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Shoulder at the 887 cm 21 infrared band in neutron irradiated Si
C. A. Londos,a) N. V. Sarlis, and L. G. Fytros
Department of Physics, Solid State Section, University of Athens, Panepistimiopolis, Zografos,
Athens 157 84, Greece

~Received 31 July 1998; accepted for publication 9 March 1999!

Infrared spectroscopy was used to study the 887 cm21 band in neutron irradiated Czochralski-grown
silicon arising in the spectra upon annealing of the 830 cm21 band of the VO defect. Our analysis
showed the presence of a 884 cm21 shoulder in the region of the 887 cm21 infrared band. The 887
cm21 band is generally attributed to the VO2 defect formed by the capture of a mobile VO center
by an oxygen interstitial impurity. In our study the shoulder at 884 cm21 is tentatively correlated
with the V3O defect. Semiempirical calculations carried out for the vibrational frequency of V3O
structure gave a value at 883 cm21 thus corroborating the latter assignment. This new picture of the
spectra in the range of the 887 cm21 band could explain some so far unaccounted for experimental
findings previously reported in literature. ©1999 American Institute of Physics.
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I. INTRODUCTION

Oxygen is considered to be the major in-grown impur
in Czochralski~Cz!-grown Si interstitially incorporated into
the crystal matrix. Upon irradiation, vacancies are captu
by oxygen interstitial atoms to form VO pairs, the so-call
A centers with a well established1 infrared~IR! signal'830
cm21 for the neutral charge state. Upon annealing, the
cm21 band decays and another band emerges at'887 cm21.
This band is generally attributed2 to VO2 defects formed as a
result of the reaction VO1Oi→VO2 that describes3 the mi-
gration of VO centers and their capture by Oi atoms. Experi-
mentally this assignment was supported3,4 by the fact that the
amplitude of the 887 cm21 band is approximately propor
tional to the square of the initial oxygen concentration of
material. In addition, the correlation of the 887 cm21 band
with the VO2 defect facilitates the assignments to three
calized vibrational mode~LVM ! bands at 904, 969 and 100
cm21 emerging in the spectra when the 887 cm21 band an-
neals out. These three bands were attributed2 to a VO3

5@VO21Oi # structure formed as a result of the reacti
VO21Oi→VO3 when a VO2 defect traps3 an Oi impurity.

However, scientists have found difficulty in reconcilin
with the model of a VO2 structure, some experimental find
ings concerning the behavior of the 887 cm21 band. More-
over, these findings seem, at first sight, to militate aga
such a correlation. Thus, in the VO2 geometry the two oxy-
gen atoms share a vacancy site, each of them centered
pair of silicon bonds, and the structure exhibits D2d symme-
try. Uniaxial stress studies,5 however, have indicated that th
defect symmetry should be less than D2d . In addition, isoto-
pic splitting studies6 for the LVMs, corresponding to the
dioxygen-vacancy defect, gave results which are gener
inconsistent with the presence of two oxygen atoms in
VO2 structure, unless they are totally decoupled in their
brations. Finally, during the growth, in the spectra, of t
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887 cm21 band, no loss of Oi from the solution was
detected,3,4 as one would expect for a VO2 center formed by
the reaction VO1Oi→VO2. It is worth noting at this point
that early electron paramagnetic resonance~EPR! studies on
VnOm defects in irradiated Si have tentatively correlated7 a
band at 887 cm21 with the V3O structure. These data hav
recently led to the possible relation8 of the 887 cm21 band to
a V3O defect. The V3O structure has one oxygen atom
which could account for the isotopic splitting results, a
exhibits C1h symmetry which is less than the D2d one, in
accordance with the uniaxial stress results.

It is obvious that the whole picture concerning the orig
of the 887 cm21 band and its general behavior is not clear.
completely satisfactory explanation with all the loose en
tied up in a composite whole has not been suggested so
This prompted the idea of studying the 887 cm21 IR band in
detail with the aim to elucidate some of the remaining o
scure points. Another peak at 884 cm21 in the form of a
shoulder in the region of the 887 cm21 band was observed
The latter is generally attributed to the VO2 defect. We have
tentatively correlated the former to the V3O defect.

