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The critical temperature of the superconducting transition of thin films is altered by many factors,
particularly by variation of the thickness, the degree of equilibrium of the film, the type of sub-
strate, the degree of development of the surface, the texture, etc. An investigation was carried out
of the influence of different factors on T, of thin tin films with the aid of a ‘‘comparison’’ method,
i.e., on a number of samples obtained under conditions when all the parameters influencing the struc-
tural properties of the films and T, were maintained constant, with the exception of a single param-
eter, say the condensation temperature or the film thickness. In addition, an investigation was made
of the structure characteristics of thin tin films. It is shown that tin films obtained at low tempera-
tures have a less perfect structure, even after heating, than films obtained at room temperature;
this is the reason for the increase of T, with decreasing condensation temperature below 250 °K.

In addition, an increase of the condensation temperature above 250 °K also leads to a growth of T,
in spite of the improvement of such characteristics as the resistivity of the films and the growth of
the ratio 6 = Rzos/R4.2. For tin films obtained at ~ 300 °K, a growth of T, is observed with increas-
ing thickness in the region adjacent to the critical thickness L. The possible causes of the varia-
tion of T of thin tin films are discussed in connection with the existing theories.

1. INTRODUCTION., FORMULATION OF PROBLEM.
PROCEDURE

IT is known that the critical temperature T, of the
superconducting transition T of thin films differs as a
rule from the critical temperature of bulky pure sam-
ples. It was observed, for example, that films obtained
at low temperatures and having a non-equilibrium struc-
ture have increased values of T¢.t*™®! For many met-
als, a dependence of T, on the film thickness L was
observed. The greatest increase of T, with decreas-
ing L is observed for aluminum, ™Y but it has been
noted also for films of tin,t'” **? indium,!'® **1 and
others. In small-thickness films deposited at low tem-
peratures, a differen. dependence is observed, namely a
decrease of T, with decreasing L.'»* 1 In a num-
ber of investigations,[!872!] an attempt was made to es-
tablish a correlation between the variation of T, and
the dimensions of the crystallites in the films. It was
shown experimentally 22> 231 that the stresses arising

in the film when it is cooled can cause a change of T,
and that the degree of this influence depends on the ori-
entation of the crystallites in the film.!'°? The large
number of recent investigations in this field has been
stimulated both by the appearance of a number of theo-
retical models predicting the change of the critical tem-
perature in thin films, and by the practical interest in
the search for ways of increasing the critical tempera-
ture of superconductors.

Thus, the change of T¢ in thin films occurs under
the influence of many very different factors, frequently
acting jointly (film thickness, substructure characteris-
tics, stresses), and the contribution of each of them can
be determined only by a ‘‘comparison method.” We
have attempted to find variants of experiments with thin

tin films in which all the parameters describing the
conditions for condensation and influencing the struc-
ture properties of thin films (temperature and physico-
chemical properties of the substrate, rate of condensa-
tion, composition of the residual gases in the vacuum
chamber, etc.) are kept constant for a given series of
samples except for one, say the condensation tempera-
ture or the film thickness. To this end we prepared, in
a single experiment (in a vacuum of 10~°* mm Hg), a
series of samples of strictly equal thickness on a single
substrate—a plate on which a temperature gradient was
produced (by cooling or heating one end of the plate).
When glass or thin (~0.5 mm) quartz plates were used
(24 x 45 mm), it was possible to obtain a temperature
drop up to 150 °. The temperature distribution was de-
termined with the aid of glued-on copper-constantan
thermocouples. In other experiments, the substrate
temperature was constant throughout, and the samples
were of different thickness. After the samples were
produced, they were heated to room temperature and
transferred to a cryostat. The average heating time
was one hour. Thus, the heating rate depended on the
initial condensation temperature. For films produced,
say, at 100 °K it amounted to 3 deg/min, and for films
obtained at higher temperatures it was somewhat lower.

