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The results of studies of phase melting-crystallization transitions in thin films of fusible metals between thicker
layers of amorphous carbon are given. It has been found that, due to poor wetting in contact systems under study,
thin layers of fusible metals decompose into separate islands while first heated. Such films are a model of the system
“fusible particles in the refractory matrix”. Using two independent in situ techniques (electrical resistance measuring
and electron-diffraction studies during heating and cooling) values of supercooling during crystallization of liquid
phase nanoparticles in multilayer C-Bi-C, C-Pb-C, C-Sn-C films, equal to 115, 135, and 160 K, respectively have

been obtained.
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INTRODUCTION

Numerous researches in recent time have led to
more practical use of materials based on various forms
of carbon [1, 2], among which an important place is
occupied by the composite structure, in which it is pos-
sible to achieve the combination of properties of various
materials, including high resistance to radiation damage.
Nanocomposite materials, the inclusions of which most-
ly not only change the properties of the bulky matrix
significantly, but they themselves can be active ele-
ments of individual electronic devices such as switches,
memory elements, strain sensors [3], etc. are of particu-
lar interest to researchers.

The properties of such materials are related to the
phase state of inclusions and conditions of phase transi-
tions, as many of the mechanical properties of crystal-
line materials strongly depend on the Kinetics of crystal-
lization, which is primarily determined by the reached
magnitude of supercooling [4, 5].

In paper [6] it is shown that during heating and cool-
ing of glass, alloyed by bismuth nanoparticles, and of
multilayer films, in which thin layers of bismuth were
alternated with the layers of Al,O3, at certain tempera-
tures, a sharp change in the transmittance of the samples
occurs. This phenomenon, according to the authors, is
associated with melting and crystallization of bismuth
embedded nanoparticles. Melting-crystallization hyste-
resis observed in [6], was about 200 K.

The prediction of vacuum condensates morphology
is also often not possible without knowledge of the lim-
its of the stability of the liquid phase. For example, in
[7] it has been found that during various supercooling,
the condensed films of bismuth consist of islands of
different shapes.

Thus, studying the liquid phase stability limits is
necessary for many practical applications. At the same
time, the study of supercooling is difficult enough as the
value of supercooling is influenced by a number of fac-
tors among which the key factors are mostly various
kinds of impurities [8-10], which are potential centers of
crystallization. To get rid of them there are various puri-
fication methods and multiple remelting of the sub-
stances under study that may be combined with the con-
tainerless methods under microgravity or electrostatic
levitation [11].
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The micro volumes method, consisting in splitting of
the sample into a plurality of individual particles, which
makes it possible to reduce the influence of impurities
significantly, is rather easy to implement and at the
same time it is important for the applied use prospects.
To implement this method practically one can use vacu-
um condensates, which allow obtaining the required
purity and dispersion of samples. In particular, the
method of condensation mechanism change [10, 12]
helped to obtain extremely large supercooling at which
the crystallization of the cooled melt is almost homoge-
neous [10]. Nanocalorimetric [8, 13], optic [6, 14], and
electron-diffraction techniques [7] can also be used to
study supercooling and liquid phase behavior in multi-
component systems.

The results obtained by using the method of conden-
sation mechanism change (e. g. [10, 12, 15, 16]) in the
study of liquid phase stability limits for free particles,
allowed to reveal that, in cases when the particles are
obtained in sufficiently pure vacuum conditions, the key
factor determining the value of supercooling is the na-
ture of interaction of the melt with the substrate materi-
al, at which the condensation of substance is made.

At the same time, there are not mostly so much con-
sistent and reliable data in the literature on the limits of
stability for the liquid state of the particles embedded in
a more refractory matrix now. Thus, a number of papers
(e.g. [17, 18]) suggest that the size dependence of su-
percooling during the crystallization of the liquid phase
in the matrix of the particle does not occur. On the other
hand, the authors of [6] have established that reducing
the amount of bismuth nanoinclusions in the matrix of
Al,O3 from 30 to 10 nm, the crystallization temperature
is reduced by about 30 K. However, the observed in-
crease of nearly 100 K of bismuth nanoparticles melting
temperature in a refractory matrix complicates the inter-
pretation of the results.

