JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 8 No 4(2), 04073(6pp) (2016)

HYPHAJI HAHO- TA EJIEKTPOHHOI ®I3HKH
Tom 8 Ne 4(2), 04073(6cc) (2016)

Stability Limits of the Liquid Phase in the Layered
Mo/Pb/Mo, Mo/Bi/Mo and Mo/In/Mo Film Systems

S.I. Petrushenko®, S.V. Dukarov, V.N. Sukhov

V.N. Karazin Kharkiv National University, 4, Svobody Sq., 61022 Kharkiv, Ukraine

(Received 15 September 2016; published online 23 December 2016)

The results of the study of supercooling of the fusible metals films between the continuous layers of
molybdenum during the crystallization are given. Due to an original in situ technique based on the chang-
es of resistance of samples during heating and cooling directly in the vacuum chamber the values of super-
cooling in Mo/Pb/Mo, Mo/Bi/Mo, Mo/In/Mo films are determined and the influence of the morphological
structure of the bismuth inclusions on the temperature and nature of its supercooled melt crystallization
has been found. The substrate temperature change during the condensation of samples, accompanied by a
corresponding change in their microstructure, allows realizing both avalanche and diffuse crystallization
and changing of supercooling value in the range of 60 to 180 K in Mo/Bi/Mo films.
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1. INTRODUCTION

Learning of the temperature stability limits of the
liquid phase, as well as peculiar properties of its transi-
tion to the crystalline state is essential not only for the
fundamental understanding of the processes that occur
during crystallization of supercooled melt, but also for a
variety of applications. In particular, crystallization ki-
netics that determines largely the structure and proper-
ties of the crystallized substance, depends substantially
on the degree of supercooling [1, 2]. However, many fac-
tors have an impact on the magnitude of supercooling,
the most significant of them are various kinds of impuri-
ties [3, 4], which are potential centers of crystallization.
To get rid of them, there are different methods of purify-
ing and multiple refining of the test substances, which
can be combined with containerless technologies in zero
gravity state or electrostatic levitation [5]. The method of
micro volumes is also very effective [6], it means to di-
vide the sample into a plurality of separate, isolated par-
ticles. As the number of external crystallization centers
in the original sample is limited, there is possible pres-
ence of particles without such centers if to use sufficient
granularity.

The method of micro volumes can be simply imple-
mented due to island vacuum condensates, which can
provide high purity and the required dispersibility of the
test substances. Thus, the method of condensation
mechanism change [4, 7] made it possible for a number
of metals to obtain a record degree of supercooling,
which probably corresponds to a homogeneous crystalli-
zation. In this method, the maximum temperature of
supercooling during the crystallization of the liquid
phase of the test substance is determined by the temper-
ature of condensation mechanism change from vapor-
crystal to vapor-liquid. To determine the temperature of
condensation mechanism change it is convenient to use
morphological criterion, that is the particle shape with
solid and liquid phase condensation is different due to
the low substances viscosity in liquid state [4, 7, 8, 9].
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The easiest way to implement morphological criterion is
during the study of condensed films on the substrates
that are not interacting with the melt (amorphous car-
bon, some oxides), as in the case of condensation on the
mechanism of vapor-liquid islands on the substrate be-
come of regular spherical shape [4, 9]. In case of contact
pairs with stronger interaction, i.e. a small degree of the
melt contact angle of the test substance on the substrate
[4], the islands are irregular in shape due to incomplete
coalescence and the use of morphological criterion is
difficult. Other experimental methods may also be ap-
plied for the study of supercooling, and nanocalorimetric
[10] and acoustic [11] methods should be mentioned.

While studying phase transitions in the vacuum
condensates, as well as the related processes (in par-
ticular, the characteristics of the formation and the
interval of existence of metastable phases), an exten-
sive empirical material on the free particles has been
accumulated. A number of theoretical models has been
created, which gave an opportunity to carry out com-
puter modeling of phase transitions processes in vari-
ous substances [12, 13].