2. EXPERIMENTAL RESULTS

1. Using electron microscopy and electron diffrac-
tion, we investigated the structure characteristics of
films obtained at different temperatures and then heated
to room temperature. Thus, electron diffraction was
used to determine the average dimension of crystallites
(regions of electron coherent scattering) in the sub-
strate plane for several series of films 300-400 A
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thick, obtained in the interval 170-270 °K; the dimen-
sions were obtained from the spreading of the maxima
of the diffraction from the plane (011), The instrumen-
tal line width was assumed to be the width of the maxi-
mum on the electron diffraction pattern of a film ob-
tained near room temperature and producing a nearly
point-like ring structure (crystallite dimension

> 100 &). With increasing condensation temperature,
the average dimension of the crystallites increases, as
is clearly seen from the table, which gives the data for
a series of films 500 A thick. In the case of prolonged
annealing at room temperature, the average crystallite
dimension turns out to be somewhat larger than after
heating (the increase reaches 50%) thus evidencing that
the recrystallization processes are not completed dur-
ing the period of film heating, and continue with ever
decreasing rate when the films are kept at room tem-
perature.

2. The electron-diffraction study has shown that as
a rule the films obtained in practically the entire in-
vestigated condensation-temperature interval reveal a
texture, namely, the crystallographic axis [100] is nor-
mal to the plane. The degree of perfection of the tex-
ture, characterized by the average deviation of the
[100] axis from normal, has a tendency to increase
with increasing condensation temperature (see the ta-
ble). In different series of samples, the average angle
of deflection of the texture axis from the normal fluc-
tuates in the range 5-30°; the degree of perfection of
the texture depends also on the condensation rate, the
disorientation of the texture axis increasing somewhat
with increasing condensation rate.

3. The change of the dimension of the crystallites
with condensation temperature corresponds to the tem-
perature dependence of the critical thickness Lg, cor-
responding to the appearance of the conductivity of the
film.™® The data for L¢ of tin films were obtained by
us by continuously recording the conductivity during the
course of condensation, and are listed in the table for
different substrates. The film thickness (and according-
ly the rate of condensation) were determined from the
thickness dependence of the optical density, plotted by
the method described in [°!, The growth of the critical
thickness with increasing condensation temperature is
due to the decrease of the surface concentration of the
nucleation centers, and this determines the increase of
the average dimension of the crystallites in the film at
a thickness close to critical. It is probable that this is
the cause of the change of the critical thickness with
changing type of substrate. We note that the average
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dimension of the crystallites was determined with the
aid of electron diffraction for films prepared on acetate
lacquer. The dimensions of the crystallites in films
prepared on other substrates can be qualitatively esti-
mated by taking into consideration the ratio of the criti-
cal thicknesses on these substrates to those on acetate
lacquer.

Thus, for films obtained at different temperatures,
the structural differences both before heating to room
temperature and after prolonged annealing remain the
same, in spite of the partial recrystallization processes
occurring during the heating and during the annealing.
The hindering of the recrystallization processes is at-
tributed by many authors to the influence of the oxygen
dissolved in the film.[2% 261 We note that the rate of oc-
currence of the recrystallization processes depends
also on the degree of the initial non-equilibrium state
of the film, and recrystallization should be deeper for
films obtained at large condensation rate (see, for ex-
ample, [¥ 1) The following results of electrical
measurements pertain mainly to films not subjected to
prolonged annealing.

