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We study the kinetics of accumulation of vacancy-oxygen (VO)
complexes in Czochralski-grown (Cz) n-Si, at various intensities
of pulse 1-MeV electron radiation at temperatures higher than
the temperature of the onset of the thermal annealing of VO
(T > 300 °C). It is shown that the irradiation with electrons at
such temperatures causes the accelerated annealing of VO created
by this radiation. The accelerated annealing of VO occurs during
the action of a pulse of electrons. The maximum concentration of
created VO increases with the radiation intensity and decreases,
as the temperature of irradiated specimens increases. We propose
a model of the process of accelerated annealing which is based on
the assumption that specimen’s electrons under the electron ir-
radiation are excited in a high-energy valley. At the capture of
such electrons by VO defects, the defects receive the energy which
decreases essentially the energy of activation of their annealing.
The high-energy threshold of the effect depends on the radiation
intensity and increases with it.

1. Introduction

One of the basic radiation defects in Si is a VO complex
which is created as a result of the capture of a vacancy
(V) by interstitial oxygen O; (V 4+ O; — VO). The prop-
erties of these defects are studied for five decades and are
well investigated till now (see, e.g., [1] and references
therein). VO complexes are annealed at 7' > 300 °C. If
the irradiation is carried on at a temperature which is
higher than the annealing temperature of VO, two pro-
cesses are running simultaneously: the creation of these
defects and their annealing. If the temperature of spec-
imens is sharply decreased after the termination of the
irradiation, then the concentration of VO determined by
the given conditions of the irradiation is conserved [1-
7). Tt was also revealed [1] that the concentration of
these defects depends significantly on the radiation in-
tensity J.
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The present work is a logical sequel of our previous
studies [1]. Our goal was to study the mechanism of an-
nealing of VO in Cz n—Si under the simultaneous action
of two factors: a high temperature of a specimen under
the irradiation and the electron radiation intensity.

2. Experiment

We use specimens of Cz n-Si and the method to be
the same as those in [1]. The specimens contain phos-
phorus (at a concentration of ~ 1 x 10'® cm~2), oxy-
gen [0;]((6 — 7) x 1017 em™3), and carbon [C,](< 5 x
106 ¢cm™3). The irradiation was carried out at a pulse
accelerator of electrons: the pulse duration ¢, = 3.3 us,
the pulse on/off ratio s = 103, and the energy of elec-
trons E, = 1 MeV. In addition to the irradiation of
specimens at a temperature of 360 °C (intensities per
pulse were in the range J, = 1.25 x 10'5 — 1.25 x 10'¢
electron/(cm?s)), the specimens were irradiated at a
temperature of 450 °C by a more intense flux of elec-
trons .J, = 5 x 101¢ electron/(cm?s). The concentration
of VO after the irradiation was determined from the tem-
perature dependences of the Hall effect or by using the
Deep-Level Transient Spectroscopy (DLTS).

3. Results and Their Discussion

3.1. Experimental results

In Fig. 1, we present the dependences of the concentra-
tion of VO on the irradiation duration at several intensi-
ties of the flux of electrons (J, = 1.25x101°—1.25x10'¢
electron/(cm?s)) at a temperature of 360 °C. Figure 2
shows the DLT'S spectrum of specimens irradiated at 450
°C (J, = 5 x 10'¢ electron/(cm?s)) in the temperature
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Fig. 1. Time dependences of the concentration of VO at various
intensities of 1-MeV pulse electron radiation at 633 K: 1 — 12.5;
2 - 6.25; 8 — 2.81; 4 — 1.25 x 10'® electron/(cm?s). Points —
experiment; continuous curves — results of calculations by formula

®3)

region, where the VO complex is recharged (the peak at
about 100 K).

It is seen that

a) the accumulation of VO is characterized by the
curve with saturation and occurs qualitatively in the
same way at all radiation intensities J. In this case,
as was shown in [1], the efficiency of the creation of VO
is independent of J and is equal to d[(;;?] =(7.9+0.3) x
1072 em™! (Fig. 1);

b) the concentration of VO at the saturation
([VO]max) increases with J and shows the tendency to
the saturation (Fig. 3);

¢) as the temperature of specimens under irradiation
increases, the value of [VO],ax decreases. In specimens
irradiated at 450 °C (J, = 5 x 10 electron/(cm?s)),
[VOlmax = 5 x 10'3 em™2 (Fig. 2), whereas [VO]pax =
4.6 x 10'* em ™2 in specimens irradiated at 360 °C (J, =
1.25 x 1016 electron/(cm?s)), (Fig. 3).

