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The results of research devoted to formation of ordered arrays of particles
during melting process of tin films on amorphous carbon substrate are given
in the present work. Using scanning electron microscopy the histograms of
particle size distribution are constructed for films of different mass thick-
ness. The size dependences of the most probable radius of particles, which are
formed during the melting process, and the half-width values of the corre-
sponding histograms are obtained as well. The excess energy, which provides
a decomposition of the initially continuous film into separate islands, is es-
timated and its size dependence is built. As shown, the melting process of
films, which are condensed in island structures, provides larger filling coef-
ficients in comparison with the melting process of initially continuous films.

Key words: annealing of films, thermal decomposition, histogram and half-
width of distribution, excess energy.

B poboTi npexacrasieHo pe3yabTaTH AOCIiMKeHb IIPoIleciB ()OpMyBaHHS BIO-
PAAKOBAHMX MAaCHUBIB YaCTMHOK IIPU IIJIaBJEeHHI IUIIBOK oJ0Ba Ha aMopdHii
ByrJeneBint migkaanmni. [isa miriBok pisHOI MacoBOl TOBIIWHM 3a JOIIOMOTOIO
PacTPOBUX €JIeKTPOHHO-MiKPOCKOIIIYHUX AOCJIiIKeHb 00y I0BaHO ricTtorpamMmu
Po3MmoAisly YacTUHOK 3a poaMipamu. OTpuMaHO PO3MipHI 3aIeKHOCTI Ham-
6iJbII TMOBiIpHOTO pajiyca YaCTHUHOK, IO YTBOPIOIOTHCA IIPU ILJIABJIEHHI, i Imi-
BIIMPUHU BiamoBigumx ricrorpam. OljiHeHO HAAJUINKOBY €Hepriio, 110 3a6e3-
Imeuye posiaj IepPBiCHO CYIiIBHOI ILIiBKK Ha OKpeMi ocTpiBIli, i mobymoBano ii
po3mipuy 3anexuicTh. IlokazaHo, IO MJIABJIEHHS IJIiBOK, KOHIEHCOBAHUX B
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OCTPiBIIEBi CTPYKTYpU, 3abeaneuye 6ibIli KoedillieHTH 3aIIOBHEHHS B IIOPiB-
HAHHI 3 IIJIaBJIEHHAM CYIIiJIbHUX IJIiBOK.

KarouoBi ciroBa: BiAmas mIiBOK, TepMiuHe AUCIIEPTyBaHHA, TicTOTpaMa Ta Ha-
OiBIIUPUHA POSIOALIY, HAAJUIITKOBA €HEPTid.

B paboTe mpeacraBieHB Pe3YJIbTAThl MCCJIEJOBAHUSA IIPOIECCOB (DOPMUPOBA-
HUA YOOPAJOUYEHHBIX MACCHBOB UYACTHUIl IPHW IJIABJEHWM ILJIEHOK O0Ji0OBA Ha
aMOp(HOM yraepoaHON moAJoKKe. [l MIEHOK pasjIMYHOA MacCCOBOM TOJIIIH-
HBI IPU OMOIIM PACTPOBBIX 3JIEKTPOHHO-MUKPOCKOMMYECKUX MCCIEeTOBAHUMA
IIOCTPOEHBI THCTOTPAMMBI pacIpelesieHus YacTUIl 10 padmepaM. IlosryueHbl
pasMepHble 3aBUCHMOCTH HauboJiee BEPOSTHOTO Pagmyca dacTUIl, 00pasyio-
IuXCcAd IIPpU IJIaBJIEHWM, KW IIOJYIIMPHMHBI COOTBETCTBYIOIIIMX TI'HCTOIrpaMM.
Omenena wu30LITOUHAS OHEPTruUs, obOecmeuwBaloONiasd pacmajn W3HAYAIBHO
CILJIOIITHOM IIJIEHKU Ha OTJAEeJbHbIE OCTPOBKH, W IIOCTPOEHA €€ padMepHasa 3aBU-
cuMmocTh. ITokasaHo, UTO IJIaBeHUEe IIJIEHOK, KOHIeHCUPOBAHHBIX B OCTPOBKO-
Bble CTPYKTYpPbI, obecrmeumBaeT 0oJbIue KO3(MMOUIIMEHTHI 3aIlOJHEHUS II0
CPaBHEHMUIO C IIJIaBJIEHHEM M3HaYaJIbHO CIIJIOIITHBIX IJIEHOK.