A significant supercooling value change during the
crystallization of the liquid phase of a fusible compo-
nent of multilayer films was observed in [19]. It has
been found that if bismuth in the copper matrix is in the
form of individual particles approximately 100 nm in
size, its supercooling increases by more than 50 K,
compared with the case when it forms a single system of
inclusions in the copper matrix, the typical dimension of
which is comparable with the size of the entire sample.
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This phenomenon is due to the fact that in large sam-
ples, under random factors the probability of the crystal
phase nucleus formation well before reaching the max-
imum supercooling temperature possible in the given
contact pair is higher [19].

A similar phenomenon was also observed in [13], in
which it has been found that the reproducibility of value
of supercooling increases sharply during the transition
from micro- to nanometer particles, what can be obvi-
ously explained by a decrease in the probability of the
heterogeneous nucleation in the particles of nanometer
size.

Different interpretations available in literature are
probably related not only to the fact that the value of
supercooling is affected by impurities and other random
factors, but also it is limited by the applicability of the
known methods of studying for the phase transitions to
the systems of “nanoparticles in the matrix”. Thus, the
combination of vacuum methods for producing with
new in situ methods of determining the phase transition
temperatures, which allow fixing melting and crystalli-
zation of a fusible component directly in the vacuum
chamber is of particular interest.

Such methods are suggested in [19-21]. In these
methods, it is suggested that multilayer vacuum conden-
sates are used as a model of “a particle in the refractory
matrix” system, and phase transformation temperatures
determination is based on the fact that melting and crys-
tallization of a fusible component in such systems must
be accompanied by a sharp change in their electrical
[19, 20] and mechanical [21] properties. As the results
in [19, 20] have shown, the use of vacuum condensates,
the morphology of which is determined by the condi-
tions of the condensation, allows not only receiving the
data about supercooling of substances while minimizing
the impact of uncontrolled impurities, but in some cases,
within certain limits, controlling the temperature of the
liquid phase crystallization.

Furthermore, it is worth noting that such objects
(heating and cooling of which are accompanied by a
significant and abrupt change in their electrical, [19],
mechanical [21] or optical [6] properties) can be used in
modern technology. Thus they can be used as various
kinds of temperature sensors and switches, RAM (ran-
dom-access memory) and permanent memory.

EXPERIMENTAL

As the subject of our research we have chosen multi-
layer films in which originally continuous layers of fu-
sible metal (Bi, Sn, Pb) were between thick amorphous
carbon films. The mass thickness of metal layers was
chosen to achieve the desired value of the electrical re-
sistance of the sample and in different experiments it
was 20-100 nm. These systems are characterized by the
absence of chemical compounds and mutual dissolution,
as well as the almost complete non-wetting of carbon by
melts of the chosen metals [10, 22].

Carbon deposition was carried out by its evaporation
from the voltaic arc, which allows to obtain the amor-
phous carbon film [23]. Condensation of metal films
was carried out on the freshly-condensed carbon under-
layer in vacuum 10° mm Hg by their evaporation from
molybdenum (Bi, Pb) and tantalum (Sn) boats. The

thickness of the deposited component was determined in
the course of their preparation by means of the quartz
resonator.

For the registration of phase transitions two inde-
pendent in situ methods were applied. The jumps in
electrical resistance of samples accompanying melting
and crystallization of the fusible component were used
in the first one [19, 20]. Melting and crystallization
temperature were determined by electron diffraction
while disappearing when heated (melting) and appear-
ing while cooled (crystallization) of reflections from the
fusible component crystal lattice in the second one.

For the implementation of the first technique the
films were condensed on a glass substrate with copper
electrical contacts connected to the automatic measure-
ment system. This enables us to measure electrical re-
sistance as in case of the samples condensation and dur-
ing the process of cooling and heating them in a vacuum
chamber directly without its depressurization. The sub-
strate was suspended on thin contact wires, and the radi-
ation of tungsten coil was used for heating it at a dis-
tance of 1...2 cm from the back side of the substrate.
The substrate temperature was measured by means of a
K-type thermocouple.

For electron microscopy and electron diffraction
studies we used a transmission electron microscope
Selmi EMV 100BR, equipped with an attachment de-
veloped in the laboratory for in situ diffraction studies
of samples during heating and cooling directly in the
electron microscope column.

