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The formation of clusters of impurity atoms in the crystal lattice of semiconductor materials is of great
interest. The formation of nanoclusters with controlled parameters in the lattice of semiconductor materials
can serve as the basis for the technology of creating and obtaining bulk nanostructured semiconductor
material. This paper shows the experimental results obtained, as well as the proposed physical model of
the structure of nickel atomic clusters. It is shown that the clusters move and migrate in the crystal lattice
of monosilicon with an anomalously high diffusion coefficient of about ¢ (D ~ 10 cm?/s at T = 800°C).
The structural composition of clusters of impurity atoms is determined, its structure and the mechanism
of migration in the crystal lattice are proposed. Thus, it was found that it is possible to control the state of
impurity atom clusters in the silicon crystal lattice, obtaining a new type of semiconductor materials with
unique functional and properties using the cluster migration process. This makes it possible to create a new
class of photonic materials with bulk superlattices based on semiconductors with ordered clusters, which
has unique functionality for creating optoelectronic, nanoelectronic, photoelectric devices and sensors of
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physical quantities of a new generation.
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1 Introduction

Of great interest is the formation of clusters
of impurity nickel atoms in the crystal lattice
of semiconductor materials. The formation of
nanoclusters with controlled parameters in the
lattice of semiconductor materials can guarantee
the structure of the technology for -creating
and obtaining the volume of a nanostructured
semiconductor material. The properties and uses
of such materials are not yet well understood.
The creation and control of the state of clusters of
nickel impurity atoms in the silicon crystal lattice
is of great practical and scientific interest. In this
respect, nickel atoms are of particular interest. This
is due to a rather high solubility (N ~ 10" cm™)
and a large diffusion coefficient (D ~ 10 cm?/s at
T = 1250 °C), as well as the formation of a
predominantly solid ejection embedded in the silicon
lattice [1-3]. The formation of clusters of nickel
atoms in silicon and the effect of doping conditions,
cooling rate, and additional annealing temperature

on the state of clusters were sent to work [4—6].
However, this raises a very important question
related to their movement, i.e. infection of clusters
in the crystal lattice. This question is not only of
scientific but also of very practical interest from the
point of view of creating a fundamentally new class
of materials with a superlattice. This paper presents
a number of new, original experimental results on
the diffusion of nickel atom clusters in the silicon
crystal lattice.

Nickel, unlike other transition group elements,
has not only an increased diffusion coefficient in
silicon, but also a high solubility rate (10'® cm™)
[6]. However, the maximum concentration of
electroactive atoms turned out to be less than 0.1%
of the total solubility of atoms at this temperature,
which means that most of the Ni atoms in silicon
should be in an electrically neutral state.

As shown in [7] this fraction of interstitial atoms
can form impurity clusters in the silicon lattice. Their
structure, size and situation are mainly related to the
situation of legalization and the speed of cooling
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immediately after diffusion ignition, as well as the
temperature and duration of the onset of thermal
ignition.

The prospects of this direction are also due
to the possible gettering of uncontrolled impurity
atoms using clusters of impurity nickel atoms in
the manufacture of various electronic devices, and
especially in the development of high-efficiency
silicon-based solar cells [8, 9]. The gettering method
makes it possible to increase the lifetime of minority
charge carriers, and also ensures the stability of
the electrical and recombination parameters of the
source material, which is repeatedly subjected to
heat treatment during the manufacture of electronic
devices [10-12].

The processes of complex formation and
gettering strongly depend on the mobility of impurity
atoms in the lattice and their binding energy [13—
15]. Therefore, an important task is to estimate the
structure of nickel clusters and the binding energy of
impurity atoms with clusters [16—18].

At the same time, there are no models of such
clusters, and the physical mechanisms of the influence
of nickel atomic clusters on the electrophysical
parameters of silicon are not clear.

2 Technology for obtaining materials and
research method

Samples of p-type single-crystal silicon with
resistivity p=1 Ohmxcm and orientation (111),
oxygen content N, ~(4+6) x 10'° cm™ and dislocation
density S < 10° cm?, were alloyed from a thin metal
layer of nickel deposited in vacuum onto the surface
of silicon samples [19-22].

Nickel diffusion was carried out both in
evacuated ampoules and in air at T = 1200+1250
°C, during t=60+40 minutes. After diffusion, 50 pm
were ground down from all sides of the samples
in order to study the clusters in the bulk of the
crystal. The electrical properties of the samples
were studied by the Hall effect method. The results
of the study showed that the parameters of the
source material remained practically unchanged.
This shows that the concentration of electroactive
nickel atoms is not more than 4x10' ¢m™, and the
main part of the dissolved atoms in the lattice is in
an electrically neutral state, which is confirmed by
the results of works [23-27]. After polishing the
surface of the samples, the state of the clusters was
examined using an INFRAM-I infrared microscope.
To make sure that the formation of clusters occurs
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over the entire volume of the crystal, the samples
were subjected to stage-by-stage polishing. From
the surface of the crystal, 5 um and up to half the
thickness of the crystal were ground off, and each
time the samples were again polished and examined
under a microscope.

