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Study of the conversion of the VO to the VO 2 defect in silicon heat-treated
under uniform stress conditions
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The VO defect is one of the major defects produced by irradiation in Cz-grown Si. Its presence in
the infrared spectra is manifested by a localized vibration mode~LVM ! band at 829 cm21. Upon
annealing, the decay of this band is accompanied by the emergence in the spectra of another LVM
band at 890 cm21 generally attributed to the VO2 defect. The annealing of the VO center is
discussed in the literature by considering mainly two reaction processes in neutron irradiated
material, that is, VO1SiI→Oi and VO1Oi→VO2, which could occur in parallel. There are some
points, however, which cannot be explained within the above reaction scheme. In this article we
report infrared, x-ray, transmission electron microscopy and selective etching investigations on the
annealing behavior of the VO defect, in neutron-irradiated Cz-grown Si samples, subjected to
various high temperature–high pressure~HTHP! treatments prior to the irradiation. The contribution
of each of the above two reactions to the whole annealing process of the VO defect and its
conversion to the VO2 defect is studied. The results are discussed by taking into account that the
state of the self-interstitials, adjacent to the oxygen precipitates and the structural defects formed
due to the HTHP treatment, is different for each sample because of the different treatments.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1430529#
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INTRODUCTION

The scope of the study of radiation-induced defects
their interaction with lattice defects and impurities presen
the substrate is generally twofold. First, for the purpose
knowing and understanding the nature, the properties,
mechanisms of the formation of the defects, and their in
actions, and second, because it is necessary, with the he
the acquired knowledge, to control the yield and improve
performance of the corresponding devices. This is part
larly important for silicon, which is the basic material fo
electronic devices. A-centers are created as the dominan
fects in Cz-Si, by any kind of irradiation. The main reason
that the silicon monovacanciesV produced by irradiation are
mobile at room temperature, and besides annihilation by
con interstitials, or by pairing with each other to produ
divacanciesV2 are trapped by interstitial oxygen atoms Oi to
form vacancy–oxygen pairs VO, the well-known A-cente
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The presence of such pairs in Cz-Si is manifested by
infrared absorption band at 828 cm21. They are stable up to
;300 °C. Annealing at this temperature results in the
crease in the intensity of the 828 cm21 band, which is cor-
related with the growth of another absorption band at 8
cm21, generally attributed to the VO2 defect.1,2 Other defects
are also formed at these temperatures.3

However, there are some points4 in the whole behavior
of the 890 cm21 band that cannot easily fall into the pictur
of the assignment of this band to the VO2 defect. Such a
point is, for instance,5 the failure in detecting isotopic split
ting for the defect in16O and18O implanted silicon samples
Most of the experimental results, concerning the decay of
828 cm21 band and the growth of the 890 cm21 band could
be understood by mainly considering6 the reactions VO
1SiI→Oi and VO1OI→VO2, which should be held in par
allel, at least in a part of the whole annealing process. Ho
ever, there is data that could not easily fit the above pictu
More specifically, the analysis of the annealing data conce
ing the loss of the VO center indicates processes7 leading to
8 © 2002 American Institute of Physics
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a local rearrangement of the defect, which is not easily r
onciled with the above reaction scheme. Thus the phen
enon is not fully understood. In addition, the degree of
contribution of each one of the above two reactions to
annealing of the VO defect and the growth of the VO2 defect
is another issue pending investigation.

It is well-established in the literature8,9 that heat treat-
ments of silicon at various temperatures lead to the forma
of thermal donors, oxygen precipitates, and various struct
defects, as, for example, rod-like defects, dislocations, sta
ing faults, etc. The presence of these defects is expecte
affect the annealing behavior of radiation-induced defe
since the environment, where the various processes
place, has been changed. Noticeably, the concentratio
interstitial oxygen,NO, in heat-treated samples is decreas
due to the oxygen precipitation. Concerning the VO defe
investigations10 of its behavior on samples subjected to p
heat treatments have shown substantial changes in the
nealing temperature of this center. It has been concluded
oxygen-related precipitates and structural defects, which
trap and release vacancies and self-interstitials, have a
found effect in the annealing temperature of the A-cente
Note that the clustering and precipitation of oxygen in silic
is accompanied11 by the emission of self-interstitials, whic
are expected12 to aggregate adjacent to the precipitates.

