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that enabled us to determine the effect of the pre-treatments on the annealing characteristics of the VO
defect in Si. We found that the activation energies of the two main annealing reactions: VO + Oi → VO2

and VO + SiI → Oi that the defect participates, are comparatively smaller than those of initially untreated
samples, correspondingly. We argue that the pre-treatments reduce the potential barrier for the migration
of the VO defect (VO + Oi → VO2) and also reduces the binding energy of the SiI’s, bound at large defect
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clusters (VO + SiI → Oi).

. Introduction

A-center, that is the vacancy-oxygen (VO) pair, is among the
ominant defects produced in Cz-grown Si material subjected to
ny kind of irradiation at room temperature. The main reasons are
hat the monovacancies produced by irradiation (i) are too mobile
o survive at such temperatures and (ii) that they are selectively
rapped by oxygen atoms being at large concentrations in Cz-Si.
he structure and the properties of the center have been meticu-
ously studied by various experimental techniques such as electron
aramagnetic resonance (EPR), deep level transient spectroscopy
DLTS), infrared spectroscopy (IR), etc. In the negative charge state
he defect gives rise [1] to an EPR spectrum labeled Si-A. The sug-
ested model [2] for its structure is a nearly substitutional oxygen
tom, and more specifically an oxygen atom located in an off-center
ubstitutional site in the 〈1 0 0〉 direction. DLTS measurements have
ssociated [3] with the A-center an acceptor level in the band gap
t Ec-0.18 eV. IR spectroscopy which has been proven a powerful
echnique in investigating oxygen-vacancy related defects in Si, has
ssociated [4,5] two localized vibrational mode bands at 830 and
77 cm−1 related to the neutral and the negative charge states of

he VO defect, respectively.

Upon heating the samples, the VO defect participates in numer-
us reaction channels [6]. It may be associated with an oxygen
tom to form the VO2 defect, with a lattice vacancy to form the
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2O defect or even with another VO defect to form the V2O2 com-
lex. It may also dissociate or being destructed by self-interstitial
toms. Obviously, the contribution of all these reactions in the VO
nnealing is not the same. In neutron irradiated Cz-Si, the two reac-
ions VO + Oi → VO2 and VO + SiI → Oi are considered [6] as the most
mportant reactions involved in the annealing process of the VO
efect. An important parameter of each reaction process that a
efect participates is the activation energy. Its knowledge is sig-
ificant not only for the basic physics of defect studies but also as
crucial piece of information for defect control and defect engi-
eering processes. On the other hand, pressure is an important
xternal parameter besides temperature which affects the behavior
nd properties of defects. The present work is focused on the study
f the influence of thermal treatments under hydrostatic pressure
n the activation energies of the processes that govern the anneal-
ng of the VO defect and the growth of the VO2 defect. It is well
nown [7,8] that thermal treatments at 450 ◦C introduce thermal
onors, while thermal treatments at 650 ◦C introduce new donors
hich are associated to some kind of oxygen precipitates. In addi-

ion, the application of high hydrostatic pressure can induce [9]
hanges in the structure of defects. Thermal treatments under high
ydrostatic pressure reduce [10] significantly the concentration of
xygen, thus enhancing the formation of thermal donors at 450 ◦C
nd promoting oxygen precipitation at 650 ◦C. We note that oxygen

imer, which is the first stage of oxygen precipitation process, is not
xpected [11] to survive at the above temperatures. Thus, the for-
ation of the VO2 defect as a result of the reaction V + O2 → VO2 is

ot expected to occur in irradiated Si initially subjected to thermal
reatment under high hydrostatic pressure. Only the VO defect is

http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:hlontos@phys.uoa.gr
dx.doi.org/10.1016/j.mseb.2008.08.019
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ormed, which is expected to convert to the VO2 defect at ∼300 ◦C.
he particular aim of this work is to study the evolution of the VO
efect and its conversion to the VO2 defect in a crystal environ-
ent which is different from that of an initially untreated material,

ue to the pre-treatments, and calculate the activation energies of
he involved processes. Their values are expected, in general, to be
ifferent than those of the initially untreated material.

. Experimental details

We used three groups of samples Cz-Si A0, A3, A7 with ini-
ial oxygen content 1.4 × 1018 cm−3. The samples labeled A0 are
nitially untreated. The samples A3 and A7 were subjected to
hermal treatments with the application of hydrostatic pressure:
3 (450 ◦C, 10.65 kbar, 10 h), A7 (650 ◦C, 11 kbar, 10 h). After the
bove treatments all the samples were irradiated by fast neutrons
ith a fluence of 8 × 1016 n/cm2 at Tirr ≈ 50 ◦C. Afterwards, 30 min

sochronal anneals were carried out in steps of ∼10 ◦C, in the range
rom 50 to 550 ◦C. After each annealing step the IR spectra were
aken at room temperature by employing a Jasco IR spectrometer
f dispersive kind.
. Experimental results and discussion

Fig. 1 shows fragments of the IR spectra of the A0, A3 and A7
amples after the pre-treatments, after the irradiations and after

t
s
d
o
n

ig. 1. Fragments of the IR spectra of the samples A0, A3 and A7 after the pre-treatments,
gineering B 159–160 (2009) 122–127 123

he anneal at 350 ◦C, in the course of the isochronal annealing
equence starting from 50 ◦C. After the irradiation only the VO
efect (828 cm−1) is produced, as expected.

