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The article discusses the processes of formation of impurity accumulations in silicon, simultaneously
doped with impurity atoms of nickel and iron at a temperature of 7= 1473 K. The structural structures
and elemental composition of impurity accumulations, which have different morphological parameters, are
studied. The results of structural analyzes showed that the formation of any massive accumulations of im-
purity atoms was not observed in the volume of the initial samples. Unlike the original samples, in the
volume of n-Si<Ni, Fe> samples, the formation of accumulations of impurity atoms of various geometric
shapes is observed, the sizes of which reach up to several hundred nanometers. It has been revealed that
in the volume of impurity accumulations, in addition to atoms of the matrix element silicon and the main
impurities of nickel and iron, there are also atoms of so-called technological impurities such as carbon and
oxygen. Analyzes of the chemical composition of an impurity accumulation with a spherical shape, the di-
ameter of which is 400 nm, showed that in the central region of this impurity accumulation the percentage
of impurity Ni atoms is 30.76 %, and iron atoms are 16.34 %. Also presented are the results of studies of
the effect of thermal annealing on the resistivity of n-Si<Ni, Fe> samples at temperatures 7= 673 + 1273 K
in a time interval of 10 + 120 minutes, followed by sharp quenching. As it turned out, in the dependences of
the relative resistivity of n-Si<Ni, Fe> samples on the duration of the annealing time, a certain tendency is
observed, according to which, with increasing annealing temperature, the maximum in the dependence
curves occurs at a shorter annealing time. Using electron microscopy, structural analyzes of the state of
impurity accumulations before and after exposure to thermal annealing were carried out.
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1. INTRODUCTION o .
Samples n-Si<Ni, Fe> samples obtained from the

starting material — single-crystalline silicon, with a
resistivity of p=40 Ohm-cm, grown by the Czochralski
method were chosen as research objects. The samples
had the shape of a parallelepiped with corresponding
dimensions of 2 x 5 x 10 mm. Simultaneous diffusion of
nickel and iron in silicon was carried out at a tempera-
ture of 1473 K for 4 hours. After diffusion annealing,
the samples were cooled at a rate of 0.05 K/s. The re-
sulting n-Si<Ni, Fe> samples, in place with the original
n-Siorig samples, were subjected to isothermal treat-

It is known that impurity defects formed during
high-temperature diffusion doping of single-crystal
silicon with elements of 3d transition metals signifi-
cantly affect their electrical properties. In this direc-
tion, special attention is drawn to the study of the mor-
phological parameters of impurity micro- and
nanoinclusions formed on the surface and in the bulk of
silicon, as well as their behavior under the influence of
external influences [1-4]. In addition, the state and
behavior of accumulations of impurity atoms of transi-

tion metals under the influence of external impacts
(temperature, pressure, irradiation) is of great scien-
tific and practical interest from the point of view of
controlling the electrical properties of silicon single
crystals [5-7]. In this regard, this paper presents the
results of studies of the morphological parameters of
impurity accumulations formed in the bulk of silicon,
as well as the effect of thermal treatment on the resis-
tivity of silicon doped with nickel and iron.

2. DESCRIPTION OF THE OBJECT AND RE-
SEARCH METHODS
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ment at temperatures 7= 673 + 1273 K in a time inter-
val of 10+120 minutes, followed by sharp quenching.
After each annealing stage, the electrical properties of
the samples were studied. The resistivity of the sam-
ples was measured using the Hall effect method on an
Ecopia HMS-7000 instrument. Structural studies were
carried out by scanning electron microscopy using a
modern JSM-IT200 SEM installation, which allows one
to obtain enlarged images of impurity accumulations
formed in solid crystals and conduct an elemental anal-
ysis of their composition. The modern computer micro-
scope control system is very simple; all control func-
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tions are automated. In addition to the standard high
vacuum mode, the device has a mode for measuring
samples under controlled low vacuum conditions. The
electron accelerating voltage in our case was 20 kV,
while the pressure in the sample chamber was 80 Pa.

3. DESCRIPTION AND ANALYSIS OF RESULTS

Using a JSM-IT200 scanning electron microscope, we
carried out comprehensive studies of the structure of n-
Si and n-Si<Ni, Fe> samples. Structural analyzes of
these samples showed that, unlike the original samples,
clusters of impurity atoms are formed in n-Si<Ni, Fe>
samples. Fig. 1 shows a snapshot of the original sample,
in the volume of which the formation of any massive
clusters is not observed. In the volume of n-Si<Ni, Fe>
samples, the formation of accumulations of impurity
atoms of various geometric shapes is observed, the di-
mensions of which reach several hundred nanometers
(Fig. 2).

