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In this paper we present the results of a systematic study on the magnetic field penetration depth of
superconducting niobium thin films. The films of thicknesses ranging from 8 to 300 nm were deposited on a Si
substrate by dc magnetron sputtering. The values of the penetration depth ��0� were obtained from the
measurements of the effective microwave surface impedance by employing a sapphire resonator technique.
Additionally, for the films of thickness smaller than 20 nm, the absolute values of ��0� were determined by a
microwave transmission method. We found that the reduction of the film thickness below 50 nm leads to a
significant increase of the magnetic field penetration depth from about 80 nm for 300 nm thick film up to
230 nm for a 8 nm thick film. The dependence of the penetration depth on film thickness is described well by
taking into account the experimental dependences of the critical temperature and residual resistivity on the
thickness of the niobium films. Structural disordering of the films and suppression of superconductivity due to
the proximity effect are considered as mechanisms responsible for the increase of the penetration depth in
ultrathin films.

DOI: 10.1103/PhysRevB.72.064503 PACS number�s�: 74.25.Ha, 74.25.Nf, 74.45.�c

I. INTRODUCTION

Over a long period of time, the physics of thin films of
normal metals and superconductors has attracted great atten-
tion since their unique properties and wide range of applica-
tions require devices made from ultrathin films. Thin films
are usually dirtier than thicker films and especially than bulk
material, that is to say, they contain a larger amount of de-
fects of the crystalline structure. It has been predicted theo-
retically and demonstrated experimentally that
electron-electron1 and electron-phonon interactions2 in dirty
metals differ strongly from those for pure and bulk materials.
For example, this results in a violation of Matthiessen’s rule
in thin films of normal metals and superconductors at tem-
peratures above the critical temperature.3 However, different
superconducting materials exhibit different reactions to dis-
order. The reduction of a film thickness may result in an
increase of the superconducting critical temperature �TC� of
such materials as aluminum and tin, while other supercon-
ductors like Pb, Bi, Nb exhibit opposite TC dependence on
thickness.4,5

With respect to thin films, it is very important to note that
their properties and the performance of devices made from
them are extremely sensitive to fabrication conditions. Small
variations of a technological process might result in consid-
erable changes in the properties of nearly identical devices,
even those made from the same superconducting film. The
development of thin-film superconducting devices, success-
ful optimization of their performances for a given application
area, for a defined temperature range of operation, for a
specified spectrum and power level of exciting radiation are
only possible on the basis of a profound knowledge of the
properties of the real material they are made of.

Today’s advanced technology allows films a few nanom-
eters thick to be fabricated and patterned into devices with an

in-plane dimension of several tens of nanometers. This
means that the size of these devices is about the same as or
even smaller than the characteristic lengths of the bulk su-
perconductor: the coherence length ��0� and magnetic field
penetration depth ��0�. An analysis of a distribution of the
supercurrent over a cross section of a superconducting
strip,6–8 formation and dynamics of the magnetic
vortices,9–11 and nonequilibrium processes in thin-film
structures12,13 is based on actual values of these two charac-
teristic lengths. In thin films in the dirty limit �0�l �l is the
electron mean-free path� � and � become dependent on l.14

The theory predicts that the coherence length is proportional
to a square root of the electron mean-free path, �� l0.5, as
opposed to the increase of the magnetic field penetration
depth with decreasing: l�� l−0.5. Moreover, in thin films, the
effective penetration depth ��ef f� might even be much larger.
If the film thickness �d� is much smaller than � the effective
penetration depth is proportional to d−1.

Niobium superconducting thin films of thicknesses of
about 10 nm or smaller are widely used for fabricating de-
vices for different applications such as mixers15 and
detectors16 of electromagnetic radiation. It is worth noting
that at times these devices make conflicting demands on the
film properties. For example, to reach the intermediate fre-
quency bandwidth larger than 10 GHz the diffusion-cooled
hot-electron bolometer mixer has to be made of Nb film with
a large value of the electron mean-free path.17 In contrast, the
performance of the single-photon detector will be better for
devices made from “dirty” superconducting films with small
l.18 Moreover, the difference between these two types of re-
ceivers determines the operation conditions of the supercon-
ducting film. In the case of the hot-electron bolometer mixer,
the superconducting film is in the resistive state, and bias
current is distributed uniformly over the cross section of the
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film as in the normal state. In the superconducting single-
photon detector, the film is kept in the superconducting state
and biased by a current slightly below the critical value at
operating temperature. In the latter situation, the distribution
of the current over the cross section of a strip determined by
the value of the magnetic field penetration depth has to be
taken into account for the analysis of device performance.

