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Investigation of two infrared bands at 1032 and 1043 cm À1

in neutron irradiated silicon
C. A. Londosa) and L. G. Fytros
Physics Department, Solid State Section, University of Athens, Panepistimiopolis, Zografos,
Athens 157 84, Greece

~Received 22 June 2000; accepted for publication 3 October 2000!

We report on infrared~IR! studies of defects in Czochralski-grown silicon~Cz-Si! subjected to fast
neutron irradiation and subsequent thermal anneals. We focus mainly on the investigation of the
VO4 defect which, in the literature, has been correlated with the pair of bands~1032 and 1043 cm21!
in neutron-irradiated Si and another pair of bands~983 and 1004 cm21! in oxygen-implanted Si.
Semiempirical calculations of the localized vibrational mode frequencies of the VO4 structure
support its correlation with the second pair of bands. This correlation is consistent with the
ascertainment that the zero point energy of each VOn (n51,2,3,4) defect is smaller than the zero
point energy of the constituent defects VOn21 , Oi , that is:EVOn

,EVOn21
1EOi

.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1329316#
a-

e

lly

n

f
m
m
m

3

y
a
-

a

r

tw
s
n
IR
ve

e

the

ects
x-
the
lly

iva-

10
f

-

ure-
dis-

ed

of
se-
hed
of
r

n-
to
I. INTRODUCTION

Upon irradiation of oxygen rich silicon at room temper
ture, the main defect formed~besides the divacancy! is the
vacancy–oxygen~VO! center,1 which in the neutral charge
state gives rise to a localized vibrational mode~LVM ! band
at ;827 cm21 in our spectra.2 Upon thermal treatment, th
main reaction process is that of the formation of VOn defects
by successive addition of oxygen atoms in the initia
formed VO defect; i.e.,

VO→
1Oi

VO2→
1Oi

VO3→
1Oi

VO4.

When the VO pair anneals out at about 300 °C a LVM ba
at ;885 cm21 emerges in our spectra.2 This band is gener-
ally attributed1 to the VO2 defect formed by the diffusion o
the VO center and its trapping by an oxygen interstitial ato
In this dioxygen vacancy structure, the two oxygen ato
share a vacancy site. Upon further annealing, the 885 c21

band begins to decay~at ;450 °C! accompanied by the
emergence in the spectra3 of three bands at 899, 962, and 99
cm21. These bands have been attributed1 to the VO3 defect
formed by the diffusion of the VO2 defect and its capture b
an Oi atom. At a slightly higher temperature another peak
978 cm21 appears in the spectra.3 This peak has been tenta
tively correlated4 with a modified VO3 defect.

Annealing studies based on electron-irradiated Si d
show that the decay of the VO3 peaks~at ;520 °C! follow
first order kinetics,4 indicating further addition of anothe
oxygen atom, leading to the formation of the VO4 defect.
Due to its structure, this defect is expected to produce
infrared ~IR!-active LVM frequencies. Actually, two band
at 983 and 1004 cm21 in oxygen-implanted silicon have bee
correlated5 with this center. Nevertheless, more recent
studies of defects in neutron-irradiated silicon ha

a!Electronic mail: hloutos@cc.uoa.gr
9280021-8979/2001/89(2)/928/5/$18.00
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correlated3 another two bands at 1032 and 1043 cm21 with
the VO4 defect.

The main objective of the present work is to find th
correct band assignment of the VO4 defect. Calculations and
a simple thermodynamic analysis favor the correlation of
~983 and 1004 cm21! pair of bands with the VO4 defect.
Subsequently, based on the fact that the evolution of def
in oxygen-implanted and neutron-irradiated silicon is e
pected to be different due to the different damages that
two types of irradiation induce in the lattice, we genera
suggest that the~1032 and 1043 cm21! pair of bands may be
attributed to an oxygen aggregate associated with a mult
cancy complex.

II. EXPERIMENT

Czochralski-grown samples of typical dimensions of
32032 mm with initial oxygen concentration o
;1018cm23 ~and carbon content below detection limit! were
irradiated with fast neutrons at;40 °C. We used three flu
ences of irradiation:D15131016, D25531016, and D3

5131017n cm22. 15 min isochronal anneals of;10 °C
steps were conducted from 50 to 700 °C. Infrared meas
ments were made with a JASCO IR-700 double beam
persive spectrometer.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 exhibits the evolution of the peaks correlat
with the VO2 ~885 cm21!, VO3 ~899, 962, and 993 cm21!,
VO3-modified ~978 cm21! defects and the pair of~1032 and
1043 cm21! bands, as they appeared in our IR spectra
neutron-irradiated silicon during the isochronal annealing
quence. Original infrared spectra have been publis
elsewhere.3 In what follows, we concentrate on the study
the origin of the 1032 and 1043 cm21 bands emerging in ou
spectra after the decay of the peaks of the VO3 defect. In
doing so, it is reasonable to calculate first the LVM freque
cies of the VO4 defect, since the latter defect is expected
© 2001 American Institute of Physics
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form when the VO3 defect anneals out. To this end, we ha
performed semiempirical calculations in order to estimate
vibrational frequencies of the VO4 defect.

