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Crystallization of the fusible component
in Ag/Bi/Ag and Ag/Pb/Ag layered film systems

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

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

Received March 22, 2018

The results of studies of the supercooling during the crystallization of a fusible
component in Ag/Bi/Ag and Ag/Pb/Ag layered film systems are presented. The crystal-
lization temperatures of metastable melts are determined by using two independent in situ
techniques. The value of supercooling and the character of crystallization in Ag/Bi/Ag
samples is determined by the condensation mechanism during the bismuth deposition
(vapor-crystal or vapor-liquid). This phenomenon is explained by differences in the mor-
phological structure of the films.
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IIpuBefeHBl Pe3YJALTATHl HCCIEAOBAHUI TNEPEOXIAKIEHNA MPU KPUCTANIUBAIUN JIeTKO-
TITaBKOTO KOMIIOHEHTA B CJHOHCTHIX MJIeHOUHBIX cucteMax Ag/Bi/Ag m Ag/Pb/Ag. TIpu momomu
IBYX HE3aBUCUMBIX in Silu METOAUK OIpeJeseHbl TeMIepaTyphl KPUCTANIN3AIUHN MeTACTa-
6unpHBIX pacmiaBoB. Iloxasano, uro B obpasmax AQ/Bi/Ag Benwumna nepeoxyaXIeHUS U
XapaKTep KPUCTANLINBALUY OLPEeLeasOTCH MEeXaHWSMOM KOHIEHCAIIUH IIPU OCAKIEHUU BUC-
MyTa (Iap-KPHUCTAJNI WU ap-KUIKOCTh). [laHHoe gBieHHE O0BbACHAETCH OTIMYUAME B MOD-
(onoruueckoil CTPyKType IJIEHOK.

Kpnecranizanmisa JerkoniaBKkoro KOMIOHEHTa Yy INAPYBATHUX ILIIBKOBHX CHCTEMaxX
Ag/Bi/lAg Ta Ag/Pb/Ag. C.B.lyxapos, C.I.ITempywernkxo, B.M.Cyxos, P.B.Cyxos
Hagegeno pesysnbTaTu AOCHIIIKEHHSA IEPEOXOJOMMKEHHSA ITiJi yac KpucTagisarlii Jerko-
IITaBKOTO KOMITOHEHTa y IMapyBaTux miaiBkoBux cucremax Ag/Bi/Ag ta Ag/Pb/Ag. 3a momomo-
TOI0 JBOX He3aJeKHUX [n Siti MeTOAUK BU3HAUEHO TEeMIIepaTypu KpucTraisalii MeracTabisb-
uux posuuasiB. Ilokasamo, mo y spaskax AgQ/Bi/Ag BennuuHa mepeoxoyioqKeHHs i xapakrep
Kpucrasisamnii BH3HAUAIOTECH MexXaHisMoM KoHAeHcaril mix uac ocamenHsa Bicmyty (mapa-
Kpucrtan abo mapa-pizmua). [lame sBule moACHEHO BigmimHOCTAMH y Mopdosoriuniil cTpyK-
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Typi ILIiBOK.

1. Introduction

Studies of metastable states of melts are
of interest both for fundamental science and
for application. It is known (e.g., [1-3])
that the achieved supercooling value and
the kinetics of crystallization significantly
influence the structure of the crystallized
material. From the point of view of funda-
mental scientific research, the determina-
tion of limiting supercoolings and the study
of the kinetics of crystallization make it
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possible to obtain information on the inter-
action at the crystal-melt boundary [4—6].
To date, there is a large number of pa-
pers devoted to the study of the crystal-
lization of supercooled liquids. It has been
established [7-10] that the limiting value of
supercooling during the crystallization of a
melt in contact with a solid is determined
by the degree of interaction at the inter-
phase boundary. The quantitative measure
of this interaction is usually the corre-
sponding contact angle of wetting. The

601



S.V.Dukarov et al. / Crystallization of the fusible ...

maximum relative supercoolings obtained
for various metals reach 0.3-0.4 melting
points (T,) in systems with almost complete
non-wetting (e.g., metal melts on a carbon or
oxide substrate) and decrease linearly as the
contact angle of wetting decreases [8—10].

