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In situ research on temperature dependence
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Results of in situ electron diffraction study on temperature dependence of the lattice
parameter of fusible component in Cu—Pb and Cu-Bi two-layer films are presented. It is
found that at the room temperature, the parameters of Pb and Bi crystal lattices are
agreed with the tabular data, however, with temperature increasing one can observe the
deviation from the values corresponding to bulk samples. This indicates a significant
increase of solubility of the components in the films under study. In the Cu-Pb films
according to the estimation made by assuming a linear dependence of the lattice parameter
of the solid solution from concentration, copper solubility in the solid lead at near the
eutectic temperature is about 0.8 at.%, which is much greater than the value known for
the bulk samples.
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IIpencTaBieHbl Pe3yJaLTATHI in SitU 3IeKTPOHOrpaUUecKOro MCCIeJOBAHNA TeMIepaTyp-
HOIl 3aBHCHMOCTU IIapaMeTpa PeIleTK! JErKOIJaBKOr0 KOMIIOHEHTA B ABYXCAOMHBIX IIJIEH-
kax Cu—-Pb m Cu-Bi. O6mapyxeno, 4To Ipyu KOMHATHON TeMIIepaType IapaMeTpbl KPHCTAJ-
anyecKkux pemrerok Pb u Bi coriacyioress ¢ TaGiMYHBIMKM JAHHBIMHM, OJHAKO, C POCTOM
TeMIIepaTypbl Habiampogaercad HX OTKJIOHEHHE OT 3HAUYEHUI, COOTBETCTBYIOIIUX MACCHUBHBIM
ofpasiamM. 9TO CBUIETEJIbCTBYET O BO3PACTAHUU PACTBOPUMOCTH KOMIIOHEHTOB B HCCJIEIOBAH-
HEIX IeHKax. B mmenxax Cu—Pb cormacuo omenke, BLIMOMHEHHON B IPEAIIONOMKEHNN JTUHEN-
HOIl 3aBHCHMOCTM I[apaMeTpa PeIIeTKM TBEPAOro PACTBOPA OT KOHIEHTPAIMM, PacTBOPHU-
MOCTL MeIU B TBEPAOM CBUHIE BOJM3M TeMIEpPATYPLI IJBTEKTHUKM COCTABJIIET OKOJIO
0.8 ar.%, uTo Ha MOPALOK 0OJbLIle 3HAUEHWS, N3BECTHOTO AJI MACCHUBHLIX 00Pa3I[OB.

In situ mocmimkeHHAa TeMmepaTypHO!I 3ajI€KHOCTI TapaMeTPiB TPAaTOK JETKOILIABKUX
meradiB y Tourux maisgkax Cu—Pb rta Cu-Bi. C.B/[Jyxapos, C.I.ITempywenko, B.M.Cyxos,
O.I.Ckpuans.

Haseneno pesyabratu in situ eneKTpoHOrpadiuHoro IOCIiIKeHHS TeMIIepPaTyPHOIL 3ajex-
HOCTi mapamerpa KPHUCTAJIIYHOI I'PATKM JIETKOILIABKOIO KOMIIOHEHTA y ABOLIAPOBUX ILIiBKAaX
Cu—Pb Ta Cu-Bi. Bussneno, mo npm kKimMHaATHIA TeMIepaTypi IapaMeTpu KPUCTAIIYHIX
rpatok Pb Ta Bi Bigmosigaiorh TabauuyHUM 3HAYEHHAM, OJHAK, 31 3POCTAHHIAM TEeMIEPATYPU
cmocTepiraeThesa IX BigxujgeHHs Bix 3HauYeHb, IO BiAgmoBimaThL MacuBHUM 3paskam. lle
CBiUMUTL NMPO 3POCTAHHA PO3UYMHHOCTI KOMIOHEHTIB y JOCHiMMKeHMX IIJIiBKax. ¥ ILIiBKax
Cu—Pb srigmo 3 orinkoo0, BUKOHAHO Y MPUIYIeHH] JiHiHOI 3ajie;KHOCTI mapaMmerpa Kpuc-
TAJIYHOI IPATKU TBEPAOTO PO3UUHY BiJ KOHIEHTPAIil, POBUMHHICTL Mifli ¥ TBePAOMY CBWHIIL
noGIu3y TeMIepaTypu eBTeKTHUKU CTAaHOBUTHL 0auabko 0.8 ar.%, mo Ha mopaAmoxr Oiabime
3HAUEeHHS, BiJOMOTO AJIs1 MAacUBHUX 3PasKiB.
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1. Introduction