RESULTS AND DISCUSSION

It has been established that the resistance of carbon
films that do not contain a fusible component has a sem-
iconductor character and decreases monotonically with
temperature increasing. The energy of activation of car-
bon film conductivity is about 0.28 eV, which is typical
for the majority of semiconductors [24]. Thus, in con-
trast to Cu-Bi-Cu and Cu-Pb-Cu films [19], the re-
sistance behaves reversibly in the first heating cycle and
after the sample being cooled it is back to the value
which is close to the original one. Possibly, this may be
due to the fact that carbon is an extremely refractory
material and its heating up to 300...400 °C does not
result in appreciable activation of self-diffusion pro-
cesses usually actively flowing in thin films [25, 26] and
causing annealing of defects and irreversible reduction
of resistance of the sample in the case of metal films
[19].

There is only a diffuse halo in the electron-
diffraction patterns corresponding carbon films, and
annealing of the samples to 400 °C directly into an elec-
tron microscope column does not result in any change in
the diffraction pattern.

When studying the films containing layers of fusible
metal, it has been found that in the first heating cycle, at
the temperature near its melting point, the resistance of
samples increases sharply. The results of electron mi-
croscopy studies (Fig. 1) showed that it is due to the
irreversible breakdown decomposition of the initially
continuous film into an island one.



Fig. 1. TEM image of the C-Pb-C film, after its heating
to melting point of lead

In the following heating cycles resistance decreases
monotonically up to the melting temperature of the fusi-
ble component (T), near which there is a particular fea-
ture of a more rapid decrease in electrical resistance
(Fig. 2). According to [19, 20] it indicates melting of a
fusible component. While cooling, the electrical re-
sistance of the sample increases monotonically up to a
certain temperature, at which a more rapid increase in
electrical resistance starts. It is has a significant temper-
ature range and it stops at a certain characteristic for
each metal temperature Ty According to [19, 20], the
presence of such features on the cooling curves can be
caused by crystallization of the supercooled melt. Thus,
even if the fusible component is bismuth, which typical-
ly provides the most relative change of resistance in the
phase transition [19], the value of a sudden change of
electrical resistance turns out to be small. In order to
make these sudden changes more visible instead of
three-layer films we formed the multilayer structures in
which up to five-layers of the fusible component were
alternated with layers of the refractory carbon matrix.

The average activation energy of conductivity in the
obtained samples is lower than in the carbon films and it
is 0.12...0.2 eV, which allows us to consider the studied
films as promising subjects for manufacturing of visible
and infrared radiation sensors, solar cells, etc.

More clearly the emergence of a new phase can be
detected by a change in the angle of the tangent to the
cooling curve. To do this, using numerical differentia-
tion method of Savitzky-Golay the temperature depend-
ences of the thermal resistance coefficient were ob-
tained (Fig. 3), clearly showing the position and charac-
ter of the phase transitions. It can be seen that the melt-
ing process in the investigated films is stretched in a
significant temperature range, which is significantly
higher than the one observed in [27] for polycrystalline
films of fusible metals on a carbon substrate. Apparent-
ly this is due to a significant spread according to size of
the particles that constitute the studied films, as well as
it is possible due to the fact that the process of the re-
sistance decrease may be caused not only by the appear-
ance of the liquid phase, but also by an avalanche in-
crease in the activity of diffusion processes in the pre-
melting area.
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Fig. 2. Electrical resistance of multilayer C-B-C (a),
C-Pb-C (b) and C-Sn-C (c) films versus
the temperature

In situ electron diffraction studies (Fig. 4) have
shown that in the electron diffraction patterns corre-
sponding to the heating of the sample, the diffraction of
a fusible metal occurs before its melting temperature Ts.
Diffraction reflections from metallic layers are no long-
er available in electron diffraction patterns obtained at
above T,. During cooling, the reflexes don’t also occur
up to a certain temperature corresponding to the begin-
ning of a faster growth of electrical resistance on the
cooling samples graphs (see Fig. 2).
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Fig. 3. Diagrams of the numerical differentiation of
temperature dependence of electrical resistance of

C-Bi-C, C-Sn-C and C-Pb-C films

From this temperature on the electron diffraction
patterns the diffraction reflection is observed from the
crystal lattice of fusible metals. Their brightness gradu-
ally increases; reaching the initial value after the sample
is cooled to the temperature T,. This indicates that in the
temperature range AT = T, — T4 fusible metals particles
in the sample are in a supercooled liquid state.