The supercooling value is extremely sen-
sitive to insoluble impurities present in the
melt. Therefore, obtaining of the ultimate
supercoolings requires maximum purifica-
tion of the samples from possible impuri-
ties, which may be potential centers of het-
erogeneous crystallization. The most effec-
tive way to obtain maximum purity is the
method of microvolumes proposed by Turn-
bull [11], which consists in breaking up a
pre-cleaned sample into a large number of
individual particles. Since the number of
impurity centers in the initial sample is fi-
nite, then for a sufficient degree of parti-
tion it is possible to create conditions under
which some of the particles will be com-
pletely free of insoluble impurities. In such
particles the maximum supercoolings corre-
sponding to homogeneous crystallization
can be achieved. The combination of the mi-
crovolume method with experiments in high
vacuum conditions also protects the melt
from contamination during the experiment.

We note that large supercoolings are
usually obtained either for small particles
placed on an inert substrate [9, 10], or for
completely free objects under conditions of
electrostatic or acoustic levitation [2, 12-
14]. The data on the supercooling of melts
embedded in the more refractory matrix is
much smaller. At the same time, the results
of a theoretical analysis of systems such as
"nanoparticles in a matrix” lead to the ap-
pearance of specific features in the crystal-
lization of supercooled melts [15]. However,
the results of an experimental study of
melting and crystallization of a fusible com-
ponent in such systems are ambiguous, and
sometimes contradictory [16—18].

Difficulties in studying nanocomposite
materials are due to both the theoretical
and experimental complexity of their re-
search, primarily related to the need to take
into account a number of additional factors.
According to [15, 19-22, 25], multilayer
films obtained by the vacuum condensation
method can serve as a good model of the
"particle in the matrix” systems.

Studies of supercooling during the melts
crystallization, carried out using multilayer
vacuum condensates, were performed in
[19-22, 25]. The authors showed that for
the inclusion of a fusible component in a
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multilayer structure, as well as for particles
on the substrate surface, the magnitude of
supercooling depends on the interaction at
the melt-substrate boundary. In addition, it
was found in [21, 22] that crystallization of
bismuth embedded in a copper or molybde-
num matrix occurs in an avalanche-like
manner with relatively small supercoolings.
This effect occurs in layered film systems in
which bismuth condensation was carried out
on a substrate at room temperature. At the
same time, crystallization in samples in
which bismuth is deposited into the liquid
phase occurs diffusely at substantially
higher supercoolings. Regardless to the con-
densation mechanism, diffuse crystal-
lization occurs in films in which the fusible
component is lead, tin or indium [21, 22],
as well as in samples containing bismuth
between layers of amorphous carbon [25].

The present work is devoted to the study
of the crystallization of a fusible component
in Ag/Bi/Ag and AgQ/Pb/Ag three-layer films.
The choice of the Ag/Bi contact pair is due
not only to the need to expand the available
results on the supercooling of bismuth in
the metal matrix to other contact pairs, but
also to the application that continuous and
island films of noble metals have today [26,
27]. The relevance of determining the
boundaries of the stability of the liquid
phase in selected contact pairs is also indi-
cated in the results of work [28] in which it
is shown that thermal dispersion of continu-
ous metallic films can be facilitated by the
small amount of liquid phase of the second
component present in the sample. In turn,
the results of studying the dispersion of
initially continuous films can be used to
improve the technologies for creating
nanoscale arrays, which are of great practi-
cal importance. In addition, the Ag/Bi films
are interesting from the perspective of ap-
plications, due to the inverse Rashba-Edel-
stein effect [29], which can be used in spin-
tronics and in the creation of full-scale
quantum computers.

2. Objects and methods

As the objects of study, Ag/Bi/Ag and
Ag/Pb/Ag layered film systems were used,
obtained by the method of layer-by-layer
vacuum condensation at a residual gas pres-
sure of 1076 Torr. Silver, bismuth and lead
were evaporated from molybdenum boats,
heated by electric current. The surfactant
layer of molybdenum was deposited from a
wire tungsten evaporator. The thickness of
the films was measured during their prepa-
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Fig. 1. Dependence of the electrical resistance on temperature in Ag/Bi/Ag films in which bismuth
was condensed by the vapor-crystal (a) and vapor-liquid (b) mechanism.

ration from the frequency shift of the
quartz resonator. To study of the contact
pair Ag/Bi, two series of samples were ob-
tained. The metal layers were condensed on
the substrate at room temperature, i.e. by
the vapor-crystal mechanism in the former
one. In the latter, condensation of the bis-
muth layer was carried out on a substrate at
a temperature of 220°C, which ensured the
realization of the vapor-liquid condensation
mechanism. The condensation of the compo-
nents of the Ag/Pb contact pair has always
been carried out at room temperature.