On the other hand, the application of hydrostatic str
can induce13 changes in the structure of the defects. Mo
specifically, the application of uniform stress at various te
peratures has14 significant influence on the concentration
interstitial oxygen and generally on the concentration of
structural defects formed. It has also been demonstrat14

that high temperature–high pressure~HTHP! treatments re-
sult in an enhanced concentration of very small defects,
tected only in x-ray reciprocal lattice maps. It is therefo
expected that treatments of Si crystals under various HT
treatments would affect the annealing behavior of the
defect. The study of this phenomenon is the main objec
this work. We shall also try to answer the following questio
Is it the decrease in the concentration of interstitial oxyg
due to the precipitation or is it the structural defects form
that have a greater impact on the annealing behavior of
VO defect?

EXPERIMENTAL DETAILS

Six samples cut from a 2 mm thick, 001 oriented Si
wafer were used. The material wasp-typed, boron doped
with resistivity r'9 V cm(@B#'1.331015cm23). Their
initial oxygen concentration was@Oi #O;8.331017cm23.
The samples were subjected to various combinations
HTHP treatments as shown in Table I and then irradiated
fast neutrons to a fluence of;131017cm22 at T'50 °C.
Afterwards, they were subjected to a heat treatment at 22
for 150 min aiming at a complete annealing of the lar
cluster of defects and disordered regions, present in neut
irradiated material. As it is expected3 this process resulted in
changes in the VO and the@Oi # intensities due to the libera
tion of vacancies, which react with oxygen atoms to fo
additional VO centers. The establishing values of the Oi con-
Downloaded 24 Sep 2009 to 195.134.94.40. Redistribution subject to AIP
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centration and the VO intensity after this process are a
shown in Table I. Finally, the samples were subjected t
heat treatment at 400 °C, for 4 h, for the purpose of comp
conversion of the VO to the VO2 defects. Infrared spectra
were taken at room temperature by a dispersive kind of sp
trometer. X-ray investigations were performed using a hig
resolution diffractometer in double configuration. Rockin
curves and reciprocal space maps were recorded for
samples. A high-resolution experimental setup was reali
by employing a four-crystal Ge~220! Bartels-type mono-
chromator in the primary beam and a channel-cut doub
reflection Ge~220! analyzer in the diffracted beam. Selectiv
etching measurements were performed in the Sirtle solu
~33%CrO3: HF in proportion 1:2! for 5 min. Transmission
electron microscopy~TEM! measurements were also carrie
out on the samples in the course of this investigation.

RESULTS AND DISCUSSION

Dots in Fig. 1 represent experimental results showing
variations of the intensities of~a! the VO defect,~b! the VO2

defect, and~c! the intensity ratioNVO /NVO2
versus the oxy-

gen concentration of the samples prior to the annealing s
at 400 °C for 4 h. Notice that the intensity ratioNVO /NVO2

is
not the same for the various samples. In the following
shall try to understand the above exhibiting behavior first
modeling of the anneals and then by considering the effe
of the various HTHP pretreatments on the annealing curv

The most important reactions occurring during the dec
of the VO defect and the growth of the VO2 defect are the
following:

VO1SiI →
k1

Oi , ~1!

VO1Oi →
k2

VO2, ~2!

VO1V →
k3

V2O, ~3!

Oi1V →
k4

VO, ~4!

TABLE I. The oxygen interstitial concentration, theNVO and theNVO2

intensities, and the intensity ratioNVO /NVO2
for the various samples, re

spectively.

Sample
T(°C),P(kbar),t(h)

A
@Oi #31017

B
NVO

~arb. units!

C
NVO2

~arb. units!