The value of the magnetic field penetration depth �0
=47 nm was obtained by Maxfield and McLean for a bulk
Nb sample.19 Larger values of � of about 70–100 nm have
been measured on Nb films of different thicknesses from
100 nm20 up to a few micrometers.21 Hsu and Kapitulnik22

obtained �=160 nm on 2 nm thick single-crystal Nb film.
Later, using the two-coil technique, Wang et al.23 demon-
strated a similar value �166 nm� of the penetration depth for
20 nm thick Nb film and smaller ��95 nm for a thicker
�90 nm� film. The spread of the values of the magnetic field
penetration depth reported in Refs. 19–23 is most likely de-
termined by material properties rather than by the dimen-
sionality of a film. Generally, one can draw only a qualitative
conclusion that thinner films are characterized by a larger
value of �.

In the current paper, we present a systematic study of the
magnetic field penetration depth in niobium thin films of
thicknesses ranging from 8 nm ���0 /6� to 300 nm ��6�0�.
The values of the penetration depth at zero temperature,
��0�, were obtained by resonance and transmission micro-
wave techniques. The experimental results concerning the
��0� dependence on film thickness are analyzed by using
data on the critical temperature and residual resistivity ob-
tained on the same Nb films. The paper is organized in the
following manner. We briefly describe the technology of Nb
thin film fabrication in Sec. II. The details of experimental
methods for the determination of the magnetic field penetra-
tion depth in superconductors are presented in Sec. III. Ex-
perimental results will be discussed in Sec. IV. Section V is
the conclusion.

II. FABRICATION AND CHARACTERIZATION OF Nb
THIN FILMS

We deposited niobium films on 10.0�10.0�0.3 mm sili-
con �100� substrates kept at room temperature by dc magne-
tron sputtering of a Nb target in argon atmosphere. The base
pressure was about 10−6 mbar. The thickness d of the Nb
films was inferred from the sputtering time after accurate
calibration of the deposition rate ��2 nm/s�. Nb films of
thicknesses from 8 to 300 nm were deposited. The tempera-
ture dependences of the resistance R�T� of as-deposited Nb
films were measured by a standard four-probe method. The
width of the resistive transition was typically less than 0.1 K,
even for the thinnest films. The superconducting critical tem-
perature TC was determined as the midpoint between the
temperatures of the 10% and 90% normal resistance RN at
T�TC on the residual resistance plateau of R�T�. The value
of the normal state residual resistivity ��0� was obtained
from RN and the known geometrical dimensions of the
sample. The dependences of TC and �0 on the thickness of
the Nb films are shown in Fig. 1. It can be seen that TC

�circles in Fig. 1� gradually decreases with a reduction of the
thickness from 300 to about 50 nm. A much stronger depen-
dence of the critical temperature on thickness is observed for
films thinner than 50 nm. We have to note that the critical
temperature of the thickest 300 nm thick Nb film is about
9.7 K. This value is about half a Kelvin higher than the TC
usually reported for bulk Nb. The possible reasons for this
result will be briefly discussed in Sec. IV A. The reduction of
TC with decreasing thickness is accompanied by increasing
residual resistivity, shown in Fig. 1 by triangles.

III. METHODS FOR PENETRATION DEPTH
DETERMINATION

We used two different microwave methods to obtain the
value of the magnetic field penetration depth ��0� in the Nb
thin films.