Fig. 2 shows the evolution with temperature of the amplitude of
he Oi (1104 cm−1), VO (828 cm−1) and VO2 (885 cm−1) defects in
he temperature range of 50–550 ◦C, during the isochronal anneal
equence, of the samples A0, A3 and A7. As it is seen from the evo-
ution curves there is a gradual increase in the amplitude of the
O band between 200 and ∼300 ◦C. This inverse annealing stage,
ccurring prior to the onset of the decay of the VO defect and its
onversion to the VO2 defect, is apparently due to the additional
ormation of VO defects. In fact, in the course of the annealing
equence, vacancies are liberated in this temperature range which
re captured by oxygen atoms to form the VO defects. Sources of
hese vacancies are large clusters of defects [11,12], divacancies
13] and disordered regions [14]. The decrease of the Oi signal in
he same temperature range, supports the interpretation for the
dditional VO formation.

The annealing of the VO defect is a rather complicated process.
t least two main mechanisms should be considered [6]. At first, we
bserve that, the decrease of the amplitude of the 830 cm−1 band of

he VO defect is accompanied by the emergence and growth in the
pectra of the 885 cm−1 band of the VO2 defect. The reaction that
escribes the phenomenon [15] is the VO + Oi → VO2, which is a first
rder process considering that [Oi] is more than one order of mag-
itude larger than that of the [VO]. The corresponding differential

after the irradiation and after the isochronal anneal at 350 ◦C, correspondingly.
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ig. 2. The thermal evolution of the Oi, the VO and the VO2 defects in Si, during the
ourse of a 30 min isochronal anneals sequence for the samples (a) A0, (b) A3 and
c) A7, correspondingly.

quation is:

d[VO]
dt

= −k1[VO] (1)

he rate constant k1 of the process is given by the equation
1 = k1o exp(−E/KT), where k1o is a frequency factor and E the acti-
ation energy of the process. Secondly, we observe that the initial

tage of the decrease of the VO signal is accompanied by an increase
n the Oi amplitude. Actually, the evolution curves of Oi are too noisy
nd at first look it is difficult to make any definite statement about
ncreases of the Oi amplitudes. However, on closer inspection, for
he temperatures above 300 ◦C where VO defect begins to decay,
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he oxygen concentration shows a general tendency to increase,
specially for the pre-treated samples A0 and A7. This stage of VO
as attributed [11] to the reaction VO + SiI → Oi, where the SiI’s

toms are released from large defect clusters formed by the irra-
iation, especially in the neutron-irradiated samples. The increase
f the Oi concentration could be also related to the VO dissociation:
O → V + Oi. However, experimental observations strongly suggest

hat the latter reaction should not be taken into account [11,16].
The VO + SiI → Oi reaction is approximately a second order pro-

ess [11,17] described by the reaction:

d[VO]
dt

= −k2[VO]2 (2)

here we have assumed that [SiI] ≈ [V] ≈ [VO]. Actually, after the
rradiation most of the produced vacancies (V) and the self-
nterstitials (SiI) are annihilated (V + SiI → ø). The remaining V and
iI’s are of about the same concentrations, i.e., [V] = [SiI]. Almost all
f the remaining V are expected to be trapped by Oi atoms to form
O defects. On the other hand, almost all of the remaining SiI’s
re expected to be incorporated at large interstitial clusters, espe-
ially in a material with very low carbon content like our samples.
pon annealing, these SiI’s are liberated and react with VO. Rea-
onably therefore we can assume that [VO] = [SiI]. According to the
bove, the annealing process of the VO defect could be divided [11]
nto two stages. The first stage describes the initial decay of the VO
efects in the temperature range 300–350 ◦C, where the reaction
O + SiI → Oi predominates. Actually, below 350 ◦C the VO2 signal

s weak indicating that the reaction VO + SiI → Oi prevails over the
eaction VO + Oi → VO2. Above ∼350 ◦C the increase of the Oi con-
entration is practically terminated. No further production of Oi
toms seems to occur. At a later stage of the anneal the release of
iI’s from the agglomerates is expected [11] to be reduced and thus
he regeneration of Oi atoms due to the reaction VO + SiI → Oi also
educes. At higher temperatures, here ∼350 ◦C, the production of
i atoms due to the reaction VO + SiI → Oi is balanced [11,17] by

he loss of Oi atoms due to the reaction VO + Oi → VO2. The second
tage refers to the temperature range 350–410 ◦C, where the reac-
ion VO + Oi → VO2 is considered to prevail. Notice that Eq. (1) that
escribes this process has the same activation energy with the pro-
ess that describes the growth of the VO2 defect, which follows the
quation:

d[VO2]
dt

= k1[VO] (3)

onsidering that almost all the VO defects at this stage are converted
o VO2 defects (VO + Oi → VO2). The results of the fittings together
ith the Arrhenius plots and the extracted activation energies are