Different alloys and composite materials
with the size of the structural elements of
the order of several nanometers are being
increasingly used in modern fields of sci-
ence and technology. Such materials can
have unique structural properties, and also
can represent various types of active media
(electronic, magnetic, optical, ete.), which
are functional elements of the modern de-
vices and equipment. The variety of such
objects applications and the possibility to
control their properties occur due to various
size effects. Thus, in the nanoscale systems
one may observe the change of thermody-
namic [1, 2] and electrophysical [3, 4] charac-
teristics, shift of phase diagrams lines [2, 5],
existence of the metastable phases [6, 7]
and others. However, practical use of these
processes and phenomena is impossible with-
out a thorough study of the substances
properties in the highly dispersed state.

The lattice parameter change studies
under influence of various factors allow us
to analyze the processes occurring in the
sample volume. In particular, such studies
can provide information on mutual solubil-
ity in two-component system, as during the
formation of a solid solution one can ob-
serve the regular change of its lattice pa-
rameter. For isostructural components the
lattice parameter of the solid solution of
substitution is a linear function of its com-
position in the first approximation. This
makes it possible to use electron diffraction
studies to determine the solubility in thin
films.

Mutual solubility of the substances used
for producing composite materials or multi-
component thin film products, is an impor-
tant parameter, which largely determines
their stability and durability. So mutual
dissolution, along with other mechanisms,
such as: growth through pores [8] or diffu-
sion component [9], the intensity of which
increases in going to nanometer size [9, 10],
may cause degradation and subsequent de-
struction of the product. The mutual solubil-
ity of substances acquires special value for
thin films and especially for the thinnest sur-
factant layers [11], reduction in the thickness
and increase of stability of which is one of
the key task of the modern electronics.

For samples that are in the massive
state, the literature contains extensive ex-
perimental material, which ineludes infor-
mation about the phase diagrams as a num-
ber of contact pairs and their mutual solu-
bility. At the same time, data about the
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features of solubility in nanoparticles, con-
tacting both with other nanoparticles, and
with the massive phase are less significant.

The published experimental and theoreti-
cal data suggest that in the transition from
massive samples to the nanometer ones,
substantial changes such as the value of
their mutual solubility and thermal stability
characteristics of the resulting solution may
occur. The results of [9, 12] show a decrease
in the temperature of formation of solid
solutions in thin Au-Ni and Ag-Pd films.
Also, a substantial increase of solubility in
the nanosamples is specified in [13], where
the increase of solubility of carbon in Au
nanoparticles of 5 nm size is found to be
more than four orders of magnitude, in
comparison with the bulk sample. According
to [14, 15], this situation can occur for the
contact pairs with the low solubility in the
massive state. A perspective in situ method
of studying of solubility in thin films is
proposed in [10]. The authors found, that
dissolution of Ge in Ag causes a change in
the resistance film system that can be used
to study the solubility in thin films.

Theoretically, the effect of size on solu-
bility of contacting phases was studied in
[16, 17]. Although the authors use different
approaches, the overall result of these
works is the conclusion about possibility of
growth of the solubility and change of the
lines position on the phase diagram in the
transition from bulk samples to highly dis-
persive ones. This opens up opportunities
for creation of various nanocomposite mate-
rials with unique properties.

