u] =,

Ipynmyrouuce na xonuwni po6omu
aemopis, 00CNi0NCEHO PO 0OMIUWOK
oopy (B) y opmyeanni emopunnux
padiauiiinux odepexmie 6 Kpucmanax
xpemnito (Si). 3anexcnocmi yux npo-
uecie 6i0 memnepamypu i30XpoHHO20
eionany (6 inmepsani 80—600 °C) eus-
YeHi 3 BUKOPUCMAHHAM XOJAI6CLKUX
BUMIPIOBAH MEMNEPAMYPHUX 3ATEHC-
Hocmeiul (6 inmepesani 100-300 K)
KoHuenmpauii i pyxaueocmi 0ipox 6
KpeMmuiil 00 i nicas onpominenns enex-
mponamu 3 enepeieto 6auszvko 8 MeB
npu 003i 5-10” cm™?

Kntouosi cnosa: xpemmiii, neeyro-
yuil 6op, padiauiiini dedpexmu i xKom-
naexcu

=, u|

Ocnosvleasnco na npejcnue padomot
asmopoe ucciedosana pov npumeceil
oopa (B) ¢ ¢opmuposanuu emopuu-
HbIX paouauuonHvlx depexmos 6 Kpu-
cmannax kpemuus (Si). 3asucumocmu
Imux npoueccos om memnepamypol
U30XpOHHO20 OomdKcuza (8 unmepeane
80-600 °C) usyuenwvt ¢ ucnonv3osanu-
eM XO0JLJI06CKUX U3MePeHUll meMnepa-
mypHvix 3aeucumocmeit (6 unmepeane
100-300 K) xonyenmpauyuu u nooseusic-
HOCMU ObIPOK 6 KpemHuil 00 u nocie
oonyuenus nexmpoHamu ¢ nepaueil
oxon0 8 MaB npu dose 5-10" cm~2

Knrouesvie cnosa: xpemuuii, nezu-
pyrowuii 6op, paduavuoinnvie dedex-
Mol U KOMNILEKCbL

u =,

|DOI: 10.15587/1729—4061.2015.47224|

ROLE OF BORON IN

FORMATION OF SECONDARY

RADIATION DEFECTS IN
SILICON

T. Pagava

Doctor of Physical-Mathematical Sciences, Professor®
E-mail: tpagava@gtu.ge

L. Chkhartishvili

Doctor of Physical-Mathematical Sciences, Professor®
E-mail: chkharti2003@yahoo.com

N. Maisuradze

Associate Professor, Candidate

of Physical-Mathematical Sciences*

E-mail: nmaisuradze@gtu.ge

R. Esiava

Candidate of Technical Sciences, Assistant Professor*
E-mail: esrama@mail.ru

Sh. Dekanosidze

Candidate of Technical Sciences, Assistant Professor*
E-mail: Shorenadekanosidze@yahoo.com

M. Beridze

Doctor of Philosophy

in Engineering Physics, Senior Lecturer®

E-mail: manchob56@mail.ru

N. Mamisashvili

Candidate of Technical Sciences, Assistant Professor*
E-mail: naniko@gtu.ge

*Department of Engineering Physics

Georgian Technical University

Kostaa, str., 77, Thilisi, Georgia, 0175

1. Introduction

2. Analysis of published data

The p-type silicon (Si), which serves for basic semicon-
ducting material in microelectronics, usually is obtained by
the doping with boron (B). So, it is too important to under-
stand the mechanism of interaction between B-dopants with
radiation defects in silicon:

—to develop effective radiation treatment technologies
for electronic devices and IC (integrated circuits);

— to improve their radiation resistance;

—to design the effective solid-state radiation sensors/
detectors, etc.

Here based on authors’ previous works, the dependences
of the secondary radiation defects formation processes on iso-
chronous annealing temperature are studied utilizing the Hall
measurements of holes concentration and mobility in B-doped
silicon before and after irradiation with high energy electrons.
From these experimentally obtained results two main conclu-
sions are made about boron atoms influence on capacities of
active sinks of radiation defects in silicon crystals and their
participation in screening the clusters of radiation defects.

