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The effect of all-round hydrostatic pressure (ARHP) on the electrophysical properties of silicon single
crystals doped with nickel and cobalt has been studied. After high-temperature diffusion doping in the
bulk of n-Si <Ni> and n-Si <Co> samples, accumulations of impurity nickel and cobalt atoms were found.
Micrographs of impurity accumulations were obtained by the method of electron probe microanalysis and
their structural forms were determined. Depending on their size and shape, these impurity clusters have a
single-layer or multilayer structure. Under the influence of ARHP, no significant changes are observed in
the value of the resistivity of the initial samples. In contrast to them, in silicon samples doped with nickel
or cobalt, under the influence of pressure, the resistivity increases significantly. It was revealed that under
the influence of ARHP in the range P =108-1.6-10° Pa, impurity accumulations of nickel and cobalt in sili-
con decompose, which leads to an increase in the resistivity of the samples by several times. Comparative
analyzes of the morphological parameters of impurity accumulations before and after exposure to ARHP
revealed that the process of decay of these clusters occurs in a certain sequence and depends on their size
and shape. In n-Si <Ni> samples, initially, under the influence of ARHP at P = 6-108 Pa, the disintegration
of impurity clusters up to 1 um in size, having needle-like and disc-like shapes, was observed. And in sam-
ples of n-Si <Co> under the influence of ARHP at P = 4-108 Pa, disintegration of needle-shaped and disc-
shaped impurity clusters up to 0.5 pm in size was observed. Then, at higher ARHP values (P > 8-108 Pa),
decomposition of impurity accumulations of nickel and cobalt with relatively large dimensions, which have

a lenticular and spherical shape, was found.
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1. INTRODUCTION

The study of the nature of clusters of impurity atoms
formed in the bulk of semiconductor single crystals, as
well as the effect of various external influences on them,
allows to purposefully control the electrophysical prop-
erties of semiconductor materials. As it is known, exter-
nal pressure significantly affects the electrophysical
parameters of semiconductor materials and devices
based on them [1-4]. In order to develop technologies for
obtaining semiconductor materials with high sensitivity
to external pressure, it is necessary to thoroughly study
the laws of physical phenomena occurring in the bulk of
a semiconductor under various conditions of its manu-
facture. One of the important stages of this process is
semiconductor doping. In the case of diffusion doping of
silicon single crystals with impurities of 3d elements,
only a small part of the introduced atoms is located in
the crystal structure in an electrically active state [5-7].
Most of the impurity atoms are in an electrically neutral
state in the form of various impurity clusters. Depend-
ing on the thermodynamic state and morphological
parameters, these clusters can significantly affect the
surrounding crystal structure, which leads to a change
in the mechanical, electrophysical, and other properties
of silicon. At the same time, it seems possible to pur-
posefully manage these accumulations with the help of
external influences [8, 9].

Analysis of the results of studies of the influence of
external factors on the properties of semiconductor
materials shows that silicon single crystals with deep-
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level impurities have high sensitivity to external pres-
sure [10, 11]. When studying the transformation of the
recombination properties of plastically deformed sili-
con, with an iron impurity introduced by diffusion dop-
ing at 1000 °C, using scanning electron microscopy and
nonstationary spectroscopy of deep levels, an increase
in the recombination activity of dislocations was found
due to the accelerated formation of iron precipitates on
these defects [12].

2. DESCRIPTION OF THE OBJECT AND
RESEARCH METHODS

Samples of n-Si <Ni> and n-Si <Co> obtained on the
basis of the starting material, monocrystalline silicon of
the KEF brand, grown by the Czochralski method, were
selected as the object of research. Diffusion of nickel in
silicon with an initial specific resistance p=5 Q-cm was
carried out at a temperature of 1523 K for 2 h. Samples
of n-Si <Co> were obtained on the basis of silicon with
an initial resistivity p=20 Q-cm. Diffusion doping of
silicon with cobalt impurity was carried out at a tem-
perature of 1523 K for 4 h. After diffusion annealing,
the samples were cooled at a cooling rate veool = 100 Kis.