It is worth noting that such materials, in
which nanoparticles of the substance in con-
tact with the solid phase of the other one,
are widely used in the modern technology.
Thus, the system of "nanoparticles in solid
matrix” is an important object of modern
electronics, and doping substances by nanos-
cale inclusions is a well known method of
controlling the materials properties. There-
fore, the study of such systems is not
purely scientific but also of great practical
importance.

2. Experimental

Thin Cu-Pb and Cu-Bi film systems, in
which at least one phase is in the highly
dispersed state were selected for the study.
According to [18] the components of these
systems constitute a phase diagram of eu-
tectic type with the eutectic point located
very close to the fusible component
(0.2 at% Cu) and its melting temperature.
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The selected systems are characterized by a
very low solubility of the components in the
solid state. Thus, up to the eutectic tem-
perature, the solubility of Cu in Pb does not
exceed 0.023 at.%. In the literature there
are almost no data of Cu solubility in solid
Bi and it is expected to be negligibly small
[19]. The solubility of the fusible metals in
Cu at temperature of 600°C, is less than
0.09 at.% for lead and about 0.0003 at%
for bismuth. In accordance with [14, 15] for
such systems it is possible to observe an
increase in solubility in the dispersed state.

When one select objects of study it is
also taken into account that for these film
systems phase transitions were previously
investigated by measuring the temperature
dependence of resistivity [20]. Thus, in par-
ticular, the following has been found. When
first heated, the resistance of pure copper
films deposited on amorphous carbon at the
room temperature irreversibly decreases
starting from temperature of about 100°C.
It is accompanied by the lines narrowing in
the electron diffraction pattern, which is a
clear indication of annealing initially defec-
tive structure of the condensate. In sub-
sequent cycles of heating-cooling electrical
resistance of the solid copper films with a
thickness of 50 nm is changed reversibly
and shows the behavior typical for metals,
i.e. it increases linearly with temperature
and has no singularities. Such films lose
continuity at temperatures above 500°C.
However, the deposition on the continuous
copper film, even small amount of lead
(about 1 wt.%) drastically reduces its ther-
mal stability. These samples break even
when heated to the melting point of lead, as
evidenced by sharp increase in their resis-
tance [20]. Decomposition of the continuous
films into the island ones is natural and
frequent process. For its prevention surfac-
tant ultrathin layers improving the interac-
tion of the film and the substrate are com-
monly used [11, 21]. However, these phe-
nomena are typical for thinner layers than
those used in this paper. A mutual dissolution
of the components, which occurs mainly at
grain boundaries [22], which are the main
defects in polycrystalline films can probably
an important role in the decay of relatively
thick Cu-Pb films into island ones. These
processes facilitate the mass transfer in Cu
films, for which island state on the amor-
phous carbon substrate is energetically more
favorable than continuous. The rate of ther-
mal decomposition of the copper films with
admixture of lead increases compared to the
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films of pure copper. High activity of the
thermal decomposition may indicate that
the mutual solubility in this system which
is negligible in the massive state is much
greater in the studied films.

Samples for the study were multi-layered
films composed of two layers of studied
components and additional carbon layers.
The films were obtained by successive con-
densation in vacuum 107%-10"7 mm Hg on
fresh cleavage of KCI single crystals with
pre-deposited sublayer of amorphous carbon
with the thickness of about 20 nm. The
carbon film prevented interaction of the
components of the system under study with
the substrate and ensures the integrity of
the sample while separating it from the sub-
strate for electron diffraction studies. Carb-
on was deposited from a voltaic arc, and
metals under study were deposited by ther-
mal evaporation from molybdenum boats,
heated by direct passage of electric current.
The metal layer thickness was measured
during their deposition using a quartz oscil-
lator and it was 10720 nm in different ex-
periments.

