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The influence of the charge state of nonequilibrium vacancies on
the processes occuring in n -Si crystals during their irradiation and
heat treatment has been studied. The n -Si specimens with the
electron concentration of 1  1013 2  1014 cm 3 prepared by
the method of zone melting were studied. The irradiated crystals
were investigated by the Hall and the local irradiation methods
with subsequent measurements of the bulk photovoltage emerging
across the irradiated part of the specimen. The researched
specimens were irradiated with 2-MeV electrons or 25-MeV
protons at a temperature of 300 K. It has been shown that the
nature, energy spectrum, as well as the formation and annealing
kinetics of radiation-induced defects in n -Si crystals depend on
the charge states of nonequilibrium vacancies, doping impurities,
and regions of disordering.

Using the method of local irradiation with subsequent
measurements of the bulk photovoltage Uph across the
irradiated part of a specimen, the authors of works [13]
demonstrated that primary radiation-induced defects
(RIDs) obtained in p-Si crystals at a temperature of
300 K are charged positively. In n-Si crystals, interstitial
atoms and vacancies are carriers, respectively, of positive
and negative charges.
During the irradiation, nonequilibrium vacancies
react quasi-chemically with doping (phosphorus or
boron atoms) or background (oxygen or carbon ones)
impurities, or with one another. As a result, secondary
RIDs with high thermal stability are formed, which
govern physical properties of the irradiated crystal up
to 600Æ (at this temperature, the secondary RIDs are
annealed to the end).
It is well known [4] that A-centers (Ec
:
),
E -centers (Ec
:
), divacancies (V 2 , Ec
:
and Ec
:
), and V 2 O complexes (Ec
:
)
are predominantly formed in n-Si crystals in the course
of irradiation. At high exposition dozes or in the
course of annealing, phosphorus- (PV n ) [5] and oxygencontaining (OV n ) [6] multivacancy defects can be
formed. The formation of the latter is connected not
only with the enhancement of diffusion processes, but
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seemingly also with a variation of the charge state of
nonequilibrium vacancies in the process of annealing.
This work aims at studying the influence of a charge
state of primary RIDs, in particular vacancies, on the
nature, energy spectrum, and kinetics of accumulation
and annealing of the secondary RIDs.
1.

Methods of Experiment

The n-Si crystals fabricated by the method of zone
melting with the concentration of electrons N
3 were studied. The concentrations of
 13
background impurities (oxygen and carbon) determined
from IR-absorption spectra were NO  NC 

16
3 . The density of growth dislocations was
determined by analyzing etching pits and did not exceed
3
4
2 . The studied  
3 -specimens
were irradiated with 2-MeV electrons or 25-MeV protons
over the whole volume. The electron beam density was
'e
 12 2 1 , and the proton beam density
11
2 1 . Then the specimens exposed
was 'p
to radiation were isochronically annealed, i.e. subjected
to a series of annealing cycles with equal duration,
within the temperature interval 80600 Æ . The time
interval of each isochronical annealing (IA) cycle at a
fixed temperature was 10 min. After every IA cycle,
the electron concentration N was measured within the
interval 77300 K. Measurements were carried out in a
magnetic field of 10 kOe using the compensation method.
In strongly compensated specimens, the energy levels
of defects E were determined from the slopes of the
dependences N
f 3 =T . The measurement error of
those values did not exceed 10%.
If N > N 0 , where N 0 is the concentration of
electrons captured at acceptor levels of all RIDs, then
one can determine the concentration of various RIDs
from the plots N 3 =T and N Tann ; where Tann is
the annealing temperature of irradiated crystals.
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It is known that Uph  @=@x and @=@x  NRID ,
where @=@x is the gradient of the specific resistance and
NRID is the concentration of RIDs; then, Uph  NRID .
Thus, on the basis of the Uph value, it is possible to
estimate the RID concentration. Investigated specimens
3 , N2
with concentrations N1
 13