4, The improvement of the perfection of the film
structure with increasing temperature of condensation
was confirmed by measurements of the film conductiv-
ity (Fig. 1). The quantity 6 = Rzgs /R4 2 increases with
increasing T, but this growth is not very noticeable for
films obtained in the temperature interval 80-220 °K (a
plateau is frequently observed in the 150-220 °K re-
gion), and is more considerable for films obtained at
temperatures above 220° K. The highest values of 6 (up
to 100) were obtained for large-thickness films
(2 3000 A) deposited at ~ 330°K. Further increase of
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FIG. 1. The ratio § = R,93/Ry4.2
of thin films vs. the condensation
temperature. The series of samples
1 and 2 were obtained on quartz,
the remainder on glass. Sample
thickness in the series: 1-150, 2—
3000, 3—1150, 4—300, 5—360,
6—1600A.
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the temperature of the substrate leads to a sharp change
in the structural characteristics of the films, this being
connected with changes in the condensation mechanism
at T} =~ 0.66Tg (Tg—melting temperature, and for tin
T ~ 340°K).t?"1 Values of the film resistance and of 6
deviating from the monotonic dependence were ob-
served by us not only for films obtained at a substrate
temperature T > T;, but in some cases also at T < Ty,
where T = 0.34Tg (for Ty ~ 170°K for tin). A num-
ber of papers(® 2°1 report observations indicating that
the structural characteristics and the structure-sensi-
tive properties of films change with changing condensa-
tion temperature near Tp,. All that can be deduced
from our observations is that in some cases, for films
obtained at T < Ty, the texture turned out to be much
more perfect than for films obtained at higher tempera-
tures. This agrees with observations by others.’}

We shall therefore discuss subsequently the possible
correlations between the critical temperature of tin
films and their structural characteristics mainly on the
basis of data for films produced in the interval Ty

< TL Ty

It should be noted that 6 is only a qualitative char-
acteristic of the degree of perfection of the film, and is
suitable only when films of equal thickness are com-
pared. That it is incorrect to use it for a comparison
of the properties of films of different thicknesses will
be demonstrated later.

Using electrical measurements, we estimated the
electron mean free path at 4.2°K in films obtained at
different temperatures using for this purpose the known
value of the quantity pl = 1.1 x107*! chm-cm?.t%!? The
table lists the values of i in tin films 500 A thick. The
mean free path exceeds in many cases the thickness of
the film, and in all cases exceeds the average dimen-
sion of the crystallites. Naturally, the estimate of i
from pl cannot claim to be highly accurate.

5. The critical temperature T, was determined by
us from the R(T) plot using the restoration of 1/10 of
the normal resistance.” For tin films, the tempera-
ture range of the transitions was on the average 0.02
(+£0.01)° K. It decreases somewhat with increasing con-
densation temperature and film thickness, and after
moving the edge away. The smallest transition interval
(~0.005°K) was observed by us for thick films with
remote edge, obtained at 250-340°K.

The use of the procedure of obtaining a series of
samples of identical thickness under equal conditions
and at different substrate temperatures has made it
possible to observe a regularity in the dependence of
Tc on the condensation temperature; this regularity
might have gone unobserved had the many-sample pro-
cedure been employed. Namely, a minimum of T,

(Fig. 2) is obtained for films of small thickness at a
substrate temperature 220-270°K. The critical tem-
perature for films obtained in the temperature interval

DWe note that the determination of T of films with a diffuse edge
from the R(T) plot at the point corresponding to Ry,/2, can result in
too high a value of T, since the removal of the edge makes the transi-
tion as a rule more abrupt, and what vanishes in the main is the “tail”
near the normal resistance, and not near the zero resistance; [3?] this
leads to a shift of the central point towards lower temperatures. We have
verified that at the chosen criterion R,/10, the shift of T following the
removal of the edge is not significant.
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FIG. 2. Dependence of T, of thin tin films on the condensation
temperature. Series of samples 1 and 2 were obtained on quartz, 3, 4,
5, and 7 on glass, 6 on acetate lacquer, and 8 and 9 on methylmetha-
crylate. Sample thickness in the series: 1—150; 2—3000, 3—750, 4—
330, 5—400, 6—1000, 7—-2400, 8—3000, 9—-1600 A.