Usually p-Si is obtained by doping with boron because
B-atoms substituting Si-atoms in their regular sites form
the shallow acceptor-levels. It is why the electron-transport
in Si:B is widely investigated. Let us review in brief other
properties of Si, which also are affected by doping with B.

In Si:B, the decrease in the lifetime of photo-carriers
is believed to be due to their capture directly by dopants
with emission of optical phonons [1]. Boron atoms in sili-
con act not only as isolated dopants, but also interact each
with other and background impurities, as well as structural
defects of the host Si-lattice. The shift in energy-levels
from acceptor to acceptor related to the interactions be-
tween nearest neighbor dopants was demonstrated [2] by
the single-electron capacitance spectroscopy of individual
B-dopants in silicon. The electrostatic model of narrowing
of the energy gap between Hubbard bands for boron atoms
in silicon with increasing in their concentration and degree
of compensation by the donors was advanced [3] taking into
account the screening of impurity ions by holes hopping over




the B-acceptors. Studies on the intense highly polarized IR
(infrared) luminescence from silicon nanostructures heavily
doped with boron (~5-1021 cm™3) revealed [4] the ordered
system of the dipole centers B*—B~, which are caused by the
elastic reconstruction of the shallow acceptors of boron.

The interaction between boron atoms also affects the
process of their migration and consequently, distribution in
silicon crystals. A diffusion mechanism of a diboron pair in
Si was proposed [5]: a pair of substituting dopants Bs—Bg
diffuses from one lowest energy configuration to other
equivalent structure. The kinetic model with the diffusion
activation energy of 1.81 eV suggests that the diboron diffu-
sion plays an important role in processes, which require high
boron concentration as well as high annealing temperature.

The dependence of the boron distribution in silicon
on the initial concentration of boron within the range
10'9-102° cm™3 was studied [6] after a heat treatment of
the samples implanted with B-ions. When the initial boron
concentration exceeded the solubility limits in substitution-
al sites in solid at the annealing temperature, there are two
additional peaks, which arose at both borders of the implant-
ed region. Precipitation of boron implanted in Si followed
with annealing was also investigated [7] and found that, at
so-called critical concentration (2.5-102° cm™3) boron pre-
cipitation does not depend on the point defect concentration
induced by the ion implantation.

Oxygen is the main background impurity in silicon
crystals, especially, grown by Czochralski method. The
annealing kinetics of the interstitial pairs B;O; formed by
electron irradiation in the Cz—Si wafers with different bo-
ron concentrations was studied in [8]. The result that, the
annealing rate of the B;O; complex at a fixed temperature
increases monotonously with increasing in doping level, was
treated by a model, which takes into account the interactions
of interstitial boron with oxygen and substitutional boron
atoms. An absorption band situated near 1026.7 cm™" can
be detected in Si with high contents both of oxygen and
boron subjected to illumination [9]. Both B and O are the
components of a defect to which this band corresponds. The
co-doping with Ge reduces the efficiency of this formation.
The work [10] also argues that the Ge-doping of the crystal-
line silicon suppresses the boron—oxygen defects responsible
for the light induced changes in the carrier lifetime.

Usually, samples of n-type silicon are obtained by the
doping with phosphorus (P), which forms the shallow do-
nor-levels within the silicon band gap. Consequently, silicon
simultaneously doped with B and P is of practical interests.
The features of redistribution of the implanted P-atoms in a
B-doped silicon were investigated [11] and it was shown that
the high background boron doping (2.5-102° cm~3) drastical-
ly reduces the extension of the phosphorus profiles during
the annealing. This result can be described in terms of the
immobile P—B pairs (with formation energy of 0.6—0.8 eV).

In modern microelectronics, a number of special devices
are made from the hydrogenated silicon Si:H. Gap states in
B-doped microcrystalline Si:H were examined by analysis of
the subgap optical spectra [12]. The absorption of the boron
doped material was found to be very high.

