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A B S T R A C T

Method of vacuum thermal evaporation of small amounts of material was used for the formation of nanoparticles
in Au-Cu and In-Sn bicomponent systems. The obtained arrays were investigated by Transmission Electron
Microscopy. It was found that after the sequential deposition of copper on gold there was formed an array of Au-
Cu alloy particles. The lattice parameter of this alloy occupies an intermediate position between the parameters
of Au and Cu. Sequential deposition of In and Sn and annealing of the resulting structure do not lead to the
formation of In-Sn alloy. The array is the mixture of particles of two types: some contain In, and others contain
Sn. In case of co-evaporation of In and Sn in eutectic proportion the resulting array is the mixture of In3Sn β-
phase particles and InSn4 γ-phase particles.

1. Introduction

Metal nanoparticles (NPs) arrays are already used in various ap-
plications and their use opens new perspectives. It is known that due to
the increased surface-to-volume ratio, nanoparticles of catalytic metals
and their alloys exhibit an increased catalytic activity compared to their
bulk form [1,2].This makes them attractive for using in applications
related to catalytic chemical transformations, in particular in fuel cells
[3–8].

It is also known that arrays of silver and gold nanoparticles due to
the plasmon resonance can amplify the Raman signal by a factor of 106.
This feature contributes to the progress of Surface-Enhanced Raman
Spectroscopy (SERS) and active development of highly sensitive
plasmon nanosensors capable of detecting amounts of substance at the
level of one molecule [9–14]. The sensitivity of a nanosensor to the
molecules of the detected substance is determined by the position of the
plasmon resonance of the nanoparticles array. In this connection, the
use of alloyed nanoparticles is of interest, since it allows controlling the
position of this peak [15,16], that is, it can be an important tool for
tuning nanosensors.

In the field of nanomaterial technology, metallic NPs are often used
in synthesis of semiconductor nanowires (NWs) through Vapor-Liquid-
Solid mechanism during chemical vapor deposition. In particular, ar-
rays of Si [17–19] and Ge [19–21] nanowires and AIIIBV compounds
[22] are obtained in this way. Recently it has been shown that an array

of Ge nanowires can be grown electrochemically from an aqueous so-
lution at a temperature below 100 °C on an array of In particles via
electrochemical liquid-liquid-solid process [23–25]. In the future arrays
of alloyed nanoparticles in the implementation of these techniques may
be of interest, since during the formation of arrays of particles of dif-
ferent alloys one can control their melting point and, consequently, the
growth temperature of nanowires.

To date, production of alloy thin films that are used as a solder for
commutation and for splicing various VLSI elements is a topical pro-
blem [26–29]. Due to the toxicity of lead, the search for lead-free
solders with similar melting points is relevant. The use of alloys based
on eutectic-type systems makes it possible to lower the melting point of
solders, thereby reducing probable negative effects of thermal action on
IC functional elements operability. Moving to low-dimension region
allows reducing the alloy melting point more substantially. In this re-
gion, the equilibrium of the phase diagrams is shifted due to dimen-
sional effects [30,31], and how the alloy will behave remains an open
question.

Such dissimilar applications require the fundamental studies on the
alloy system properties when the volume decreases to a nanometer
scale to reveal the patterns of fusion at different nanoscale levels, the
formation and behavior of such arrays of alloy particles under thermal
influences, depending on the type of alloy system: solid solution, eu-
tectic, peritectic, intermetallic.

In the presented work we investigated two alloy systems-Au-Cu and
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In-Sn in the nanometer range. The samples were formed by thermal
evaporation in vacuum. These systems were chosen because they are
very different in terms of the phase diagram. The components of Au-Cu
system can be mixed in arbitrary proportions [32]. In the In-Sn system
there are two intermetallic phases: In3Sn β-phase and InSn4 γ-phase,
which are low soluble in each other and as a consequence form eutectic.

