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The results of the study of melting of Bi–Sn and Pb–Sn polycrystalline layered film systems with the thickness
of 200–400 nm on a substrate with temperature gradient are given. Multilayer (each layer is of 10–20 nm) and
bilayer films (layers are of 100–200 nm) of the same total thickness have been investigated. Broadening of the
melting range in all films and lowering of melting point in multilayer samples compared to the bilayer ones have
been observed. The observed phenomena are discussed within existing thermodynamic concepts in consideration
of interfacial energy of contacting layers of components and energy of grain boundaries in polycrystalline films.
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1. Introduction
The size effect of melting temperature was predicted
more than a hundred years ago on the basis of thermodynamic considerations and was experimentally confirmed
in the 50s of the last century. Since then, for many
substances, not only the size dependence of the melting point [1, 2] has been studied, but also a change in
the temperature of other phase transitions has been revealed, as well as many other size effects of solubility [3–
5], wetting [6], the diffusion coefficient [7, 8]. Currently,
the necessity for further miniaturization and increase of
the components efficiency of modern micro- and nanoelectronics leads to the fact that further study of lowdimensional systems is not only of a general scientific,
but also of great practical importance.
Thus, some studies offer to use arrays of isolated particles as components of biosensors [9] and photocatalytic
generators [10]. The silicon dioxide particles doped with
nanoparticles of gold, or semiconductors, have a broad
perspective of use in medicine and nanoelectronics, lightemitting diodes, quantum computers and solar cells,
biomarkers [11, 12]. The need for a detailed study of
size effects, especially concerning thermal stability of film
systems [13, 14] and the diffusion processes in them, is
also due to the extensive use in modern technologies of
a variety of functional layers that perform buffer, conductive or protective functions. Therefore, an important
issue is to reduce the minimum film thickness at which
they acquire the electrical continuity [15, 16]. The use
of surfactants makes it possible to provide conductivity
in the films with a thickness of several nanometres. At
the same time, it is for objects with such typical size
that manifestation of size effects can be expected, as it
is observed in practice [1, 2, 17].
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It should be noted that most of the results related to
the known size effects, refer to the individual objects
(particles, films) with nanometre typical size, which
became the subject of research. Recently, however,
the composite materials in which nanoparticles of
one material are in contact with the solid matrix of
another one, gain more significance. The presence of
nanosized inclusions allows to change the properties of
the original solid matrix [16, 18] to a larger extent and
in a controlled way. In [19, 20] the use of multilayer films
was proposed as a model of the “particle in the matrix”
objects. It was found that the phase transitions which
occur in nanoscale component, can cause a significant
change in electrical resistance of the entire composite
sample. This phenomenon [21] was used for the study
of supercooling during the crystallization of the liquid
phase of fusible component in multilayer films. As
a result of these studies, it has been found [20] that
due to the particular obtaining conditions, in some
composite systems, even for objects whose typical size is
106 nm, it is possible to obtain the values of supercooling
which exceed considerably those known for bulk samples.
It is reasonable to assume that the nanoscale nature
of inclusions or the structural units which constitute the
bulk object may also cause a manifestation of size effects,
which in this case will have some influence on the bulk
sample as a whole. In [22] it has been found that the
polycrystalline films are melted in a certain temperature
range. The melting point broadening in nanosystems was
also observed in [16], where it was explained by the variety of particle sizes in the sample. A similar effect for
composite materials in which particles of In–Ga eutectic alloy have been embedded into the solid nanoporous
matrix by the acoustic method, was observed in [23]. Further analysis of a number of works leads to the conclusion
that the size effects which occur in composite materials,
may differ to a large extent from those that are characteristic of free particles. For example, in [23, 24] it is shown
that the presence of a solid matrix may lead to the sta-
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bilization of the crystal modifications that are unstable
in the bulk state. In Ref. [25] it is found out that unlike
free particles [26–28], nanoparticles which are embedded
in a solid matrix have the supercooling value that may
decrease while they decreasing in size. Many researchers
point out to the overheating phenomenon [29, 30], which
is usually due to the influence of excess pressure that is
caused by the presence of the solid matrix.
Size effects associated with the small size of the constituent elements of a massive object, can significantly
affect the performance properties of various composite
products. This work is devoted to the study of the melting of binary multilayer film systems, which are a convenient model of nanocomposite structures.
2. Experimental
As the study objects there have been selected the films
of Bi–Sn and Pb–Sn contact pairs with a total thickness
of the 360 and 200 nm, respectively. Samples are obtained by successive condensation of fusible metals in a
vacuum of 10−7 mm Hg on an extended polished steel
substrate of 170×60×4 mm3 size. The sketch of the mutual arrangement of the substrate and evaporators in a
vacuum chamber is shown in Fig. 1.
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substrate. Carbon films are poorly wetted by melts of
the selected contact pairs that allows to a certain extent to regard the studied films as the free ones. Since
the absolute value of the expected inner size effect is assumed to be small, a differential method was used, which
consists in the following. In a single vacuum cycle, i.e.
under completely identical conditions, on the two halves
of a single substrate with the help of a special mobile
shield two layered systems were formed: multilayer samples which consist of alternating layers of the components
of the studied binary pairs (10 layers of each component),
and bilayer films of the same total thickness used as test
samples and the behaviour of which should be close to
the behaviour of bulk objects.
After condensation completed with the help of the
heating unit attached to one edge (heater on the left
in Fig. 1) of the substrate and with the forced cooling
of the substrate opposite edge (cooler on the right in
Fig. 1), temperature gradient was created along it, which
is determined according to the data of four K-type thermocouples that are welded to the back side of the substrate. A massive copper block cooled by running water
at room temperature was used as a cooler. The measurement error of the sample temperature is about 5 K,
but the use of a differential technique allows us to record
temperature changes with an accuracy of not worse than
0.1 K. After establishing a stationary temperature gradient films were maintained in the heated state for 20 min,
then they were cooled to room temperature, taken from
the vacuum chamber and studied with a JEOL JSM-840
scanning electron microscope (SEM).
3. Results and discussion