KaroueBsle cjioBa: OTIKUT IJIEHOK, TEDMUUYECKUI paclan, FUCTOrpaMMa U IIo-
JIYIMINPUHA PacIpeieieHn A, U30bITOUHAA Y9HEePrUs.

(Received April 3,2018)

1.INTRODUCTION

It is well known that the structure of thin films determines many tech-
nologically important properties of such systems [1-3]. In such a way,
knowledge of the objective laws of the evolution of thin-film struc-
tures under the temperature impact is important for solving both gen-
eral scientific and application tasks [4—6]. That is why the study of
thermal dispersion of films makes it possible to obtain the unique in-
formation about the energy balance of low-dimensional structures.
This is due to the fact that the driving force of film’s decomposition is
usually presented by the excess energy of the initially continuous film,
which is connected with mechanical stresses and a branched chain of
grain boundaries. On the other hand, the processes of dispersion of ini-
tially continuous films are of independent applied interest. Due to such
processes, it is possible to form ordered arrays of particles, which in
their turn have a wide potential for the practical use. Such structures
are considered as active elements of photocatalytic generators, various
sensors, light-emitting devices, elements of constant and operative
memory, etc. [1, 7-9].

Vacuum methods of obtaining highly disperse arrays have a number
of advantages of chemical technologies [10—12] which are widely used
now. Thus, the condensation of samples and their dispersion under
high vacuum conditions makes it almost completely possible to dispose
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of uncontrolled impurities that have a primary influence on structures
with a high surface fraction. In addition, a possibility to separate
physically the particles on a substrate, allows potentially to working
out nanoarrays which do not require a stabilizer to prevent the coales-
cence of structures that are obtained by chemical methods [13—15].

The majority of practical applications, which are focused on using
the arrays of nanoparticles, require the creation of structures with the
narrowest possible size distribution. At the same time, in many cases,
the particle size distribution in films, which were subjected to the
thermal dispersion is broad and contains more than one maximum.
Thus, for example, as it was determined in the work [16], the thermal
annealing of palladium and platinum films on the oxide materials (at
the temperature below the melting point) leads to decomposition of ini-
tially continuous films into separate islands.

An increase in both temperature and annealing time leads to an in-
tensification of the dispersion processes, a decrease of the coverage of
the substrate by the film and a change in the shape of particles, which
become more rounded. The similar results were obtained in works [17,
18], in which authors explored the dispersion of single-component
copper films and the decomposition of copper films stimulated by a
small amount of liquid Pb. According to [18, 19] during the annealing
of films of fusible metals near the melting temperature for a few min-
utes after heating, partial dispersion of films and the appearance of
structures, which consist from irregularly shaped islands, occurs.

We note that particles of almost spherical shape arise in a regular
manner during the melting process of films on poorly wetted surfaces.
In this way, the results of works [20—22] indicate that during the melt-
ing process of films of fusible metals on oxide or amorphous carbon
substrates, the formation of particles of practically spherical shape
happens. The average size of such particles is primarily determined by
the thickness of the original film.

The given work is devoted to study of morphology of island struc-
tures, which are formed during the melting process of continuous tin
films on amorphous carbon substrate.

2. EXPERIMENTAL

Samples for the study were condensed in a vacuum of 10 Torr pro-
duced by oil-free pumping means. Tin was deposited from wolfram
boats heated by direct passing of electric current, and the carbon con-
densed from a voltaic arc ignited between two graphite rods. Samples
were deposited on fresh cleavages of KCl single crystals, which were
fixed in a substrate holder—a copper massive heating block.
Structurally, the heating block was made in the form of a rectangu-
lar parallelepiped with dimensions of 150x30x10 mm?, along the long
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side of which a number of single crystal substrates were placed. The
block was heated by a built-in resistive tungsten heater, and its tem-
perature was controlled by three chromel-alumel thermocouples. The
carbon evaporator was located at the centre of the heating block at a
great distance from it. At the same time, the tin evaporator was in-
stalled asymmetrically (under one of the corners of the heating block).
It means that substrates were located at different distances from the
tin evaporator and practically at the same distance from the carbon
evaporator. This geometry of the experiment made it possible to obtain
a set of samples with different mass thickness of tin on amorphous car-
bon films of approximately the same thickness.