The results which were obtained in [4, 7, 8, 11] as
well as in similar works devoted to the study of the
liquid state stability limits of metals and alloys free
particles, have revealed that if the film condensation is
carried out under conditions when the proportion of
impurities in the sample is negligible, the limit stabil-
ity temperature of the liquid phase is determined by
the degree of interaction of the melt with the substrate,
which has a quantitative measure of the corresponding
contact angle [4, 7]. In this case the crystallization
temperature for particles larger than 20 nm doesn’t
depend on their size [4, 14, 15].

At the same time there are less consistent and relia-
ble data in the scientific works on the liquid state stabil-
ity limits for the particles embedded in a more refractory
matrix. Thus, the authors [16, 17] have studied different
systems (mercury-glass, aluminum-indium) with various
methods for detecting phase transitions and found no
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size dependence of supercooling. At the same time, pa-
pers [18, 19] indicate that for a wide range of contact
systems the degree of supercooling during the crystalli-
zation of the embedded particles may increase for the
particles of less than 20 nm size. Though papers [20]
show the result which is quite different, i.e. decrease
with the size of the supercooling value.

The authors [21] have found that the melting of In-
Sn nanoinclusions in the aluminum matrix consists of
two stages. The first stage shows significantly lower
temperature than expected following the phase dia-
gram of the contact pair, and according to the authors,
it is due to the melting temperature size effect. The
second stage, when the most substance melts, occurs at
a temperature determined by the phase diagram. The
detected melting characteristics can be interpreted as
evidence of the existence of metastable phases in the
system. Similar results for the Pb-Sn particles in the
copper matrix have been obtained in paper [22], which
has revealed that melting in this system is also a mul-
ti-step process.

During the study of crystallization In-Sn inclusions
in the aluminum matrix it has been established [21]
that this process is carried out in three stages. The
appearance of three discrete peaks corresponding to
different temperatures on the nanocalorimetric cooling
curves, was associated [21] with the grain boundary
crystallization, found in paper [23], and individual
crystallization of various alloy phases that are present
in the sample. Similar results were obtained in
Ref. [24], which found out that the crystallization of
supercooled melt streches at a large temperature
range. In paper [25] it is shown that the character of
the crystallization (diffuse or avalanche) may be de-
termined by the crystal structure peculiarities of the
matrix which contains the fusible component.

In paper [26] it is found out that the temperature
and the nature of bismuth crystallization between layers
of copper is determined by low-melting inclusions’ mor-
phology. Thus, depending on the sample microstructure,
bismuth crystallization may take place either avalanche
at 205 °C, or at a significant temperature range, which
corresponds on the average to 155 °C.

Thus, peculiarities of supercooling of the “low-
melting component in the refractory matrix” systems
during the crystallization in the liquid phase have been
studied less than the supercooling of free particles, and
the results obtained for such composite materials are
much more vague. Perhaps the difficulty of studying
such objects are due to the fact that many of the cur-
rent methods for detecting phase transitions are lim-
ited for the study of the phenomena in the nanoparti-
cles that are embedded in a solid matrix, as well as the
technological complexity of obtaining such samples
which are free of uncontrollable impurities.

For this reason it seems appropriate to determine
temperature limits for the liquid phase stability of the
low-melting component in multilayer films, which are a
model system "fusible particle in the refractory ma-
trix." Moreover, it is interesting to study the effect of
condensation conditions that determine the microstruc-
ture and morphology of the film samples, on the super-
cooling value and the nature of crystallization of fusible
component in such systems.
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2. EXPERIMENTAL

Three-layer films were selected as the objects of the
study, where the low-melting metal layer (Bi, In, Pb)
20-50 nm in thickness was between continuous layers
of molybdenum. The thickness of the molybdenum lay-
ers was 20-30 nm and was determined by the necessity
to achieve continuity and adequate electrical resistance
values. Preparation of the samples was carried out by
the vacuum condensation method from independent
sources at a residual gas pressure of 10-¢ mm Hg. The
thickness control of the samples was carried out during
their preparation by means of the quartz resonator. In
the scientific works there are no constructed phase dia-
grams of contact systems data. It is noted that they
exhibit a negligible solubility of the components and
chemical compounds are not found.