In order to study the behavior of impurity accumu-
lations under the influence of external pressure, the
samples were subjected to all-round hydrostatic pres-
sure (ARHP) on an LG-16 installation, in the pressure
range P=108%1.6-10°Pa at room temperature. Struc-
tural studies were performed by electron probe analysis
using a Superprobe JXA-8800R setup.
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3. DESCRIPTION AND ANALYSIS OF RESULTS

The results of electron probe analysis of n-Si <Ni>
samples showed that accumulations of impurity nickel
atoms are formed in their volume, the image of which is
shown in Fig. 1. They have various geometric shapes,
and their sizes reach 4 microns. In the course of struc-
tural analyzes, the morphological parameters of impu-
rity accumulations of nickel in silicon were determined.
As it turned out, accumulations of impurity nickel at-
oms with sizes up to 1 pm have a single-layer structure
with needle-like, disc-like, lenticular and spherical
shapes. Larger impurity clusters, the sizes of which
exceed 1 um, are mainly lenticular and spherical in
shape and consist of several layers, which are separat-
ed from each other by clearly defined boundaries.

Fig. 1 — Snapshot of accumulations of impurity nickel atoms
in n-Si <Ni> samples

The results of similar studies of cobalt-doped silicon
samples showed that accumulations of impurity atoms
with different geometric shapes and sizes are also
formed in their bulk. Fig. 2 shows a snapshot of impuri-
ty clusters in n-Si <Co> samples obtained using an
electron probe microscope. Relatively small clusters of
impurity cobalt atoms, up to 0.5 um in size, have a
single-layer structure with various geometric shapes.
The resulting larger clusters, the sizes of which exceed
0.5 um, have a multilayer structure.

Fig. 2 — Impurity clusters of cobalt atoms in samples of n-Si
<Co>

Fig. 3 shows the plots of p/po versus ARHP for the
initial n-Si (curve 1, Fig. 3), as well as doped n-Si <Ni>
(curve 2, Fig. 3) and n-Si <Co> (curve 3, Fig. 3) samples
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exposed to ARHP in the range P=10%-1.6-10° Pa. Re-
sistivity (o) of each sample was measured before and
after ARHP exposure. As can be seen, in the depend-
ence of p/po on the pressure of the initial samples, in
the indicated pressure range, no significant changes
are observed (curve 1, Fig. 3). In contrast to the initial
samples, in silicon samples doped with nickel or cobalt
impurities, the resistivity increases significantly under
the influence of pressure.
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Fig. 3 — Dependence of p/; on ARHP in samples: 1 —initial
n-Si, 2 — n-Si <Ni>, 3 — n-Si <Co>

Studies of the influence of ARHP on the resistivity
of n-Si <Ni> samples with po=0.3 Q-cm showed that
the dependence of the value of p on the pressure can be
divided into two stages (curve 2, Fig. 3). The first of
them 1s observed at the initial pressure values
P < 4.108 Pa, where the p value of the samples decreas-
es by approximately ~ 30 %. With a further increase in
the ARHP value (P>4-108 Pa), the second stage is
observed, which leads to an increase in the resistivity
of the samples in an abrupt manner. An increase in the
pressure value in the range from 4-108 to 6-108 Pa leads
to a sharp increase in the value of p of the samples and
upon reaching P = 6-10% Pa it increases almost 8 times.
A further increase in the pressure value up to
P =10°Pa does not lead to noticeable changes in the
value of p of the samples. At subsequent pressures
(P> 10°Pa), a sharp increase in the resistivity of the
samples is again observed, and at P=1.2-10°Pa it
increases almost 10 times. With a further increase in
the ARHP value, no significant changes in the p value
of the samples are observed.