xhibited in Figs. 3–5.
The calculated values for the activation energies of the sam-

les A3 and A7 pre-treated under high hydrostatic pressure at 450
nd 650 ◦C, respectively, are lower than the corresponding values of
he activation energy of the initially untreated sample A0, for both
tages of the annealing process. Actually, changes in the activation
nergies were expected due to the fact that the pre-treatments
nder pressure have induced changes in the crystalline environ-
ent of the defects of the Si material. As a result, the migration

f the VO defect towards the Oi atoms and/or of the SiI’s atoms
owards the VO defects take place in a different surrounding in com-
arison with that of the initially untreated sample. We argue that

hermal treatments under high pressure create conditions inside
he crystal that facilitate the reaction processes, that VO partici-
ates. Quantitatively, this is expressed by the lower values of the
ctivation energies of the two annealing processes that VO defect
articipates.
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Fig. 3. Simulation curves describing the annealing of the VO defect (a) and the growth of the VO2 defect (c) for the sample A0. Arrhenius plots for the decay of the VO defect
(b) and the growth of the VO2 defect (d).

Fig. 4. Simulation curves describing the annealing of the VO defect (a) and the growth of the VO2 defect (c) for the sample A3. Arrhenius plots for the decay of the VO defect
(b) and the growth of the VO2 defect (d).
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ig. 5. Simulation curves describing the annealing of the VO defect (a) and the grow
b) and the growth of the VO2 defect (d).

The extracted value for the activation energy of the reaction
O + SiI → Oi is 1.89 eV for the initially untreated sample A0. This
alue is found to be 1.41 eV for the A3 sample and 1.63 eV for the
7 sample. Assuming that the activation energy for the migra-

ion of the SiI’s is negligible, the activation energy of the reaction
O + SiI → Oi in essence refers to the energy of a self-interstitial
tom to break away from the agglomerate. Due to the treatments
nder pressure this binding energy for the samples A3 and A7 is
pparently smaller than that of the A0 sample. Additionally, the
inding energies are expected to be different between the samples
reated under pressure at different temperatures since the size and
he structure of the agglomerates is expected to be different. The
nalysis of the experimental data indicates that the binding energy
f the SiI’s of the A3 sample is smaller than that of the A7 sample.

The extracted value for the activation energy of the reaction
O + Oi → VO2 is 2.04 eV for the initially untreated sample A0. This
alue is found to be 1.75 eV for the A3 sample and 1.64 eV for the A7
ample. The application of high hydrostatic pressure has a perma-
ent effect on the treated crystals. Thus, the pre-treated samples
nder pressure are stressed materials. Notice now that theoretical
alculations [18] predict an increase in the diffusivity of vacancy-
opant pairs in Si material under compressive stress. Thus, a larger
iffusivity is expected for the VO defect. Additionally the diffusivity
f Oi defect is larger [19] under stress. For applied pressures around
0 kbar the changes in the Si lattice constant are small [19]. Thus,
ny changes in the pre-exponential coefficient D0 in the expres-
ion of the diffusivity D = D0 exp(−E/KT) is expected to be negligible

nd the variation of D is mainly determined by the variation of the
ctivation energy E. Larger diffusivities means smaller activation
nergies. The difference in the values of the activation energies
f the samples A3 and A7 reflects to the different temperatures
f the high-pressure treatment and therefore the different effect

t
c
r
a
V

the VO2 defect (c) for the sample A7. Arrhenius plots for the decay of the VO defect

f the compressive stress at the corresponding temperatures. It is
orth stating that the balance between the two main reactions
O + Oi → VO2 and VO + SiI → Oi contributing in the anneal process
f VO is affected by the pre-treatments. In other words the contribu-
ion of the two reactions in the VO anneals is different for different
re-treatments.

It worth noting that by looking at the evolution curves of the VO
nd the VO2 defects in Fig. 2, for the samples A0, A3 and A7 it is diffi-
ult to notice any significant difference between them. The effect of
re-treatment under pressure is not well pronounced. Thus, it may
e argued that the differences of the activation energies, derived
y the analysis shown in Figs. 3–5, arise simply from the scatter of
he points. Though there is indeed a large scatter of the points, the
esults of the least-square-fits (mean values and standard devia-
ions) in Figs. 3–5 unambiguously demonstrate a decrease in the
ctivation energies of the pre-treated samples. Additionally, we
otice that in this experiment we used three samples from each
roup A0, A3 and A7 and the received values of the activation ener-
ies were similar to those reported in the text, correspondingly.

. Conclusions

We studied the reaction kinetics of the conversion of the VO to
he VO2 defect in neutron-irradiated Si samples, pre-treated at 450
nd 650 ◦C under high hydrostatic pressure. Two main annealed
eactions were considered: VO + SiI → Oi and VO + Oi → VO2. The
ctivation energies of the two processes were found smaller in

he pre-treated samples than those of the untreated samples,
orrespondingly. We argue that the pre-treatments result in the
eduction of (i) the binding energy of the SiI’s at the agglomerates
nd (ii) the potential barrier characterising the movement of the
O defect in the Si lattice.
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