-
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Fig. 4. Electron diffraction patterns of C-Bi-C (a) and
C-Sn-C (b) films, corresponding to different tempera-
tures (shown in pictures)

Supercooling values determined by both methods
agree with each other and are 115, 135, and 160 K for
C-Bi-C, C-Pb-C, C-Sn-C films, respectively.

It should be noted that according to [19], thanks to
the good wetting, which prevents the formation of is-
land film [28], bismuth in Cu-Bi-Cu films when con-
densed on the substrate at room temperature, i.e. va-
pour-crystal mechanism forms a single system of inclu-
sions in the matrix. Such a system crystallizes almost
immediately on the entire sample. In the carbon-based
films under study an array of isolated fusible metal par-
ticles is formed due to the almost complete non-wetting
soon after the first heating cycle, even if condensed in
vapour -crystal mechanism (see Fig. 1).

Such particles are crystallized independently at ran-
dom factors temperature, and the crystallization of the
entire sample is stretched to a considerable range of
temperatures. Furthermore, unlike the particles of fusi-
ble metals between the layers of copper, for which the
resistance change direction in the phase transition coin-
cides with the direction of the resistivity change of a
fusible component when melting and crystallizing [19],
in the case of a carbon matrix such a dependence is not
observed, and the resistance decreases during melting
and increases during crystallization for all investigated
contact pairs.

Accordingly, the model of three parallel conductors,
proposed in [19] to explain the causes of sudden chang-
es of electrical resistance during phase transitions, and
qualitatively describing the change in the electrical re-
sistance in Cu-Bi-Cu and Cu-Pb-Cu films during melt-
ing and crystallization of a fusible component is com-
pletely inapplicable to metal particles between carbon
layers.

The observed changes of electrical resistance can be
explained as follows. The resistivity of the carbon film
is much higher than that of metal. Unrelated metal parti-
cles bypass the individual sections of the carbon film to
which they relate, reducing its total resistance. In this
configuration of the sample, interface resistance be-
tween the liquid metal and the carbon film, which is free
from stresses from the liquid metal side and to some
extent can be considered ideal, becomes significant. At
the same time, during crystallization due to various
causes, such as a sudden volume change, mismatch of
lattices, the difference in thermal expansion coefficients
et al., the occurrence of stresses increasing its resistance
is inevitable on the interface.

In such a model it is simple to explain the fact that
for bismuth the quantity of resistivity changes in phase
transitions is significantly higher than for those of tin
and lead. As it is seen in Fig. 2 at the phase transition
for C-Bi-C films relative increase in resistance is about
0.3, while for C-Pb-C and C-Sn-C samples the same
magnitude is one order smaller and approximately equal
to 0.04. One has to take into account the change in the
electrical resistance of the metal itself at its melting
(crystallization). Bismuth resistance decreases during
melting and this effect is added to decreasing the re-
sistance of the interface. At the same time, tin and lead
resistance increases during melting, this partially com-
pensates improving of interface conductivity. Therefore,



resistance changes of films with Sn and Pb particles
during phase transitions turn out to be much less.

The contribution of each of these mechanisms can
be estimated by comparing the relative change in re-
sistance in the films in which an embedded metal has a
positive and a negative change of resistance during
melting (0.04 and 0.3). The evaluation on the basis of
these values suggests that the contribution of the inter-
face resistance change is about 60%, and change of re-
sistance of the particle itself constitutes 40%.

As it can be seen, these processes are almost equal,
what probably makes it possible to change the morpho-
logical structure of the embedded particles (for example,
by adding small amounts of a third component, which
will affect the wetting) to vary the magnitude of the
effect, and even change its sign.

CONCLUSIONS

Using two independent in situ techniques, values of
Bi, Sn, and Pb particles supercooling between the solid
carbon films have been determined.

It has been found that in the multilayer carbon-based
films all the investigated metals after melting form the
structure consisting of isolated individual particles re-
gardless of the conditions of condensation.