In the following, the VO4 defect would be considere
equivalently as a@VO212Oi # structure. In order to estimat
the vibration frequency of the two equivalent oxygen ato
of the VO4 defect which share the same vacant site, it
pears more instructive to begin from the study of the geo
etry of Si–O–Sibond, and then to evaluate the changes t
occur to this bond when an additional oxygen atom is int
duced at the same vacant site. To this end, we shall pro
by estimating the changes occurring when an oxygen ato
introduced in the VO configuration leading to the VO2 struc-
ture, and then we shall extend these results in the case o
VO4 defect.

The geometry of Si–O–Si isdepicted in Fig. 2. Accord-
ing to the theory of the covalent bond,6 we assume that the
oxygen atom is subjected to a power law potential

U~r !5eF S s

RD 4

2S s

RD 2G , ~1!

FIG. 1. The annealing behavior of VO2 and VO3 defects, the 978 cm21

band, and the 1032 and 1043 cm21 pair.

FIG. 2. The VO center geometry projected in the^110& plane.
Downloaded 24 Sep 2009 to 195.134.94.40. Redistribution subject to AIP
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wheree ands are empirical constants andR is the length of
the Si–O bond. The vibrational frequency of 827 cm21 of the
VO structure arises from the stretching mode of the oxyg
atom in they direction. Since the oxygen atom is bonde
with two Si atoms the total potential, for small displaceme
around the equilibrium site, is given by the expression

U tot5eF S s

R1y cosu D 4

2S s

R1y cosu D 2

1S s

R2y cosu D 4

2S s

R2y cosu D 2G . ~2!

Upon expanding this relation in a Taylor series and keep
only second order terms we find

U tot5e
s2

R4 S 20S s

RD 2

26D y2 cos2 u. ~3!

Given the validity of the Hook law, the potential energy h
the general expression

U tot5
1
2 Ky2, ~4!

whereK is the force constant of the Si–O bond in they axis.
On combining Eqs.~2! and ~4! we have

K52e
s2

R4 S 20S s

RD 2

26D cos2 u. ~5!

Minimizing the potential energy given by the relation E
~1!, the lengthR0 of the Si–O bond at the equilibrium pos
tion is found to beR05&s. The corresponding value of th
force constant is then

K58e
s2

R0
4 cos2 u. ~6!

Upon introducing the second oxygen atom, a new sit
tion is established. In order to study the new structure,
shall consider the initial oxygen atom under the influence
the dipole field of the added oxygen atom~Fig. 3!. The ef-
fective charge of the added atom has a value7 n51.02ueu
leading to a dipole moment

m52h~a2x! r̂ ~7!

where r̂ is the unit vector from O2 towards O1 which, be-
cause of the two equivalent Si–O bonds, lies on thex axis as

FIG. 3. The VO geometry with an additional oxygen atom attached at
same vacant site.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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depicted in Fig. 2. We assume that this dipole moment lie
the middle of the O2M segment. The corresponding electric
field is given by the familiar expression for dipoles

E5
1

4pe0

3r̂ ~mr̂ !2m

r 3 . ~8!

Under the influence of this field, the initial oxygen atom
pushed towards the Si atoms to which it is bonded, and
new equilibrium position is characterized by the new relat

Eh5K8x, ~9!

whereK8 is the force constant of the Si–O bond in thex axis
for the Si–O–Sichain andx is the displacement of the initia
oxygen atom due to the addition of the second oxygen at
Combining relations~7!, ~8!, and~9! we finally get

K8x5
2h~a2x!

4pe0~a12l 1x!3 h. ~10!

TheK8 has a value8 of 92.46 K gr/sec2. Taking into account
that R051.66 Å and u518°,9 we easily evaluatea
5R0 sinu50.5129 Å.

It is worth noting that the oxygen atoms in both VO a
VO2 structures vibrate in they axis. Thus, from relation~5!,
the ratio of the force constantKVO andKVO2

of the VO and
VO2 structures is given by the relation

KVO

KVO2

5

8e
s2

R0
4 cos2 uVO

2e
s2

R4 S 20S s

RD 2

26D cos2 uVO2

, ~11!

whereR is the distance between the Si and O atoms in
VO2 configuration. Assuming that the displacement of t
silicon atoms that are bonded to the oxygen impurity
negligible, we can write

R5R02x sinu. ~12!

Since, in general,K5mv2 one has

vVO2
5vVOS R0

R D 2 cosuVO2

cosuVO

1

2 S 20S s

RD 2

26D 1/2

. ~13!