It is interesting to consider simultaneous doping of sili-
con with boron and other group-II1I elements, e. g. aluminum
(Al). According to the investigation [13] of the Frenkel'—
Pool effect in silicon doped at high and low levels with deep
and shallow impurities Ga and B, respectively, a boron-relat-
ed center is slightly deviated from the ideal single-charged

Coulomb-like center. Parameters of the electrically active
centers induced during high temperature diffusion of B and
Al into silicon were studied by the Hall-effect-techniques
and capacitance spectroscopy measurements [14]. It was
found that changes in resistivity of the n-base of p—n struc-
tures are controlled by the formation of three additional
donor levels.

The defect production processes in p-Si{B,Pt} were stud-
ied by means of DLTS (deep-level transient spectroscopy)
method [15]. Together B and Pt impurities affect generation
of a radiation center. The phenomenon is explained in terms of
decays of electrically inactive centers. Experimental data on
the long-term relaxation of the photocurrent in compensated
samples of Si{B,S} and Si{B,Rh} were analyzed in [16]. The
sol-gel derived from nanoscale hybrid organic-inorganic films
were used as advanced diffusion sources of B and Gd in silicon
[17] and studied the features of their simultaneous diffusion.

Boron atoms in silicon can interact with self-interstitials
Siy. Appearance of the additional peaks on the boron concen-
tration in silicon, which was implanted with boron ions and
then annealed, at high initial doping level seems to be due
to a knock-on reaction of substitutional boron atoms with
self-interstitials Sij, which have come in from the disordered
bulk, and subsequent clustering of the produced excess in
interstitial boron atoms [6]. As the concentration of boron
atoms in substitutional positions in B-implanted Si crystals
decreased to the equilibrium concentration, the boron pre-
cipitation takes place only in the regions with low concentra-
tion of point defects. However, in the regions with high point
defect concentration, boron atoms become inactive because
of involvement in clustering of self-interstitials leading to
the formation of dislocation loops. A quantitative model
was developed in [18]. According to the model of redistri-
bution of B dopants in silicon during the proton-stimulated
diffusion, the near-surface concentration peak is caused by
migration of neutral B—Si; pairs to the surface with their
subsequent decomposition and accumulation of boron on the
silicon surface in a thin layer. Precipitation of boron implant-
ed in Si followed with annealing was investigated depending
on the concentration of boron atoms in substitutional po-
sitions introduced before implantation [7]. The high value
of the effective Hall mobility of holes in p-Si irradiated by
high-energy electrons and annealed at 180 °C indicates that
in this material the p*-Si inclusions are formed [19].

Boron atoms in silicon even more intensively react with
vacancies. According to the Review [20], in proton-irra-
diated Si crystals it takes place an irradiation-enhanced
diffusion of boron. No doubt that, this effect is related to the
radiation vacancies. However, obtained experimental results
cannot be explained in the framework of a simple vacancy
model. In boron doped p-Si samples irradiated with high-en-
ergy electrons, the activation energy of annealing for boron—
vacancy complexes BV were identified as 1.6 eV [21, 22]. The
substitutional boron—vacancy BsV complexes in silicon were
investigated theoretically in [23]. These results give an ex-
planation of the experimentally reported metastability of the
boron-related defect observed in p-type silicon irradiated at
low temperature. The complex BsV is found to have several
stable configurations, depending on its charge state. Above
mentioned p*-Si inclusions frequently are screened by the
shells containing vacancy complexes BV characteristic of
boron-doped silicon [19]. Some of quasi-chemical reactions
that take place between radiation B-defects and impurities
in irradiated silicon were described [24].