A. Resonance method

The first method24,25 is based on temperature variations of
the resonance frequency of the sapphire dielectric resonator
shielded by a copper cavity, in which one part of the endplate
is replaced by the sample �superconducting film� under in-
vestigation. The temperature change of the penetration depth
of superconducting film results in changes of the resonance
frequency fC of the sapphire dielectric resonator. A shift of
fC�T� with respect to the resonance frequency measured at a
reference temperature Tref gives the variation of the effective
penetration depth ���ef f� of the film-substrate structure25 ac-
cording to

��ef f�T� = �ef f�T� − �ef f�Tref� = −
G

	
0

fC�T� − fC�Tref�
fC

2 �Tref�
,

�1�

where G is the geometrical factor of the sample inside the
cavity and 
0 is the dielectric permeability of the vacuum.
The reference temperature is chosen in the range of T�TC,
where ��ef f�T���ef f�0�. The effective penetration depth �ef f

is25

FIG. 1. The thickness dependence of the critical temperature
�circles� and the residual resistivity in the normal state �triangles� of
the Nb films. The solid line is the fit of TC�d� by Eq. �11� and the
dashed line is the approximation of �0�d� by Eq. �12�.
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�eff = � coth� d

�
� , �2�

where � is the penetration depth of the superconductor. In the
limit of infinite film thickness, where d��, the effective
penetration depth is equal to �. In the opposite limit �d
��� �ef f is much larger than �: �ef f =�2 /d.

The value of the effective penetration depth and, conse-
quently � �2�, can be obtained from a theoretical fit of the
experimental dependence of ��ef f on temperature. The tem-
perature dependence of the penetration depth ��T� of the
superconducting film with nonmagnetic impurities can be
written in the following form:26

��T� = ��0��1 − 2�
�T�

�

−
�f���
��

� d�

��2 − 2�T�	−1/2

�

�1 +
�0

J�T�l

�1 +
�0

l

,

with f��� = 
1 + e�/kBT�−1, �3�

representing the Fermi function. In Eq. �3�, �T� is the tem-
perature dependence of the superconducting energy gap27

and the value of J�T� changes smoothly from 1 at T=0 K to
1.33 at T=TC.26

B. Transmission method

The value of the penetration depth can be also obtained
from measurements of the temperature dependence of the
microwave power transmitted through the film-substrate
structure.28–30 The film-substrate structure is placed between
two waveguide sections in such a manner that electromag-
netic radiation of frequency f is normally incident upon the
film surface. The ratio of the transmitted to the incident
power Tr is measured as a function of temperature. In the
plane wave approximation the complex transmission coeffi-
cient Tr �Refs. 29 and 30� of the structure consisting of a film
and dielectric substrate with thicknesses of d and dS, respec-
tively, is equal to

Tr =
2nfns

2nfns cos � cos � − �nf
2 + ns

2�sin � sin � − i�1 + ns
2�nf cos � sin � − i�1 + nf

2�ns sin � cos �
, �4�

where nf =�� f and ns=��S are the refractive indexes of the
film and substrate, respectively, �=k dnf, �=k dSnS, k
=2	 /�. The dielectric function of the superconducting film,
� f, is

� f = 1 +
�N

i��0
−

1

�2�0
0�2 , �5�

where �N is the normal state conductivity, �=2	f , and �0 is
the dielectric permittivity of the vacuum.31

The absolute value of the penetration depth is obtained
from �5� using �N of the film estimated from the surface
resistance RS of the film.26 The temperature dependence of
the microwave surface resistance can be determined using
the sapphire dielectric resonator technique described in Sec.
III A. In the course of the measurements, the unloaded qual-
ity factor Q0 of the dielectric resonator is recorded as a func-
tion of temperature. The effective surface resistance of the
film-substrate structure is determined according to

RS
ef f = G� 1

Q0
−

1

Qref
� , �6�

where Qref is the unloaded quality factor of the reference
sample with RS approaching zero. The microwave surface
resistance RS of the film of thickness d is determined from
the impedance transformation:25

RS
ef f = RS�coth�d/�� +

d/�

sinh2�d/��� + ns
��
0��2

Z0

1

sinh2�d/��
,

�7�

where Z0=377 � is the impedance of the free space.25 The
value of the penetration depth at zero temperature ��0� is
obtained by extrapolation of experimental data on ��T� to
T=0 K �the accuracy of this extrapolation is high enough
because changes of the penetration depth at low temperatures
are very small�.