The melting and crystallization tempera-
tures of bismuth in multilayer films were
determined using two independent in situ
techniques: resistance measurements in heat-
ing-cooling cycles and direct electron diffrac-
tion observations. The morphological struc-
ture of the films was studied in the JEOL
JSM-840 scanning electron microscope.

To measure the temperature dependence
of resistance, the films were condensed into
original measuring cells, which are glass
plates with applied electrical contacts. The
cell temperature was measured by a
chromel-alumel thermocouple, and its heat-
ing by radiation from a tungsten wire lo-
cated about 1 cm from the back of the sub-
strate. The condensation of the samples and
the study of the temperature dependence of
their electrical resistance were carried out
in a single vacuum cycle. The thicknesses of
silver films in this case were chosen for
reasons of ensuring sufficient thermal sta-
bility of the sample during the heating-cool-
ing cycles and amounted to 250-300 nm.
The thicknesses of bismuth and lead films
in various experiments were 30-50 nm.
Samples for electron diffraction studies
were deposited on fresh cleavages of KCI
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single crystals with a pre-deposited film of
amorphous carbon. After completion of the
condensation, the samples were taken from
the vacuum chamber, trapped in water on
standard electron microscope grids and ex-
amined in a transmission electron micro-
scope SELMI EMV 100BR in a diffraction
mode. The microscope was equipped with an
original device for heating the samples di-
rectly in its column.

3. Results and discussion

As a result of the studies, the tempera-
ture dependence of the resistance for
Ag/Bi/Ag films was obtained. Fig. 1 shows
the thermoresistive curves corresponding to
the samples in which the bismuth condensa-
tion was carried out according to the
mechanisms of vapor-crystal (Fig. la) and
vapor-liquid (Fig. 1b). On the obtained de-
pendences, both during heating and cooling
of the films, resistance jumps occur in op-
posite directions. According to previous
studies, such jumps in multilayer films are
observed at the melting (T,) and crystal-
lization (Tg) of the fusible component. It
can be seen that the temperature and char-
acter of bismuth crystallization, as in the
previously studied Cu/Bi/Cu and Mo/Bi/Mo
films [21, 22], depend on the mechanism of
its condensation. For samples in which bis-
muth was deposited by the vapor-crystal
mechanism, crystallization occurs in an ava-
lanche manner near 200°C (T,;). A rela-
tively low supercooling (0.12T,) is charac-
teristic for these films. For those films in
which the condensation of the fusible metal
is carried out into the liquid phase, the
crystallization temperature decreases to
115-120°C, and the supercooling value in-
creases to approximately 0.28 T,. The crys-
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Fig. 2. SEM images of Ag/Bi films in which bismuth was deposited by the mechanism of vapor-crys-

tal (a) and vapor-liquid (b).

tallization of bismuth in films in which it
condensed into the liquid phase occurs dif-
fusely in the temperature range of about
40 K (Fig. 1b). Unlike Cu/Bi/Cu and
Mo/Bi/Mo films, whose resistance from cycle
to cycle practically does not increase [21,
22], the resistance of Ag/Bi/Ag films gradu-
ally increases, which indicates their decay.
This leads to the necessity to use suffi-
ciently thick layers of silver films, between
which bismuth is located.

Analogously with the previously studied
contact pairs [21, 22], the effect of sub-
strate temperature during condensation on
the temperature and the character of crys-
tallization can be related to the different
morphology of the films. In films obtained
by wvapor-crystal condensation, even after
several heating-cooling cycles, bismuth is
present in the form of inclusions of irregu-
lar shape, which, on the whole, form a con-
nected structure (Fig. 2a). Crystallization of
such a structure will occur immediately
after at least one critical nucleus of the
crystalline phase appears.