Phase transition temperature was determined by
the in situ method that was proposed and tested in the
works [26-28]. Registration of phase transitions in this
method is based on the fact that in multilayer films
crystallization and melting of fusible component may
be accompanied by changes in the overall electrical
resistance of the samples. To implement this method,
test samples were deposited on a special measuring cell
with a pre-deposited electrical contact system for a
four-point resistance measurement circuit and K-type
thermocouple attached to the back side of the cell and
providing a determination of the temperature. The
measuring cell heating was carried out using a low
inertia radiation heater.

Electron microscopic studies were carried out using
a JEOL JSM-840 scanning electron microscope on the
samples deposited on the measuring cell, and also on
the specially developed samples, the deposition of which
was carried out on the fresh chips of NaCl single crys-
tals.

3. RESULTS AND DISCUSSION

While studying the dependence of resistance on
temperature, it was found out that for pure Mo films,
as well as for multilayered samples with the low-
melting component in the first heating cycle annealing
of molybdenum takes place caused by diffusion pro-
cesses which are actively flowing in the thin film sam-
ples [29, 30] and it is accompanied by a sharp and irre-
versible decrease in the resistance. The resistance of
films that consist only of molybdenum in the following
heating-cooling cycles depends on the temperature al-
most linearly and it has no particularities at the test
temperature range. Thus all the features that may be
found on the temperature resistance dependence’
graphs for multilayered samples are uniquely associat-
ed with the low-melting component.

For films comprising low-melting metal layer, it was
found out that just as in the case of samples based on
copper [26], carbon [27], and aluminum [28], on the
graphs of electrical resistance dependence on the tem-
perature corresponding to heating and cooling (Fig. 1),
there are peculiarities that show a sudden change in
temperature coefficient of resistance at limited tempera-
ture ranges. According to the works [26-2728] such
jumps can be associated with the melting and crystalli-
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zation of the low-melting component. Supercooling de-
grees that were determined in such a way during the
crystallization of the liquid phase amounted to 60, 90
and 70 K for the Bi, Pb and In, respectively.

It should be noted that, as in the previously studied
Cu/Bi/Cu system [26], the bismuth crystallization in
the Mo/Bi/Mo films, the condensation of which was car-
ried out on the substrate at room temperature, is al-
most instantaneously spread throughout the sample.
This can be explained by the fact that bismuth in the
Mo/Bi/Mo films forms a unique inclusions system,
which due to the large size (comparable to the size of
the entire sample, that is of 1 mm) crystallizes with
high probability on the random impurity centers. It is
obvious that the obtained supercooling degree
AT =60 K does not correspond to the limited supercool-
ing in bismuth crystallization in the molybdenum ma-
trix. In order to get the true degree of the limiting su-
percooling in the Mo/Bi/Mo system one should split the
film into individual islands of small size in accordance
with the micro volumes method. This can be accom-
plished by changing the conditions of sample prepara-
tion, for example, by condensation of a bismuth layer to
the substrate at a higher temperature.
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Fig. 1 —Dependence of the electrical resistance of multilayer
films on temperature (low-melting component is shown on the
chart)

It is known that the substrate temperature during
the condensation and subsequent thermal effects have
a significant impact on the microstructure and mor-
phology of condensed films [4, 31-33]. According to
[4, 7] substance condensation on substrate which tem-
perature exceeds substance’s maximum supercooling
goes through a mechanism of vapor-liquid. At the same
time a plurality of individual isolated particles is
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formed on the substrate. On that basis the samples
have been obtained where the bismuth condensation
was carried out at a temperature of 230 °C, i.e. at a
higher temperature than Tg1 (Fig. 1).