The results of studies of the influence of ARHP on
the resistivity of n-Si<Co> samples  with
po="T7-102 Q-cm showed that for them this dependence
also has a non-monotonic character (curve 3, Fig. 3).
Initially, under the influence of pressure P < 2-108 Pa,
the value of p of the samples decreases by ~ 20 %. With
an increase in the pressure value, starting from
P>2-108 Pa, a sharp increase in the value of p of the
samples is observed, and when P = 4-108 Pa is reached,
it increases by almost 7 times. Under the influence of
pressure in the range from 4-108 to 6-108 Pa, the value
of p of the samples hardly changes. A further increase
in the pressure value again leads to a sharp increase in
p of the samples, and upon reaching P = 8-10% Pa, the
resistivity increases up to ~ 13 times. A further in-
crease in the pressure value does not lead to significant
changes in the p value of the samples.
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Such a character of the change in the value of p in
silicon samples with impurity accumulations of nickel
or cobalt is explained by the fact that at initial pressure
values, for n-Si <Ni> samples up to P=4-108 Pa, and
for n-Si <Co> samples up to P=2-10% Pa, due to the
shift of energy levels under the influence of defor-
mation of the crystal structure of silicon, the band gap
narrows. As a result, the concentration of charge carri-
ers increases, which leads to a decrease in the resistivi-
ty of the samples. The observed subsequent significant
increases in the resistivity of the samples at certain
pressures are of particular interest. Such a sharp in-
crease in the resistivity of the samples under the given
conditions of external action is mainly associated with
the formation of additional centers of trapping of
charge carriers in their bulk. These centers appear as a
result of the disintegration of impurity clusters, which
occurs under the influence of certain pressures. Subse-
quently, impurity atoms, which were previously in
electrically neutral states in the form of clusters, pass
into electrically active states.

In order to determine the reason for such changes in
the values of p of the samples, we studied the morpho-
logical parameters of impurity accumulations before
and after exposure to ARHP. Comparative analyzes of
the structural states of silicon samples with impurity
accumulations of nickel showed that under the influ-
ence of ARHP at P=6-108 Pa, small (up to 1 um) impu-
rity accumulations of nickel with needle-like and disc-
like shapes decompose (Fig. 4). In addition, Fig. 4 shows
that under the influence of ARHP at P=1.2-10° Pa,
larger clusters of nickel atoms with lenticular and
spherical shapes decay. It should be noted that in this
case, apart from the usual decay, the decomposition of
layers of some impurity clusters, which have a multi-
layer structure, is also observed. In turn, the observed
irreversible character of the dependence of the resistiv-
ity on pressure, at values of P> 4-108 Pa, also confirms
that under the influence of ARHP there is a decay of
accumulations of impurity nickel atoms.

Comprehensive structural analyzes of the states of
impurity clusters before and after exposure to ARHP in
n-Si <Co> samples also indicate that impurity clusters
decompose under the influence of pressure. Compara-
tive analyzes of n-Si <Co> samples before and after
ARHP at P=4-108 Pa showed that the number of im-
purity clusters of cobalt atoms existing in the sample
volume, having needle-like and disc-like shapes with
sizes up to 0.5 um, sharply decreases. Under the influ-
ence of ARHP at P=8-10% Pa, the decomposition of
relatively large accumulations of cobalt (d > 0.5 um)
with lenticular and spherical shapes that have a multi-
layer structure is observed.

4. CONCLUSIONS

Thus, based on the experimental results obtained, it
is assumed that the decrease in the value of the resis-
tivity of silicon samples with impurity accumulations of
nickel and cobalt, at the early stages of exposure to
ARHP, is due to an increase in the concentration of
electroactive impurity atoms due to the shift of energy
levels, which occurs as a consequence of the defor-
mation of the crystal structure of silicon.
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Fig. 4 — Influence of ARHP on impurity accumulations of nickel
in silicon: a — before exposure to ARHP, b — P=6-108 Pa, and
c—P=1.210°Pa

It was found that under the influence of ARHP at
P=6-10%Pa, small (up to 1 um) impurity accumula-
tions of nickel with needle-like and disc-like shapes
decay, which leads to a sharp increase in the value of p
for n-Si <Ni> samples up to ~ 8 times. The impact of
ARHP at P=1.2 10° Pa on these samples leads to the
decomposition of larger clusters of nickel atoms with
lenticular and spherical shapes. As a result of this, the
value of the resistivity of the samples again sharply
increases and the relative growth reaches 10 times.