80-220°K decreases monotonically from ~ 4.1 to

~ 3.8°K. In the region of the minimum and at higher
condensation temperatures, a scatter exceeding 0.1°K
is observed in the values of T, for different series of
samples. For the samples in each series, however, a
monotonic growth of the critical temperature is ob-
served for films obtained at condensation temperatures
above 270° K. For films of small thickness (L ~200-
400 A), this growth is appreciable, namely, an increase
of the condensation temperature by 10° increases T,
by 0.01-0.02°K. For large-thickness films (L > 20004)
obtained in the interval 200-350 °K, the growth of T, is
either insignificant or practically nonexistent.

Figure 2 shows also the data for the change of the
critical temperature with changing condensation tem-
perature of tin films deposited on methylmethacrylate.
Unlike quartz or glass, methylmethacrylate has a much
larger temperature coefficient of linear expansion than
metal, and consequently is compressed more strongly
than tin by cooling,t®7 As a result, the film is not un-
der tension, as on glass or quartz, but under compres-
sion. Figure 2 illustrates the influences of planar
stresses on the critical temperature of thin films. The
critical temperatures for tin films on methylmethacry-
late are lower than T, of bulk tin; however, the general
character of the dependence of T, on the condensation
conditions is the same as for films deposited on quartz
and glass. We note that as a result of the higher values
of the critical thickness on methylmethacrylate and on
glass, thicker films were correspondingly used for the
measurements of T.

6. We have determined, with the aid of the tunnel
procedure, the superconducting gap for several series
of films obtained at different substrate temperatures.
To this end, several Sn—I-Sn tunnel junctions were
produced with samples condensed on a plate with a
temperature gradient. The criterion for the value of
the gap was the inflection point on the current-voltage
characteristic, which was determined by plotting the
derivative dV/dI = f(V) with the aid of a modulation
procedure.’®? The position of the minimum on the de-
rivative was determined with accuracy not worse than
10 uV.
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FIG. 3. Dependence of the re-
sistivity at 4.2 °K (a) and at 293 °K
(b), of the critical temperature (c),
and of the energy gap (d) on the
condensation temperature of thin
tin films for two series of samples.
In series 1, the sample thickness is
1150 A and the substrate is glass;
in series 2 the sample thickness is
1700 A and the substrate is acetate
lacquer. T, for series 3 are given in
Fig. 2, curve 3.
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Figure 3d shows the data for the plot of the gap 2A0
against the condensation temperature for three series
of thin films, and also the corresponding critical tem-
peratures, determined for the same samples (curves 1
and 2 on Fig. 3c and curve 3 on Fig, 2). Unfortunately,
we were unable to produce high-grade tunnel junctions
with thin films obtained at 300 °K and above. Apparently,
tunnel junctions are not feasible technically with such
films, owing to the great friability of the structure (see
below). This has not enabled us to trace the variation
of the gap in the region where a growth of T, with in-
creasing condensation temperature is observed. On the
other hand, a monotonic decrease of the gap similar to
the decrease of T, is observed in the investigated in-
terval of condensation temperatures. The ratio 24,/kT.
remains, on the average, constant at 3.6, a value some-
what lower than that observed by others. ™ %1

Figures 3a and 3b show plots of the resistivities at
4.2 and 300°K against the condensation temperature for
the same two series of films as in Figs. 3c and 3d.

7. A study of the dependence of T¢ on the thickness
of thin films has shown that two cases are possible:

1) for films obtained at low temperatures there is no
dependence of T, or 0 on the film thickness (curves 3
on Figs, 4a and 4b); 2) for films obtained at tempera-
tures close to room temperature, a dependence of T
and 6 on the film thickness is observed, and with de-
creasing L the critical temperature increases while 6
decreases (curves 1 and 2 on Figs. 4a and 4b). In many
cases the T.(L) dependence can be approximated by