3.2. Kinetics of accumulation of VO at 360 °C

The accumulation of VO under pulse electron irradia-
tion is a result of the periodic action of two alternate
processes:

1) during the action of a pulse, there occur the creation
of VO (the rate of generation of free vacancies \y) and
simultaneously their annealing with the time constant
71. In this case, the system of kinetic equations consists
of two equations which describe the creation and the
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Fig. 2. DLTS spectrum of specimens irradiated at 723 K (the
irradiation duration ¢ = 20 min, J, = 5 x 1016 electron/(cm?s),
F = 6 x 10'6 cm™2, [VO]= 5 x 10'3 cm™3). The bias pulse
amplitude from —4 to 0 V; the window is 6 ms
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Fig. 3. Maximum concentration of VO versus the electron ra-

diation intensity at: 1 — 633 K; 2 —680 K; 3 — 723 K. Points
— experiment; continuous curves — results of calculations by for-
mula (4), where 1/71 is determined by formula (12), and 1/ =
2 x 108 exp(—1.5/kpT)

annealing of vacancies V and VO:

% = Av — xvo[V][Oi],

(1)
d[gto] = xvo[V][0i] — [‘;7?1,

where xy o is the constant characterizing the capture of
a vacancy by oxygen;

2) in the time interval between successive pulses, there
occurs only the thermal (without irradiation) annealing
of VO which were accumulated during the action of a
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Fig. 4. Annealing constant 71 versus the electron radiation inten-
sity at 633 K

pulse. This thermal annealing is characterized by the
parameter To:

d[VO]  [VO]
R @

T2

The kinetic equations for all periods of the irradiation
are the same as (1) and (2). Only the initial conditions
will be varied due to the accumulation of defects. As
a result, the dependence of the concentration of VO on
the irradiation duration ¢ reads [1]:

VO] = Ay % () (e (-2))

1 —exp (7%) exp (fi—‘ﬁ
tof . tp t
x(1— -4+ =] X — 3
(- (-[+2 ) @

where t,g is the time interval between neighboring
pulses.

In formula (3), ¢, and t.s are the given technical
parameters of the pulse irradiation. We determined
the constant of annealing 75 from another experiment.
For this purpose, we irradiated a part of specimens at
room temperature and then carried out the annealing at
T > 300 °C. Hence, only A\y and 7; can depend on the
radiation intensity.

It was shown in experiments [1] that an increase in
the radiation intensity J causes a linear increase in the
rate of generation of free vacancies Ay . This means that
each electron creates the same number of free vacancies

at various J (A\y/J = (7.940.2) x 1072 cm™1).

X
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The nonlinear accumulation of VO with output to the
saturation (Fig. 1) is caused by the simultaneous pres-
ence of two competing processes: the creation of VO and
their annealing. Whereas the creation runs with con-
stant rate, the rate of annealing is proportional to the
concentration of defects: d[VO](t)/dt ~ [VO](t). The
concentration of VO increases with the irradiation dura-
tion. Respectively, the rate of annealing and its contri-
bution to the process of accumulation increase as well.
If the rate of annealing becomes equal to the rate of
creation, the concentration of VO approaches the satu-
ration. In our case, this happens, if the following con-

dition is satisfied in (3): [M + ti] X 3 t+t > 1. Then
T2 T1 off +ip
we have
Av
[VOlmax = (4)

toff /tp + 1 :
T2 T1

By measuring the concentration of VO under saturation,
the value of 71 can be determined from (4). In Fig. 4, we
present the dependence of 7 on the radiation intensity
at 360 °C. It is seen that 7 decreases by more than one
order, as J increases by one order. This means that the
electron radiation intensity can significantly stimulate
the annealing of VO created by this radiation.

3.3. Models of accelerated annealing of VO

Thus, as the intensity of the irradiation of Si by high-
energy electrons at high temperatures grows, the anneal-
ing of VO complexes created by this radiation is acceler-
ated. The quantity 71 characterizing the rate of anneal-
ing of defects during the action of a pulse of electrons
decreases, as the intensity increases. The reasons for
such a change should be clarified.