The results of the study of the limiting supercooling
value during the bismuth liquid phase crystallization of
the samples obtained from the condensation on the
mechanism of vapor-liquid, are shown in Fig. 2. As you
can see, the film morphology change due to the differ-
ent conditions of its condensation, significantly affects
the temperature and the nature of the supercooled bis-
muth crystallization. Thus, the value of maximum melt
supercooling increases to 180 K, and the crystallization
itself is not instant, but in a certain temperature range.
Temperature T in these graphs (Fig. 2) is detected as a
small leap of a few percent from the total resistance
change during crystallization. It means that some frac-
tion of bismuth inclusions still crystallizes on the exter-
nal impurity centers, but now their crystallization does
not cause crystallization of the entire sample.
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Fig. 2 — Dependence of the electrical resistance on tempera-
ture in the Mo/Bi/Mo films, where condensation of fusible
component was carried out on a substrate at a temperature of
230 °C

In order to find differences in the microstructure of
the films that were obtained from the condensation of
various mechanisms, a numder of experiments was
conducted where the arrangement of the substrates,
evaporators and screens allows in a single vacuum cy-
cle, i.e. under completely identical conditions, to obtain
several samples in which the substances’ condensation
is carried out on substrates having different tempera-
tures. Fig. 3 shows the results of electron-microscopic
examination of films Mo/Bi/Mo, which fusible -melting
component condensation was carried out according to
the mechanisms of the vapor-liquid and vapor-crystal.
After the deposition these samples were subjected to
several cycles of heating-cooling, were cooled to room
temperature in a vacuum chamber and were examined
in a JEOL JSM-840 SEM. It is evident that their mor-
phology is substantially different.

Thus, in the samples that were obtained by the
bismuth condensation according to the vapor-liquid
mechanism (Fig. 3a) it is deposited in the form of sepa-
rate, isolated particles of a spherical segment shape.

The samples where the bismuth is deposited accord-
ing to the vapor-crystal mechanism (Fig. 3b) show much
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Fig. 3 — SEM images of Mo/Bi/Mo films. Samples were prepared
by bismuth condensation according to the mechanism of vapor-
liquid (a) and vapor-crystal (b) and subjected to several cycles of
heating-cooling

much larger particles that are formed through the
mechanism of liquid phase flow upon melting of con-
tinuous layer of bismuth and broke the molybdenum
film. At the same time strongly deformed surface of the
molybdenum film gives grounds to assume that a sig-
nificant proportion of bismuth is between the layers of
molybdenum and, as the nature of the crystallization
shows, it forms a connected structure.

When studying the stability limits of the liquid
phase of the Mo/Pb/Mo and Mo/In/Mo films (Fig. 1), it
was found out that, in contrast to films with bismuth
as the fusible component, even when deposited on the
substrate at room temperature, under the vapor-
crystall mechanism, their crystallization streches in a
certain temperature range. Accordingly, the influence
of the substrate temperature during the condensation
of these low-melting metals on their supercooling value
were not detected. This suggests that in the case of
contact pairs of data a single system of inclusions in
the molybdenum matrix is not formed.

Thus, among the tested metals only bismuth during
the condensation according to the mechanism of vapor-
crystal forms a unique inclusions system in a metal
matrix, the characteristic size of which is probably
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comparable to the size of the measuring cell.

Fig. 4 can provide some idea of the effect of impuri-
ties on bismuth melt supercooling and the nature of its
crystallization, which shows the graphs of dependence
of electrical resistance on temperature for films of
Mo/Bi/Mo that were obtained by condensation accord-
ing to the mechanism of vapor-liquid and kept at a re-
sidual gas pressure of about 0.1 mm Hg. for 10 (Fig. 4a)
and 15 (Fig. 4b) days respectively. The graphs show
that the maximum supercooling temperature at the
bismuth melt crystallization does not depend on the
duration of exposure and its value generally corre-
sponds to the value of the abovementioned samples, the
study of which was carried out immediately after their
preparation. However, the relative magnitude of the
corresponding maximum supercooling jump decreases
with the holding time. In addition, in the samples one
more jump is observed (Tg2 = 130 °C), the beginning of
which corresponds approximately to the temperature of
bismuth crystallization with its oxides [4]. The expla-
nation can be as follows. In the studied films bismuth
condensed according to the mechanism of vapor-liquid,
which, as was noted above, leads to the formation of an
array of individual, isolated particles of fusible materi-
al. Since each of these isolated particles becomes solid
at its temperature, the crystallization of the entire
sample is in a certain temperature range. The key fac-
tor that determines the crystallization temperature of
samples subjected to prolonged exposure, are insoluble
impurities (primarily oxides), causing the melt crystal-
lization long before reaching the temperature of maxi-
mum possible supercooling. During holding time the
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Fig. 4 — Dependence of the electrical resistance on tempera-