The substitutional boron—divacancy complex BgV, in
silicon was investigated [23] theoretically and found to be
stable with a binding energy between V5 and Bs of around
0.2 eV. Complex BsV is likely to be an important defect only
in a material heavily doped with B. Its electron energy levels
lie close to those of a free divacancy. The quasi-chemical
reaction B+V,—BV, was experimentally investigated in sin-
gle-crystalline p-type silicon doped with boron, irradiated
with high energy electrons or protons, and subjected to the
high-temperature isochronous annealing [24]. Isochronous
annealing of radiation defects with almost isoenergetical lev-
els in p-Si, in particular, some (unidentified) vacancy-type
and BV, complexes with a level of Ev+0.22 eV, were deter-
mined [25]. In n-type silicon with relatively low content of
oxygen, it was found that divacancies are annealed through
their decay [26]. Such a mechanism should be compared with
direct conversion of divacancies into more complex defects
by way of association with dopant B-atoms in p-type silicon.
In the course of isochronous annealing of the Czochrals-
ki-grown p-Si specimens doped with B up to 6-10'% cm™3
and irradiated with high-energy electrons the conversion of
divacancies, Bs+V,—BsVs, takes place [27]. In [28], various
radiation-induced defects have been identified in p-Si speci-
mens doped with B and irradiated with electrons.

A study of effect of internal gettering process on the
large-scale defect aggregates of the Czochralski-grown bo-
ron-doped monocrystalline silicon was made by the low-an-
gle mid-IR light scattering technique [29]. Formation of
shallow acceptor centers was found to occur in silicon irra-
diated by high doses of electrons, neutrons and high energy
ions throughout a high-temperature annealing [30]. Accep-
tor was suggested to be multi-vacancy cluster activated by
impurities, most likely by boron atoms.

Boron-related radiation defects in B-doped p-Si were
specially studied for Si—SiO, structures [31-37]. The sys-
tem exposed to irradiation with ~10 MeV electrons and also
low-dose gamma-rays. These structures were studied by
soft-X-ray emission spectroscopy using the variable-excit-
ing-electron-energy optical ellipsometry and nuclear reaction
techniques, DLTS measurements, TSC (thermally stimulated
current), and quasi-static C—V methods. For the system
prepared on a B-doped p-Si substrate, the irradiation-induced
oxidation was not observed. It was also found that preliminary
boron implantation blocks oxidation of the n-Si substrate. The
spectra of non-irradiated samples exhibited only one peak
corresponding to a deep level. It was shown that irradiation of
structures results in the formation of a trap spectrum: four ad-
ditional, shallower levels are found. The kinds of radiation-in-
duced interface traps and their concentration depend on the
disposition of the maximum of the previously implanted boron
ions with respect to the Si—SiO, interface. It was shown that
the main peak in the irradiated p-type structures correspond
to the vacancy—boron complexes.

3. Purpose and objectives of the study

In this study, based on the review given above, including
our previous works in the field [19, 21, 22, 24-28], we aim to
investigate the role of boron-dopant atoms in formation of
secondary radiation defects in silicon.

In particular, we experimentally investigate the depen-
dences of these processes on isochronous annealing tem-
perature based on Hall measurements of temperature-de-

pendencies of charge-carrier concentration and mobility in
Si:B before and after irradiation with high energy electrons.

4. Research materials and methods

Boron-doped single-crystalline silicon samples with
holes concentration of ~6-10' cm™ were obtained by the
zone-melting method.

They were irradiated with 8 MeV electrons at room tem-
perature with exposure dose of 510" em 2 at flux density of
5102 cm=2s7.

The irradiated crystals were isochronously annealed in
the temperature region 80—600 °C with a step of 10 °C and
the 10 min time of sample holding at a fixed temperature.

Every annealing cycle was followed by the measurement
of the hole concentration utilizing the Hall method in the
temperature region 10-300 K.

Ohm contacts, necessary for such measurements were cre-
ated by rubbing aluminum onto the surface of silicon samples.

The values of ionization energy for various defects-re-
lated centers were determined from the slops of tempera-
ture-dependence of the hole concentration in corresponding
temperature intervals.

The measurement errors for electrophysical parameters
do not exceed ~10 %.