As J increases, two processes are running:

1) the rate of creation of Frenkel pairs (primary de-
fects) grows;

2) the rate of generation of nonequilibrium charge car-
riers increases as well.

One of these processes must stimulate the annealing
of VO during the action of pulses of radiation.

VO complexes can disappear due to the capture of va-
cancies, whose concentration increases with the intensity

VO + V — V0. (5)

But process (5) is improbable, since the vacancies are
captured by oxygen atoms, whose concentration is much
greater than the concentration of VO.

Hence, the process of excitation of the electron sub-
system is responsible for a decrease in 7. This can occur
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due to the athermic motion of defects at their recharging,
which is an analog of the motion of intrinsic interstitial
atoms in the model of potential inversion [8]:

VO' + e~ = VO~ +ht — VO°. (6)

We now write the kinetic equation for the recharging of
defects,

0
d[\;? ] = —0%v, (no + An) [VO°|+
+0,0nNevo[VOT] + 0, v, (po + Ap) [VOT], (7)

where N.vo = N.exp (—Evo/kgT), N, — effective den-
sity of states in the conduction zone, Evo — electron
energy level of VO complexes, ng, pg, An, Ap — equi-
librium and nonequilibrium concentrations of electrons
and holes, respectively.

It follows from (7) that the rate of recharging (hence,
and the rate of annealing) must depend on the concentra-
tions of equilibrium and nonequilibrium charge carriers.
The significant decrease in 7, (Fig. 4) is observed already
at the intensity J, = 2.81 x 10'® electron/(cm?s). In
this case, the evaluation of the maximum concentration
of nonequilibrium carriers gives An ~ 4 x 10'® cm™3.
The equilibrium concentrations of electrons and holes at
this temperature (633 K) are of the same order of mag-
nitude. Let us increase the equilibrium concentration
due to the increase in the temperature to a value such
that it exceeds significantly the nonequilibrium concen-
tration and the doping level. If the accelerated anneal-
ing of defects is determined by the process of alternate
capture of electrons and holes, we must observe the ac-
celerated annealing of formed VO complexes. Work [7]
gives the temperature dependences of the rates of cre-
ation and annealing of VO under pulse electron irradi-
ation in the range of temperatures from room temper-
ature to 753 K. The pulse radiation intensity was 10'°
electron/(cm?s). At this intensity, the accelerated an-
nealing of defects is not yet observed (see Fig. 4). The
estimation shows that the kinetics of annealing of VO
(T =728 K, ng = po ~ 2 x 1016 cm~3) is characterized
by the same parameters (the frequency factor v = 2x 103
s~! and the annealing activation energy Evo = 1.5 eV)
as the isothermal annealing in the interval 570-620 K.
Thus, the recharging of defects is not responsible for the
accelerated annealing.

We need to seek another process which would accel-
erate the annealing of VO, as the radiation intensity in-
creases.
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But, as we have already seen, the acceleration of the
annealing of VO can be affected by exciting namely the
electron subsystem of a crystal. We note that the mean
energy spent on one excited electron-hole pair is equal
to ~ 3.6 eV [9]. This means that electrons can fall in
higher conduction subbands. In Fig. 5, we give the cal-
culated band structure of Si [10]. It is worth noting
the minimum of the conduction band at the point L.
Different methods of calculation give somewhat different
results. However, the energy at this point equals, on the
average, approximately 2+0.1 eV relative to the highest
point of the valence band. Hence, a part of electrons
excited in the conduction band will fall in this minimum
of the band. At the capture by VO, such an electron can
transfer the energy to it which is close to the annealing
activation energy of VO.