2. Experimental

Single crystal KCl salt was used as substrate. Preliminarily a 20 nm
thick layer of amorphous carbon was deposited on it by the magnetron
sputtering method.

All the investigated structures were formed by vacuum-thermal
evaporation and condensation of small portions of substance from the
molybdenum evaporator at a distance from the evaporator to the sub-
strate of 40 cm and the residual pressure in the vacuum chamber not
higher than 1× 10−5Torr. Two series of samples were prepared for this
study: the first one for Au-Cu system and the second for In-Sn system.

Samples of the first series were prepared by the following sequence
of operations:

• Evaporation of weight portion 25.2 mg of Au.

• Evaporation of weight portion 12.5 mg of Cu.

• Annealing in vacuum at a temperature of 300 °C during 20min.

The choice of weighed portions was based on previously obtained
dependence of average particle size in the formed array on evaporated

weight portion [33]. Evaporation of said weight portion of Au should
lead to the formation of an array of nanoparticles with an average size
of ∼15 nm. Taking into account the dependence obtained in [33] and
the density change for the formation of Au0.4Cu0.6 alloy composition, by
simple calculations it was expected that when the said amount of
copper was added to gold, a system of Au-Cu nanoparticles with an
average size of ∼20 nm should be formed.

The annealing regime was also chosen based on previous studies
[34], which show that the indicated temperature brings the system to a
metastable state, while coalescence and evaporation processes are not
yet activated.

Before the formation of the second series of samples, preliminary
experiments were carried out, similar to those described in [33–35].
There were determined weight portions of both In and Sn necessary to
form an array with a given size of nanoparticles. It has been found that
by evaporation of weight portions in the range from 0.9mg to 23.0mg
of pure In and pure Sn, arrays of nanoparticles with average sizes from
2 to 35 nm are formed. Samples of the second series were prepared by
the following sequence of operations:

• Evaporation of weight portion 3.6 mg of In.

• Evaporation of weight portion 3.5 mg of Sn.

• Annealing in vacuum at a temperature of 200 °C during 20min.

The selected weight portions of In and Sn separately form arrays of
nanoparticles with an average size of ∼8 nm. It was expected that by
alloying an average particle size of the array can increase up to

Fig. 1. TEM images and SADP of samples of Au-Cu system: a) as-deposited array of Au nanoparticles with initial weight portion 25.2mg; b) as-deposited array of Cu
nanoparticles with initial weight portion 12.5 mg; c) Cu evaporated onto array of Au nanoparticles; d) nanoparticles of Au-Cu alloy after annealing in vacuum at a
temperature of 350 °C during 20min.
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∼12 nm. The annealing temperature was chosen to exceed the eutectic
temperature, based on the In-Sn phase diagram [36]. In addition, se-
parately the samples were prepared by co-evaporation of the following
compositions of In and Sn weight portions:

• 2.0 mg of In and 1.9 mg of Sn.

• 10.1 mg of In and 10,0 mg of Sn.

For both series, after each technological operation, one sample was
taken from the series, and each of them reflected a definite stage of
formation of the final structure.

After the structure formation the samples were immersed into
deionized water to dissolve KCl. A thin film of amorphous carbon with a
metal structure floated to the surface and was caught onto a standard
copper grid for TEM.The samples were investigated using transmission
electron microscope FEI Tecnai G2 20 S-Twin, equipped with EDAX X-
ray energy-dispersive spectrometer.

3. Results

3.1. System Au-Cu

TEM images and selected area diffraction patterns (SADP) of the
first series films are shown in Fig. 1. The initial condensate of gold
(Fig. 1a) is an array of small separated particles having arbitrary non-
spherical shape. SADP shown on the inset Fig. 1, a corresponds to fcc
polycrystal with the lattice constant a=0.410 nm, which within the
error coincides with the lattice constant of gold. Because of the small

size of clusters diffraction rings look rather fuzzy.
The result of evaporation of copper weight portion 12.5 mg onto

carbon film is shown in Fig. 1,b. In the diffraction pattern the reflexes of
oxide CuO are brighter than the rings of fcc lattice of copper. It means
that Cu is highly oxidized.