5. Research results and their discussion

5. 1. Impurity atoms of boron as radiation defects
sinks

The dopant B-atoms in irradiated Si-crystals can serve
for effective sinks of radiation defects by forming secondary
radiation complexes. This conclusion can be derived from the
measurements described below.

Namely, the temperature-dependences of hole concen-
tration before and after irradiation and after annealing at
different temperatures are shown in Fig. 1. Based on these
results, the concentration changes for the majority current
carriers — holes and some of radiation-induced defects are
shown in Fig. 2 (curves 1 and 2—4, respectively).
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Fig. 1. Temperature-dependence of hole concentration in p-Si
crystals 1 — before irradiation (), 2 — after irradiation with
8 MeV electrons at the dose of 5.0-10'5 cm™2 before
(O) and after annealing at 3 — 80 (4), 4 — 90 (X),
5—-120(X),6 — 170 (O), 7 — 180 (+), 8 — 380 (m),

9 — 470 (=), and 10 — 600°C (<)
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Fig. 2. Concentrations of 1 — holes (#) and some of
radiation defects: 2 — BV complexes (O), 3 — divacancies (4),
and 4 — H-centers (X), in p-Si crystals irradiated with 8 MeV

electrons at the dose of 5.0-10"® cm™2 versus isochronous
annealing temperature.

In the annealing temperature interval 170-200 °C, the
sharp increase in holes concentration (curve 1) is associ-
ated with the annealing of defects with the energy level of
E,+0.45 eV and the concentration of 5:10'2 cm™ (curve 2).
This level belongs to the complex of dopant atom, i. e. boron,
with vacancy V:BV. These centers are quite deep acceptors
and, therefore, up to room temperature their majority is pos-
itively charged by the capturing of holes. Thus, it takes place
the following quasi-chemical reaction B~+V*+e*—(BV)".
In the interval 270-300 °C, a defect with the energy of
E,+0.28 eV and the concentration of about 8-10'2 cm 3 is an-
nealed (curve 3). According to these values, it corresponds
to divacancies V5 [38]. In the course of divacancies anneal-
ing, a drastic increase of the concentration of defects with
the donor level at E,+0.22 ¢V — so-called H-centers — is ob-
served (curve 4). Moreover, the concentrations of the diva-
cancies decayed in the interval 270-290 °C and the emerged
H-centers are equal to each other. It testifies that, H-centers
do contain divacancies. In Fig. 1, the third step from below
in the step-like curve 6 corresponds to the transition of elec-
trons from the valence band onto a donor level E,+0.22 eV,
which increases the hole concentration. Fig. 2 demonstrates
that, process comes to the end at ~490 °C.

Divacancies-related donors E,+0.22 eV take away their
electrons from the valence band in the course of formation.
Therefore, the value of holes concentration shows grow at di-
vacancies annealing, although we have practically constant
holes concentration in the interval 270-290 °C (curve 1).
Probably, the complexes, which are formed at divacancies,
contain boron atoms. The concentration of boron atoms,
which become locked at the formation of H-centers and of
the majority charge carriers, which are formed at divacancies
annealing, are equal. Therefore, the variation of the concen-
tration is zero in this annealing interval. These results are
in agreement with the opinion [39] about the existence of
BsV, complexes of substituting, i. e. dopant, boron atoms
in irradiated p-Si crystals, which are finally annealed in the
temperature interval of 330—-400 °C.

The activation energy of the divacancies migration is
1.30 eV, i. e. less than their binding energy 1.47 eV [38]. There-
fore, divacancies can migrate without decaying over the crystal.
On the other hand, BV complexes are annealed at a tempera-

ture of about 180 °C (curve 2) and, consequently cannot par-
ticipate in the formation of BV, complexes at temperatures of
270-290 °C. So, it is possible to assume that, BsV, complexes
are formed by means of direct conversion of divacancies:
Bst+Vy—>BsVy, rather than the consequence trapping of a pair
radiation-induced vacancies V by a boron atom Bs.