The thicknesses of condensed layers were estimated by frequency
deviation of the quartz resonator in compliance with the geometrical
arrangement of evaporators and substrate. To specify the mass thick-
ness of the tin film, the results of the analysis of size island distribu-
tions were used.

Two series of samples were prepared. In the first of them, after the
condensation (performed on a substrate at room temperature) was
completed, the films were heated to temperature of 250°C, which pro-
vides the melting of the tin. At this temperature, the samples were
within for 5 minutes. The samples of the second series were formed by
the vapour-liquid mechanism, i.e., immediately precipitated on a sub-
strate at a temperature of 250°C. After the conclusion of the experi-
ment, the films were cooled to room temperature, then taken from the
vacuum chamber and examined in a raster scanning electron micro-
scope Tescan Vega 3 LMH. To provide an effective charge drain, the
films were covered with a layer of chromium. The analysis of the ob-
tained images was carried out with to use of original programming
software.

In the process of electron-microscopic studies, both images of the
plane of the substrate and in its cross sections (cleavages) were taken.
The first ones were used to build histograms of the size island distribu-
tion, and the second part of them was used to determine the contact
angle 0. For measuring 0, the cleavage method was used [23], which
consists briefly in the following. The crystal with the film was splitina
direction, which was perpendicular to surface of the sample. Further,
its edge was examined with the help of electron microscope. The ob-
tained photographs show the profile of drops, which were formed dur-
ing the melting process (Fig. 1). Up to sizes about 100 um, the gravity
force influence is negligible and drops on unwettable substrate as a re-
sult of the action of surface forces have the form of a spherical seg-
ment. Such a shape is preserved to a high precision even during crys-
tallization [23]. The drop profile research allows independently deter-
mining the geometric parameters of a spherical segment: the radius of
curvature of the free surface of the drop R, the diameter of its base
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d=2r, and the height H. Any pair of these values determines the con-
tact angle of wetting in accordance with the following relationships:

0, =2 arctgz—H , 0, =arccos (1 - Ej ,
d R

arcsini, 0 < 90°, 1)
0. = 2R
5 d
180° — arcsin—, 6 > 90°.
2R

In practice, the values of 0,, 6, and 0; are somewhat different and
therefore an average value was used to improve the accuracy of the an-
gle determination. The spread in values 0,, 0, and 0, around the average
value is usually 2—-3° and characterizes the accuracy of the measure-
ments.

3. RESULTS AND DISCUSSION

According to electron microscopy studies, like for other similar sys-
tems [20—22], the samples after the melting process consist of particles
of spherical form. Their size depends on the mass thickness of the tin
film. The micrographs of island structures obtained as a result of the
melting of tin films of different thickness on a carbon substrate are
shown in Fig. 2.

Figure 3 shows the dependence of the coverage of substrate by the
film (k) on its thickness, which was built for the samples that were sub-
jected to the melting process. For the decaying film, a respectively
small coverage of the substrate is typical. It is practically constant in
the wide range of thicknesses. Thus, for films, that have the thickness

MEEIWA'MAG: 9.44 kx |Date{m/dly): 11rzzii'"r" Performance in nanospace

Fig. 1. SEM image of the Sn/C/KCl sample, illustrating the measurement of
the contact angles by the cleavage method.
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more than 500 nm, k& is 0.13-0.15 and very slightly increases with
thickness. However, with a decrease of thickness, quite a rapid in-
crease in the growth of the coverage is observed.