It has been shown that for nanoparticles of fusible
metals located between the layers of amorphous carbon
changes in films resistance at phase transitions take
place both due to the change in resistivity of a fusible
component, and due to the change in the quality of the
contact at the metal-carbon interface.
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HEPEOXJIAKIEHUE IPU KPUCTAJITU3ALIMA YACTHULL JEI'KOILTABKUX
METAJIJIOB B MHOT'OCJIOUHBIX IVIEHKAX «YTJIEPOA-METAJUI-YTJIEPO/»

C.U. ITempywenxo, C.B. /Iykapos, B.H. Cyxo¢

IpuBoOAsTCS pe3ybTaThl MCCIEIOBaHHUM (HA30BBIX MEPEXOA0B IJIABJIEHHE—KPHCTAUIN3AIMS B TOHKHX TIEHKAX
JIETKOTUIABKUX METAIJIOB, HAXOIAIIUXCS MEXIY 00Jiee TOJICTBIMU CI0SMH aMOP(HOTo yriaeposa. Y CTaHOBJIEHO, YTO
BCIIEJICTBHE TIJIOXOTO CMaYMBAHHS B UCCIEAYEMBIX KOHTAKTHBIX CHCTEMaX YKe MPHU MEPBOM HarpeBe TOHKHE CIIOH
JIETKOTTABKAX METAJUIOB PaclagaloTcs Ha OTAENbHBIE OCTPOBKU. Takue TUICHKH MPEICTaBISIOT CO00M MOIENb CH-
CTEMBI «JIETKOTIIABKHE YACTHIBI B TYTOIUIaBKO# Matpuie». C IMOMOIIBIO JBYX HE3aBUCHMBIX IN Situ MeToauk (M3-
MEPEHHS 3JIEKTPOCOTIPOTUBIICHHUS M DJIEKTPOHOTPAPHUIECCKUX HCCIECIOBAHMUIA B TPOIECCE HATPEBa W OXJIAXKICHHS)
TIOJTy9IEHBI BEMUUHBI TIEPEOXITAXKICHHS TIPY KPUCTAIUTH3AI[MNA HAHOYACTHI] KHUIAKOM (hasbl B MHOTOCIOWHBIX TIICH-
kax (C-Bi-C, C-Pb-C, C-Sn-C), pasusie 115, 135 u 160 K cooTBeTCTBEHHO.

NEPEOXOJIOI)KEHHS ITPU KPUCTAJI3AIII YACTOK JIETKOILIABKUX METAJIIB
Y BATATOIIAPOBUX IVIIBKAX «BYTI'JIEIIb-METAJI-BYTJIEIIb»

C.I. Ilempywenko, C.B. /Iykapos, B.H. Cyxoe

HaBonsTecs pe3ynbTaTd AOCITIDKEHb (ha30BHX MEPEXOMiB IUIABJICHHI—KPUCTAi3alisl B TOHKAX IUTIBKax JIETKO-
IUTABKMX METAJIIB, [0 3HAXOSAThCS MK TOBCTIIIIMMH IIapamMu aMop(HOTro Byriieio. BeTaHOBICHO, 110 BHACIIIOK
MOTaHOTO 3MOYYBaHHS B JJOCHI/PKYBAaHHX KOHTAKTHHX CHCTEMAaXx BiKE IIPU TEPLIOMY HArpiBi TOHKI LIapH JErKOIUIaB-
KX METaJiB PO3MA/NaloThCsl Ha OKpemi ocTpiBli. Taki IUIIBKM € MOJEIUII0 CHCTEMH («JIETKOIUIaBKi YaCTKH B TYIro-
IUIABKil MaTpuIli». 3a JOMOMOTOK JBOX HE3aJeXHHUX iN SitU METOMUK (BHMIpH €JIEKTPOOIOPY 1 €NeKTPOHO-
rpadiuyHUX JIOCHI/PKEHb Y IIPOLECi HAarpiBy 1 OXOJIOPKEHHS) OTPHUMAaHO BEJIHWYMHH IEPEOXOJIOJDKEHHS MPU KpH-
cTani3ailii HaHOYACTOK PifKoi (asu B Garatomaposux miiBkax (C-Bi-C, C-Pb-C, C-Sn-C), pisuux 115, 1351 160 K
BIiITOBIIHO.