Fig. 2 demonstrates that, H-centers are annealed in two
stages, in the intervals 300-320 and 360-440 °C. Their
initial concentration is equal to 3.5-10'2 ¢cm~3, and the same
number of centers is annealed at the first stage. At the second
stage, the concentration of decayed centers coincides with
that of BsV, complexes formed at divacancies annealing
(3.5-10'2 ¢cm~3). Thus, we can assume that BsV, complexes
are formed in the interval 270-290 °C in the course of diva-
cancies annealing and dissociate at temperature of 400 °C.
Concerning the centers annealed at the first stage, they are
identical to BsV, complexes by the ionization energy and are
annealed in the temperature interval 300-320 °C.

The variation of hole concentration after the anneal-
ing at 300 °C is associated with the decay or formation of
0,Vy-complexes, so-called K-centers formed as a result of
trapping of a divacancy by a CO-center, and other deep cen-
ters characterized by a high thermal stability.

3. 2. Impurity atoms of boron as electrostatic screens

The irradiation of silicon crystals by high energy (above
10 MeV) particles leads to a complex structural damage in
the form of disordered regions, which according to well-
known Gossik model are non-transparent for the majority
carriers — so-called “dielectric” inclusions. For such cases
within the phonon scattering region the effective Hall mobility
of majority carriers decreases due to the reducing the actual
volume of the sample. However, in n-Si crystals, irradiated by
protons with the energy of ~25 MeV, we observed [40, 41] the
opposite effect — a sharp increase in the effective Hall mobility
of electrons. It reveals the formation in the sample relatively
high-conductive, i. e. “metallic”, inclusions with Ohm junctions
at the interfaces with the semiconductor matrix [42]. Apparent-
ly, such inclusions are clusters of interstitials which are formed
in the silicon irradiated with light ions and heat-treated [43].
Around themselves, they create a field of elastic stresses, which
attract non-equilibrium vacancies — products of dissociation
of the vacancy-type radiation defects during the isochronal
annealing. A part of these vacancies recombine with interstitial
atoms in clusters, but the rest of them reacts quasi-chemically
with impurity atoms around the clusters creating acceptor cen-
ters, which depending on the charge-state and the annealing
temperature can form negatively charged shells, non-transpar-
ent for the conduction electrons.

Here we explore similar effect in p-type Si crystals
doped with boron and irradiated by 8 MeV electrons.
Fig. 1 shows the temperature-dependence of hole concen-
tration in samples annealed at different temperatures in the
range 80—600 °C. The curve 5 corresponds to depletion of
the center with energy level of E,+0.45 eV, which is annealed
in the range of 170-200 °C — see the curve 2 in Fig. 2 show-
ing the concentration of holes and that of some radiation de-
fects as the function of annealing temperature. Judging from
the values of the level energy and the annealing temperature,
this center belongs to the complex of the boron atom with
a vacancy BV. Of course, there are some other radiation
defects with different ionization energies, which appear or
disappear during the isochronal annealing. All they are fi-
nally annealed at 600 °C.



Fig. 3 shows the curves of the temperature-dependence
of the majority charge carrier — hole mobility from the ni-
trogen up to room temperature. As seen, immediately after
the irradiation with dose of 5.0-10"°cm 2 hole mobility drops
sharply and continues to decrease with increasing in anneal-
ing temperature. After annealing at 90 °C, a deep minimum
appears in the temperature-dependence. After annealing at
120 °C, the curve with a minimum moves upwards, and after
annealing at 180 °C, it finally disappears, while the tempera-
ture-dependence itself is sharply enhanced (curve 7).
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Fig. 3. Temperature-dependence of hole mobility in p-Si
crystals 1 — before irradiation (#), 2 — after irradiation with
8 MeV electrons at the dose of 5.0-10'5 cm™2 before
(0) and after annealing at 3 — 80 (&), 4 — 90 (X),
5-—120(x),6 — 170 (O), 7 — 180 (+), 8 — 380 (m),