the formula AT./T;, = a +B/L", where T¢, = 3.72°K.
The coefficient o gives the temperature shift, relative
to T¢,, which the T¢(L) dependence approaches asymp-
totically with increasing L, and ranges from 0 to 0.02.
The exponent n assumes a value in the range 0.4-1.2.
Similar approximations are given in ['» !} where a
and n assume respectively the values 0.1 and 1,{'°? and
0.04 and 2.3.t '] Such differences between the data
given by different authors are due apparently to the dif-
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FIG. 4. Dependences of the critical temperature (a), of the ratio
8= Ry93/R4., (b) and of the resistance (c) on the thickness of thin tin
films. The series of samples 1 and 2 were obtained with the substrate
at room temperature, and series 3 at 80 °K. The straight lines 1, 2, and
3 on the right correspond to film resistances measured at room tem-
perature, while lines 1a, 2a, and 3a were obtained at 4.2 °K.

ferences in the technological methods used to obtain the
films and also to structural features of small-thickness
films close to the critical thickness; these features will
be elucidated below.

3. DISCUSSION

We observed the growth of T, of tin films with
changing condensation temperature in two cases: films
obtained at temperatures below 250°K, and thin films
obtained in the interval 250-350°K (the left and right
branches of Fig. 2, respectively); we have also ob-
served the growth of T with decreasing thickness in
films obtained at 300°K. It follows apparently from
these data that there is no single universal mechanism
causing the increase of T, in all the indicated cases.

1. In a number of recent papers®73°1 they suc-
ceeded in determining the main causes of the variation
of T¢ infilms with a nonequilibrium (‘‘disordered’?)
structure (for example in films deposited at low tem-
peratures or in films of alloys). These causes are the
change of the phonon spectrum and the change of the
density of state of the electrons on the Fermi surface.
Experimental investigations in which the character of
the phonon spectrum in non-equilibrium films was de-
termined with the aid of the tunnel techniquef°~%21 are
in good qualitative agreement with the theories that
take into account only changes in the density of state of
the phonons.!®? A more general approach was devel-
oped by Maksimov,*1 who took into account, in gen-
eral form, the change in the character of the electron-
ion interaction (the increase in the contribution of the
diffuse scattering of the electrons) with increasing dis-
order of the film structure.

The same causes apparently lead to an increase in
the value of T, as observed by us for films deposited
on cooled substrates. The final decision whether dis-
tinguishable changes are retained in the phonon spec-
trum in this case can be made only on the basis of di-
rect determinations of the phonon spectrum. We have
therefore noted only the correlations that follow direct-
ly from the data presented above.

According to £*°), a connection between the changes
of T¢ and the changes of the resistance of the metal at
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high temperatures should be observed in the case of
disordered superconductors:

AT, Ap Up

_Tco ~ a—p—ln T (1)

Such a correlation is observed qualitatively in all series
of samples obtained at temperatures much below room
temperature. Figures 3b and 3c permit a comparison of
the character of the variation of the resistivity of the
films, at room temperature, pag3, and at the critical
temperature T, with changing condensation tempera-
ture, for two series of samples. In each series the
films were strictly equal in thickness; small deviations
of the value of ps4.2 from the average curve are due to
deviations of the two other geometrical dimensions
(mainly the distance between the potential contacts),
which were allowed for in the calculation. To obtain the
curves for p,qs, the corrected value of p,,, were multi-
plied by 6 = Rao3/Ra.2, a quantity independent of the ge-
ometry, The experimentally determined values of p,g,
are distributed with a small scatter (up to about 8%)
about the curves shown in Figs. 3b, From a compari-
son of Figs. 3b and 3c it can be noted, for example, that
the series of films with a smaller dependence of p,y; On
the condensation temperature corresponds to a smaller
change of T.. The coefficient @ in (1) turned out to
equal ~1072 (at p, = 11.4 x107° ohm-cm, T¢, = 3.72°K,
and dp = 190°K).