=i 500 nm

Fig. 1 — The photo of the original n-Si sample obtained using a
JSM-IT200 SEM setup

=i 500 nm

Fig. 2 — The photo of an n-Si<Ni, Fe> sample obtained using a
JSM-IT200 SEM setup

The results of structural analyzes obtained with
n-Si<Ni, Fe> samples showed that impurity clusters
with various geometric shapes are formed in their vol-
ume, the sizes of which reach up to ~ 500 nm. In Fig. 3
shows the result of an analysis of the elemental compo-
sition of an impurity cluster with a spherical shape, the
diameter of which is 400 nm, formed in the n-
Si<Ni, Fe> sample. As can be seen, in the volume of the
impurity accumulation, in addition to silicon atoms and
the main impurities of nickel and iron, there are also
atoms of so-called technological impurities, such as
carbon and oxygen. The results of the analysis of the
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chemical composition showed that in the central region
of this impurity accumulation the percentage of silicon
atoms is 51.82 %. And for atoms of basic and technolog-
ical impurities, this indicator has the following values:
Ni atoms — 30.76 %, iron atoms — 16.34 %, oxygen at-
oms — 0.65 % and carbon atoms — 0.43 %.
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Fig. 3 — Full spectrum of the elemental composition of an
impurity cluster with a spherical shape with a diameter of
400 nm, formed in the n-Si<Ni, Fe> sample

The results of studies of the dependence of p/po on
annealing time in n-Si<Ni, Fe> samples with a resistiv-
ity of p=2-103 Ohm-cm showed that during heat treat-
ment at a temperature of 673 K there were no signifi-
cant changes in the value of p samples observed (curve
1, Fig.4). In the subsequent heat treatment at
T =873 K for 30 minutes, the value of p/po of the sam-
ples remains almost unchanged (curve 2, Fig. 4). With a
further increase in time to 40 minutes, a significant
increase in the p value of the samples is observed,
where it increases by ~ 40 % and reaches its maximum.
During the subsequent increase in annealing time to
120 minutes, the value of p/po of the samples gradually
decreases and reaches almost its original value.
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Fig. 4 — Dependences of p/p values on annealing time in
n-Si<Ni, Fe> samples at temperatures: 1 — 673 K; 2 — 873 K;
3-1073K;4-1273 K

At the thermal annealing temperature 7=1073 K
for 20 minutes, a slight increase is observed in the
value p/po of n-Si<Ni, Fe> samples, which is ~ 20 %
(curve 3, Fig. 4). A further increase in the annealing
time to 30 minutes leads to a sharp increase in the
value of p/pp of the samples by almost 2.5 times. In
subsequent annealing times, it begins to gradually
decrease and at 120 minutes the value of pis equals to
2,4:103 Ohm-cm.

In the obtained results of the dependence of p/po on
the annealing time at 7= 1273 K, a more significant
increase in the value of the resistivity of n-Si<Ni, Fe>
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samples is observed. Annealing at this temperature
for 20 minutes leads to a sharp increase in the value
of p/po samples by almost one order of magnitude
(curve 4, Fig. 4). After which a sharp decrease in this
value is observed and upon reaching 50 minutes, the
value of the resistivity of the samples is
p=16.4103 Ohm-cm. With a further increase in the
annealing time to 120 minutes, it continues to slowly
decrease and reaches the value p=4.5-102 Ohm-cm. It
should be noted that in the dependences of p/po values
on time, in n-Si<Ni, Fe> samples there is a certain
tendency, according to which, with increasing thermal
annealing temperature, the maximum in the depend-
ence curves occurs at a shorter annealing time.

i 500 NnM

i 500 NM

Fig. 5 — Photos of impurity nanoclusters in n-Si<Ni, Fe> sam-
ples before (a) and after (b) heat treatment at 7= 1273 K
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In order to clarify the physical nature of such chang-
es in the dependences of o/ values on annealing time in
n-Si<Ni, Fe> samples, we carried out additional studies
to study the state of impurity accumulations before and
after exposure to thermal annealing. The results of ana-
lyzes of n-Si<Ni, Fe> samples before and after annealing
at T'= 1273 K showed that under the influence of anneal-
ing, the density of impurity nanoclusters up to 400 nm in
size sharply decreases (Fig.5). The obtained photo-
graphs show that, under the influence of thermal an-
nealing, impurity accumulations disintegrate.