9 — 470 (=), and 10 — 600°C (©)

High mobility values obtained in irradiated samples by
Hall measurements after their annealing at high tempera-
tures point to the formation of the “metallic” inclusions. If
for the simplicity these inclusions, which must be atomic
clusters of p-type, are assumed to be spherical the effective
Hall mobility of holes is

1+3f
1-6f’

where p, is the Hall mobility in the matrix, and f is the
total volume fraction of the “metallic” inclusions [42]. If the
parameter W, takes the value of the Hall mobility at room
temperature in the starting material, 2.5-10° cm?/V-s, and
U, equals to 3.5-10% cm?/V-s, the value measured at room
temperature immediately after exposure (i. e. before any an-
nealing cycle), we obtain the estimate f = 0.035. The average
atomic radius of the spherical cluster can be determined by
the formula

Mo = Hy

where N is the concentration of inclusions, which in given
conditions, according to our previous estimates [41], is equal
to 5-10'6 cm™3. From these values we obtain R=5.5nm. A
significant decrease in the mobility immediately after the
irradiation, presumably, is due to the electrostatic screen-
ing of highly conductive atomic clusters by the secondary
radiation defects of donor-type: the capture of holes makes
them positively charged. Such inclusions affect the mobility

in two ways — as “dielectric” inclusions they block the elec-
tric current of majority charge carriers and thus reduce the
actual volume of the crystal, and as static electric charges
at low temperatures they effectively scatter holes. All these
lead to a decrease in the mobility of majority carriers both in
the phonon- and charged-centers-scattering temperature-re-
gions. Further reduction in the mobility at initial stages
of isochronal annealing (80-90 °C) must be caused by the
negative annealing of the donor-type secondary radiation
defects responsible for holes screening.

Non-monotonic temperature-dependence (presence of
a minimum in the curve) of the effective Hall mobility of
holes is explained by the non-monotonic variation of the
degree of screening with samples irradiation temperature
(see the theory in [19] and experimental curves in Fig. 3).
As the temperature decreases from 300 to 200 K, the
degree of filling of radiation defects, which screen the
inclusions, increases. Accordingly, it increases the degree
of screening of atomic clusters, what leads to a decrease in
the effective Hall mobility. In the vicinity of 200 K, the
energy of electrostatic interaction between the positively
charged centers in impurities—defects shells around the
atomic clusters reaches a critical value (0.5 eV [41]) com-
parable with the ionization energy of the corresponding
deep levels and it starts their deionization. The effective
mobility starts to grow, and a minimum appears on the
temperature-dependency curve. Judging from the tem-
perature range (90-200 °C) of the annealing of defects
forming screening shells around the “metallic” inclusions,
they are complexes BV.

The observed oscillations of the carriers Hall mobility
in irradiated p-Si samples subjected to isochronous an-
nealing at the constant rate of increasing in temperature,
presumably are due to the changes in the degree of screen-
ing because the formation or annealing of different radi-
ation defects affecting the screening. Highly conductive
p-type clusters themselves are fully annealed at 550 °C.

6. Conclusions

In summary, from the above consideration we can
make two main conclusions about the role of boron dop-
ants in formation of secondary radiation defects in silicon
crystals:

— boron dopant atoms serve as very active sinks of radia-
tion defects in silicon;

— complexes of radiation-induced structural defects in sil-
icon with boron dopant atoms provide space charge-screen-
ing of the high-conductive inclusions in form of radiation
defects clusters.

It is too important to gain the further insight in the
interaction of boron dopants with radiation defects in sil-
icon to develop effective radiation treatment technologies
for silicon-based electronic devices and IC, increase their
radiation resistance, design solid-state radiation sensors and
detectors, etc.

As the rates of quasi-chemical reactions with boron-con-
taining complexes have been found to be dependent on the
charge-states of reactants, they are controllable by varying
the irradiation conditions — beam-intensity, irradiation
temperature and IR light exposure during the irradiation,
as well as temperature of annealing of the already irradiated
samples.
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