Fig. 1. Sketch of the preparation of two- and multilayer films in a single experiment.

Two series of samples were obtained: multilayer films
in which 10 layers of metals alternated between each
other and the test two-layer films of the same total thickness. The thickness of the layers in Bi–Sn multilayer
films was 13 nm (Bi) and 23 nm (Sn), and the Pb–
Sn films consisted of layers 10 nm in thickness. The
layers in the test samples were 10 times thicker than
in the multilayer films.
Pb, Bi, and Sn metals with 99.99% purity evaporated
from separate sources, which were molybdenum (Pb, Bi)
and tantalum (Sn) boats. The metal films were deposited
at a rate of 0.5–1 nm/s on a substrate at room temperature. The film thicknesses were determined in the course
of their preparation by a quartz resonator. Before the
condensation of the samples took place an amorphous
carbon layer of about 20 nm thick was deposited on the

Figure 2 shows photographic images of substrates with
Bi–Sn and Pb–Sn films after their heating in a vacuum
chamber on a substrate with a temperature gradient.
One can see that, as in other systems that were obtained
using similar methods [6, 31], in the bilayer and multilayer films two regions of different light scattering are
detected. According to many studies [13, 22] the apparent boundary of sharp change of light scattering in the
films which are located on the substrate with a temperature gradient, normally corresponds to the melting of
the sample. It is proved by the results of electron microscopic studies. Thus, separate particles in the form
of a spherical segment are observed in the films above
the given boundary (in the temperatures) (Fig. 3b). According to [26–28], metal films melted on a poorly wettable substrate are characterized by such a morphology
of the samples. The films remain continuous polycrystalline (Fig. 4) below the boundary, visually observed
in Fig. 2. It indicates that they remained solid during
heating. If the substrate temperature is lower than the
boundary temperature, the film is continuous, and if it
is higher the film consists of individual particles of regular spherical shape. The visualization of the boundary
between a molten and a continuous film is due to the
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different nature of the light reflection from the film areas
with different morphological structure [14]. After melting the film becomes island and diffusively scatters light,
while the continuous film reflects light almost specularly.