D
NVO /NVO2

S1
untreated

7.78 0.0788 0.0380 2.074

S2
900,3,3

7.71 0.0771 0.0370 2.084

S3
900,12,5

5.95 0.0681 0.0228 2.987

S4
1027,12,5

4.82 0.0612 0.0172 2.363

S5
900,12,10

3.91 0.0424 0.0105 4.038

S6 3.02 0.0304 0.0042 7.238
957,12,10
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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VO21SiI →
k5

¯ 2Oi , ~5!

wherek1 , k2 , k3 , k4 , andk5 are the rate constants chara
terizing each one of the above reactions, respectively.
assume that Eqs.~1!–~5! constitute a more or less comple
reaction scheme describing the phenomenon. Thus the w
process concerning the VO and the VO2 defects is repre-
sented correspondingly by the following rate reactions:

dNVO

dt
5k4NONV2k1NVONSi1

2k2NVONO2k3NVONV ,

~6!

FIG. 1. ~a! and ~b! The variation of the VO concentration (NVO) and the
VO2 concentration (NVO2

) of each sample vs the oxygen concentration (NO)
prior to the conversion of the VO defect to the VO2 defect.~c! The variation
of the NVO /NVO2

ratio of each sample correspondingly vsNO .
Downloaded 24 Sep 2009 to 195.134.94.40. Redistribution subject to AIP
e
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dNVO2

dt
5k2NVONO2k5NVO2

NSi1
. ~7!

In the steady state, the concentrations are given by the e
tions

k4NONV2k1NVONSi1
2k2NVONO2k3NVONV50, ~8!

k2NVONO2k5NVO2
NSi1

50, ~9!

from which we receive

NVO5
k4NVNO

k1NSi1
1k2NO1k3NV

, ~10!

NVO2
5

k2NVONO

k5NSi1

. ~11!

Puttingk2 /(k4NV)5a1 and (k1NSiI
1k3NV)/k4NV5a2 , Eq.

~10! becomes

NVO5
NO

a1NO1a2
. ~12!

Upon replacing Eq. ~12! with Eq. ~11! and putting
a1k5NSiI

/k25a3 anda2k5NSi1
/k25a4 , we get

NVO2
5

NO
2

a3NO1a4
. ~13!

Upon dividing Eqs.~12! and ~13! we get

NVO

VVO2

5
a3NO1a4

a1NO
2 1a2NO

. ~14!

We have solved numerically Eqs.~12!–~14! and the re-
sults for parametersa151.833,a258.33331018, a353.45
31018, anda451.55531037 are depicted in the Figs. 1~a!–
1~c! as curves for theNVO , NVO2

, and the ratioNVO /NNO2
,

respectively, versus the oxygen concentration of each sam
prior to the~400 °C, 4 h! annealing stage. The chosen valu
for the parametersa1 , a2 , a3 , anda4 are the most appro
priate in order to obtain best fit curves for the experimen
results. Apparently, it is reasonable to discuss the relati
between the rate constants of the reactions~1!–~5! for the
used values of the parametersa1 , a2 , a3 , anda4 . In the
following we shall assume thatNV andNSiI

, are of the same
order of magnitude. From the relationk2 /(k4NV)5a1 and
by consideringNV and NSiI

, of the order of 531016, the
selected value ofa151.833 leads tok2 /k459.16531016.
This means that the rate constant of reaction~2! is much
larger than that of reaction~4!. From the relation
a1k5NSiI

/k25a3 , the selected valuea353.4531018 leads
to k5 /k2537. This means that the rate constant of react
~5! is larger by one order of magnitude than that of react
~2!. The same value for the ratiok5 /k2 is also obtained from
the relationa2K5NSiI

/k25a4 , when selectinga451.555
31037 and a258.33331018. Notice that the values of the
parametersa1 , a2 , a3 , and a4 are compatible with the
relation a1 /a25a3 /a4 , as expected from the expressio
of the parametersa3 anda4 . Finally, by combining the re-
lations k2 /(k4NV)5a1 and (k1NSiI

1k3NV)/k4NV5a2 , we
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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get the relation (k11k3)a1NV /k25a2 , which leads to the
relation (k11k3)/k2591, showing that the sum of the ra
constants of reactions~1! and~3! is larger, by approximately
one order of magnitude, than that of reaction~2!. As one can
see from the figures, the experimental results do not exa
fit the theoretical ones, especially for the VO. It means tha
is necessary to take into account that the HTHP treatmen
the samples before irradiation do not only lead to a decre
in the oxygen concentration but also to changes in the st
tural defects, which act as sinks for vacancies and inte
tials.