II. EXPERIMENTAL DETAILS

The material used was Cz-grown silicon crystals with
initial oxygen concentration of@Oi #0'1018 cm23 and unde-
tectable levels of the carbon impurity~i.e., @C#,1016 cm23).
The samples, which had been polished on both sides, w
cut in the form of rectangular plates of'(1232031.8) mm
suitable for IR measurements. Fast neutron irradiations w
carried out inside a water cooled tank at a dose of'1
31017 n cm22 (Tirr'40 °C!. In order to reduce the effect o
thermal neutrons, the samples were wrapped in cadmi
Fifteen minute isochronal anneals were carried out up
700 °C in air. The IR spectra were obtained at room tempe
ture with a JASCO-IR 700 dispersive spectrometer. The t
phonon background absorption was subtracted by us
floating-zone samples of equal thickness.
4 © 1999 American Institute of Physics
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III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1~a! shows the 887 cm21 band in the spectra. A
fitting procedure using Lorentzians was used to analyze
data. The major feature immediately noted in this analysi
that on the left side of the 887 cm21 band there is a smal
shoulder at 884 cm21, which appears from the beginning o
the growth of the 887 cm21 band. At the end of the isochro
nal annealing sequence, the samples were submitted to a
irradiation under the same conditions. Figure 1~b!, again,
shows the 887 cm21 band in the spectra. The shoulder at 8
cm21 is now more profound. The evolution with temperatu
of the two peaks in the reirradiated material is shown in F
2. Admittedly, due to the low intensity of the shoulder, a
the fact that its existence is mainly verified through Lore
zian profiles fittings, its reliability may be considered
poor. However, it must be noted that four silicon samp
have been used in this experiment, with an initial oxyg
concentration in the range of'1018 cm23, and the following
systematic behavior was observed in the shoulder:~i! it ap-
peared in all the samples and it was stronger in the reirr
ated material,~ii ! its position in the infrared spectra wa
always at'884 cm21, ~iii ! its evolution with temperature
was always the same as exhibited in Fig. 2. We take all th
as suggestive, but adequate, evidence indicating the pres
of another center in the spectra, with a LVM signatu
at 884 cm21.

FIG. 1. IR absorption spectra and their fitted curves for the 887 cm21 band
of neutron irradiated~a! and reirradiated~b! silicon, at a characteristic tem
perature ('460 °C! of the 15 min isochronal annealing procedure. Dott
lines represent experimental results; solid lines the best fitting cur
dashed lines the Lorentzian profiles of the contributed peaks.
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At first sight, it might be argued that since the two co
stituent bands evolve in the same temperature range
may arise from the same center, i.e., the VO2 defect. This is
not the case, however, since for the VO2 structure we expec
the two bands to have similar amplitudes, given that the t
oxygen atoms are almost equivalent.

Thus, in the vicinity of the 887 cm21 frequency, two
defect structures appear to give rise to LVM signals in
spectra. This is important new information. The existence
a second defect has a significant physical role and certa
helps to understand a number of, so far, unreconciled d
cited in the literature, thus allowing us to develop a clea
and more acceptable picture. Theoretical calculations9,10 of
the LVM frequency of the VO2 defect are in accordance wit
the assignment of the 887 cm21 band to this defect. Given
the information presented in the introduction, it would
logical to try to correlate the 884 cm21 shoulder with the
V3O defect. For any further consideration of the V3O struc-
ture, as the second defect giving rise to the shoulder at
cm21, we have first to estimate the LVM frequency of th
latter defect.

To this end, we have endeavored to perform a se
empirical calculation of the vibrational frequency of the V3O
defect, based on the results reported in the literature. I
previous article,11 we investigated the origin of the satellite
in the A-center band and correlated an IR band at'839
cm21 with the V2O defect. It was noted that the LVM fre
quency of the V3O defect is expected to be higher than th
of V2O. The structure of the V3O defect, where an oxygen
atom is sited at the end of a three vacancy chain, was ex
ined by EPR measurements12 and is shown in Fig. 3. For the
purpose of this calculation, we consider the V3O defect to
have come from the V2O defect after the removal of a S
atom, thus adding an extra vacancy to the structure. Ap
ently, the presence of this additional vacancyV9, in Fig. 3, is
accompanied by a Jahn-Teller distortion that displaces
nearest neighbors13–15 in relation to their position for the
V2O structure. This displacement, which can be resolve13

into a breathingQb and a tetragonalQE distortion, compels
the Si atoms, nameda and b, to approach each other. A
measure of this approach can be found using the exis

s;

FIG. 2. Absorbance of the 887 cm21 band~solid lines! and its two contrib-
uting peaks~dashed lines! as a function of the isochronal annealing tempe
ture.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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results in literature for the neutral vacancy in silicon. Sp
cifically, let us suppose the lattice vacancy is sited at
origin and its four nearest neighbors~NN! initially posi-
tioned at the sitesr i ,i 51,2,3,4 of Table I, as shown in Fig
4~a!. The unit vectorsn̂bi describing16 the breathing distor-
tion Qb at each neighbori, respectively, are given in Table
The respective unit vectors that describe the tetragonal
tortion QE , which turns13,16the initial tetrahedralTd symme-
try into a tetragonal D2d symmetry are denoted byn̂Ei and
are also given in Table I. According to published results13