13
3 , and N3
14
3

were irradiated
with 2-MeV electrons to a fixed doze
 15 .
Therefore, Uph   , where  is the efficiency of the
introduction of secondary RIDs. Measurements were
carried out at 300 K, i.e. in the exhaustion range of
A-centers. Consequently, the height of the potential
barrier between the irradiated and non-irradiated parts
of a specimen was determined by a variation of the
concentration of deeper ( E > Ec
: eV) acceptor
centers (E -centers, divacancies V 2 ).
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Fig. 1. Dependences of the electron concentration N in n -Si
crystals on the temperature before (1) and after irradiation with
25-MeV protons: 1 = 8:1  1012 cm 2 (2, 3), Tann = 150 Æ C (4),
Tann = 300 Æ C (6), and 2 = 2:7  1012 cm 2 (5)

The concentration of A-centers NA was determined
as a difference N of the concentrations of conduction
electrons in the exhaustion ranges of A-centers (T 
K ) and P-atoms (T 
): NA
N
N
; see Fig. 1, curves 4 and 5, respectively.
The annealing of E -centers was completed at Tann 
Æ . Therefore, when comparing curves 3 and 4
in Fig. 1, the concentration NE of E -centers can be
determined. An E -center, when being formed, is known
[4] to remove two electrons from the conduction band.
Therefore, NE
N
= .
The concentration of divacancies NV2 is defined by a
variation of the electron concentration at 250 K during
the IA procedure in the range 150300 Æ (Fig. 1,
curves 4 and 6 ). A divacancy is known [4] to capture
one electron from the conduction band at T
therefore, NV2
N
. A further increase of N
at 250 K in the course of IA (Tann =300600 Æ ) up to
the initial value corresponds to the annealing of complex
defects which are formed upon the irradiation (V 2 +O)
or annealing (PV 2 or PV 3 ) [5].
A certain number of researched specimens,  
3 in dimensions, underwent irradiation through
a mask. The mask was fabricated of tungsten plates,
was 5 mm in thickness, and had a 1-mm slit. The
bulk photovoltage Uph across the irradiated part of a
specimen was measured. A strip of white, polychromatic
light 0.1 mm in width, which was moved along the
specimen at a speed of 2 mm/min, was used as a probe.
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Within the range T

, the dependences
N 3 =T in initial specimens corresponded to the
full ionization of shallow donors (P atoms) with the
3
concentration NP
 13
(Fig. 1,
curve 1 ). After the proton irradiation with the doze
2 , the temperature dependence of the
:  12
electron concentration corresponded to the exhaustion
of acceptor centers with Ec
:  :
(Fig. 1,
curve 5 ). If crystals were exposed to the doze
2 , a linear section in the dependence
:  12
3
N
=T was observed, which either corresponds to the
exhaustion of acceptor centers Ec :  :
(Fig. 1,
curve 3 ) or is connected with the presence of acceptor
centers with a level Ec
:  :
(Fig. 1, curve
2 ). It is known [7] that the acceptor level Ec
:
belongs to A-centers, the level Ec
:
to E -centers
or to V 2 -divacancies, and the level Ec
:
to
unknown centers, the annealing temperature of which
coincides with that of divacancies [4].
As is seen from Fig. 2 (curve 1 ), after IA, the
concentration of A-centers in the samples irradiated with
2 grew if
2-MeV electrons to the doze
:  14
Æ
Tann was within the interval 90120 , did not vary at
Tann =120290 Æ , and diminished as Tann grew further
(at 290 Æ ; the dissociation of the above-mentioned
centers began). The annealing of V 2 -divacancies in these
crystals began at 250 Æ (Fig. 2, curve 2 ).
The concentration of A-centers in the crystals
irradiated with 25-MeV protons to low dozes (
2 ) did not vary at the dissociation of E :  12
centers. The annealing temperature Tann of A-centers
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Fig. 2. The A-center (1 ) and divacancy (2 ) concentrations as
functions of the isochonous annealing (IA) temperature in n -Si
crystals irradiated with 2-MeV electrons