To analyse the obtained results, it is necessary for us to consider the
energy balance of the process of partitioning plane-parallel film into
separate islands. A liquid continuous film on unwettable substrate is
unstable and it is energetically advantageous for it to form a structure
with a smaller surface.

Let us consider a section of a liquid plane-parallel film with thick-
ness t and area S, which gathers into a single island of equilibrium
shape. Such shape will have a drop in the form of a spherical segment
with a curvature radius of the surface R by a contact angle 6. A dia-
gram showing the initial and final state of the melting film is shown in
Fig. 4.

Fig. 2. SEM images of Sn/C films after the melting. The mass thickness of the
tin layer: a—1000 nm, b—420 nm, ¢c—275 nm, d— 70 nm.
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Fig. 3. Dependence of the coverage from the thickness for molten Sn/C films.

The value of the contact angle 6 depends on the degree of interaction
of the fusion with the substrate and represents itself an individual
characteristic of this contact pair. For big drops (R > 50 nm), the con-
tact angle does not depend on the size [23]. The droplet radius can be
determined from the condition of volume conservation:

18 = %nR3CI>(9), @)

where ®(0) is a geometrical factor that determines the volume of the
spherical segment with the angle 0 at the base.
The surface energy of a given section of the original film is the next:

E, = So, + So,,, (3)
where o, is the surface energy of the free surface of the film (in this
case, the liquid fusion) and o,, is the interfacial energy of the film—

substrate interface.
When an island is formed, the area of the free liquid and interfacial

Q\ S

a

Fig. 4. The shape changing of a film part during the melting process.
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surface changes as well as a part of the substrate surface gets free. The
surface energy of the final state of the considered section can be writ-
ten in the following way:

E=8S0,+8S,0, +(S-S,)o,, 4)

where S, is the area of the free surface of a drop, and S,, is the area of
the interfacial surface of a drop-substrate

S, = 2nR’(1-cos0), S

. = nR”sin’ 0. (5)
The energy gain (normalized per unit area) due to island’s formation
is follows:
-E S, S
f= OS =06,+0, -0, — é (Glu—cu)—glcl. (6)
Taking into account Young’s formula cosb = (¢, — 6,,)/c, and the ex-
pressions for surface areas bounding a drop (5), a relation (6) can be
transformed to following form:

2
f_c{l—cosewtn(mﬂ, (M

where n=3S,,/S is the relative fraction of the interfacial surface. In
real conditions, the film is divided into parts of different areas. Re-
spectively, after the melting process, it will consist of particles of dif-
ferent sizes, which represent themselves the similar spherical seg-
ments with the same contact angle. The value of n in the case of wet-
ting (0 < 90°) is equal to filling coefficient k&, and for 6 > 90° is con-
nected with it by an obvious relation n = ksin?®0.

It should be noted, that an expression, which is analogical to (7), was
obtained in [24] for describing the process of thermal dispersion of a
film that occurs without its melting, i.e., in the solid phase. The value
of fin this case was interpreted as an additional energy of the polycrys-
talline film, which is concentrated in the structural imperfections, in
particular, in grain boundaries.

In the given research, the film dewetting occurs in the result of its
melting, wherein, obviously, all the defects of the crystal structure,
including the grain boundaries, disappear. However, the presence of a
defective polycrystalline structure in as-deposited films should lead to
appearance of an inner size effect [21, 22], which consists in a local de-
crease of the melting temperature. In addition, the non-equilibrium
nature of condensates should affect the particularities of their solid-
phase decomposition [20], which is unavoidable as the result of the
heating process to pre-melting temperatures. Thus, in spite of the fact
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that the dispersion of the films under study is carried out mainly after
their melting, the presence of various defects in the initial continuous
film has a certain effect on its liquid-phase decomposition.

During the decomposition process into separate islands of already
liquid film, the value of f shows the energy gain in this process and
characterizes its efficiency in a certain sense. Further, as in the works
[25, 26] for f, we will use the term ‘excess energy’. The limit value f,
corresponds to situation when a film from an infinite area will be gath-
ered into the one drop and determines as asymptote f.=0, + ¢, —
—0,=0/1 — cosB). This state is unobtainable in view of kinetic factors.
However, the approach to this limit indicates the existence of effective
mechanisms for mass transferring.