The two methods of determining the magnetic penetration
depth of thin superconducting films described above comple-
ment each other. The transmission method is applicable for
very thin films �d�0.5�� only. The microwave signal trans-
mitted through thicker films is too weak to be measured. At
the same time, the microwave resonator technique described
in Sec. III A is suitable for relatively thick films. Using this
technique, it is impossible to measure a large value of the
effective penetration depth �tens of microns� at temperatures
close to TC for Nb films thinner than 50 nm with high accu-
racy. Films of this thickness are almost transparent in the
microwave range at these temperatures and the resonance
peak has an amplitude close to the noise level. Thus, only
using both methods are we able to determine the penetration
depth with sufficiently high accuracy in the whole range of
film thickness of interest to us: from a few nanometers up to
half a micron.
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IV. RESULTS AND DISCUSSION

A. Critical temperature and residual resistivity

According to Eq. �3�, the value of the penetration depth
depends on the ratio of the Bardeen-Cooper-Schriffer �BCS�
coherence length �0 and electron mean-free path l. In the
BCS theory the coherence length is

�0 =
�F

	
, �8�

where �F is the Fermi velocity and =AkBTC is the super-
conducting energy gap �A=1.765 for weakly coupled super-
conductors�. The electron mean-free path is inversely propor-
tional to residual resistivity in accordance with the Einstein
relation:

l =
3

e2N�0�vF�0
, �9�

where e is the electron charge and N�0� is the density of the
electron state at the Fermi level. Finally, we obtain

�0

l
=

�F
2e2N�0�
3	AkB

�0

TC
. �10�

Thus the ratio of �0 / l is proportional to the ratio �0 /TC.
A decrease of the transition temperature in ultrathin su-

perconducting films similar to that presented in Fig. 1 has
been reported previously by many authors.32,33 The interpre-
tation of these results is based on several approaches,4,34,35 of
which the proximity effect is the one most frequently
used.36–38 In this model, the superconducting interaction is
destroyed within the surface and film-substrate interface lay-
ers of thickness d on both sides of the film. These two
layers have a much lower critical temperature in comparison
with the rest of the film. Usually, in Nb films the formation
of the niobium mono-oxide with a critical temperature of
about 1.4 K is considered.39 To verify this model we studied
our Nb films using the secondary ion mass spectroscopy
�SIMS� technique. For the SIMS measurements, a special
layered 600 nm thick Nb film structure was deposited. At
first, 400 nm of Nb was deposited on the silicon substrate.
After deposition, the film was exposed to normal air for
24 hours and after that another 200 nm of Nb was deposited
on top of the first layer. Results of this study �see Fig. 2�
confirm the presence of oxygen on the surface and film-
substrate interface layers. In contrast to previous studies, we
found carbon in the same layers. We assume that carbon acts
as an impurity and destroys superconductivity in these layers
completely. In this situation, we consider the superconduct-
ing film as a normal-metal-superconductor-normal-metal
�NSN� structure. Due to the proximity effect between these
two nonsuperconducting layers and the central superconduct-
ing part of the film the superconductivity is suppressed and
the critical temperature of the films becomes lower than that
of the bulk sample.

This approach was first applied to thin superconducting
films by Cooper.36 He predicted that the critical temperature
can be written in the following form:

TC�d� = TC���exp� l − 2 d

NV�d − 2 d�� , �11�

where TC�d� is the critical temperature of the film of thick-
ness d, TC��� is the critical temperature of an infinitely thick
film, NV is the bulk interaction potential �0.32, for Nb40�, and
d is the thickness of a layer with destroyed superconduc-
tivity. From the best fit of experimental data by Eq. �11� �the
solid line in Fig. 1�, we obtained TC��� of about 9.35 K,
which is quite close to the critical temperature value for bulk
Nb samples. The thickness d was determined as 0.5 nm
from the same fit. It can be seen in Fig. 1 that Eq. �11� fits
our experimental results for films of thicknesses in the range
from 8 to about 100 nm. Two experimental points related to
the thickest films �200 and 300 nm� deviate from the fitting
curve appreciably: the critical temperature of the 300 nm
thick film is about 9.7 K. The reason for this deviation of TC
is not clear. It should be noted that in several publications,
softening of the phonon spectrum in superconducting films
was considered41,42 as a possible reason for increasing TC.
The value of TC=22 K was predicted for Nb by Strongin et
al.42 An experimental observation of an increase of the criti-
cal temperature of Nb above 9.3 K was reported in Refs. 41
and 21. It seems that the phonon spectrum in our Nb films
thicker than 100 nm differs from the spectrum in thinner
films. A possible reason for the phonon spectrum modifica-
tion might be different conditions for growing films of dif-
ferent thicknesses, resulting in internal stress or strain in
thick films.43,44 At the initial stage of film growth, Nb is
deposited directly on a silicon substrate kept at room tem-
perature. The structure and quality of the substrate surface
significantly determine the structure of ultrathin films in this
situation. With increasing sputtering time for the deposition
of thicker films, we obtain films with a crystalline structure
that is more and more independent of substrate properties.
Additionally, the temperature of the film-substrate structure
rises during deposition due to the transformation of the ki-
netic energy of Nb atoms into heat. This effect might also

FIG. 2. The result of the SIMS study of the Nb film. The solid,
dashed, and dotted lines are ion responses of silicon �substrate�,
carbon, and oxygen, respectively. The areas A and B correspond to
200 and 400 nm thick Nb layers, respectively. Area C corresponds
to the Si substrate. Peak 1 of the oxygen and carbon responses is the
position of the surface layer of the 400 nm Nb film. Peak 2 is the
position of the film-substrate interface layer.
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influence the structure of the film and consequently the su-
perconducting properties of the film.

The decrease of the critical temperature is accompanied
by an increase of the residual resistivity �0 �triangles in Fig.
1�. The dashed line in Fig. 1 is an approximation of the
experimental dependence of �0 on thickness of the Nb film
described by the following equation:

�0�d� = �0��� +
150

d
, �12�

where �0�d� �in 
� cm� is the resistivity of a film of thick-
ness d �in nm�, and �0���=3.7 
� cm is the residual resis-
tivity of the infinitely thick Nb film.

The dependences of the critical temperature �11� and re-
sidual resistivity �12� on thickness of the Nb films thus ob-
tained will be used further for an analysis of the results of the
magnetic field penetration depth dependence on thickness in
Sec. IV D.

B. Penetration depth: Resonance technique

The sapphire dielectric resonator shielded by a copper
cavity with part of one endplate replaced by the sample was
excited in the TE01� mode under weak coupling conditions at
the resonance frequency fC�18 GHz. The changes of the
resonance frequency of the dielectric resonator in the cavity
with a Nb film were measured in the temperature range from
1.5 K up to the critical temperature of the film. Then the
changes of the effective penetration depth ��ef f were calcu-
lated using Eq. �1�. The geometrical factor of the cavity G
=730 was estimated by numerical simulations45 of the elec-
tromagnetic field distribution in the cavity.

In advance, we experimentally determined the
temperature-dependent contributions to ��ef f caused by
changes of the resonance frequency due to the thermal ex-
pansion of the material of the cavity walls and the tempera-
ture dependence of the skin depth in copper and the dielec-
tric constant of sapphire. The unloaded quality factor and the
resonance frequency were measured for the cavity with a Nb
thin-film sample replaced by a copper plate of the same size.
The experimental error of ��ef f determination caused by
these factors was found to be less than 1 nm for the tempera-
ture range �T=1.5–10.0 K� of the measurements.

The dependences of ��ef f on temperature for the Nb films
of three different thicknesses are shown in Fig. 3. The
200 nm thick film exhibits an usual increase in changes of
the effective penetration depth at temperatures approaching
TC. At temperatures above the critical temperature there is
saturation of ��ef f caused by small changes of the skin depth
of Nb in the normal state. At temperatures lower than 4.5 K
the changes of the penetration depth of the 200 nm film are
smaller than the resolution of our experimental setup. This
results in the second, low-temperature plateau in the ��ef f�T�
dependence.