C

and V 2 -divacancies decreased down to 250 and 220Æ ,
respectively (Fig. 3, curves 1 and 4 ).
The concentration of A-centers in the specimens
2)
irradiated with high proton dozes (
:  12
grew in the temperature range of the E -center decay. It
diminished at Tann within the range 190220Æ ; in the
interval 240300Æ , negative annealing was observed;
and, in the temperature interval 300400Æ , A-centers
were annealed once and for all (Fig. 3, curve 2 ). In the
range 190210Æ , an increase of the V 2 concentration
was observed. The start annealing temperature of V 2
decreased down to 210Æ (Fig. 3, curve 3 ).
The researches showed that the dependence E;V2 '
of the efficiency of the introduction of E -centers and
V 2 -divacancies on ' had a maximum which shifted
towards larger values of ' when N increased. In the
crystals with the concentrations N1 , N2 , and N3 , the
maximum point of 'c was equal to  12 ,  12 ,
2 1 , respectively (Fig. 4, curves 1, 2,
and  13
and 3 ).
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Fig. 3. Dependences of the A-center (1,2 ) and divacancy (3,4 )
concentrations in n -Si crystals irradiated with 25-MeV protons on
the IA temperature. The radiation doze  = 2:7  1012 (1, 4 ) and
8:1  1012 cm 2 (2,3 )

Reasoning from the aforesaid, a conclusion that the
charge state of primary RIDs governs the processes
occurring in n-Si crystals at irradiation or annealing can
be made.
As is known, in the course of irradiation at 300 K,
A-centers are formed according to the reaction

V

+ O ! AO + e


Discussion of Results

10

2 in Si
In work [8], it was shown that E =A 
crystals irradiated with -quanta. At the same time,
in the researched n-Si crystals irradiated with 2-MeV
electrons, E =A
: in spite of the fact that NO is
approximately three orders of magnitude as large as NP .
Approximately the same value of this ratio was obtained
in work [9] . In the opinion of the authors of work [10],
the high efficiency of the introduction of E -centers at
300 K is caused by the influence of a charge state of
vacancies on the speed of their migration and by the
Coulomb interaction between an electron captured by a
vacancy and a positively charged donor P+ .
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The energy level EA
Ec
:
corresponds to
A-centers. They are in the electroneutral state at 300 K
and can react quasi-chemically with V : AO V !
V2
: These new centers are related to the level
EV2 +O
Ec
:
. At 300 K, they are charged
negatively and, owing to the electrostatic interaction,
their reaction with V is improbable.
In the researched specimens, the concentrations NP ,
NA , and NV2 +O are within the interval
 