We consider that the captured electron stimulates the
jump of the defect to the neighboring position in the
crystal. As a result, VO will move till the time of its
capture by an oxygen atom:

VO + O — VOa. (8)

For the constant of accelerated annealing 7, we can
write

1 5 L , _Eo
- = 0, Un An" xvo,[O;] exp( T ) (9)

where 0¥, v,,, and An’ are the capture cross-section,
thermal velocity, and the concentration of electrons in
the valley L1 of the conduction band, respectively; xvo,
is the constant of capture of VO by an oxygen atom,

vo = Eo — Er is the difference between the activation
energy of the thermal annealing E, and the energy E,
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Fig. 6. Annealing constant 1/7; versus the temperature of spec-
imens under electron irradiation with radiation intensities: 1 —
1.25; 2 — 2.81; 8 - 6.25; 4 — 12.5; 5 — 50 x 10 electron/(cm?s).
Points — experiment; continuous curves — results of calculations by
formula (12)

transferred to VO at the capture of an electron into a
high-energy valley. We have

Er =AE, — (AE,; — Eyo), (10)
where AE, is the energy gap, and Evo = 0.17 eV is the
electron energy level of VO. With regard for the temper-
ature dependence of AE,, we obtain that E5 is in the
limits 0.37-0.47 eV.

At the determination of the concentration An’, we
need to take into account that these electrons will dis-
appear due to the capture by VO and phosphorus atoms
(the deep level relative to Li). We have

dAnt L

i L 6%, Ant VO] — of v, Ant[P],

(11)

where AL is the rate of generation of electrons into the
valley Ly, and o, is the cross-section of the capture of
electrons by phosphorus atoms.

The evaluation of the lifetime of nonequilibrium car-
riers shows that it is less by at least one order than the
duration of an electron pulse. Hence, we have the sta-
tionary state relative to An” in (11). As a result, we
obtain

1 JIp

= Bexp (— VO) ,
T [VOlmax + Z5[P] kpT

(12)

o

where A\l = AJ,, and B = Axvo,[O;] is a constant.
In (12), the cross-sections of the capture of electrons
from the valley L; by VO defects and phosphorus atoms
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Fig. 7. Calculated annealing constants 1/7; (curves 1-3) and

103 /72 (curve 4) versus the temperature of specimens under elec-
1-50; 2 125; 8 -
2.81 x 101 electron/(cm?s). Curves (1-3) — results of calculations
by formula (12); curve 4 — 103 /75 = 2 x 108 exp(—1.5/kgT)

tron irradiation with radiation intensities:

are unknown. We assume that these values are slightly
different from the capture cross-section for electrons
from the basic band. Unfortunately, the theory of the
capture of carriers at high temperatures is not avail-
able. Therefore, we make one more assumption that the
temperature dependence of the capture cross-sections
for sufficiently deep electron levels (when there exists
a dense spectrum of excited levels) is conserved: T~ for
a neutral center and 73 for an oppositely charged one.
Thus, we can write 00 = 8 x 10719 (300/7) cm? [11],
and 0,7 =5 x 10717 (300/T)° cm? [12].

To determine the energy EY,,, we use the data ob-
tained within the DLTS method of measurements for
specimens irradiated at 723 K. At a pulse radiation
intensity of 5 x 1016 electron/(cm?s), we obtain that
[VO]max = 5 x 1013 cm™3. Substituting the data for the
irradiation at 633 K (J, = 1.25 x 10'® electron/(cm?s),
[VO]max = 4.6 x 10** cm™3 ) and the data at 723 K in
(12), we obtain that EYo = 0.40 eV. In other words,
the value of 5,5 falls in the interval of possible energies
(0.37-0.47 eV).

Substituting the experimental values of 7, J,
[VOlmax, and [P], as well as EY, in (12), we obtain
that the constant B ~ 1.3 x 102 cm~!.

We can evaluate the rate of generation of electrons
into the valley L;. The constant xvo, = (a1)2 vO,- Let
the jump length a; and the radius of the capture of VO
defects by oxygen atoms be of the order of 5 x 1078 cm
(lattice constant). Then, at the concentration of oxygen
~ 7 x 10'" cm™3, we obtain that the constant A ~ 10°
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cm~!. Hence, the rate of generation of electrons into

the valley L, is approximately equal to the total rate of
generation of nonequilibrium charge carriers under the
irradiation with 1-MeV electrons. At the pulse intensity
Jp = 6.25 x 10'5 electron/(cm?s), we obtain that A2 ~
1022 cm—3s~ L

Formulas (4) and (12) allow us to obtain the analytic
dependences of [VO]yax and 71 on the temperature and
the pulse radiation intensity. In Fig. 3, we show the
dependence of [VO]max on J, for several temperatures.
Figure 6 presents the dependence of 1/7; on the tem-
perature for several radiation intensities. We see that
the theoretical curves coincide satisfactorily in the error
bars with experimental points.