Physically the decay of the VO defect occurs2 mainly
through the destruction of the VO by the self-interstitia
@Eq. ~1!# and the coupling of the VO with Oi for the produc-
tion of the VO2 defect@Eq. ~2!#. The first reaction depend
on the number of the self-interstitials being present at
aggregates adjacent to the interface of the oxygen pre
tates and the Si matrix and their ability to release from th
aggregates. If one assumes that the activation energy fo
liberation of the self-interstitials in order to break away fro
the agglomerates is smaller than the activation energy for
movement of the VO defect and its subsequent trapping
an Oi atom to form the VO2 defect, then the reaction VO
1SiI→Oi occurs earlier than the reaction VO1Oi→VO2.
Of course, there appears no reason why both reactions ca
operate in parallel, at least for a part of the annealing p
cess. Notice that the first reaction will stop when the sup
of self-interstitials is ceased. On the other hand, the num
of self-interstitials and their ability to participate in the rea
tions depends on the form, the shape, and the density o
oxygen precipitates and the interstitial-type defects~i.e., dis-
location loops!, which in turn depend on the HTHP treatme
performed on each sample before irradiation. This me
that the effectiveness of the reaction VO1SiI→Oi changes
according to the treatment each sample has been gi
Therefore the number of VO defects reacting with thei
atoms for producing the VO2 defects is different for each
sample. In other words, the ratioNVO /NVO2

is expected to be
different for each sample due to the different HTHP tre
ments. This was observed experimentally@Fig. 1~c!#.

Let us now concentrate on the defects formed in
investigated samples as a result of the HTHP treatments
subsequent neutron irradiation. Figure 2 shows recipro

FIG. 2. Reciprocal space map around the 004 reciprocal space point~left!
and plan-view TEM image~right! for a nontreated S1 sample. The axes are
marked inl/2d units, l is wavelength andd is lattice interplanar distance
TEM image size is 0.230.15mm.
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space maps around the 004 reciprocal space point and p
view TEM image of the untreated sample S1 . Small stressed
areas are observed in the TEM image. Reciprocal space m
also show considerable concentration of defects or stre
areas in the sample. The observed stressed areas are
likely related to clusters of defects introduced by neutr
irradiation and subsequent annealing. We notice that se
tive etching measurements on this sample showed no de
present.

Selective etching studies of the samples S2 and S3 show
the appearance of hillocks~oxygen precipitates! on their sur-
face. The increase in the applied pressure and the time d
tion of the treatment leads to the increase in the hillock s
The image of the S3 sample surface after selective etchin
and the TEM image of this sample are given in Fig. 3. Sm
stressed areas do not appear in the TEM image, altho
relatively large oxygen precipitates with dislocation loo
around them are seen. The oxygen precipitate densit
found from selective etching measurements to be abou
3106 and 2.53106 cm22 for samples S2 and S3 , corre-
spondingly.

TEM images of samples S4 , S5 , and S6 also show the
oxygen precipitates surrounded by dislocation loops~see Fig.
4!. The increase in the temperature and/or the time dura
of the HTHP treatment leads to the increase in size of
dislocation loops. The same observations come fromx-ray
reciprocal space maps on these samples~Fig. 4! while the
defect dimensions increase. Selective etching studies s
the appearance of small defect clusters additional to the o
gen precipitates. It is observed that the increase in the t
perature of the HTHP treatment on samples S5 , S6 , and S4
leads correspondingly to the increase in the size of th
defect clusters~Fig. 5!. It is important to note that thes
small defect clusters detected by selective etching, whe
high concentration, mask the observation of the oxygen p
cipitates.