Probably, the predominant mechanism of this process is the liquid
flow. At the same time, a liquid-phase mass transfer, carried out on
unwettable substrate, is practically unavailable to provide the merge
of previously formed disparate drops. Therefore, it can be expected,
that for thicker films, which keep entirety to higher temperatures,
such a process will be more effective. At the same time, for thin films
that segregate into separate islands diffusively even before melting
[17], a liquid-phase mass transfer will not have the decisive impor-
tance.

An equation (7) in the case of unwetting can be represented in a sim-
pler form:

f= o1 - cosd — 4kDd(0)). (8)

The average value of the contact angle in the studied films, which
was obtained as a result of the measurements of a large number of par-
ticles of different sizes, was 135°. This indicates a poor wetting in the
examined contact pair and allows us to conclude, that films under
study were in a state close to free.

The size dependence of the excess energy, which is obtained in virtue
of the expression (7), is shown in Fig. 5.

As one can see, in a considerable interval of thicknesses, the excess
energy f retains practically a constant value. With a decrease in the
mass thickness of the film, starting at about 300 nm, a decrease of f is
observed up to 0. This means a change in the mechanism of the film’s
decomposition. For the thinnest samples, even a sign change occurs,
which is physically impossible within the framework of the model un-
der consideration. An obvious explanation of this phenomenon lies in
the fact that films of such thicknesses break up into separate islands
long before melting or even take the form of islands immediately after
the deposition. This was successfully proved by SEM studies. There-
fore, another value of E is peculiar to such films and application of the
relation (7) to them is irregular. The non-continuity of the film in the
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Fig. 5. Dependence of the excess energy of Sn/C films on the mass thickness of
the tin film; dashed line corresponds to limit value of the excess energy f..

initial state or that one, which appeared during the heating even before
melting, is the reason of the depression of f with decreasing of the mass
thickness.

Along with sufficiently thin molten films, the high factors of cover-
age are peculiar to Sn/C films, which were obtained due to condensa-
tion mechanism of liquid vapour (Fig. 6). For such samples, regardless
of their thickness, the use of the formula (9) leads to a negative value
of the excess energy. In contrast to the films, which are condensed in a
solid phase, such samples are already of island structure as a result of

a b

Fig. 6. SEM images of Sn/C films obtained as a result of tin condensation into
liquid phase.
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the preparation process. This leads to the fact, that they do not contain
defects, which are typical for polycrystalline films and, therefore, are
placed closer to equilibrium state. In addition, the mechanisms of lig-
uid-phase mass transfer, which provide the formation of large parti-
cles during the decomposition of continuous films, are ineffective for
island structures.

At the same time, as it follows from the results of the Refs. [17, 21,
27], the intensity of the continuous film decomposition into individual
islands increases with the decrease of its thickness. Thus, a rapid in-
crease in the filling coefficient for sufficiently thin samples can be ex-
plained by the fact, that the films with the thickness of more than
400 nm preserve the continuity practically up to melting temperature,
at which their decomposition is carried out in the way of the liquid-
phase mass transfer. At the same time, the thinner samples to the mo-
ment of the formation of the liquid phase already have managed to
break into separate islands, which are freer from the excess stresses in
comparison with solid films. Gradually, with an increase of the disper-
sion degree, the proportion of the excess energy, which is contained in
the island, decreases, and for films with a thickness of less than 40 nm,
each of the islands of the crystalline film generates, probably, a sepa-
rate spherical particle.

The planar images, which are presented in Fig. 2, allowed us to con-
struct the histograms of particle size distribution (Fig. 7). Such histo-

Fig. 7. Histograms of particle size distribution in Sn/C films after the melting
process.



456 S.V.DUKAROV, S.I. PETRUSHENKO, V.M. SUKHOV, and I. G. CHURILOV

grams are of great importance for the technological aspects of using
the formed disperse systems. In Figure 7 the value of W, determined
on the vertical axis, is defined by the following relation

3
w_ 4 TNR)R
3 AAR

where N(R) is the number of particles, the radius of which falls into
selected step of constructing the histogram AR, A is the area of the im-
age, from which the histogram calculation was carried out. The choice
of such histogram normalization [28] allows us to display the islands
distribution by the volume, which, actually, makes sense for different
technological applications.