It was revealed that the observed increase in the
value of the resistivity of n-Si <Co> samples up to 7
times under the influence of ARHP at P=4-10% Pa
occurs due to the decay of clusters of impurity cobalt
atoms. It was found that the decay sequence of impuri-
ty clusters depends on their size and shape. Initially,
clusters with needle-shaped and disc-shaped forms, the
sizes of which reach up to 0.5 microns, are subject to
decay. Further, under the influence of ARHP at
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P =28.10% Pa, an increase in the resistivity value is ob-
served up to ~ 13 times, which occurs due to the decay
of larger clusters of cobalt atoms (d > 0.5 um).
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Posnman momimkoBux KjiacTepiB aTOMiB HiKeJII0 Ta KOOAJIBTY B KPEMHII mif BIVIMBOM THCKY

N.A. Turgunov, E.Kh. Berkinov, D.Kh. Mamajonova

Research Institute of Physics of Semiconductors and Microelectronics at the National University of Uzbekistan,
20, Yangi Almazar St., 100057 Tashkent, Republic of Uzbekistan

Hocmimsreno Bime Beebivnoro rixpocraruuroro Tucky (ARHP) Ha enexrpodisuusi BiIacTrBoCTi MOHOK-
PHCTAJIIB KPEMHI0, JIETOBAHUX HikesieM Ta KobasbroM. Ilicis BucokoTemmepaTypHOro nudysifiHOro Jery-
BaHHA B 00'emi 3paskiB n-Si <Ni> ta n-Si <Co> BUABJIEHO CKYITYeHHS JOMIITKOBUX ATOMIB HIKEJIIO Ta Koba-
6Ty. MeTo10M eJIeKTPOHHO-30H/I0BOT0 MIKPOAHAIII3y OTPUMAaHO MikpodoTorpadii CKyI4eHb JOMIIIOK Ta BH-
3HAYEHO IX CTPYKTYPHI dopmu. 3asesxHo Bl po3Mipy Ta popMu Il JOMIIIKOB] KJIACTEPH MAKOTH OJHOIIAPOBY
a6o GararormapoBy crpykTypy. [1ig BrutmBom ARHP sHaunwmx 3miH y muToMOMy OITOpl BUXITHUX 3pas3KiB He
crrocrepiraetbesa. Ha BimMiHy Bijf HUX, y 3paskax KPEeMHI0, JErOBAHUX HiKeseM ab0 K00aJIbToM, I BILIH-
BOM THCKY HHTOMHI Omip 3HAYHO 3pocTae. BusiBieno, mo mix BmmeBom ARHP B mgianasoni P = 108-
1.6-10° Ila gomMInIKOBI CKYITUEHHS HIKEJIO Ta KOOAJIBTY B KPEMHII PO3KJIAIAIOTHCS, 10 IIPU3BOIUTD 110 301-
JIBIIIEHHS IIMTOMOTO OIIOPY 3pa3KiB y KiyibKa pasiB. IlopiBHAmIpHUIE aHAaTI3 MOPQOJIOTIYHIX ITapaMeTpPIiB CKY-
TYeHb JOMIMOK 110 Ta mmicss BBy ARHP mokasas, mio mporiec poamay mux KJacTepiB BIOYBA€EThCA Y IIe-
BHI¥ ITOCJIIOBHOCTI Ta 3aJIeKUTH B iX poamipy Ta cdopmu. ¥ 3paskax n-Si <Ni> crmouaTry i BIJIIBOM
ARHP npu P =6-108 Ila coocrepiraBest po3mass JOMINIKOBHAX KJIACTEPIB Po3MipoM A0 1 MKM, sSIKl MaJsIy roJI-
KOmmomiOHy Ta auckonomiony dopmu. A B 3paskax n-Si <Co> mix srumsom ARHP mpu P = 4-108 I1a cmocrepi-
raBCs PoO3Mmas TOJKOIMOMIOHUX Ta AUCKOIOMIOHMNX JOMINIKOBUX KJacTepis poamipom a0 0,5 mrm. ITpu Giabir
Brucoknx suadeHHaXx ARHP (P > 8-108 [1a) Oysi0 BUABJIEHO PO3KJIAMAHHS JOMIIIKOBUX CKYITYeHb HIKEJIO Ta
K00AJIBTY 3 BITHOCHO BEJIMKUMHU PO3MIipaMu, K1 MAlOTh JIH30HOMIOHY Ta chepudHy opMy.

Kmiouosi cnosa: Tuck, Kpemuiit, Hikens, Ko6ansr, [Tutommit omip, Poamag kiacrepis.
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