The deposition of Cu onto previously formed array of Au particles is
shown in Fig. 1c. The nanoparticle size became larger. Nevertheless, the
particles still remain isolated from each other (Fig. 1c). The period of
the fcc lattice a=0,406 nm also corresponds to gold within the error.
The crystal lattice of Cu and CuO in the diffraction pattern is not visible.

*After vacuum annealing the structure is transformed into an array
of larger islands of complex jagged shapes (Fig. 1d). On the inset a clear
diffraction pattern corresponding to the fcc lattice with the parameter
a=0.387 nm can be observed. This value exceeds the lattice constant of
copper (0.362 nm) but smaller than that of gold (0.408 nm), which
clearly indicates that the process of vacuum annealing at 350°C formed
Au-Cu alloy. The study of the elemental composition of this island array
in different places using X-ray energy dispersive microanalysis found no
local areas with a significant deviation. In other words, the alloy island
array is uniform in composition. Thus the obvious alloying occurs
during consecutive evaporation of gold and copper portions and an-
nealing at 350 °C, but expected array with average nanoparticle size of
∼20 nm is not obtained.

3.2. System In-Sn

TEM micrographs of arrays of In, Sn and In-Sn alloy nanoparticles
are shown in Fig. 2–5. At the first stage, we studied two series of

Fig. 2. TEM images and SADP of the films after indium evaporation and annealing at 150 °C: a) initial weight portion 2.2 mg; b) initial weight portion 9.2 mg; c)
HRTEM image of In2O3 crystal in the array of nanoparticles with weight portion 1.8 mg.
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samples:

• Indium films with initial weight portions of evaporated substance
0.9, 1.8, 5.5, 9.2, 18.4 mg and subsequent annealing at 150 °C, for
10min.

• Tin films with initial weight portions of evaporated substance 1.1,
2.2, 7.1, 11.4, 22.9 mg and subsequent annealing at 230 °C, for
10min.

Both the initial and annealed structures are arrays of small sepa-
rately standing particles, the shape of which is close to spherical (Fig. 2
and 3, a, b). When the weight portions vary from 1 mg to 23mg, the
average size of metal clusters increases from 2 nm to 35 nm. For sam-
ples with an initial weight portion less than 3mg and average particle
size less than 8 nm the SADPs shown in the insets Fig. 2a and 3a had the
appearance of diffuse rings characteristic of amorphous structures. In
high-resolution mode (HRTEM) very few discrete crystalline clusters
can be detected. In the sample with evaporated indium under the
electron beam the crystal lattice of a particle disintegrates, and it
transits into disordered, most likely, liquid state.

As the size of metal clusters increases they acquire a distinct crys-
talline structure (inset Fig. 2 and 3, b), which is also clearly visible in
HRTEM images (Fig. 2 and 3, c). In a film with evaporated indium it is
possible to distinguish in SADP the systems of rings corresponding to
metallic indium and indium oxide In2O3(Fig. 2, b). The tin crystals are
covered with 3 nm thick amorphous disordered shell (Fig. 3, c). Note
that in contrast to In-Sn system in Au arrays a clear crystal structure of
nanoclusters was observed even at average particle sizes of ∼4 nm.