As one can see, the HTHP treatments of silicon samp
lead to very complicated changes in the defect structure
the samples. The decrease in the oxygen concentratio
samples S2– S6 in comparison with that of the untreate
sample S1 is caused by the formation of oxygen precipitat
during the HTHP treatments. The utilization of high pressu
stimulates the precipitation process resulting in a higher c
centration of oxygen precipitates in the silicon samples.15 In
other words, the lower the Oi concentration existing in the

FIG. 3. Surface image after selective etching~left! and plan-view TEM
image~right! for sample S3 treated at 900 °C for 5 h at 1.2 GPa. TEM image
size is 130.75mm.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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samples after the HTHP treatments, the more oxygen pre
tates are created. The self-interstitials liberated7 during the
formation of the oxygen precipitates are usually rejected16 at
the growing interface of the precipitate and the Si matr
Along with this, other structural defects are formed17,18 ad-
jacent to the precipitates, like stacking faults and dislocat
loops. These structural defects attract the self-interstiti
Thus, in our case, in the samples with more oxygen prec
tates we shall have a higher number of self-interstitials p
duced, and therefore more self-interstitials could be rejec
from the precipitates and collected in tangles of dislocat
loops. These dislocation loops are formed adjacent to
precipitates if the temperature of the treatment is higher t
850 °C for atmospheric pressure,19 as well as for high
pressure.13 The self-interstitials collected at the dislocatio
loops most likely do not take part in the conversion proc
of the VO to the VO2 defect during the 400 °C annealin
stage, since the temperature that the self-interstitials are
leased from the dislocation loops cannot be lower than
temperature of the loop formation. But a part of the rejec
self-interstitials can be present in the form of small cluste

FIG. 4. Reciprocal space map around the 004 reciprocal space point~left!
and plan-view TEM image~right! for samples S4– S6 . The axes are marked
in l/2d units, l is wavelength andd is lattice interplanar distance. TEM
image size is 130.75mm.
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which can have relatively low temperature stability. For e
ample, di-interstitials are known to anneal20 at 400 °C. No-
tice that the neutron irradiation introduces high concentrat
of self-interstitials as well. They are expected to annihila
very effectively with vacancies at the first annealing stage~at
220 °C!. Therefore the conversion of the VO defect to t
VO2 defect will be determined by the remaining se
interstitials. Furthermore, as already mentioned, the selec
etching studies show the additional formation of anoth
kind of small defect cluster in the HTHP treated crysta
~samples S4– S6!. It is concluded that the concentration o
the available self-interstitials in samples S4– S6 is decreased
due to the treatments and therefore the contribution of
reactions~1! and ~5! in the conversion process of the VO
defect to the VO2 defect is reduced.

It is evident from the above discussion that due to
presence and the effect of the defects mentioned in the HT
treated samples, a perfect fit of the experimental points

FIG. 5. Surface images after selective etching for samples S5 , S6 , and S4
~from top to bottom!.
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the theoretical curves should not be expected. This is s
for instance, in Fig. 1~a!, which exhibits the variation of the
NVO versus the Oi concentration. In our analysis, the vari
tions of theNVO and theNVO2

are described by a simpl
function of the Oi concentration@Eqs.~12! and~13!, respec-
tively#. In the fitting process we have chosen certain val
for the parametersa1 , a2 , a3 , and a4 . This implies that
NSi and NV , which are important for the fitting, also ha
constant values. This means that they were considered t
independent of the HTHP treatment. Generally, however,NSi

andNV differ from one sample to another due to the differe
HTHP treatment they have been subjected to. These tr
ments in turn affect the Oi concentration. In other words, i
handling the experimental data,NSi and NV ought to have
been considered as functions of the Oi concentration. If that
were taken into account, the conversion of the VO defec
the VO2 defect would most probably have lead to a better
of the experimental results than that described by Eqs.~12!–
~14!.

CONCLUSIONS

It has been shown that HTHP treatments affect the
nealing behavior of the VO defect. More specifically, HTH
treatments affect the concentration of the interstitial oxyg
and the state of the self-interstitials adjacent to the prec
tates, participating in the annealing of the VO defect. A
result, the particular contribution of the two main reactio
VO1Oi→VO2 and VO1SiI→Oi in the whole annealing
process differs for each treatment, leading finally to differ
annealing behavior of the VO center in each sample. T
formation of large dislocation loops adjacent to the oxyg
precipitates in HTHP-treated samples means that only s
of the rejected self-interstitials most likely take part in t
Downloaded 24 Sep 2009 to 195.134.94.40. Redistribution subject to AIP
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conversion of the VO to the VO2 defect. Thus this conver
sion is mainly affected by the decrease in the oxygen c
centration due to the enhanced formation of the oxygen p
cipitates.
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