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In this work, we provide a systematic study of the magnetic field penetration process and avalanche
formation in niobium films of different thicknesses deposited on glass substrates. The research was
carried out by means of direct visualization of the magnetic flux using magneto-optical imaging. The
experimental data were compared with theoretical predictions for the development of thermomagnetic
instabilities in the form of a finger or dendritic flux avalanches in thin films. Analysis of the temperature
and thickness dependence of the threshold magnetic field at which the superconductor first becomes
unstable, as well as the flux penetration depth corresponding to this field, allows the evaluation of the
thermal and superconducting parameters of the studied films, such as heat transfer coefficient across
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the film—substrate boundary, thermal conductivity, critical current density.
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1. Introduction

Inhomogeneous magnetic field penetration in su-
perconductor films, especially in the form of ther-
momagnetic instabilities and avalanches, is still an
important subject of intense study and analysis.
These phenomena can limit the range of applica-
tions or even hinder the use of superconducting
thin films in electronic devices. In a type-II super-
conductor, once the external magnetic field reaches
a value equal to the first critical field H.;, mag-
netic flux begins to penetrate into the supercon-
ductor in the form of quantized flux lines or vor-
tices. As the field increases, the vortices gradually
propagate inside the superconductor, causing local
heat release due to the motion of the normal vor-
tex core. In some places, due to local thermal and
electromagnetic fluctuations, positive feedback can
occur, i.e., if the system is not able to redistribute
the released heat fast enough, overheating will de-
velop in these places, causing local weakening of the
pinning force of the vortices and inward propagation
of magnetic flux at high speed in the form of narrow
dendritic avalanches. Up to now, numerous theoret-
ical and experimental studies of avalanche behavior
in films of various superconductors have been car-
ried out [1-8§].

As shown in extended theoretical research per-
fectly matched by experimental results on MgB,
thin film strips of different widths carried out by
Denisov et al. [3, 4], thin films are more unsta-
ble than bulk superconductors, and the thermal
characteristics of both the superconductor and the
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substrate, as well as the properties of the interface
between them play a crucial role in the development
of such instabilities in thin films. In these works, it
has been shown that the threshold field for the first
instability Hiy, in a superconducting strip of width
2w and thickness d < w, characterized by critical
current density j. and superconducting critical tem-
perature T, is expressed as

w — lth) ' (1)

Here [y, is the flux penetration depth corresponding

di
Hiy, = &Je arccos (
T

to Hyy, field,
-1
T K 2hg
lin=—4/——=|1—/———— 2
AP ( nde) ’ )

where k is the thermal conductivity of the supercon-
ducting film, j/ is the temperature derivative of the
critical current density, hg is the heat transfer coeffi-
cient between the film and the substrate, parameter
n defines nonlinearity of the current—voltage char-
acteristics in the flux creep regime, E o j™, where
FE is an electric field.

Some aspects of the appearance and behav-
ior of avalanches in niobium films as a function
of film thickness have been studied by us [9]
and others [10-12], but the correlation between
such thickness-dependent behavior and the thermal
properties of the superconducting material and the
film-substrate interface has not yet been studied ex-
perimentally. In this paper, we report an investi-
gation of both temperature and film thickness de-
pendence of the Hy, and Iy, in Nb films deposited
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Fig. 1. MO images of flux penetration in zero-field
cooled 1000 nm Nb film in the shape of a 2.5 x
2.5 mm? square.

on the glass substrates, and on the basis of the
above theoretical model [3, 4], we obtain the ther-
mal conductivity, the film-to-substrate heat trans-
fer coefficient or Kapitza thermal boundary con-
ductance (TBC), and the critical current density
of our films.

2. Sample preparation
and measurement details

Nine niobium films ranging in thickness from 400
to 1400 nm were grown by DC magnetron sput-
tering process at room temperature on glass sub-
strates. The Nb film thickness was controlled by
deposition time after the deposition rate was de-
termined from low-angle X-ray reflectivity measure-
ments. The resulting film set was shaped by pho-
tolithography and subsequent reactive ion etching
in SFg plasma into 1.5 x 4.5 mm?, 4 x 4 mm?,
2.5 x 2.5 mm?, and 1.5 x 2 mm? rectangles.