In view of the fact that the size of a
single system of inclusions is comparable to
the size of the entire sample, for bismuth
condensed by the vapor-crystal mechanism,
the conditions of the microvolume method
are not met. That is, the crystallization of
bismuth can be related to the presence of
external crystallization centers, the nature
of which is not entirely clear. Thus, the
results [21], in which Bi/Mo samples were
held for a long time under low vacuum con-
ditions, show that crystallization due to im-
purities, which are formed as a result of
interaction with the residual atmosphere of
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the vacuum chamber, is observed at lower
temperatures. A possible cause of early
crystallization of a Dbismuth connected
structure can be the effect of a solid matrix
on the process of formation of critical size
nuclei [15]. In particular, in such systems a
decrease in supercooling can be observed
[15], which occurs in the case when the size
of the critical nucleus is larger than the
cavities of the matrix. If the critical nu-
cleus has a size substantially smaller than
the pores of the matrix, it will not affect
the formation of the crystalline phase.

We can write the expression for the ra-
dius of the critical nucleus from the classi-
cal nucleation theory:

20T,
r,= s
¢ AMT

1)

where o, is the interphase energy of the
crystal-melt interface, A is the latent heat of
fusion normalized to the volume, AT =T, — T,
is the supercooling value.

From this relation, we can estimate the
size of the critical bismuth nucleus, which
provides the observed supercoolings. Such
an estimate, using the value of o, T /A
given in [15], gives a critical nucleus radius
of about 1 nm. The obtained value is much
less than the thickness of the bismuth layer
in the films under study. Apparently, the
thickness of the bismuth layer in the
Ag/Bi/Ag samples is already large enough
that the presence of silver films on both
sides of it does not directly affect the crys-
tallization features. However, vacuum con-
densates are usually highly nonequilibrium
structures containing a large number of
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germ pores and intergranular boundaries. It
can be assumed that the melt drops cap-
tured by such defects, whose size may be
smaller than the value of the critical nu-
cleus determined in accordance with (1),
crystallize first. This provokes rapid ecrys-
tallization of a single system of inclusions
of a fusible component, formed in samples
obtained by the vapor-crystal condensation
mechanism.

At the same time, in the films in which
bismuth condensation was carried out by
the wvapor-liquid mechanism, the fusible
component is present as separate inclusions
(Fig. 2b). It is obvious that the crystal-
lization of individual inclusions, regardless
of its causes, does not cause the crystal-
lization of neighbors, i.e. such particles crys-
tallize independently of each other. Their size
is already small enough to satisfy the condi-
tions of the microvolume method, and super-
cooling acquires a value that is probably
maximal for the contact pair under study.

The results of the determination of su-
percoolings obtained by measuring the elec-
trical resistance of films were confirmed by
independent in situ electron diffraction
studies of samples with the same ratio of
the components thickness. It is established
that when the films under study are heated,
the lines corresponding to the crystal-
lographic planes of bismuth are present up
to its melting point (T'y), after which they
are replaced by diffuse haloes. Upon cool-
ing, the reflections from ecrystalline Dbis-
muth begin to appear at a temperature
much lower than T, but acquire the initial
brightness after reaching the temperature
Ty, which coincides with the value obtained
from the measurements of the electrical re-
sistance of the films. This directly confirms
the fact that in the temperature interval
between T, and T, bismuth is present in
the sample in a supercooled liquid state.

When studying the temperature depend-
ence of the resistance in the Ag/Pb contact
pair, it was found that the lead layer re-
duces the thermal stability of silver films.
Thus, Fig. 4 shows the thermoresistive
curves corresponding to the successive heat-
ing-cooling cycles of the silver film (curves
a, b) and the next cycle, which was carried
out after the lead layer was condensed to
the already annealed and cooled to room
temperature Ag film (curve ¢). It can be
seen that in the first heating cycle of Ag
films (Fig. 4, curve a), as for Cu and Mo
samples [21, 22, 28], an irreversible de-
crease in their resistance due to annealing
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Fig. 8. Electron diffraction patterns of Ag/Bi
films corresponding to the heating-cooling
cycle (from top to bottom). The temperatures
of the samples are indicated in the photo-
graphs. Bismuth was deposited by the vapor-
liquid mechanism.

is observed. After that, the resistance of
these films is practically linear on change
with temperature, and does not contain any
features in the temperature range under
study. However, the resistance of Ag/Pb
samples sharply increases when they are
heated to the melting point of lead. Such an
irreversible growth of resistance showed
[28] the breakdown of the initially continu-
ous silver films into separate islands. The
process of decay of layered film systems in
the presence of liquid lead in them can
occur not only due to solid-phase diffusion,
but also due to mass transfer through the
liquid phase [28]. In turn, due to the size
effect of solubility [30, 31], the contribu-
tion of the second process can increase with
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Fig. 4. Electrical resistance of the Ag and
Ag/Pb films versus temperature. Curve (a)
corresponds to the first, and (b) to the second
heating of the silver film. Graph (¢) demon-
strates the behavior of the Ag/Pb film during
the first heating.

the transition from bulk samples to thin
films.