As is easily seen from Fig. 2

cosuVO5
s/2

R0

and

cosuVO2
5

s/2

R
. ~14!

In view of relations~13! and ~14! we obtain

vVO2
5vVOS R0

R D 3 1

2 S 20S s

RD 2

26D 1/2

. ~15!

Since the VO4 structure contains a VO2 core, as is easily
seen from Fig. 4, it is reasonable to apply the reasoning
the above analysis in the case of the VO4 defect. Using again
Eq. ~10! now for the VO4 defect we have
Downloaded 24 Sep 2009 to 195.134.94.40. Redistribution subject to AIP
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K9x5
2h~a2x!

4pe0~a12l 1x!3 h, ~16!

whereK9 is the force constant of the Si–O bond in thex axis
for the chain Si–Oi – Si–O–Si, which corresponds to
@VO1Oi # structure.2 Due to the general formulaK5mv2,
the following relation betweenK8 andK9 holds:

K9

K8
5S vVO1Oi

vVO
D 2

. ~17!

Since vVO5827 cm21 and vVO1Oi
5914 cm21, we finally

get K95112.57 K gr/s2. Upon solving Eq.~16!, we get for
the displacementx the value x50.068 68 Å. Therefore,
v1,VO4

is given, respectively, to the relation Eq.~15! by the
expression

v1,VO4
5vVO1OiS R0

RVO1Oi
D 3 1

2 S 20S s

RVO1Oi
D 2

26D 1/2

, ~18!

whereRVO1Oi
51.6396 Å is the corresponding length of th

Si–O bond in the@VO1Oi # configuration, estimated accord
ing to Eq. ~12!. Taking into account Eqs.~12! and ~18! for
the case of VO4, we finally get

v1,VO4
5980 cm21. ~19!

The frequenciesv2,VO4
of the other two equivalent interstitia

oxygen atoms are considered almost the same as the freq
cies of the@VO1Oi # center that is 1000 cm21, since the
changes induced by the addition of the O2 atom are negli-
gible for those atoms. Obviously, these values are close
the values reported by Stein.5

One other very important point must be mentione
Tables I and II give the zero point energies,Ef of the suc-

FIG. 4. The VO4 structure.

TABLE I. Ef andEi according to Stein.a

Defect Frequency Ef Ei Remark

Oi 1106
VO 830
VO2 889, 889 1778
VO1Oi 1106183051836 Ef

VO2,Ei
VO1Oi

VO3 905, 968, 998 2871
VO21Oi 17781110652884 Ef

VO3,Ei
VO21Oi

VO4 983, 983, 1004,
1004

3974

VO31Oi 28711110653977 Ef
VO4,Ei

VO31Oi

aSee Ref. 5.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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cessive VOn defects and the sumEi of the respective ener
gies of the defects VOn21 , Oi from which they are formed
according to the experimental values presented by Stein5 and
Londos et al.,3 respectively. To simplify matters, we hav
taken\51. According to Table I, the zero point energiesEf

of all the VOn defects are always smaller than the respec
energiesEi , i.e., Ef,Ei . A similar trend is also shown fo
the results in Table II up to the VO3 defect. This trend,
however, is not verified for the 1032 and 1043 cm21 bands,
as we can easily see, since for this caseEf.Ei . This may be
taken as an indication that, in neutron-irradiated materi
the oxygen agglomeration process for the formation of
VO4 defects is modified after the annealing out of the V3
defects and, therefore, that the~1032 and 1043 cm21! pair is
related to some other structures.

It is well known that the Gibbs free energyG5U1TS
is the physical parameter, the minimum of which charac
izes the equilibrium situation of a structure. Thus, in the c
of the VOn defects, where each structure VOn is formed
from the previous one, VO(n21) , by the addition of an Oi
atom, it is expected that their formation process would co
ply with the relationGVOn21

1GOi
,GVOn

. Only in the case
of T50 K does this relation becomeUVOn21

1UOi
,UVOn

,
which reflects an analogous relation for the zero point en
gies we used above. As the temperature increases o
terms, for example of kinetic origin, are added to the inter
energyU. However, it appears that the changes occurring
DU andTDS for the VOn defects’ family have magnitude
that always comply with the fundamental relationGVOn21

1GOi
,GVOn

. Evidently, the fact that the criterion we use
regarding zero point energies holds for the family of VOn

defects does not mean that it can be unquestionably exte
to any defects’ family. In any case, it cannot be generali
and its validity should always be carefully verified by expe
mental results.