We note that a similar comparison of the experimen-
tal data with relation (1) cannot be made in ordinary
experiments with nonequilibrium films, namely conden-
sation with the substrate at helium temperature and
successive stage by stage annealing at different tem-
peratures, since at high temperatures the resistivity of
the film in the initial state and in the intermediate
stages of the annealing remains unknown.

We shall attempt to show that any other approach to
the explanation of the growth of T of tin films with
decreasing condensation temperature is less realistic.
For example, we can propose the following model, which
takes into account the observed correlation between T
and the dimension of the crystallites in the film (see
Fig. 2 and the table): the crystallites have a perfect
structure, and the growth of the resistivity of the films,
obtained at temperatures below 250°K, and the decrease
of 6 are due to changes in the structure of the inter-
crystallite boundaries. If the structure of the bound-
aries is such that the electrons are reflected from
them, then to explain the growth of T, with decreasing
crystallite dimension it is possible to take into account
the investigations dealing with the possible changes of
the electron-phonon interaction constant near the bound-
aries under the influence of the oxide layer,[43 %4211 op
the boundary conditions of the propagation of the elec-
tron waves in small crystals!*7 or of the size effect
are taken into account.[*!?

According to %7, a growth of T due to size quanti-
zation should be observed at a crystallite dimension
smaller than the characteristic dimension D¢
= (AF £)Y® (Ap is the wavelength of the Fermi elec-
trons and £, is the coherence length). For tin, this di-
mension amounts to ~ 80 A (at Ap = 15 A1*" 1 and £,
=2300 A 1*81), thus exceeding the aforementioned mean
dimensions of the crystallites in the investigated films,

K. K. MAN’KOVSKII et al.

(In addition, according to '*?, an increase of the ratio
24, /kT¢ , which could not be traced by us, should have
been observed with increasing Tg.)

Better agreement is obtained by comparison with
Shapoval’s theory,!*? according to which the relative
increase of T at a crystallite dimension 200 A should
amount to 5 x 1072, There are no grounds in our case,
however, for assuming that the crystallites are com-
pletely isolated. Calculation shows that if the entire ad-
ditional resistance Ap =p —p, is attributed to the inter-
crystallite boundaries, assuming their thickness to be
6* =20 A, then the resistivity of these regions turns
out to be approximately p* = (D/6*)Ap = 10™* ohm-cm,
whereas the resistivity of tin oxide lies in the interval
(0.5-1) x 10* ohm-cm,**! and the corresponding value
for the most transparent Josephson tunnel junctions ex-
ceeds 10 ohm-cm. In connection with these estimates,
there is no need for discussing other models that take
into account the effect of the oxide layer on the inter-
crystallite boundaries. The intercrystallite boundaries
should be regarded as disordered-structure regions,
and one should assume that the effective reflection of
the electrons occurs only on the outer surfaces of the
film (we note that the aforementioned theory can be
easily applied to the explanation of the dependence of
T on the film thickness).

At the same time, the role of the crystallite dimen-
sion in the variation of T, can become manifest in the
following manner. It is easy to modify the Toxen mod-
el,’*7 in which account is taken of the influence of
stresses on T, by assuming that the dimension limit-
ing the length of the dislocations and determining their
mobility is not the film thickness but the crystallite di-
mension. Higher elastic stresses are then attained in a
finely-dispersed film under deformation than in a large-
crystal sample. However, if the proposed mechanism
were the only cause of the growth of T in films de-
posited at decreased temperatures, then the plots of T,
vs. condensation temperature (Fig. 2) for tin films on
methylmethacrylate and on glass would have mirror
symmetry with respect to T¢, = 3.72 °K, whereas in the
case of 2 mechanism that does not depend on the magni-
tude and sign of the stresses the configurations of the
plots should be similar but shifted along the tempera-
ture axis. On the other hand, the plots obtained for T,
of films deposited on methylmethacrylate (Fig. 2) ap-
parently represent an intermediate case, thus evidenc-
ing that whereas the proposed mechanism does make a
certain contribution to the observed plot of T, vs. the
condensation temperature, it is still not decisive.