According to [22—-24], the thermal decay
process can be slowed down by using surfac-
tant layers located between the base sub-
strate and the layered film system under
study. As a surfactant, a layer of 1-2 nm
thick molybdenum was chosen, which depos-
ited on the measuring cell immediately be-
fore the condensation of silver. This some-
what slowed the process of the samples de-
wetting and made it possible to observe the
jumps in the resistance on the thermoresis-
tive curves, which can be matched with the
melting and crystallization of lead (Fig. 5).

A significant reduction in thermal stabil-
ity due to the presence of lead in the films
leads to rapid degradation of the layered
film system. This limits the number of heat-
ing/cooling cycles that can be performed on
a single sample. The magnitude of super-
cooling in this contact pair is about 0.1T,,
and crystallization, even when lead is depos-
ited on a silver layer at room temperature,
occurs in the temperature range of about
3 K, i.e. has a diffuse character.

We note that, as in other previously
studied systems [21, 22, 25], bismuth pro-
vides more noticeable jumps in resistance
during phase transitions in comparison with
other metals. Thus, the resistance jumps in
phase transitions in AgQ/Pb/Ag films, both
during melting and during crystallization,
are practically equal to each other and
amount to about 5 % . At the same time, for
films containing bismuth, an asymmetry is
observed between the jumps corresponding
to the melting and crystallization of the
fusible component. The resistance jump in
the melting of bismuth in the samples ob-
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Fig. 5. Temperature dependence of the elec-

trical resistance of Ag/Pb/Ag films deposited
on the surfactant layer of molybdenum.

tained by the vapor-crystal condensation
mechanism is 1-2 %. At the same time, the
jump in the resistance during -crystal-
lization of bismuth turns out to be much
larger and amounts to 5-10 %, which cor-
responds to a jump observed in films con-
taining lead. For films deposited by the
vapor-liquid mechanism, the magnitude of
the jump in resistance is much larger, and
when melting it is 10-20 %, and when
crystallized it reaches 80-90 %. Unlike
Ag/Pb/Ag films, whose thermal dispersion
occurs in the presence of a liquid phase (as
evidenced by the irreversible increase in
their resistance observed over the entire
temperature range of the existence of liquid
lead), the degradation of Ag/Bi/Ag films oc-
curs mainly during the crystallization of
bismuth. This confirms the assumption
made in [22] that the resistance jumps ac-
companying phase transitions in Cu/Bi/Cu
films, unlike lead-containing samples, are
mainly due to mechanical stresses arising
during the crystallization of bismuth.

4. Conclusions

The temperature boundaries of the stabil-
ity of the liquid phase of the fusible compo-
nent in Ag/Bi/Ag and Ag/Pb/Ag films are de-
termined. It is shown that, like for layered
film systems based on copper and molybde-
num, the temperature and character of bis-
muth crystallization depend on the sub-
strate temperature when it is condensed.
For samples in which bismuth was con-
densed by the vapor-crystal mechanism, the
crystallization occurs in an avalanche-like
manner with a relative supercooling of
0.12T7,. For films in which bismuth con-
densed into the liquid phase, diffuse crys-
tallization occurs at a much higher super-
cooling (0.28T,). In Ag/Pb/Ag films, as in

Functional materials, 25, 3, 2018
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other previously studied similar contact
pairs (Cu/Pb, Mo/Pb, Mo/In), diffuse crystal-
lization is observed irrespective of the con-
densation mechanism of the fusible compo-

nent.

Supercooling during the crystal-

lization of lead in Ag/Pb/Ag films is 0.1T,.
Differences in the temperature and charac-
ter of the crystallization of Ag/Bi/Ag film
systems obtained by bismuth condensation
at different substrate temperatures are due
to the different morphological structure of
bismuth inclusions in the multilayer films
under study.
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