The curves corresponding to thinner �8 and 20 nm� films
shift to lower temperatures as a consequence of the reduction
of the critical temperature of the films already discussed in
Sec. IV A. Simultaneously, ��ef f increases for thinner films
with respect to thicker ones.

The value of the penetration depth at zero temperature
��0� was obtained from a fit of ��ef f�T� �solid lines in Fig. 3�
using Eq. �3� with �0� /kBTC=2 and ��0� as the fit param-
eter. In accordance with Eq. �10�, we estimated the value of
the ratio �0/l for all films studied taking vF=6�107 cm/s
and using the material constant of Nb, �0l=3.72�10−6 
�
�cm2 �Ref. 46� for estimation of the electron mean-free
path. The dependence of �0 / l on the Nb film thickness is
shown in Fig. 4. It is seen that for films thinner than 50 nm
we are able to perform calculations of the penetration depth
in the dirty limit since �0 / l�10. For thicker films, the co-
herence length is about the value of the electron mean-free
path and we made our calculations using the full expression,
Eq. �3�, for the temperature dependence of �. The solid line
in Fig. 4 is the dependence of the �0 / l ratio on film thickness
simulated using the thickness dependences of the critical
temperature, Eq. �11�, and the residual resistance, Eq. �12�.
The dependence of the penetration depth obtained by our
resonance technique on thickness is shown later in Fig. 6 by
solid circles.

FIG. 3. The temperature dependence of changes in the effective
penetration depth ��ef f of the Nb films with the different thick-
nesses indicated next to each curve. The solid lines are fitted by Eq.
�1�.

FIG. 4. The thickness dependence of the ratio between the co-
herence length �0 and the electron mean-free path l of the Nb films
determined from experimental data using Eq. �8� and Eq. �9�, re-
spectively. The solid line represents the simulation obtained by the
substitution of TC�d� using Eq. �11� and of �0�d� using Eq. �12� into
Eq. �10�.
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C. Penetration depth: Transmission technique

The values of the penetration depth were also evaluated
from the temperature dependences of the ratio between the
transmitted and incident power, using Tr, Eq. �4�. The micro-
wave power �f =23.45 GHz� transmitted through the Nb
film-Si substrate structure arranged inside a waveguide was
measured by a network analyzer. With our experimental
setup based on an HP8722C network analyzer, we were able
to measure the transmitted signal through Nb films thinner
than 20 nm with high accuracy. The dielectric permittivity of
the silicon substrate ��S=12.1 at T=4.2 K� required for the
penetration depth determination by Eq. �4� was taken from
the literature.47 The imaginary part of the dielectric permit-
tivity was obtained from measurements of the transmission
coefficient through an uncoated silicon substrate.

The dependences of Tr on temperature for three different
thicknesses of Nb films are shown in Fig. 5. Again we ob-
serve a shift of the experimental curves similar to the ones
shown in Fig. 4 as a consequence of the reduction of the
critical temperature with decreasing thickness. The non-
monotonic dependence of Tr at moderate temperatures is
caused by nonmonotonic temperature growth during mea-
surements and nonlinear temperature characteristics of the
readout path and partially by standing waves inside the cry-

ostat. However, the accuracy of the data obtained at the low-
est temperature of the measurements is high enough due to
the possibility of keeping this temperature stable for a long
time.

There are two plateaus in the temperature dependences of
the transmission coefficient. The saturation of Tr at low tem-
peratures is determined by small changes of the penetration
depth at T�0.5TC �3�. At temperatures above the critical
temperature, the films are in the normal state and the trans-
mission coefficient is almost constant due to the very weak
dependence of conductivity of the Nb film at temperatures
much lower than the Debye temperature. The absolute value
of the transmission coefficient, both for the normal and su-
perconducting state, decreases with increasing thickness and
reaches values of lower than −60 dB for the 20 nm thick film
in the superconducting state.

The values of the magnetic penetration depth obtained
from transmission measurements are shown in Fig. 6 by tri-
angles. It can be seen that the values of the penetration depth
obtained by both resonance and transmission techniques are
in good agreement.