Fig. 2. Photos of the substrates with bi- and multilayer
Bi–Sn (a) and Pb–Sn (b) films.

At the same time it should be noted that the indicated boundaries between the film areas in which they
remained crystalline, and those in which their melting
occurred, have a finite width, which is especially noticeable in multilayer films. They begin the formation of the
transition zone at the temperatures which are lower than
in test samples. However, the end temperature of the
transition zone is the same for multilayer as well as for
bilayer films. Thus its width in multilayer Bi–Sn samples
is 2 K and in Pb–Sn is 4.5 K. In test samples the transition zone also has a finite width, which is equal to 0.4 K
for Pb–Sn system and in Bi–Sn films it is 0.9 K.
According to the electron microscopy studies in the
area that separates completely melted and crystalline
film areas there are simultaneously solid and liquid
phases in multilayer samples during the heating process.
The presence of spherical particles whose shape clearly
indicates that they were in a liquid state confirms partial melting of the film. The crystalline phase, which has
not been melted, is represented in the area by shapeless
structures with a flat surface (Fig. 3a). At the same time,
bilayer film morphology confirms that they remained in
the crystalline state at a temperature corresponding to
the transition zone of multilayer films. Along with pores
that are typical for thin film samples near the melting
point [13], they have crystalline segregations, which, apparently, is an eutectic that is formed by solid-state diffusion (Fig. 4b).
Thus, electron-microscopic studies confirm that the
melting of multilayer films with layers of nanoscale thickness takes place in a certain temperature range and starts
earlier than in the bulk.

Fig. 3. SEM image of a bilayer (a) and a multilayer
(b) Pb–Sn film that correspond to heating temperature
of 187 ◦C.

Fig. 4.

As in Fig. 3, but for the temperature of 158 ◦C.
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It should be noted that the size effect of the melting
point [1, 2], consisting in reducing the phase transition
temperature while reducing the film thickness will result
in about the same crystal-melt transition boundary shift
in bilayer and multilayer films. Therefore, this shift cannot be observed by the differential method. Lowering of
the melting point of films of the substances under study
with the thickness of more than 100 nm is less than 0.1 K,
that is much smaller than the measurement error of the
absolute temperature value provided by a thermocouple.
In the frame of the existing thermodynamic concepts,
decrease in onset melting temperature of multilayer films
compared to test samples may be due to the presence of
additional energy of the interfaces in Bi–Sn and Pb–Sn
films. According to [2] for a multilayer system which is
composed of alternating layers of A and B components,
for the relative lowering of the melting point ∆T /Ts the
following expression can be presented:
σA + σB + σAB (n − 1) − 2σ`
∆T
,
≈
n
TS
2 (dA + dB ) λ
where σA , σB , σAB are the surface energies of free surfaces of A and B components and their boundaries, respectively, and σ` is the surface energy of the liquid phase
based on A and B components taking into account their
concentration, n is the total number of layers of A and
B components with dA and dB , thicknesses, λ is heat of
fusion per unit volume.
This expression can be presented as
2 (1 − 1/n) σAB
∆T
σA + σB − 2σ`
+
.
= n
(d
+
d
)
λ
TS
(dA + dB ) λ
A
B
2
Estimates show that when n is large the first term in this
expression can be neglected; similarly the value 1/n can
be ignored in comparison with unity in the second term.
Then to lower the eutectic melting point in the layered
film system . . . A/B/A/B . . . due to the effect of interfacial energy for the A/B interface we obtain
∆T
2σAB
.
≈
TS
(dA + dB ) λ
Thus
σAB ≈