The visualization of magnetic flux penetration
into the superconducting films was carried out by
the magneto-optical imaging (MOI) method. Sam-
ples were placed inside a continuous-flow cryostat
(temperature in the range of 4-300 K) equipped
with a low-magnetic field Helmholtz coil. The mea-
surements were performed using an iron-garnet in-
dicator placed directly on the top of the sample,
which due to the Faraday effect, rotates the plane
of polarization of linearly polarized light propor-
tional to the component of the local magnetic field
in the direction of propagation, thus allowing to vi-
sualize the penetration of magnetic flux into the
superconducting film. The image of the magnetic
flux distribution was then recorded using a polariza-
tion microscope and a charge-coupled device (CCD)
camera and transferred to a computer for further
processing.

To determine the temperature dependence of the
resistance of the samples, standard four-probe di-
rect current (DC) transport measurements have
been carried out in the temperature range from 4.2
to 300 K.
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3. Results and discussion

Figure 1 shows magneto-optical images of flux
penetration in zero-field cooled Nb film when the
perpendicular external magnetic field ramps up. It
can be seen that the flux penetrates the film in the
form of both finger and dendritic instabilities.

The dependences, as functions of the tempera-
ture, of the threshold field for the first instability
Hyy, for nine film thicknesses are shown in Fig. 2. It
is clearly visible that Hy, depends on the thickness
of the sample, and there is also a threshold tem-
perature Ty, above which the flux penetrates the
film without forming avalanches. The theoretical fits
denoted in Fig. 2 by the full lines were obtained
by combining (1) and (2) and using T, = 9.2 K,
w = 0.75 mm, E = 200 mV/m [4], and the follow-
ing assumptions for the temperature dependences
of the model parameters j., k, hg and n. The tem-
perature dependence of the critical current den-
sity is taken to be linear, j. = jeo(l — T/T.).
The thermal conductivity of niobium at tempera-
tures below T, is described by the theory devel-
oped for metals, with certain modifications intro-
duced by the superconducting state — part of the
electrons at temperatures below the critical tem-
perature form Cooper pairs, which are not involved
in heat transfer, at temperatures below 1.8 K the
phonon contribution to the thermal conductivity
becomes dominant. Within the temperature range
of our experiment (4-9 K), both electronic and
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Fig. 2. Temperature dependences of the threshold

magnetic field for the first instability in Nb films of
different thicknesses (symbols). The measurements
were made on 1.5 x 4.5 mm? rectangular Nb films
of nine thicknesses. The full lines are theoretical fits
according to (1), the color of the line corresponds
to the color of the symbols representing the exper-
imental data. The inset shows the threshold tem-
perature above which magnetic flux penetrates the
film with no instabilities.
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Fig. 3. Thickness dependences of fitting values of
the jco (the critical current density at 7" = 0) (a),
the values of the parameters & (left axis) (b) and ho
(c) (the thermal conductivity and the heat transfer
coefficient at the temperature equal to T, respec-
tively).

lattice thermal conductivity terms have to be taken
into account, and k(7T') can be approximated by
a third-order function x = &(T/T.)® [13]. Accord-
ing to the acoustic mismatch model and the dif-
fuse mismatch model [14], TBC also obeys the
T3-dependence, confirmed experimentally for many
interfaces, hg = ho(T/T.)?. Finally, the current—
voltage dependence exponent n ~ U/kT takes the
form of n(T./T—1) at the pinning potential for
vortices U o« 1-T/T.. We, following [4], assume
n = 40.

The parameters jqo, &, ho in the above relations
are treated as fitting parameters, which we extract
from the fits of the theoretical curves to experi-
mental data. Figure 3 shows values of the critical
current density at T = 0 and the values of the
thermal conductivity and the heat transfer coeffi-
cient at the temperature equal to T, as functions
of sample thickness. Parameter j.o is found to be
thickness independent, and its mean value (of about
2.2 x 10'% A /m?, denoted by the full line in Fig. 3a)
is typical for niobium thin films.

For comparison, we can estimate j.o on the basis
of the value of the first penetration field H}, and the
magnetic field penetration depth A at "= 0. We de-
termine the lower critical field H.; by examining H,
similar to the procedure described in [15], using the
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magneto-optical determination of the field at which
the remanence at the sample edges first occurs. We
have made measurements on a 1000 nm thick and
4 mm wide Nb film. Since our sample is a thin film,
we use Brandt’s approximation of H¢; [16] to in-
clude the demagnetizing effect
H,

tanh (1/0.674/(20)) '

The experimental points are fitted by the formula
He = Hei(0)[1 — (T/T.)?], describing the temper-
ature dependence of H.; in the Meissner state of
the sample. This allows us to calculate poHp(0)
and pgHe(0), which are equal to 1.417 mT and
109.4 mT, respectively.

