SiO2/Si [15] in comparison with
Ge−ph and GK . The estimation of GK in frames of acoustic and diffusive
mismatch models for NbN/GaN, NbN/Si, and NbN/Al2O3 interfaces covers
orange region.

shown here). The observed monotonic decrease of G2D with
an increase in d contrasts sharply with the trends expected
for the e-ph and thermal boundary conductances (Ge−ph ∝ d
and G2D ∝const) and can be explained by considering the
diffusive phonon regime in NbN film.

In the diffusive phonon regime, the temperature gradient
across the film thickness is established (see the inset of
Figure 3 and the Appendix for details). From the heat bal-
ance equations in the diffusive phonon regime, the thermal
conductance can be determined as Ggrad ∝ κ(T )/d, where
κ(T ) = κe+κph is the total thermal conductivity of the NbN
film. Below, we explore the temperature dependence of κ in
NbN films. In the inset of Figure 3 one can see the thickness
trends expected for GK , Ggrad, and total thermal conductance
G−1

tot = G−1
K +G−1

grad. Note that Ggrad manifests itself in G2D

if the effective thermal conductance mediated by substrate
effects is low enough, as observed in NbN/Al2O3 samples. Fit-
ting the experimental data with Gtot (see black dashed line in
Figure 3) we obtain the parameters ΣK = 214±15 WK−4m−2

and κ = 0.22 W/Km at 20 K. Taking into account κe given by
the Wiedemann-Franz law κe = Lρ−1T ≃ 0.15 W/Km, where
L is the Lorenz number, we estimate κph ≃ 0.06 W/Km in
NbN at 20 K. The κe ≫ κph scenario can be relevant for the
strong e-ph interaction in NbN [16], as well as other phonon
scattering mechanisms [27]. In the phonon diffusion regime,
the exponent n = 3 observed for the 50-300-nm thick NbN
films indicates that κe(T )+κph(T ) ∝ T 2 with κph(T ) ∝ T 2.7.
Since the T -trend for κph(T ) is close to the T -trend for
Cph(T ) from the Debye model, we believe that lph has the
weak T -dependence. Taking into account value of Cph and vs
for bulk NbN [28] we estimate lph = 4 nm at T = 20 K. The
similar estimate lph ≃ 1.4 nm at T = 20 K can be obtained
considering the reduced vs and phonon density of states in
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Fig. 3. Main: Thickness dependence of the thermal conductance G2D at 20 K
for NbN samples deposited on Al2O3 substrate. The right inset shows the
thermal relaxation in a thick metal film deposited on a crystalline substrate
leads to a temperature gradient across the film in the x-direction. The left
inset shows the schematic contribution of GK and Ggrad into total thermal
conductance Gtot of the film.

the 30-nm NbN film [5]. For more disordered NbN films
one can expect a lower value of κ, and hence, shorter value
of lph. These observations highlight that it is more difficult
to achieve the Casimir limit than it is assumed for devices
based on NbN films [29], [30], [2], [31]. Moreover, we note
the value of lph is close to the dominant phonon wavelength
λph ≃ 4 nm at T=20 K, defined as λph = hvs/2.82kBT [32].
This finding demonstrates that the phonon transport in NbN
films can be unusual due to proximity to the Ioffe-Regel
threshold value (lph = λph/2), and it can be interesting for the
further fundamental research of thermal transport in disordered
films.

Performance of low-temperature devices based on NbN
superconducting films are generally believed to be restricted
by the thermal boundary conductance between the NbN film
and the substrate [22]. However, we identify two more mech-
anisms, both of which restricts the thermal relaxation in NbN
films. The first of them, related to the surface disorder on top
of substrate [24], can be eliminated by the right treatment of
the substrate surface. The second one related to the phonon
diffusive regime in NbN can be reduced by decreasing the film
thickness. According to our results, both mechanisms should
be taken into account in modeling of the thermal performance
of various low-temperature devices based on the disordered
NbN films.