the magnitude of the displacement of each neighbor for e
mode is, respectively,Qb50.1 andQE50.3 Å; the new po-
sitions, shown in Fig. 4~b!, of the four NNs are expressed i
the relationr i85r i1Qbn̂bi1QEn̂Ei . Initially, in the ordinary
silicon lattice the four NN atoms are15 d05ur i2r j Þ i u53.84
Å apart. The new positionsr i8 imply that the four NN atoms
must approach each other in pairs, i.e., atom labeled 1
proaches atom 4 and the same occurs for the atoms 2 a
The new calculated distances are thend5ur182r48u5ur282r38u
53.66 Å. Undoubtedly, the atoms that approach each o
share13 a pair of the electrons that remained in the dangl
bonds when a Si atom was removed from a lattice site~see
Fig. 4!. Noticeably, the presence of the additional vacan
causes a contraction in the distance between NNs that
bonded to each other. This contraction, denoted bym
5d /d0, is approximately 95%. Upon considering the ato
a andb in Fig. 3, a similar contractionma2b , with respect to

FIG. 3. The structural model for V3O.
Downloaded 24 Sep 2009 to 195.134.94.40. Redistribution subject to AIP
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their positions in the V2O defect, could be attributed to th
presence of the extra vacancyV9.

Let us now return to the vibrating Si-O-Si chain. Ac
cording to the theory of the covalent bond,17,18 the oxygen
atom interacts with its neighbors through a power law pot
tial in the form

V5eF S s

RD 4

2S s

RD 2G , ~1!

wheree,s are empirical parameters andR is the length of
the Si-O bond. Using this power law, it can easily be se
that the force constant for small oscillations around the eq
librium lengthR0 is

k5
2e

R0
2

~2!

and sincek}v2, the dependence of the frequency on t
bond length is

v}1/R0 . ~3!

Consider the chain of thea2a82a9 Si atoms. Any displace-
ment of thea atom of thea2a8 bond should be accompa
nied by a similar displacement of thea9 atom of thea8
2a9 bond, so that the coupling of thesp3 orbitals of the
bonds a82a and a82a9 remains minimal in accordanc
with the bond orbital approximation.17,19 Note, that the so-
called metallic energy, which exactly involves the abo
coupling, should remain minimal. A similar argument c

FIG. 4. A neutral vacancy in silicon:~a! before and~b! after the Jahn-Teller
distortion. The coordinates of the atoms were calculated according
Ref. 13.
neutral

TABLE I. The initial positionsr i of vacancy nearest neighbors~NN! and the unit displacement vectorsn̂bi and
n̂Ei , corresponding to the breathing and the tetragonal modes for the Jahn-Teller distortion of the
vacancy in Si according to Ref. 16; for Sia055.43 Å.
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also be applied to the chain ofb2b82b9 Si atoms. There-
fore, it is reasonable to assume that the contraction in
distance between atomsa and b is approximately equal to
that of the atomsa9 and b9 of the Si-O-Si chain. Upon
applying Eq.~3!, we obtain the following equation for th
LVM frequencyv8 of V3O:

v85v0

R8

R0
'

v0

ma2b
'

v0

m
, ~4!

where v05839 cm21 is the LVM frequency of V2O
observed11 in the experiment. Equation~4! for m50.95 leads
to a valuev85883 cm21, which is very close to the ob
served frequency of the peak under discussion.

It should be noted that the V3O defect is expected to
form at high electron fluences or by irradiation with ne
trons, since the latter causes greater damage. We note th
neutron irradiated Si, multivacancy clusters, for examp
V3,V4,V5, are formed. Some of them, for example, the4
defect, anneal out20 in the temperature range where V3O is
formed. It is evident, therefore, that in the case of neutr
more vacancy sources are available and therefore the p
bility for V 3O formation is larger. In the case of electro
irradiation the number of V3O defects is expected to b
found in small, though not insignificant, concentration
Thus, we tentatively correlate the shoulder at 884 cm21 with
the V3O defect. Such a suggestion is consistent with
above calculation. Furthermore, we notice that the app
ance of the band in the temperature range 300–450 °C
accordance12 with EPR data for the V3O defect.

The fact that the shoulder at 884 cm21 is stronger in the
reirradiated material could be understood as follows: as
know, neutron irradiation produces disordered regions21 with
a core containing mainly vacancies and divacancies, an
surrounding shell of impurity complexes. Furthermore,
vestigations of the structure of defects in neutron-irradia
Si, after anneals at 400–500 °C, have shown22 the existence
of dislocation loops, voids and rod-like defects. In our e
periments in isochronal anneals up to 700 °C, although al
signals from multivacancy-multioxygen complexes (VnOm)
disappear,2 the crystal does not remain unchanged, in
sense that all the damage caused by the combined effe
irradiation and annealing has not completely recover
Upon reirradiation, additional damage is caused to the cry
matrix, in relation to the one of the initial irradiation. I
general, the disordered regions would be expected to
larger. These regions are potential sources of vacancie
would, therefore, be reasonable to expect that a larger n
ber of vacancies would be available in the reirradiated m
rial which, liberated at higher temperatures in the course
the anneals, would assist in the formation of a larger num
of V3O defects.