Hcl =

(3)

The London penetration depth A is estimated us-
ing the London formula for A/¢ = 1 case [17]

D A
HOHcl = 47‘(‘2\2hl< > s (4)

3
where @ is the flux quantum, and £ is the coher-
ence length, which for niobium is equal to 38 nm.
From this, we find that A(0) is equal to 45.3 nm.
Finally, from j.o = H,(0)/A(0) [18], we obtain that
jeo is about 2.43 x 10'® A /m?, which is close to the
value obtained from fitting Hiy,.

The kK parameter does not show a pronounced
thickness dependence either (Fig. 3b). As men-
tioned above, in the superconducting state, paired
electrons in niobium decouple from the lattice and
no longer participate in heat conduction. Heat is
then carried by the thermally-excited quasiparticles
and phonons. The poor thermal conductivity of nio-
bium is thus intrinsically due to its superconducting
nature. The thermal conductivity values extracted
for our niobium films are quite low compared to
those obtained on high-quality films [13], indicat-
ing a large number of defects arising during sam-
ple deposition. We may compare this low value of
thermal conductivity with the value extracted from
residual resistivity ratio RRR = par3k/p4.2x, where
P42k is determined by extrapolation of p(T") curve
to 4.2 K. The temperature dependence of resistance
of the 1000 nm Nb film normalized to the room-
temperature value is shown in Fig. 4. The film is
characterized by a sharp transition to the super-
conducting state at the typical value of the critical
temperature T, = 9.2 K, while the RRR value is
low, indicating a large number of impurities [19],
which is consistent with our conclusion about the
value of the parameter % in our samples. Indeed,
taking into account that the thermal conductivity
is approximately RRR/4 at 4.2 K [19, 20], we ob-
tain RRR = P273K/p4.2K = 2.69 = 4H|T:4.2K
4% (4.2 K/9.2K)3? = & = 7.07 W/(K m). This value,
denoted by the full line in Fig. 3b, is in excellent
agreement with the lower range of the extracted &
values.

Finally, we find that the film-to-substrate heat
transfer coefficient hg grows linearly with thickness
and is well described by a straight line hg = ad—b
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Fig. 4. DC resistance normalized to the room tem-
perature value versus temperature for the Nb film
of 1000 nm thickness.

with @ = 1.52 x 107 and b = 2.8 (Fig. 3c). Try-
ing to understand this result we note that we can
treat our films as a two-part solid—solid system, as
has been shown in work [12] that the metal mirror of
the indicator placed on the sample during magneto-
optical measurements does not influence the heat
distribution in the underlying layers if the distance
between the indicator and film surfaces is on the
order of one micron. This condition is fulfilled in
our experiments due to the presence of microscopic
residual photoresist used for photolithographic sam-
ple shaping.

A similar Kapitza TBC behavior, i.e., an increase
in heat transfer across the film-substrate boundary
along with film thickness, has been observed in ex-
periments with other solid—solid interfaces. For ex-
ample, in work [21], the increase of TBC between
MoSs and Si with thickness is explained by the im-
proved mechanical stiffness of thicker samples and
the resulting better interfacial contact. Our Nb films
were deposited at room temperature, and as the de-
position time increased sufficiently to obtain thicker
samples, the temperature of the films did not in-
crease enough for an annealing effect to occur at
the interface. Such a change could have occurred if
the films had been heated above 100°C, but dur-
ing the deposition of our samples, the film was in
thermodynamic equilibrium with the substrate and
water-cooled holder. Thus, we assume that the in-
terfacial conditions are approximately the same for
samples of different thicknesses.

In works [22, 23|, it has been reported that
the thinner Si and SiO, films deposited on single-
crystalline Si substrate show lower overall (from
thin film and interface) thermal conductivity val-
ues than thicker ones. This is explained by the in-
fluence of phonon scattering at the interface (film
thickness-dependent) on the thermal conductivity
of the films themselves rather than on the heat
transfer coefficient to the substrate. We are dealing
with a somewhat different situation, since in nio-
bium, in the temperature range in which we carried
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out the measurements, the thermal conductivity is
determined by both electron and lattice contribu-
tions and, as shown above, is independent of the
thickness.

In other works [24, 25], it has been found that the
Kapitza resistance of the graphene-SiOs, MoSo—
Si0y, and WSes—SiOs interface decreases (or the
TBC increases) with the thickness of the film. This
is a result of the relaxation of tensile strain, which
occurs with an increasing number of monolayers of
the film-forming material on SiOs, which leads to
more efficient transmission of the higher-frequency
phonons from multilayer structure to substrate.
Our films are rather thick and were deposited on
an amorphous substrate, so no strain relaxation ef-
fects occur. Therefore, we need to look for another
possible explanation for our result.