IV. CONCLUSION

In conclusion, we investigate the thermal properties of NbN
films on the different crystalline substrates at T > Tc. For
thin films (≤7 nm) we observe that the effective thermal
conductance of NbN film is limited by the Kapitza thermal
resistance or the disorder on the substrate surface. Further

increasing the film thickness for NbN films deposited on sap-
phire substrate allows to explore the phonon diffusive regime
in NbN and to derive lph in thick NbN films. Thus, we show
two more mechanisms that can limit thermal performance of
low-temperature NbN devices besides the Kapitza resistance.

APPENDIX

In the two-temperature model, the electron Te and the
phonon Tph temperatures at the normal state of NbN can be
obtained from the coupled heat balance equations:

∇κe (∇Te) = −P2D/d+Σe−ph

(
T 5
e − T 5

ph

)
(1)

∇κph (∇Tph) = −Σe−ph

(
T 5
e − T 5

ph

)
+
ΣK

d

(
T 4
ph − T 4

b

)
(2)

where Σe−ph is the e-ph coupling constant, κe is the electron
thermal conductivity, κph is the phonon thermal conductivity,
and ΣK describes the phonon emissivity between the NbN
film and the substrate. Here, it is instructive to estimate the e-
ph scattering length le−ph =

√
τe−phD. Using the e-ph time

in NbN τe−ph ≃ 2.5T−3 ns [5] and the electron diffusivity
D = 0.3−0.5 cm2/s, we estimate le−ph ≃ 1.3 nm at 20 K. The
configuration of our samples (L ≫ le−ph) implies uniformity
of Te along the sample length L. Under the Casimir limit
(∇Tph = 0), the solution of Eq.(1)-(2) is simplified. Here it
is convenient for analysis to express the solution in terms
of the total thermal conductance as G−1

tot ≡ dT/dP2D =
G−1

K +G−1
e−ph, where Ge−ph is e-ph conductance and GK is

the thermal boundary conductance. The e-ph conductance can
be estimated as Ge−ph = dCe/τe−ph, where Ce is specific
heat capacity of electrons. According to the model of free
electron gas, Ce = π2N0k

2
BT/3, where N0 =

(
ρe2D

)−1

is density of states at Fermi level. The thermal boundary
conductance in analogy to the Stefan-Boltzmann law can be
found as GK = 4ΣKT 3, where the value of ΣK is calculated
using the acoustic and diffuse mismatch models (AMM and
DMM) in ref. [22]. The temperature dependencies of GK for
all interfaces and Geph are shown in Fig. 2.

In the thick film limit (d ≫ lph), Eq.(1)-(2) are simplified
to:

d
∂

∂x

(
κ
∂T

∂x

)
= −P2D (3)

According to ref. [16], the substitution of κ(T ) ∝ Tn−1 into
Eq.(3) leads to the solution for the spatial T -profile Tn(x) =
Tn
U − (Tn

U − Tn
L )x

2/d2 and the relation P2D ∝ Tn
N . Here TU

and TL are temperatures at the upper and lower surfaces of the
NbN film (see Figure 3(a)), and TN = d−1

∫
T (x)dx is the

averaged temperature. To compare experimental results with
measured G2D, we derive the thermal conductance due to the
spatial T -profile along x-axes Ggrad = 2(4/π)nκ(T )/d in the
limit of TU ≫ TL. In inset of Figure 3 we schematically
plot the d-dependencies of GK , Ggrad, and total thermal
conductance G−1

tot = G−1
K +G−1

grad.
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[3] F. Giazotto, T. T. Heikkilä, A. Luukanen, A. M. Savin, and J. P.
Pekola, “Opportunities for mesoscopics in thermometry and refriger-
ation: Physics and applications,” Rev. Mod. Phys., vol. 78, pp. 217–274,
Mar 2006.

[4] R. Kokkoniemi, J. Govenius, V. Vesterinen, R. E. Lake, A. M. Gunyhó,
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