ture for Mo/Bi/Mo films after keeping at a pressure of 0.1 mm
Hg, for 10 (a) and 15 (b) days
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proportion of particles that are subjected to oxidation
gradually increases, and thus the relative height of the
jump increases, and it corresponds to the crystalliza-
tion stimulated by oxides. The temperature of this
jump is 80 K below than Ty — bismuth crystallization
temperature during its condensation under the mecha-
nism of vapor-crystal (Fig. 1). This suggests that in the
latter case, bismuth avalanche crystallization is not
caused by oxides, but by other more active impurities,
which cannot be specified yet.

The most obvious reason that can cause a change in
resistance of the tested film systems, is a jump in the
specific electrical resistance of low-melting component
which accompanies the phase transitions. Thus, accord-
ing to the table data while melting bismuth specific
resistance varies 0.43, and lead and indium specific
resistance doubles.

A parallel conductors’ model may be used to assess
the impact of this effect on the total resistance of multi-
layer films in the first approximation [26]. According to
[26] the estimate shows that the relative change in the
resistance of the samples in the phase transition must
be +(0.01-0.02). At the same time the actual value dur-
ing the crystallization is 0.3, —0.013 and - 0.02 for
bismuth, indium and lead, respectively. Note that for
all tested multilayer films the jump direction during
melting and crystallization coincides with a change in
the specific resistance of the corresponding fusible
metal. As one can see the parallel conductors’ model
predicts the experimental results in the case when the
fusible metal is indium or lead. Thus, it is reasonable
to assume that in the films of Mo/Pb/Mo and Mo/In/Mo
resistance jumps during the melting and crystallization
are due primarily to a change in the specific resistance
of the fusible component at the phase transition.

Meanwhile, in the case of bismuth, as well as in the
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Cu/Bi/Cu, C/Bi/C films [26, 27] the actual resistance
change significantly exceeds the estimated one. This
may be due to the fact that bismuth during the conden-
sation process through condensation-stimulated diffu-
sion and, possibly, during the heating-cooling cycles, is
concentrated within the area of grain boundaries of the
molybdenum film. Since the specific volume of bismuth,
unlike most metals, increases upon melting, this leads
to the fact that during its crystallization in a molyb-
denum film, stresses arise which contribute to a sharp
increase in its resistance. The defects in whole or in
part are annealed during the subsequent heating cycle,
which is accompanied by a decrease in resistance of the
samples.

4. CONCLUSIONS

Due to the original in situ technique the supercool-
ing values have been determined in the crystallization
of the liquid phase of fusible component in the three-
layer Mo/Bi/Mo, Mo/In/Mo and Mo/Pb/Mo films.

It was found out that in the case of bismuth the
transition from the condensation of vapor-crystal to
vapor-liquid, which is accompanied by changes in the
microstructure of the films, significantly affects the
degree of supercooling and nature of melt crystalliza-
tion. At the same time for other studied fusible metals,
the condensation conditions do not affect the tempera-
ture of supercooling of the liquid phase.

It is shown that the main reason which causes the
change in electrical resistance at the phase transitions
in Mo/In/Mo and Mo/Pb/Mo films, is jumping resistivity
of a low-melting component in the phase transition. At
the same time, the resistance change in Mo/Bi/Mo films
is due primarily to mechanical stress at the interphase
limits.

I'parune crabuabHOCTHU KUAKOM (Pa3bl B CJIOUCTBIX
miieHouHbix cucremax Mo/Pb/Mo, Mo/Bi/Mo u Mo/In/Mo

C.B. lyxapos, C.H. Ilerpymenxro, B.H. Cyxos

Xapvrosckutl HayuoHabrbill yHusepcumem umernu B. H. Kapasuna,
nst. Ceoboowt, 4, 61022 Xapvros, Yrpauna