1
∆T
(dA + dB )λ
.
2
TS

Using the values of the latent heat of fusion [32] from this
expression we find out that for the multilayer films the
interfacial energy of the interface layers of tin–bismuth
is equal to 33 mJ m−2 , and of those tin–lead is equal to
45 mJ m−2 . The value of σ for Sn–Pb films is close to
the energy of the solid–liquid boundary given in [33, 34].
Overall, the obtained values of the interfacial energies are
of typical values for the contact pairs of fusible metals [35]
and are reasonable. It should be noted that the triple
point model used to calculate is based on the assumption of form stability during melting. Actually there is a
decay of the continuous film, the formation of the array
of individual particles and the substrate surface release.
These processes are also associated with some changes
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of the surface energies, that are not taken into account
by the model. Therefore, the obtained values should be
better regarded as estimated.
Certain broadening of the boundary of crystal–melt
transition in bilayer films can be explained as follows. In
accordance with the electron microscopy studies (Fig. 4)
Pb–Sn test samples at a temperature of 158 ◦C are polycrystalline and consist of crystallites with a mean size of
300 nm. According to [22] the presence of crystallites
of different sizes in the single-component polycrystalline
films results in the fact that melting of the sample will
occur in a certain temperature range, the value of which
is determined by the distribution of crystal grains according to the size and it increases with the reduction of the
average grain size.
Probably, this phenomenon could also explain the
broadening of the melting range in the studied bilayer
films. As the electron microscopy studies show, the mean
crystallite area in bilayer Pb–Sn films is about 0.1 µm2 ,
and the length of their boundaries is 1.5 µm. In accordance with the data of [22] it seems to be sufficient
for the manifestation of the inner size effect. However,
carrying out of numerical estimates in the studied systems is difficult. The calculation is considerably complicated by the fact that in the multilayer polycrystalline
films, there are different types of boundaries (interfacial
and grain boundaries), each of which contributes to the
broadening of the melting range. Furthermore, boundary
identification and determination of their mutual arrangement, in particular for the lower layer, using a SEM is
not possible.
It should be noted that in [22] it was found out that
the crystallite size in the lead films which were obtained
by condensation of substances on the substrate at room
temperature must be 10–15 µm. Significantly smaller
size of the crystallites in the studied bilayer films with
a component eutectic concentration, probably is due to
the formation of eutectic structures in them, which is
known to be characterized by the highly dispersed structure. This fact can be used to explain the mechanism
of eutectic line imaging in the method of the samples of
variable content and variable state [2].
The morphology of the crystalline regions of bilayer
and multilayer films, which are close to the melting
temperature is significantly different (Fig. 4). Thus, in
the multilayer films the surface of many crystallites are
rounded, and their area increases by about 15 times compared to the crystallite area of the test films. In this case
it is reasonable to assume that immediately after condensing the crystallite size of the multilayer film does not
exceed the size of crystallites in test samples. However,
during the heating and annealing of samples one should
observe the recrystallization which leads to an increase in
the crystallite size. If the films are under the same thermal effect, the final crystallite size is determined by the
diffusion coefficient that characterizes the system under
study. Thus, the increase of the crystallite size in multilayer films, compared with the bilayer films, allows con-

1190

S.V. Dukarov, S.I. Petrushenko, V.N. Sukhov, I.G. Churilov, A.L. Samsonik, O.I. Skryl

firming that the average diffusion coefficient in layered
film systems with the layer thickness of 10 nm increases
at least an order of magnitude compared with test samples. It should be noted that the increase in the diffusion
coefficient in the low-dimensional systems was also observed in other studies [7, 8], and is usually explained by
the increasing contribution of the boundaries that usually have a lot of vacancies, which greatly facilitates the
diffusion processes at interfaces.
4. Conclusions
The presented experimental results show that in both
bilayer and multilayer Bi–Sn and Pb–Sn films with a total
thickness of 360 and 200 nm respectively, a broadening of
the melting range is observed, the value of which is significantly greater in multilayer samples than in bilayer
samples. In accordance with the current thermodynamic
concepts about changing of the nano objects melting temperature, broadening of the melting temperature range in
multilayer films is determined by the total thickness of
the two contacting thin layers which constitute the layered film system, and of the interfacial energy of their
borders. The main contribution to the broadening of
the melting border in bilayer samples, is probably due to
their polycrystalline structure.
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