2. The Toxen model with allowance for the results
of Blumberg and Seraphim!*°! for textured films can
apparently be used also to explain the growth of T,
with increasing condensation temperature in the region
of the right-hand branch on Fig. 2. It is shown in 101
that the influence of the thermal stresses is stronger in
the case when the tetragonal ¢ axis lies in the plane of
the film. This is due to the anisotropy of the elastic
constants of the crystal lattice of the tin, causing the
stresses g, produced upon deformation along the ¢
axis to exceed the stresses gg, and in addition, 3T /30,
which characterizes the sensitivity of T, to stresses,
is larger for the ¢ axis than for the a axis.'®°} It was
assumed in ™7 that the texture orientations in the tin
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FIG. S. Electron-microscope pho-
tographs of the structure of tin films
obtained at room temperature on the
substrate and having a thickness close
to critical L: a—L < L¢, b-L 2 L,
X25,000.

films are changed with changing condensation tempera-
ture. Our electron-diffraction data indicate that only
one orientation is produced in the entire investigated
condensation-temperature interval, but the degree of
perfection of the texture increases somewhat with in-
creasing condensation temperature, and this in princi-
ple might lead to a growth of T,. However, experi-
ments with films condensed on methylmethacrylate show
that the improvement of the texture is not the decisive
cause of the growth of T of films obtained above
250°K. Indeed, for films on methylmethacrylate, be-
sides the shift of the characteristic values of T to the
region of temperatures below 3.72 °K, there should be
observed a dependence opposite to that on glass and
quartz, i.e., T¢ should decrease with improvement of
the texture. The experimental data, however, indicate
that this does not take place (see Fig. 2).

The improvement of the film structure with increas-
ing condensation temperature contribute also to a better
manifestation of the quantum size effect,'®*? which for
very thin films might lead to a growth of T¢.[%? It has
been shown in [*"?, however, that the monotonic part of
the dependence of T on the thickness of the film is de-
termined not so much by the quantum size effect as by
the structural parameters of the film. This result gives
grounds for disregarding in this case the influence of
the quantum size effect.

3. At the same time, the causes leading to the
growth of T of thin films with increasing condensation
temperature above 250 °K, and the causes leading to the
growth of T, with decreasing thickness of films con-
densed at 300°K should be related. Indeed, attention
should be called to one circumstance that is common to
both cases, namely: both in the case of the growth of
the condensation temperature at constant thickness and
in the case of a decreasing film thickness at constant
condensation temperature, the samples prepared by us
approach the critical thickness. The structures of the
films obtained at room temperature and of films of
nearly critical thickness have singularities connected
with the kinetics of formation of the condensate. The
condensate goes in succession through the following
structural stages: individual particles (nuclei)—island
structure—formation of aggregates—labyrinth struc-
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ture—continuous film. The structure of the condensate
during the third and fourth stages is illustrated by
electron-microscope photographs (Fig. 5) of tin films

of nearly critical thickness. During the state of the lab-
yrinth structure, the film has a normal metallic conduc-
tivity, and it is interesting to note that the presence of
narrow channels between the aggregates does not affect
the conductivity noticeably. This can be attributed to
the fact that the electron mean free path is smaller than
the characteristic dimension of the aggregates, i.e., the
film resistance is determined by the scattering of the
electrons inside the aggregates, and not by scattering
from their contact boundaries. With further increase

of the thickness, the channels collapse (at L < 2L,),

and the surface of the film becomes smooth,

The existence of channels in films with a labyrinth
structure leads to an increase of the per-unit surface
of the film, and this can cause a growth of the critical
temperature. The channels cause the change of the size
of the surface per unit volume of the film with changing
thickness to noticeably overtake the corresponding
change for a smooth film: S/W =2/L. If there are fac-
tors causing the growth of T under the influence of
the contribution of the surface, such as the increased
electron-phonon interaction constants in the surface
layer* %7 etc.?’, then their effect in ‘‘labyrinth’’ films
turns out to be more significant.