In the next step we sequentially evaporated the weight portions
3.6 mg of indium and 3.5mg of tin to the same substrate. Fig. 4 shows
TEM images of the films obtained by sequential deposition of In and Sn.
Before annealing clusters do not have a distinct crystalline structure
(inset Fig. 4). It can be seen that the particles overlap in many places.
The particle sizes are ∼8–10 nm. Upon evaporation of the corre-
sponding weight portions of pure In and pure Sn the particles had the
same size. If we compare Fig. 4a with Figs. 2a and 3 a, the density of
particles in this case is much higher, and, apparently, this is the result of
superposition of two arrays. After annealing diffraction rings char-
acteristic of the crystalline In and In2O3 structures appear on SADP
(inset Fig. 4b). Despite the fact that there are no reflections in SADP
corresponding to the crystal lattice of tin in a high resolute on mode
clusters with such a structure can be detected on the film surface (Fig. 4,
c). These facts allow concluding that the sequential deposition and
subsequent annealing does not lead to mixing of indium and tin. There
is a system of clusters of two types: in some clusters indium pre-
dominates and they have the structure of In and In2O3; in others, tin
predominates and they have tin structure.

Finally, there were performed experiments in which the weight
portions of In and Sn were evaporated together to condense In and Sn
atoms simultaneously. On evaporation of weight portion consisting of
2.0 mg of In and 1.9mg of Sn an array of nanoparticles with an average
diameter of ∼10 nm was formed (Fig. 5a). In the diffraction pattern of
this sample, the crystal lattice is not seen (inset Fig. 5a) as it was in the
samples of pure In and pure Sn with very small particle sizes. Therefore,
for the convenience of the diffraction pattern recognition the weight
portion in the next sample was increased to 20.1 mg (10.1 mg of In and

Fig. 3. TEM images and SADP of the films after tin evaporation and annealing at 230 °C: a) initial weight portion 1.8 mg; b) initial weight portion 11.4mg; c) HRTEM
image of Sn crystal in the array with weight portion 11.4 mg.
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10.0 mg of Sn). As a result, sufficiently larger clusters were formed
(Fig. 5b). In the diffraction pattern of Fig. 5c, it is possible to identify
clearly the reflexes from two crystal lattices: tetragonal β-phase In3Sn
and hexagonal γ-phase InSn4.

4. Discussion

Comparison of the results makes it possible to identify a number of
peculiarities in the behavior of nanoscale Au-Cu and In-Sn systems
formed by vacuum-thermal evaporation and condensation:

• Gold shows crystal structure on SADP even at the smallest particle
sizes. At the same time, indium and tin exhibit crystalline structure
beginning with a certain particle size although in some particles
crystal structure is visible at high resolution. Similar situation is
observed in bimetallic samples In-Sn.

• After deposition of copper over previously formed gold clusters with
close initial weight portion the particle size significantly increases.
However, crystalline copper is not detected either in SADP or in
high-resolution images. Only one crystal lattice is visible on SADP
and its lattice parameter is close to the lattice parameter of gold.
After annealing at 300 °C there is also one crystal, but its parameter
occupies an intermediate position between the lattice parameters of
gold and copper.

• Unlike Au-Cu system sequential deposition of In and Sn and an-
nealing of such a structure at 150 °C lead neither to the formation of
an In-Sn alloy nor to a noticeable change in the size and structure of
the particles in the array. The array is the mixture of particles of two

types: some contain In, and others contain Sn.

• Simultaneous co-evaporationof In and Sn in eutectic proportion
gives slightly different results in comparison with sequential eva-
poration of In and Sn: the resulting array is the mixture of In3Sn β-
phase particles and InSn4 γ-phase particles.

The absence of crystal structure on SADP samples of In-Sn series
with small weight portions may be due to extremely small particle sizes
in the array. However, we are more inclined to believe that this phe-
nomenon is related to dimensional melting (or quasi-melting) of In and
Sn particles. To this one we can also add an observation in the high-
resolution mode that the crystal structure of In nanoparticle with a
diameter of ∼10 nm disappears under the electron beam of the mi-
croscope.

The crystal lattice of copper is not visible in the diffraction pattern
of the original (as-deposited) Au-Cu sample, in our opinion, for another
reason.This may be a consequence of the fact that the amplitude of
atomic scattering of copper is much less than that of gold and the dif-
fraction pattern is very diffuse.