It can be seen from the Fig. 7, that the particle size distributions on
which the films of the studied thicknesses decay, contain one maxi-
mum. The thinner films are characterized by narrow diagram with a
maximum in small-size region. With an increase in the thickness of the
original film, the width of the distributions increases and their maxi-
mum is shifted to the region of bigger sizes. The results of a quantita-
tive analysis of the distributions are shown in Fig. 8. For their con-
struction, the experimental data (Fig. 7) were approximated by the
Gaussian distribution, from which the half-width of the curves and
their maximum, i.e., the most probable radius of particles in the films
after their dispersion, were determined. It can be seen, that both values
increase practically linearly with the thickness of the original film.

Note the fact, that expression (8) does not contain in an explicit
form the dependence on ¢, and in a wide interval of mass thicknesses
such dependence is not really observed experimentally. On the hy-

b

00 02 04 06 08 10 12 14 16
1, pm

Fig. 8. Dependence of the most probable radius (R) and half-width of the his-
togram of the volume distribution on the Sn/C film thickness ().
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pothesis that the film is divided into drops of the same size, the expres-
sion (8) can be written not by the formula of the coverage, but by ¢ and
R, using the explicit expressions for the drop volume (2) and the area
of its base (5)

f=0/1-cos0 - 8t/R), (9

The dependence of the excess energy on the thickness of the original
film, which was obtained in this way, is shown in Fig. 9. Its character
repeats a similar dependence in whole, which is based by reference to
the data about the dependence of the coverage factor on ¢.

It should be noted, that narrowing of histograms during decreasing
of the film thickness has a great technological importance. After the
melting process of enough thin films, the arrays of practically spheri-
cal particles are formed, which have quite a narrow histogram of dis-
tribution and a large coverage factor. Such objects look attractive from
viewpoint of the possibility of the application using. At the same time,
the problem of controlling the particle size distribution is no less im-
portant. The break of the coverage factor dependences and excess en-
ergy on the mass thickness seems to be correspondent to the change in
the film dispersion mechanism.

At small thicknesses the film decay into the islands occurs diffus-
ively in the solid phase, but at large thicknesses, it occurs after the
melting process in the form of a liquid-phase flow. The relaxation
processes, which occur in the solid phase, are normally accompanied by
a decrease in the proportion of the excess energy in the previously dis-

800 |

600 t

400 |

200

0.0 0.2 04 0.6 0.8
t, pm
Fig. 9. Dependence of the excess energy on thickness of continuous films,

which was obtained from the data of the size dependence of the most probable
particle’s radius formed during the melting process.
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persed structure, which allows us to indicate a direction of possible
control of the histogram’s parameters. By virtue of the fact that nar-
rower distributions are typical for films with a smaller fraction of the
excess energy, it can be assumed, that the preliminary annealing, dur-
ing which the films in one or another way get rid of available mechani-
cal stresses, should provide narrower distributions for the particles,
which are formed during the following melting process of the film.

4. CONCLUSION

The study of the structures formed during the melting process of ini-
tially continuous Sn/C films was carried out. It was shown, that the
most probable radius of the particles, which were formed during the
melting process of the films and the half-width of the corresponding
histograms increase practically linearly with the film thickness. More-
over, it was determined that the substrate coverage factor with a film
in the samples, which were subjected to melting process, with a thick-
ness of the original film of more than 300 nm, has a practically con-
stant value and is about 15% . At the same time, in thinner films, the
filling coefficient sharply increases and in samples, which initial
thickness is less than 150 nm, it tends to values, which are typical for
the films formed by the vapour-liquid mechanism. A size dependence
of the excess energy was obtained. As shown, it decreases fast for the
films with a thickness of less than 300 nm. This means that the disper-
sion of such films and the corresponding relaxation of the stresses, ex-
isting in them, occur even in the solid phase, i.e., before the melting
process.
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