After completion of the condensation of
the studied film system in order to protect
it from the effects of atmospheric gases, the
amorphous carbon layer was also deposited
on the film surface. The system of mobile
shields used in a vacuum chamber allowed
in one experiment, i.e., under the same con-
ditions, to obtain two sets of the samples:
Cu—-Pb (or Cu-Bi) films, as a subject of the
study and Cu—C—Pb test samples, where be-
tween copper and lead there was an interme-
diate layer of amorphous carbon with the
thickness 20-30 nm in order to prevent
their interaction. Necessity of the test sam-
ples application is due to the fact that along
with change of the lattice parameters ele-
ments related to their mutual solubility
with increasing temperature in the samples,
one can observe increase of the lattice pa-
rameters due to thermal expansion. In addi-
tion, the control samples were used for tak-
ing into account any possible size depend-
ence [2] of the lattice parameters of the
system components.

The resulting samples were removed
from the vacuum chamber and were placed
on a copper mesh for electron microscopy.
Electron microscopic studies were carried
out by transmission electron microscope
Selmi PEM 125K, and electron diffraction
ones using electron microscope Selmi EMV-
100BR, equipped with the original device
for in situ electron diffraction studies of
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Fig. 2. TEM images of Cu—Pb (a) and Cu-Bi (b) films.

the samples when heating and cooling. The
device was a massive (compared to electron-
microscopic mesh) resistive heating unit,
which the sample was placed into. The unit
temperature was measured by using a ther-
mocouple of K-type welded to it directly in
the place of the sample fixing. Calibration of
the device on melting temperatures of fusible
metals showed that the mesh temperature dif-
fers from the temperature of the heating unit
in which it is fixed, not more than 5 K.

The samples were subjected to a series of
cycles of heating — cooling with periodical
shooting electron diffraction patterns corre-
sponding to different temperatures. Obtained
electron diffraction patterns (Fig. 1) were
used to determine the temperature depend-
ence of the lattice parameters of the compo-
nents of the tested contact pairs. As one can
see in Fig. 1 due to the significant difference
in the lattice parameters, the system of re-
flexes that correspond to copper and fusible
elements, are clearly separated. To ensure in
the film a full flow of diffusion processes
responsible for the dissolution, before shoot-
ing electronograms the samples were kept at
a given temperature for an hour.
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3. Results and discussion

Fig. 2 shows electron micrographs of Cu—
Pb and Cu-Bi films, obtained by condensa-
tion on a substrate at the room tempera-
ture, after heating to the melting tempera-
ture of the fusible component. Unlike metal
condensates on an oxide or carbon substrate
upon which the fusible component tends to
gather in the spherical particles [23— 25], in
this case, due to the good wetting typical
for systems such as metal-metal [2], the
fusible component is in a copper film in the
form of shapeless inclusions. As it can be
seen in Fig. 2, characteristic size of the
structural units is equal to dozens of
nanometers, which makes it possible to dis-
play size effects in the films under study.

As a result of the performed elec-
trographic research it was found that the
investigated Cu—-Pb films and control sam-
ples, in which layers of copper and lead
were separated with a sufficiently thick
carbon film, behave differently while heat-
ing. Fig. 3 shows the results of measure-
ment of the lattice parameters of lead and
copper in the layered Cu-Pb and Cu-C-Pb
films (blackened and light-colored dots, re-
spectively). One can see that in the studied
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Fig. 3. Temperature dependences of the lat-
tice parameters of copper and lead in Cu—-C—Pb
(A, o) and Cu-Pb (a, ®) films. Dashed lines
correspond to the thermal expansion for massive
samples.