D. Penetration depth: Dependence on thickness

The experimental dependence of ��0� on the thickness of
the Nb films is shown in Fig. 6. It is seen that ��0� increases
gradually with the reduction of thickness from 300 down to
about 50 nm and sharply for thickness smaller than 20 nm,
and reaches a value of about 230 nm for the 8 nm thick Nb
film. The BCS theory predicts the following value of the
penetration depth at zero temperature:26

��0� = �L�0��1 +
�0

l
, �13�

where �L�0� is the London penetration depth at T=0 K. Tak-
ing Eq. �10� into account and using the dependences of TC
and �0 on thickness given by Eq. �11� and Eq. �12�, respec-
tively, we obtain the dependence of the penetration depth on
the thickness of the Nb film. As a result of the analysis of the
��d� data shown in Fig. 6, �L�0� was determined as 43 nm.
This value of �L�0� is close to previously reported results for
bulk Nb.19

It can be seen that the experimental results are in good
agreement with simulations based on Eq. �13� for films of
thicknesses in the range from 8 to 200 nm. The experimental
point corresponding to the 300 nm thick film deviates from
�13� significantly. As we already mentioned earlier in this
section, the value of the critical temperature of this film is
about 9.7 K and is much higher than the fit �11� of the de-
pendence of TC on film thickness �see Fig. 1�.

Considering the dependence of ��0� on thickness, we dis-
tinguish two mechanisms responsible for the increase of the
penetration depth with decreasing thickness. The critical
temperature and, corresponding to �8�, the coherence length
�0 of the thin Nb films �at least for the films thinner than
100 nm�, is determined by the proximity effect described by
�11�. Thus, the presence of the layers with destroyed super-
conductivity is the first reason for the modification of the
penetration depth. The second one is strengthening of the

FIG. 5. The temperature dependence of the transmission coeffi-
cient Tr for three Nb films of different thicknesses d indicated next
to each curve.

FIG. 6. The thickness dependence of penetration depth at zero
temperature ��0�. The circles represent results of resonance tech-
nique measurements, and the triangles are results of transmission
measurements. The solid line represents the simulation of ��0� by
Eq. �13� using TC�d� �11� and �0�d� �12�.
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film disordering accompanying reduction of the film thick-
ness. Quantitatively, this mechanism is described by the de-
pendence of the residual resistivity of Nb on film thickness
�12�.

In the framework of this model, there are different possi-
bilities for adapting the value of the magnetic field penetra-
tion depth for a certain application. A variation in the tech-
nology of the Nb thin film can result in changes of �.
Applying additional efforts for the precleaning of a substrate
surface before deposition can significantly reduce the effec-
tive thickness of the nonsuperconducting film-substrate inter-
face layer. As a result, the reduction of the critical tempera-
ture due to the proximity effect will be smaller. Heating of
the substrate before and during film deposition usually leads
to improvement of crystalline properties of the Nb films, i.e.,
to an increase of the electron mean-free path. According to
Eq. �13�, these modifications of the technology of thin film
fabrication can result in � approaching the �L value and
weaker dependence on film thickness. In contrast, the in-
crease of the � value can be realized by coercive oxidation of
the deposited film to suppress superconducting interaction
and by ion bombardment to reduce the electron mean-free
path value.

V. CONCLUSION

We experimentally obtained the dependence of the mag-
netic field penetration depth at zero temperature, ��0�, on

thickness of the Nb films in the range of film thicknesses
from 8 to 300 nm by the microwave resonance and transmis-
sion techniques. It is important that the ��0� values obtained
using both techniques are in good agreement. We have
shown that the dependence of the penetration depth on thick-
ness is well described by the BCS theory, taking into account
real dependences of the critical temperature and residual re-
sistivity on film thickness. The value of the penetration depth
varies from about 80 nm for the thick �d=200–300 nm�
films to 230 nm for the thinnest �d=8 nm� Nb film. The
obtained value of the London penetration depth of �L�0�
=43 nm for ultrathin Nb films is in good agreement with the
previously reported data for bulk Nb. The proximity effect
between the nonsuperconducting surface and film-substrate
interface layers and the superconducting part of the film to-
gether with the disordering of the films structure determine
the increase of the penetration depth at zero temperature in
Nb thin films.
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