Coming now to the VO4 defect, this outcome is appa
ently consistent only with the data reported by Stein,5 and his
attribution of the 984 and 1000 cm21 bands to this structure
is therefore more acceptable. Motivated by the results of
above analysis, we have repeated our experiments in a n
ber of silicon samples with initial oxygen concentrations
;1018cm21 submitted to neutron fluences in the range
1016– 1017n cm22. However, the two bands reported b
Stein5 for the VO4 defect were never detected in our neutro

TABLE II. Ef andEi according to Londoset al.a

Defect Frequency Ef Ei Remark

Oi 1106
VO 827
VO2 885, 885 1770
VO1Oi 1106182751833 Ef

VO2,Ei
VO1Oi

VO3 899, 962, 993 2854
VO21Oi 17701110652876 Ef

VO3,Ei
VO21Oi

VO4 1032, 1032, 1043,
1043

4150

VO31Oi 28541110653960 Ef
VO4.Ei

VO31Oi

aSee Ref. 3.
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irradiated samples, whereas the 1032 and 1043 cm21 bands
were always present. In the following, we shall briefly d
cuss the differences in the evolution of defects occurr
between the two kinds of irradiation. We note at first that t
damage caused by neutron irradiation in the silicon matri
different than that caused by light ion implantation~for ex-
ample, oxygen ions!. This eventually leads to different reac
tion processes between intrinsic defects and the oxygen
purity, especially at high temperatures where oxyg
interstitial atoms become mobile. Thus, light ion implan
tion produces mostly divacancies. Upon annealing, these
vacancies do not affect the reaction channel

VO→
1Oi

VO2→
1Oi

VO3→
1Oi

VO4,

which unperturbably takes place with increasing tempe
ture, leading to the formation of the VO4 defect. In contrast
to oxygen implantation, neutron irradiation is more effecti
for the production of multivacancy complexes. Fast neut
irradiation also produces disordered regions, which are
sentially regions rich in multivacancy complexes. The
multivacancy complexes serve as nucleation sites for oxy
aggregates, especially at temperatures around 600 °C~where
the two bands at 1032 and 1043 cm21 occur in the spectra!.
Note that at these temperatures, the diffusion coefficien
oxygen is sufficient for oxygen aggregation even during
course of the 15 min isochronal anneal intervals. Thus, in
case of neutrons, the formation efficiency of the VOn defects
at high temperatures is reduced, and the new situation in
the silicon matrix favors the prevalence of other proces
which subsequently lead to the activation of alternative re
tion channels. An enhancement of the oxygen aggrega
due to the presence of multivacancies is reasonably expe
Thus, the reaction channel VOn211Oi→VOn occurring suc-
cessively upon annealing in light ion-implanted material
modified at high temperatures, in the case of neutron irra
tion, due to the increased tendency of the oxygen atom
aggregate. In other words, at these temperatures, oxyge
oms prefer to participate in the formation of oxygen-relat
aggregates. If the existing multivacancies act as trapp
sites, they can trap oxygen atoms and, because of the
temperatures, atomic displacements inside these~oxygen–
vacancy! aggregates could occur.10 In our opinion, these
large ~oxygen–vacancy! complexes are potential candida
structures that give rise to the~1032 and 1043 cm21! pair of
bands.

Our experimental data show that above 600 °C all
bands disappear exept that of the oxygen interstitial, the c
centration of which increases even higher than the orig
value. The increase of@Oi # indicates that all defects dissoc
ate, liberating the oxygen atoms which return to interstit
positions. The fact that the final oxygen concentration
found to be larger than the initial concentration prior to irr
diation is attributed to the tendency of oxygen to particip
in the structure11 during crystal growth of other complexe
besides its main interstitial incorporation in the Si lattic
These complexes dissociate at high temperatures provi
the additional amount of oxygen, since the liberated oxyg
returns to an interstitial site which is the main configurati
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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of oxygen in silicon and therefore is more preferable.
seems that a critical size that cannot be surpassed, e
beyond which the defect structure becomes unstable.
may reflect the critical number of oxygen atoms that can
incorporated in the structure. This would happen if the a
vation energy for the formation of the next defect is larg
than the respective activation energy for its dissociation
any case, the restoration of oxygen atoms at high temp
tures to interstitial sites in the silicon matrix is a clear ind
cation of annealing mechanisms dominated by oxygen c
ter dissociation.

IV. CONCLUSIONS

In conclusion, we have investigated two bands at 10
and 1043 cm21 appearing in the spectra of neutron-irradiat
silicon after annealing out of the VO3 defect. We found that
a previous assignment of these bands to a VO4 center is
incorrect. The VO4 defect appears in oxygen-implanted si
con, and two bands at 983 and 1004 cm21 are definitely
correlated with this structure. In the case of neutro
irradiated material the evolution of defects at high tempe
tures is different from that in oxygen-implanted material, a
Downloaded 24 Sep 2009 to 195.134.94.40. Redistribution subject to AIP
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the two bands at 1032 and 1043 cm21 may be correlated to
an oxygen aggregate associated with a multivacancy clu
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