In general, TBC in such systems is determined by
the scattering of thermal energy carriers, i.e., elec-
trons and phonons, at the interface between two
solids [14]. At low temperatures, the heat trans-
fer coefficient through the niobium-—glass interface
is determined mainly by phonon scattering at the
film-substrate interface and phonon transfer across
this interface, as the effect of electrons on TBC is
negligible [26, 27]. In the acoustic mismatch model
(AMM) [14], the interface is perfectly smooth, and
phenomena such as Snell’s acoustic laws, critical
angle, and total internal reflection are inherent to
the behavior of phonons in materials on either side
of the interface. Since the phonon velocity in nio-
bium is lower than in glass due to the higher stiff-
ness and lower density of glass, there is a critical
angle of incidence for phonons in niobium, above
which phonons experience total internal reflection
and do not pass into the substrate. The probability
of phonon reflection from the boundary and pass-
ing through it depends, in turn, on the difference in
acoustic impedance of the materials, z = pc, where
p is the mass density and c is the sound velocity in
the material.

According to diffuse mismatch theory (DMM),
while some of the phonons are reflected specu-
larly from the film-substrate boundary, others are
diffusely scattered on the boundary irregularities.
An increase in the number of phonons incident on
the boundary at a small angle with respect to the
normal after re-reflection from the surfaces leads
to an increased probability of phonon transmis-
sion into the substrate, and hence, a reduction in
the Kapitza resistance and an increase in TBC be-
tween the materials [28, 29]. Reduction of the sam-
ple thickness limits the propagation of long-wave
phonons and the entrance of these phonons into the
acceptance cone, which causes the film to act as
a filter for phonon spectra.

The thickness dependence of ho is confirmed by
the fact that there is almost no such dependence
of lin, as can be seen from (2) and the experi-
ment. Figure 5 shows that the experimental tem-
perature dependences of Iy, for three Nb films of
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Fig. 5. Temperature dependences of the threshold

depth iy, for three Nb films of different thicknesses.

different thicknesses are very similar, except in the
area T — Ty, where [y, is discontinuous. This can
be understood from a mathematical point of view if
we accept that hg(d) includes constant b. The rela-
tively small negative value of b reduces the value of
ho by 2.8 kW /(K m?). It is possible that its pres-
ence is caused by the inelastic scattering of a part
of phonons on imperfections at the interface (such
as roughness or atomic mixing), which does not de-
pend on the size of the sample. The presence of b
has a relatively minor influence on the behavior of
the slow-growing part of Iy, (7)) for different thick-
nesses but begins to affect the fast-growing part of
the dependence significantly.

To estimate the Ty, values, it is necessary to
find the point at which H;y, has a discontinuity.
If l;p was not limited by the size of the sample,
it would be discontinuous at a point satisfying the
condition 2hg/(nd|j.|E) = 1. Substituting the tem-
perature dependencies of the parameters compris-
ing the above expression, we obtain the equation
T* + (T — T.) = 0, where a = dT.%j.o E/(2ho).

Furthermore, Hy, undergoes a discontinuity at
the point where the fast-growing function iy, ap-
proaching its discontinuity, being a solution of the
equation above, reaches a value of w. Thus, the
sample width reduction leads to a decrease in Ty
compared to the situation when w — co. The inset
in Fig. 2 shows the numerically extracted values of
Tin- The calculation was done with the parameters
used in the theoretical fits of the Hy,. In the case
of the absence of the term b (i.e., direct proportion-
ality ho = ad), temperature Ty, would be constant
and would be about 6.01 K.

4. Conclusions

We have used a non-invasive and non-destructive
magneto-optical method to determine the thick-
ness dependence of parameters characterizing the
thermal and superconducting properties of niobium
thin films in which thermomagnetic instabilities
develop. Based on a comparison of the theoreti-
cal model describing the behavior of the threshold
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field of the first jump with our experimental data,
we determined that the thermal conductivity and
critical current density of our films are thickness-
independent. On the other hand, the heat transfer
from the superconducting film to the substrate de-
pends linearly on the film thickness. The linear be-
havior can be explained in the frame of the diffuse
mismatch model. We have found that the field pene-
tration depth into the sample, at which the first flux
avalanche occurs, is practically independent of the
specific dimensions of the sample (except that it is
limited to half the width of the sample). However, it
is determined by the material properties that com-
pose the film-substrate system. Understanding the
mechanisms and ways of changing heat transfer can
be helpful in the goal of controlling TBC and the
appearance of thermomagnetic instabilities in engi-
neering applications of superconducting films.
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