Thus, in the case under consideration, the growth of
T, with decreasing film thickness is due to two simul-
taneous mechanisms—development of the labyrinth
structure and the factor 1/L., The observed growth of
T¢ for equal-thickness films obtained at different sub-
strate temperatures (right-hand branch in Fig.2) oc-
curs under the influence of the change in the labyrinth
structure only.

We note one more observation, which is in our opin-
ion of independent interest. For films of small thick-
ness, the growth of T, with increasing condensation
temperature is accompanied by the growth of the ratio
6 =Rzos /Ry (Figs. 1and 2), i.e., it accompanies the
improvement in the perfection of the film structure.
Yet for films condensed at room temperature, a growth
of T, with decreasing thickness corresponds to a de-
crease of 6 (Figs. 4a and 4b) This disparity has the
following simple explanation. Figure 4c shows, in log-
arithmic coordinates, the dependence of the film resis-
tance on the thickness at room and helium tempera-
tures. The series of samples 1 and 2 were obtained
with the substrate at room temperature, while series 3
was obtained at near-nitrogen temperature (the sam-
ples in the different series differed in their geometri-
cal dimensions, particularly in the width of the film, but
for this construction this circumstance is immaterial).
At room temperature, all the plots are straight lines

D Arguments favoring the probable increase of the electron-phonon
interaction constant near the surface were advanced in a number of
theoretical papers. Such causes may be surface superconductivity [4344]
or an additional mechanism of pairing of the electrons because of the
polarization of the oxide or the adsorbed layer on the surface [+*:%3],
the influence of the electric field of the oxide [5%], or else the disor-
dered structure of the near-surface layer. A direct experimental verifi-
cation of these models is difficult, although they have been used to ex-
plain the experimental results in a number of papers [*%1321],
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with slope —1. Consequently, at room temperature the
resistivity of tin films in the interval 350-5000 A does
not depend on the film thickness. In exactly the same
manner, at 4.2°K the resistivity of films obtained at
80°K does not depend on the thickness (curve 3a on
Fig. 4c) (i.e., the processes of electron scattering are
determined mainly by the defects within the volume of
the film. But for films obtained at room temperature
the plots of logR against logL at 4.2°K have a larger
slope (approximately —1.4), i.e., the resistivity in-
creases with decreasing thickness, which apparently is
a manifestation of the classical size effect.!®? This in-
deed is the reason for the ratio 6 = pzg3/ps.2 changes
with changing film thickness. The use of the very arbi-
trary quantity 6 = Rze3 /Ra.z to describe the degree of
equilibrium and the impurity of thin films of different
thicknesses is therefore obviously incorrect.

Thus, the causes of the variation of T of thin tin
films in the three cases under consideration (lowering
of the condensation temperature below 250°K, increase
of the condensation temperature above 250°K, and de-
crease of thickness) are different and are connected to
one degree or another with the structural characteris-
tics of the films. Non-equilibrium films are character-
ized by small crystallite dimensions and large disorien-
tation of the texture axis; films of thickness close to
critical have a ‘‘labyrinth’’ structure, etc. The struc-
ture characteristics of the films depends strongly on
the concrete conditions of their production, but knowl-
edge of these characteristics is very desirable, since
it is precisely these characteristics which determine,
in the case of disordered structures, the changes in the
electron and phonon spectra, and for the ‘“labyrinth’’
structure also the ratio of the film surface to its vol-
ume, etc. Since an exact quantitative description of the
structural characteristics of the films cannot always be
obtained, a discussion of the observed changes of the
superconducting properties of the films has frequently
only a qualitative character. This, unfortunately, could
likewise not be avoided in the present investigation.
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