temperature range mostly there are no sys-
tematic deviations of the measured values
of the lattice parameters of copper and lead
from the table values (dashed lines) for the
control samples and their changes with tem-
perature within the measurement error cor-
respond to the published data for the bulk.
The obtained data also indicate a lack of
size dependence of the lattice parameter.
When studying the film in which copper
and lead are in direct contact, it was found
that up to the temperature of 120°C lattice
parameters of the components in the stud-
ied Cu-Pb samples and Cu-C-Pb control
samples at appropriate temperatures are al-
most identical (Fig. 8). This indicates that
the solubility in these films up to this tem-
perature is below a limit which can be reli-
ably observed, using the above mentioned
technique. However, starting from tempera-
ture of about 120°C, the lattice parameters
of lead in Cu-Pb films and Cu-C—Pb control
samples are different. As it can be seen in
Fig. 8, there is distinct systematic deviation
from the dashed line corresponding to the
published data for the bulk samples on the
dependence a(T) for lead in the Cu-Pb
films. Thus, a visible decrease in the lattice
parameter of lead as compared with the cal-
culated value for a given temperature oc-
curs in the Cu—Pb samples. Since the copper
lattice parameter is smaller than that of
lead, such a behavior should be observed
during formation of the solid solution.
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Fig. 4. Copper solubility in solid lead versus
temperature in Cu-Pb films.

To quantify solubility in the first ap-
proximation we assume that for substances
with the same crystal structure the lattice
parameter of the two-component solution
changes linearly with the components con-
centration. To calculate the concentration of
copper the experimental data on the lattice
parameters of lead in Cu-Pb films and lat-
tice parameters of the pure components in
accordance with the data on thermal expan-
sion of the bulk samples were used. Calcu-
lated in such a way dependence of the cop-
per solubility in lead from the sample tem-
perature is shown in Fig. 4. It can be seen
that the Cu—Pb films solubility increases
with the rise of temperature and at about
the melting point of lead reaches 0.8 at.%.
This value is more than an order greater
than that of limiting solubility of copper in
solid lead in the bulk state known from the
literature [18].

It should be noted that since, according
to the phase diagram, the eutectic point for
the bulk samples is observed at the much
lower concentration of Cu (0.18 at.%), the
obtained increase in solubility in the thin
Cu—Pb film system must be accompanied by
shift of the point of eutectic equilibrium
towards the higher concentration of copper.

The temperature dependence of the bis-
muth lattice parameter in thin Cu-Bi films
also showed its distinctive reduction in com-
parison with the value that must be oc-
curred taking into account the thermal ex-
pansion (Fig. 5).

The found deviation may be caused, as
well as in the Cu—Pb system, with the disso-
lution of copper in the solid bismuth. As
copper and bismuth have different crystal
structures it will not be right to apply di-
rectly to this system the assumption of a
linear dependence of concentration of the
solid solution from changing its lattice pa-
rameters. It is worth noting that the reduc-
tion of the lattice parameter of bismuth can

Functional materials, 23, 2, 2016
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Fig. 5. Temperature dependences of copper
and bismuth lattice parameters in Cu-Bi
films. Dashed lines are drawn in accordance
with the published data for massive samples.

be expected while dissolving in it smaller cop-
per atoms in the case of substitutional solid
solution is formed. In spite of the differences
in the crystal structures of the pure compo-
nents, in the case of low concentrations, the
atoms of the solute substance are arranged in
the crystal lattice sites of the solvent. Ac-
cordingly, in the first approximation, we can
estimate the concentration of the solution, as
well as for the above-discussed Pb—Cu system,
using the corresponding atomic radii instead
of the lattice parameters. The estimation of
copper concentration in the solid bismuth
near the eutectic temperature gives the value
of 0.9 at.%, which can no longer be consid-
ered "negligibly small” [19] and exceed the
value of the eutectic concentration known
from the literature [18].

4. Conclusions

Increase of copper solubility in thin Cu-—
Pb and Cu-Bi films has been found out.
Temperature dependence of the limiting
solubility of copper in the condensed films
of lead has been obtained. In assumption of
the constant type of a the phase diagram
during transition to the nanoscale samples
it has been shown that in the studied binary
alloys the eutectic point of equilibrium is
shifted in the direction of the greater cop-
per concentration.
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