13
3 , being three orders of magnitude as low
as NO . Similarly to P atoms, A-centers and V 2 Ocomplexes could also have participated in quasi-chemical
reactions with negative monovacancies if they had been
charged positively. The efficiency of the introduction of
RIDs is likely to be defined not only by quantitative
relations among point defects that enter the quasichemical reaction, but by their charge state as well.
Since E -centers are charged negatively at room
temperature ( EE
Ec
:
), the formation of
a two-vacancy center through the attachment of V is
practically impossible. The attachment of V to V2 is
also impeded, because EV2 Ec
:
. At 300 K,
they are charged negatively too. It should be noted
that the formation of V 2 from negative monovacancies
through the diffusion mechanism in the course of the
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irradiation at 300 K is improbable. They are likely
formed as primary defects.
Really, as is seen from Fig. 1, E -centers, divacancies,
and V2 +O-complexes are formed in n-Si obtained by the
zone melting and subjected to the proton irradiation
at 300 K. We did not succeed in finding the level
of Ec
:
corresponding to the V2 +O-complex,
although the availability of such a defect is evidenced for
by an increase of the electron concentration measured at
Æ [10].
250 K after IA in the range Tann 
The increase of the concentration of A-centers
within the interval Tann
 Æ is explained
by the interaction of vacancies that were released,
when E -centers had decayed, with impurity atoms of
oxygen. It should be emphasized that the ratio between
the concentrations of dissociating and emerging again
defects was NE =NA
: before annealing. Within
the interval Tann 230300 Æ , i.e. in the divacancy
decomposition range, no increase of NA was observed,
although NV2 =NA
: before annealing. In work [6], a
stage of negative annealing was observed in Si crystals
irradiated with 4-MeV electrons at Tann =230 Æ ; the
authors explained this fact by the additional formation
of A-centers at annealing of V2 . To all appearance,
some divacancies were annealed following the reaction
V2
! V2 . Others dissociated and formed A-centers:
V
! A. The concentration NV2 is much higher in
Si crystals irradiated with 4-MeV electrons than that
in ones exposed to 2-MeV electrons [7]. In work [6],
therefore, an increase of NA was observed during the
annealing of divacancies.
The exhaustion of both E -centers and the second
level of V2 (Ec :
), as well as the dissociation of E centers, occur simultaneously within the interval 100
150 Æ . Therefore, it is impossible to trace the variation
of NV2 on the basis of the curves N 3 =T obtained
during the annealing of E -centers. Provided the dozes of
2 ),
irradiation with electrons are low (
:  14
vacancies which are formed at the decay of E -centers
become charged negatively. It is possible to assume that,
due to the electrostatic repulsion of negative vacancies
and their capture by oxygen atoms, the efficiency of the
introduction of V2 should be negligibly small, and the
concentration NV2 should not increase (Fig. 2, curve 2 ).
The fact that NA remains constant in the crystals
2)
exposed to low dozes of protons (
:  12
and subjected to IA within the temperature interval
80250 Æ , is explained by the formation of disordered
regions (DRs) which are effective drains for vacancies
and reduce Tann of the vacancy RIDs [7,11]. The DRs in
n-Si are charged positively [12]; therefore, they capture
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negative vacancies with great efficiency and reduce both
the probability of the additional formation and Tann of
A-centers (Fig. 3, curve 1 ). For the same reason, Tann
of divacancies decreases down to 220 Æ (Fig. 3, curve
4 ). No increase of NA was observed in the course of the
V2 decay.
The concentration of electrons in the conduction
band is not high in crystals irradiated with high dozes
2 ). Therefore, at the
of protons (
:  12
initial stages of IA, by no means all the vacancies
that are formed at annealing the E -centers become
charged negatively, which can stimulate a decrease
of the absorption efficiency of DR vacancies. Since
NO  NDR , the supersaturation of a crystal by neutral
Æ is cancelled by the
monovacancies around Tann
formation of A-centers. A reduction of Tann of A-centers
down to 190 Æ can be explained by the existence of
DRs in the crystal bulk which are the effective drains
for fragments appeared in the decay of A-centers, in
particular vacancies which become charged negatively
Æ ) (Fig. 3,
after the decay of E -centers (Tann 
curve 2 ).
Isolated DRs in Si crystals are annealed at
260Æ . The appreciable annealing begins already at
200 Æ [11]. The DRs seem to be the sources of
divacancies at the initial stages of annealing, which
may explain an increase of the concentration NV2
at Tann =190210 Æ (the formation of V2 -divacancies
from separate monovacancies is hardly probable)
(Fig. 3, curve 3 ). Only monovacancies are seemingly
the products of the DR decay as Tann grows. The
annealing of V2 -divacancies also begins in the impuritydefective part of the specimen, which results in the
negative annealing of A-centers within the range
Tann =230280 Æ . The annealing of A-centers begins
at 300 Æ (Fig. 3, curve 2 ).
The presence of a maximum on the curve of the
dependence  ' for n-Si crystals and its N -dependent
displacement with respect to the '-axis (Fig. 4, curves
1, 2, and 3 ) allowed us to suppose that there is an
optimum ratio between the concentrations of primary
RIDs emerging per unit time and free electrons charging
them.
As was noted above, it is A-centers, E -centers, and
divacancies that predominantly emerge in n-Si crystals
in the course of irradiation. Therefore, the relation

C
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= 120 C
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NV

= N + N + N + 2N 2
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V

must be valid, where NV is the total concentration
of vacancies and NR ; NA , NE , and NV2 are the
concentrations of radiation-induced vacancies, emerging
ISSN 0503-1265. Ukr. J. Phys. 2005. V. 50, N 5

INFLUENCE OF THE CHARGE STATE

A-centers, E -centers, and divacancies, respectively.
From this equation, the total concentration of E centers and divacancies, which are able, in the course
of measurements, to change the electroresistance and,
hence, the bulk photovoltage, is

NE

+N 2 =N
V

V

NR

NA

NV2 :

The initial concentration of vacancies is proportional
to the irradiating electron beam density: NV _ '. The
concentrations of both the recombined vacancies and the
formed A-centers are proportional to NV and, therefore,
NR _ ' and NA _ ' as well. So, for the first three terms
on the right-hand side of relation (3), we have

NV

NR

NA

_ ':