4. CONCLUSIONS

Thus, based on the results obtained, it has been estab-
lished that with simultaneous diffusion doping of silicon
with nickel and iron impurities at 7= 1473 K for 5 hours,
various accumulations of impurity atoms are formed. The
sizes of these clusters reach up to several hundred na-
nometers and they have different geometric shapes. It was
also revealed that the volume of impurity accumulations
contains atoms of silicon, nickel, iron, as well as atoms of
technological impurities such as carbon and oxygen. It
was determined that under the influence of thermal an-
nealing at T'= 1273 K for 20 minutes, impurity accumula-
tions with sizes up to 400 nm disintegrate.
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VY crarTi po3ryIsSIHYTO MIPOIeCH YTBOPEHHS JOMIIIKOBUX CKYIYeHb Y KPEMHII, OHOYACHO JIETOBAHOMY JI0-
MIIIIKOBUMH aTOMAMHM HIKeJII0 Ta 3aJsisa mpu temiepatypi 1 = 1473 K. JlocmigxeHO CTPYKTYPHY CTPYKTYPY
Ta eJIEMEHTHHUU CKJIAJ] JOMINIKOBUX CKYIIYeHBb, SIKI MAOTh Pi3HI Mopdosoriual mapamerpu. Pe3ynabrati
CTPYKTYPHUX aHAJN31B MOKA3aJIH, IO B 00'€Mi BUXITHUX 3PA3KIB YTBOPEHHS OyIb-IKUX MACHUBHHUX CKYITYE€Hb
JIIOMIIIIKOBUX aTOMIB He crocrepirajsocsa. Ha BigMiHy Bij BHXITHUX 3paskiB, B 00’eMi 3paskiB n-Si<Ni,Fe>
CITOCTEPITAEThCS YTBOPEHHS CKYITY€HD JOMINIKOBHAX ATOMIB Pi3HOI reoMeTpudHOI hOPMHE, PO3MIPH SIKUAX JOCS-
ralTb KiJIBKOX COT€Hb HAHOMETPIB. BHsaBieHO, 110 B 00CsA31 CKyIIYeHb JOMIIIOK, KPIM aTOMIB MATPUYHOI'O
eJIeMEeHTa KPEMHII0 T4 OCHOBHUX JIOMIIIIOK HIKEJIIO Ta 3aJ1i3a, IPUCYTHI TAKOK ATOMU TAK 3BAHUX TEXHOJIOT1-
YHUX JOMIIIOK, TAKUX K BYTJIEIb 1 KUCeHb. AHAJII3 XIMIYHOTO CKJIAIy MOMIIIKOBOIO CKYIIUYEHHS cqepUIHOl
dopmu, miamerp sxoro craHoBuTh 400 HM, IIOKa3aB, 10 B IIEHTPAILHINA 00J1aCTi IIHOTO JOMIIITKOBOTO CKYII-
YeHHS 4acTKa JoMImKoBux aTtoMiB Ni cranosuts 30,76 %, a aTomis 3aiiza — 16,34 %. Taxosx HaBemewHo pe-
3yJbTATH JOCTIAKEeHb BILIMBY TEPMIYHOIO BiAIAJIY Ha IIUTOMUE omip 3paskis n-Si<Ni, Fe> mpu Temmepary-
pax T=673-1273 K B inTepBasi yacy 10-120 XBUJIMH 3 HACTYIHUM Pi3KUM raptoMm. Ak BusBuiocs, B 3ajie-
JKHOCTAX BIHOCHOIO IIMTOMOTO OIIOpy 3pas3kisB n-Si<Ni, Fe> Bim TpuBasiocTi yacy BiAmay CHOCTEpPIraeThes
IeBHA TEeH[EHIIIs, 3TIAHO 3 SIKOI0 31 30LIBIIEHHIM TeMIIepaTypH BIAIAIY MaKCHMyM Ha 3aJIesKHOCTI KPUBHUX
BiIOyBA€EThCA 3a MEHIIMI Yac Biamasy. 3a JOIOMOrOI0 eJIEKTPOHHOI MIKPOCKOIII IIPOBEJEHO CTPYKTYPHUN
aHAaJII3 CTaHy CKYIYeHb JOMIIIOK 10 Ta IIICJIS TePMIYHOIO BiAIasLy.

Koouogsi cimosa: Mopdostoris, Kpemuiit, Hikens, 3amiso, HakonmnuerHs qoMiImmoxk.
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