Comparison of Fig. 1c and d shows the dramatic changes occurring
in the morphology of the condensate at 300 °C, which is rather low
temperature for such materials as Au and Cu. Isolated islets of complex
rugged shape have a fused appearance similar to that observed at a
certain stage during melting-decomposition of thin copper films [37].
Importantly, only one crystal lattice with an intermediate value of the
lattice parameter between the lattice parameters of gold and copper is
visible in the diffraction pattern, which indicates almost complete in-
teraction in this system. Thus, in case of unlimited solubility of

Fig. 4. TEM images and SADP of the films after sequential evaporation of weight portions 3.6 mg of indium and 3.5 mg of tin: a) as-deposited; b) after annealing at
230 °C; c) HRTEM image.
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components in the system the method of sequential evaporation of
weight portions of material is quite suitable for obtaining arrays of
nanoparticles with controlled lattice parameter.

At the same time, the behavior of the eutectic In-Sn system is rather
different. In accordance with the phase diagram [36] two stable equi-
librium crystalline phases are observed in In-Sn system:

• At low tin concentrations a In3Sn tetragonal β-phase with a spatial
symmetry group I4/mmm and lattice parameters a=0.347 nm;
c=0.439 nm is formed.

• At high tin concentrations a InSn4 hexagonal γ-phase with a spatial
symmetry group P6/mmm lattice parameters a=0,322 nm;
c=0,300 nm is formed.

When the ratio of mole fractions of components is close to 1:1 the
eutectic mixture consisting of these β- and γ-phases should be observed.

The limited solubility of the components means a tendency to se-
paration, which we do observe. However, we want to draw attention to
the situation that arises in our case during the formation of an array of
separated nanoclusters. In case of macroscopic sizes the structure of a
two-component eutectic alloy is a mixture of two sorts of micro- or
nanocrystals contacting with each other. It is exactly their small size
and contact with each other that causes the melting temperature of the
alloy of eutectic composition to be much lower than the melting point
of pure components of the system due to the phenomenon of contact
melting. However, when an array of separated nanoclusters is formed it
is obvious that contact melting cannot take place, and, consequently,
the concept of eutectic and eutectic melting temperature is no longer

effective.
The difference in behavior of In-Sn system in cases of sequential and

co-evaporation, is apparently due to the fact that in the case of se-
quential evaporation In is partially oxidized (see. Fig. 2 b and c).
Therefore, it is likely that interaction between In and Sn is blocked, and
formation of β-phase and γ-phase does not occur, as in the case when In
and Sn are evaporated simultaneously.

It should also be noted that all Sn particles are covered by an
amorphous disordered shell, which is clearly seen in Fig. 3c. The same
shells cover the particles of β-phase In3Sn and γ-phase InSn4. Most
likely, this shell is an amorphous oxide. However, we do not exclude
that this shell is a quasi-liquid disordered layer, which is the result of
dimensional heterogeneous melting [38].

5. Conclusions

Our research shows that when forming arrays of bicomponent na-
noparticles in nanometer range it is necessary to take into account the
metallurgical features of systems. On the one hand, unlimited solubility
of components allows controlling lattice parameter and the melting
point of the formed nanoparticle array within certain limits. This
technique can be used to control the position of the plasmon resonance,
which is important in photonics, or to control the process of synthesis of
semiconductor nanowires through CVD process. On the other hand, the
limited solubility of the components may become an obstacle when
trying to create nanoparticles of eutectic composition with a lowered
melting point. Such arrays are used, for example, for the synthesis of
nanowires from aqueous solution through electrochemical liquid-

Fig. 5. TEM images and SADP of the films after simultaneous evaporation of In and Sn. The samples were annealed at 200 °C: a) weight portions 1.9 mg In and 2.0 mg
Sn; b) weight portions 10.0 mg In and 10.1mg Sn; c) diffraction pattern of the sample (b).
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liquid-solid process.
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