Here, we assume that the charge states of vacancies do
not influence practically the course of those processes.
However, identically (negatively) charged vacancies
strongly repulse one another. For this reason, the
formation of divacancies is possible only under the
condition that at least one vacancy of the reacting pair
should be in a neutral state. Therefore, NV2 _ NV NV 0 ,
where NV 0 is the concentration of neutral vacancies.
If the concentration of vacancies that have captured
electrons is designated as NV , then NV 0 NV NV .
The quantity NV is proportional, on the one hand, to
NV and, hence, to ' and, on the other hand, to the
concentration of free electrons N , so that NV _ N '.
From here, it follows that NV 0 _
N=N0 ', where
N0 is a definite constant (N0 > N ). As a result, the
concentration of divacancies NV2 _
N=N0 '2 .
The quoted relations allow the character of the
dependence of the bulk photovoltage in electronirradiated n-Si on the parameters ' and N to be
estimated qualitatively:

=

(1
(1

Uph

_

'
'0



1

N
N0

  ' 2
'0

)
)

:

0

Here, '0 is another constant ('0 > ). It is easy to see
that the function Uph ' does possess a maximum. The
maximum point

()

'max

= 2(1

'0
N=N0

)

shifts towards larger '-values as the electron
concentration N increases.
Thus, the nature and the energy spectrum of the
secondary RIDs in n-Si crystals, as well as the kinetics
of their annealing, are governed by charge states and a
ISSN 0503-1265. Ukr. J. Phys. 2005. V. 50, N 5

Fig. 4. Dependence of the bulk photovoltage Uph on the electron
beam density ' in locally irradiated n -Si crystals. The electron
concentration N is 1013 (1 ), 6  1013 (2 ), and 2  1014 cm 3 (3 ).
The energy of electrons in the beam is 2 MeV. The radiation doze

 = 5  1015 cm

2

quantitative ratio between impurity atoms and
nonequilibrium vacancies entering into a quasi-chemical
reaction.
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ÂÏËÈÂ ÇÀÐßÄÎÂÎÃÎ ÑÒÀÍÓ
ÍÅÐIÂÍÎÂÀÆÍÈÕ ÂÀÊÀÍÑIÉ
ÍÀ ÊIÍÅÒÈÊÓ ÓÒÂÎÐÅÍÍß ÒÀ ÂIÄÏÀËÓ
ÐÀÄIÀÖIÉÍÈÕ ÄÅÔÅÊÒIÂ Ó ÊÐÈÑÒÀËÀÕ n-Si
Ò.À. Ïàãàâà, Å.Ð. Êóòåëiÿ, Í.I. Ìàéñóðàäçå,
Á.Ã. Åðiñòàâi, Ë.Ñ. ×õàðòèøâiëi

Ðåçþìå
Äîñëiäæåíî âïëèâ çàðÿäîâîãî ñòàíó íåðiâíîâàæíèõ âàêàíñié íà
ïðîöåñè, ùî ïðîòiêàþòü ïiä ÷àñ îïðîìiíåííÿ òà òåðìîîáðîáêè

482

â êðèñòàëàõ n-Si. Äîñëiäæóâàëè çðàçêè n-Si, îòðèìàíi ìåòîäîì çîííî¨ ïëàâêè, ç êîíöåíòðàöi¹þ åëåêòðîíiâ 1õ1013  2õ1014
ñì -3. Îïðîìiíåíi êðèñòàëè äîñëiäæóâàëè ìåòîäàìè Õîëëà
òà ëîêàëüíîãî îïðîìiíåíÿ ç íàñòóïíèì âèìiðþâàííÿì ôîòîåðñ âçäîâæ îïðîìiíåíî¨ ÷àñòèíè çðàçêà. Äîñëiäæóâàíi çðàçêè îïðîìiíþâàëè åëåêòðîíàìè ( E = 2 ÌåÂ) àáî ïðîòîíàìè
( E = 25 ÌåÂ) ïðè òåìïåðàòóði 300 Ê. Ïîêàçàíî, ùî ïðèðîäà,
åíåðãåòè÷íèé ñïåêòð, à òàêîæ êiíåòèêà óòâîðåííÿ òà âiäïàëó
ðàäiàöiéíèõ äåôåêòiâ â êðèñòàëàõ n-Si çàëåæàòü âiä çàðÿäîâîãî ñòàíó íåðiâíîâàæíèõ âàêàíñié, ëåãóþ÷èõ äîìiøîê i îáëàñòåé
ðîçóïîðÿäêóâàííÿ.
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