We can determine the interval of temperatures, in
which the effect of acceleration of the annealing of VO
under irradiation holds. The effect should be observed
only if the rate of accelerated annealing is greater than
the rate of ordinary thermal annealing. To this end, we
present the calculated curves of the temperature depen-
dences of 1/7; and 103/ 75 in Fig. 7. It is seen that the
effect is manifested for all intensities near 570 K. How-
ever, the temperature, at which the effect disappears,
increases with the radiation intensity.

4. Conclusions

The irradiation of Cz n-Si with 1-MeV electrons at a
temperature higher than the temperature of thermal an-
nealing of VO defects leads to the accelerated anneal-
ing of defects created by this radiation. The acceler-
ated annealing happens during the action of a pulse of
electrons. The constant of accelerated annealing 71 de-
creases sharply, as the radiation intensity increases. At
633 K, the increase in the intensity by one order causes
the decrease in 71 by more than one order. In this case,
the dependence of the concentration of VO on the irra-
diation duration has the form of curves with saturation.
The maximum concentration of VO increases with the
radiation intensity and decreases, as the temperature of
irradiated specimens increases.

The reason for the accelerated annealing can be the
capture of electrons from the valley L; by VO defects. In
this case, the defects receive a significant energy, which
causes the decrease in the annealing activation energy
for VO from 1.5 eV down to 0.4 eV.

The effect of accelerated annealing is observed in the
bounded interval of temperatures which begins from
570 K (the onset of the thermal annealing of VO). The
high-temperature boundary of the effect depends on the
radiation intensity and increases with the intensity.
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MEXAHI3M BIAITAJIY VO JEO®EKTIB
B n-Si ITP BUCOKOTEMIIEPATYPHOMY
IMITYJIbCHOMY EJIEKTPOHHOMY OITPOMIHEHHI

A.M. Kpativuncvkuti, M.M. Kpacvko, A.I. Konociox,
P.B. Ilempyns, B.IO. IMosapuyx, B.B Botimosuu,
B.B. Hetimaw, B.A. Maxapa, P.M. Pydenko

Peszowme

HocniizkeHo KiHeTHKY HAKOIMYEHHsSI KOMILJIEKCY BaKaHCisi—-KHUCEHb
(VO) B n-Si, Bupommenomy merogom Hoxpasscskoro (Cz), mpu pi-
3HMX iHTeHCHUBHOCT#AX iMmmyJsibcHOro 1 MeB enekrponnoro ompowmi-
HEHHs IIpU TeMIIepaTypax, BUIIUX 3a TEMIIEPATyPy IOYaTKY Tep-
mignoro Bignamy VO (T > 300 °C). Ilokasano, mo ONMpoMiHEHHS
€JIEKTPOHAMH IIPU TAKUX TEMIIEpATypPax IPHBOIUTEL JO IPUCKOPeE-
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soro Bignasy VO, cTBopeHuxX muMm onpominenasM. [Ipuckopennii
Bigmas VO BiabyBaeTbcst y nporieci ail iMirysibCcy esrlekTposis. Ma-
KcuMasbHa Kounentparis VO, sika Ipu bOMY yTBOPIOETCS, 3P0~
crae 3i 30L/IbINIEHHSAM IHTEHCUBHOCTI ONPOMIHEHHSI 1 3MEHIIYEThCSA
npu 36inbIIeHH! TeMmiepaTypu 3pas3kiB Ipu ompoMimeHHi. 3ampo-
IIOHOBAHO MO/IEJIb IIPOIECY IIPUCKOPEHOI'O Bifmnajy, sika I'DyHTYye-
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TBCS Ha TOMY, LIO IIPU €JIeKTPOHHOMY OIIPOMiHEHHI 30yII2KyIOThCA
€JIEKTPOHH y BHCOKOeHepreTudHy nonuny. IIpn 3axomrenui VO ge-
dexTaMyu TaKUX €JIeKTPOHIB JgedeKTaM IepefacTbCs eHepris, fxa
TypHa Meka edEKTy 3ajIeKUTh BiJ IHTEeHCHBHOCTI ompoMiHeHHS i
3pocTa€ 31 361bIIEHHAM 1HTEHCUBHOCTI.
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