The correlation of the whole 887 cm21 band with both
the VO2 and V3O defects gives additional evidence th
could assist in the interpretation of previously report
uniaxial stress data,5 which are inconsistent with the ban
being correlated only with the VO2 defect. The VO2
structure,2 with two equivalent oxygen atoms sharing a v
cancy site, has a D2d symmetry, although uniaxial stres
studies concluded that the defect symmetry should be lo
Downloaded 24 Sep 2009 to 195.134.94.40. Redistribution subject to AIP
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than orthorombic, that is lower than D2d . Nevertheless, the
presence of two peaks in the 887 cm21 signal alters the
situation. Actually, the fact that the V3O defect has a C1h

symmetry, which is lower than that of the VO2 defect, blurs
the data and the symmetry properties of VO2 structure are
missed. Let us express the piezospectroscopic tensor f
defect with D2d symmetry asAD2d

, and the corresponding

tensor for a defect in C1h symmetry asAC1h
. When both

centers are present, the application of a uniaxial stres
apparently provides information related to a new tensorA,
which is expressed in the sumA5AD2d

1AC1h
. In the new

tensor A, the symmetry D2d is clearly missed due to the
presence of the lower symmetry tensorAC1h

. Thus, the ex-

perimentally measured piezospectroscopic tensor for the
cm21 band has lower symmetry than that of D2d . We should
note at this point that uniaxial stress experiments would p
vide valuable information on this issue, since the applicat
of uniaxial stresses in certain crystallographic directions
expected to produce changes in the relative intensities of
peaks at 887 and 884 cm21.

Oxygen-implanted silicon with equal doses of16O and
18O isotopes, after annealing of the formed16OV and 18OV
centers, is expected to lead to three dioxygen-vacancy
ters, that is,16O2V, 18O2V and 16O18OV, giving rise to three
LVMs peaks in the spectra. However, only two of them a
detected.6 This observation is consistent with the assignm
of 887 cm21 to the VO2 defect only if the two oxygen atom
in the structure are totally decoupled, which has be
verified23 from defect modeling studies. Our results, indica
ing that both VO2 and V3O contribute to the emergence o
the 887 cm21 band, are not inconsistent with the above o
servation, considering that the isotopic shift of the two d
fects is expected to be the same. Actually, since in b
defects the vibrating Si-O-Si chain is the same, althou
with different geometrical characteristics, we expect bo
frequencies to scale asv}1/AmO, giving rise to the same
isotope effect. Thus, once they are at almost the same p
tion in the spectra for16O, their position for18O will be
almost the same.

The absence of oxygen loss during the growth of
VO2 band has been attributed3,24 to a balance of processe
where the number of liberated O atoms during VO destr
tion by Sii ~VO1Sii→Oi) is equal to the number of oxyge
atoms entering the formation of the VO2 defect ~VO1Oi

→ VO2). We know that oxygen clusters exist in the a
grown Czochralski Si. Upon annealing at elevated tempe
tures, these clusters also dissociate liberating oxygen at
thus providing an additional oxygen source. Similar arg
ments could be put forward in the case of the V3O defect
which is predictably produced,8,25 when thermally released
vacancies from VO form stable divacancies which sub
quently trap VO’s. Oi atoms produced by the destruction
VO contribute to the simultaneous formation of the VO2

defect. This is also consistent with the fact that the 887 cm21

peak, attributed to the VO2 defect, is much stronger than th
884 cm21 peak of the V3O defect.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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IV. CONCLUSIONS

We have presented a study of the 887 cm21 band in
neutron-irradiated Cz-grown Si by IR spectroscopy. A fitti
procedure employing Lorentzian functions indicated that t
defects with peaks at'887 and'884 cm21 contribute to
this band. The latter appears as a shoulder to the former.
887 cm21 peak is generally attributed to the VO2 defect. We
have considered the V3O defect as the dominant candida
for the origin of the 884 cm21 band. This correlation with
the V3O defect was further supported by semiempirical c
culations which gave a LVM frequency at'883 cm21 in
accordance with the experimental data. Accordingly, pre
ous reports in the literature concerning the response of
band to uniaxial stresses fall into a rational pattern. In ad
tion, the presence of the V3O defect, besides that of the VO2,
is not inconsistent with the valid views about the isotop
splitting of the composite 887 cm21 band and the absence o
oxygen loss during its growth.
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