3 Results and discussion

As shown by the results of IR microscopic
studies, uniformly distributed dark dots with a size
of d=2+5 um are observed in all samples (Fig. 1, a).
Using energy dispersive X-ray spectroscopy (EDS),
it was found that these dark dots are indeed clusters
of nickel atoms.

Then the samples with clusters of nickel atoms
were subjected to sequential thermal annealing for 1
hour at T =700, 800, 900, 1000 °C. After each stage
of thermal annealing, the state of the clusters was
examined with an IR microscope.

Interesting results were found at T = 800 °C.
At the same time, the ordering of clusters occurs
clearly in a certain direction, and this process ends
with the formation of cluster chains 40 + 45 pum
long, consisting of numerous clusters (Fig. 1b). The
remaining parts of the crystal, as can be seen from
Figure 1.b, become completely transparent, that is,
there are practically no clusters in this region of the
sample.

These data show that during heat treatment in
the temperature range T =700+800 °C, the clusters
are ordered. This phenomenon cannot be explained
without displacement of clusters from their initial
states, i.e. their diffusion in the lattice [2].

Thus, a very interesting and new phenomenon
is observed — the diffusion of clusters, which makes
it possible to control their state in the silicon crystal
lattice. The diffusion coefficient of clusters was
calculated taking into account their density (S ~
10° cm?) and the distance between them. Then, at a
given temperature, the diffusion coefficient of the
cluster turns out to be D=1.1 x 10 cm?/c, although
this value is almost 1.5+2 orders of magnitude lower
than the diffusion coefficient of nickel atoms at a
temperature T =800 °C [1], it shows that clusters
of nickel atoms diffuse with an anomalously large
diffusion coefficient.

To elucidate the mechanism of diffusion of nickel
atom clusters, it was necessary to determine the
composition of the clusters. The composition of such
clusters was determined by energy dispersive X-ray
spectroscopy (EDS) (Fig. 2a.).
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Figure 1 — Clusters of nickel atoms in the crystal lattice of silicon.
a) Clusters of impurity nickel atoms at T=1200° C;
b) ordering of clusters of nickel impurity atoms at T=800° C
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Figure 2 — Composition (a), structure (b) and distribution (c) of clusters of impurity atoms

of nickel on surface of silicon sample (MIRA-3 TESCAN scanning electron microscope
X-ray energy dispersive microanalysis images)
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This bold assumption allows us to explain the
diffusion of clusters of nickel atoms with such a
comparatively large diffusion coefficient. Since atoms
of nickel twinned with oxygen atoms are present in
clusters in interstitial positions in the crystal lattice,
all cluster atoms move synchronously under the
influence of external forces (temperature). This
provides the thermodynamically most favorable state
of clusters in the silicon lattice. The structure and
distribution of clusters of impurity atoms of nickel
on silicon surface are shown in Fig. 2b-c (MIRA-3
TESCAN scanning electron microscope images).
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According to the proposed structure, the
clusters were modeled in the Avagadro and
Chem3Dvisualiser programs, where the 3D structure
of the silicon cluster formed in the sublattice was
studied. At the same time, based on the calculation,
the distances between interstitial atoms within the
cluster were determined (R ) ~ 4 A, (R,) ~4.56
A Ry, ) ~456 A (R, )~ 234A (RN )~5A

Ni-Ni

This model of clusters not only agrees falrly well
with the experimental results obtained, but also
explains the diffusion of clusters of nickel atoms in
silicon.

Figure 3 — Sublattice of a cluster of nickel atoms in the crystal lattice of silicon

During cooling after diffusion, nickel atoms in
silicon form cluster nuclei, and additional thermal
annealing activates the formation and growth of
clusters. Electrically neutral nickel atoms in clusters
are located in the nearest equivalent interstitial
positions, forming a partially or completely filled
cubic nickel sublattice.

4 Conclusions

Thus, the experimental results obtained, as well
as the proposed physical model of the nickel atomic
cluster structure, show that not only a new physical
phenomenon has been discovered — the diffusion of
impurity atomic clusters in semiconductors, but also
the possibility of controlling the state of clusters
in semiconductors. The coefficient of migration of
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clusters of impurity atoms of nickel is calculated, at
a temperature of T=800 °C the migration coefficient
of the cluster is D = 1.2 10%+10" cm?/s, this value
is almost 1.5+2 orders of magnitude less than
the diffusion coefficient nickel atoms at a given
temperature.

This makes it possible to create a new class of
photonic materials with bulk superlattices based on
semiconductors with ordered clusters, which has
unique functionality for creating a new generation of
optoelectronic, nanoelectronic, photoelectric devices
and sensors of physical quantities.

A more comprehensive study of their physical
properties can reveal a number of new physical
phenomena that do not exist not only in doped
semiconductor materials, but also in semiconductors
with impurity atom clusters.
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