TIpencraBieHsl pe3ysIbTaThl WCCIENOBAHUS IIEPEOXJIAMKIEHUS [PU KPUCTAJUIU3ALMH IUIEHOK JIETKO-
IJIABKUX METAJLIOB, HAXOSIIUXCS MEMKAY CILIONIHBIMU CJIoAMU MoaubaeHa. C IOMOIIBI0 OPUTMHAIBHOM in
situ MeTOWKM, OCHOBAHHON Ha M3MEePEeHUN COIIPOTHBIICHUS 00pAa3I0B IIPU UX HATPEBE M OXJIAKJIEHUU HEeIo-
CpPe[ICTBEHHO B BAKyyMHOM KaMepe, OIpeesIeHbl BeJIMUWHBI IIepeoxJaskaeHuil B 1wieHkax Mo/Pb/Mo,
Mo/Bi/Mo, Mo/In/Mo n o0Hapy:&eHO BIMAHNAE MOPQOIOrHIECKON CTPYKTYPHI BKIIOUYEHWI BUCMYTa Ha TEM-
mepaTypy M XapakTep KPUCTAJUIM3AIUU €0 IIePeoXJIasKIeHHOro paciiasa. VaMeHeHne TeMrepaTyphl mojI-
JIOKKH IIPU KOHEHCAIMu 00pasIioB, COIPOBOK/IAIOIIEECS COOTBETCTBYIOIINM M3MEHEHUEM UX MUKPOCTPYK-
TypBI, TI03BOJISIET peasima3oBaTh B mieHkax Mo/Bi/Mo kak sraBuHOOOpasHyo Tak u MUMPGY3HYIO KPUCTATLIH-
3aIMI0 ¥ M3MEHSITh BEeJIMUNHY IIepeoxJIasIeHns B mpeaesax ot 60 mo 180 K.

Kmniouessie ciioBa: HepeoxnaxmeHHe, MuorociioitHbre IIJIEHKH, BJIGKTpOCOHpOTI/IBJIeHI/Ie
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Me:xi crabGinbHOCTI pigkoi pasu y
mapyBaTux mwiiBkoeux cucremax Mo/Pb/Mo, Mo/Bi/Mo i Mo/In/Mo

C.B. Ilyxapos, C.I. Ilerpymenxro, B.M. Cyxos

Xapriscvrkuli HayloHabHUL YHIgepcumem imeni B. H. Kapasina,
matidan Ceoboou 4, 61022 Xapkis, Yrpaina

Hageneno peaysbraTé IOCTIKEHHS HEPEOXOJIOMYKEHHS IPU KPUCTAJII3AIN] ILUTIBOK JIETKOILUIABKUX MeTa-
JIB, 110 3HAXOISATHCSA MisK CYIILIBHUMU IIIApaMHU MOJIIOIeHy. 3a IOIOMOI0K OPUIiHAIBHOIL In situ METOMUKH, III0
3aCHOBAHA HA BUMIPIOBAHHI OIIOPY 3PA3KIB ITiJ] Yac IX HATPiBAHHS Ta OXOJIOMYKEHHS 0e3II0CepeHbO ¥ BAKYYM-
HI KaMmepl, BU3HAYEHO BEJUYMHU I1epeoxosIomKkeHs vy mriskax Mo/Pb/Mo, Mo/Bi/Mo, Mo/In/Mo 1 BusiBieHo
BILJIUB MOPQOJIOTIYHOI CTPYKTYPH BKJIIOYEHB BICMyTy Ha TeMIIEpaTypy Ta XapakTep KpHCTaI3alii foro mepeo-
XOJIO/IFKEHOT0 PO3IIABY. 3MIHA TEMIIEPaTypPH IIIKJIAIKH ITif] Yac 0CaIKeHHs TUTBOK, 110 CYIIPOBOIYKYETHCS Bi-
JITIOBITHOI0 3MIHOIO 1X MIKPOCTPYKTYPH, 103BoJjIste oTpuMaTH y wriBkax Mo/Bi/Mo sk saBuHOTOMIOHY, TaK 1 JTu-
dy3Hy KprCcTaMi3aIfiio Ta 3MIHIOBATH BEJIMIHHY II€PEOX0JI0KeHHs B Meskax Bl 60 mo 180 K.

Kmouessie ciosa: Ilepeoxonomxenns, Bararomaposi mwiisku, Enexrpranmii omip.
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