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Host isotope effect on the localized vibrational modes of oxygen in isotopically enriched28Si, 29Si,
and 30Si single crystals
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A high-resolution infrared absorption study of the localized vibrational modes~LVM’s ! of oxygen in isoto-
pically enriched28Si, 29Si, and30Si single crystals is reported. Isotope shifts of LVM frequencies from those
in natural Si are clearly observed not only due to the change of the average mass in the nearest-neighbor silicon
atoms, but also to the combined effect of the~i! change in Si masses of the second and beyond nearest
neighbors and~ii ! change in the lattice constants of the host Si crystals. These conclusions have been drawn
based on a direct comparison between the experimental results and theoretical calculations assuming harmonic
potentials for localized vibrations of oxygen. However, the LVM linewidths of theA2u mode in the enriched
samples are much narrower than those in natural Si, despite the fact that the harmonic approximation predicts
very little dependence of the width on the host Si isotopic composition. This observation suggests that both
anharmonicity and inhomogeneous broadening due to isotopic disorder are playing important roles in the
determination of oxygen LVM linewidths. Moreover, a new series of oxygen LVM peaks is observed clearly in
the isotopically enriched samples thanks to the small degree of mass disorder.

DOI: 10.1103/PhysRevB.68.035205 PACS number~s!: 63.20.Pw, 78.30.Am
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I. INTRODUCTION

A wide variety of novel isotope effects have been disco
ered recently,1–5 thanks to the availability of high-quality
bulk Si crystals with controlled isotopic compositions.6,7 In
contrast to well-behaved isotope effects on phonons in
crystals with relatively mixed isotopic compositions,2 unpre-
dictable isotope effects have been discovered more rece
in nearly 100% monoisotopic Si crystals.3–5 With respect to
the results obtained with natural silicon~hereafter natSi),
which has the isotopic composition28Si ~92.23%!, 29Si
~4.67%!, and 30Si ~3.10%!, a dramatic increase in therma
conductivity,3 a significant narrowing of the impurity boun
exciton luminescence peaks,4 and absence of accepto
ground-state splitting5 have been found unexpectedly whe
the enrichment of28Si exceeded 99.98%. Similarly, a surpri
ingly large isotope effect on hydrogenic impurity levels h
been reported for isotopically enriched diamond.8 The
present paper reports another intriguing isotope effect on
localized vibrational mode~LVM ! of oxygen in silicon.

Because of its technological importance, the behavio
oxygen in silicon has been studied extensively.9 As a result,
rich physics associated with the localized motion of lig
impurities embedded in a relatively heavy host matrix10 has
been revealed using oxygen in silicon as one of the id
examples. An oxygen atom in silicon tends to exist as
interstitial defect between two silicon atoms in the^111& di-
rection as shown in Fig. 1.11–15 Ab initio calculations have
shown the bond lengths of Si-O to be 1.59 Å, with the m
0163-1829/2003/68~3!/035205~6!/$20.00 68 0352
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probable Si-O-Si bond angle 172°.16 An interstitial oxygen
atom has 2 equivalent nearest-neighbor Si atoms, 6 equ
lent second-nearest-neighbor Si atoms, 18 equivalent th
neighbor Si atoms, and so on. In the framework of the h
monic approximation, frequencies of LVM’s of oxygen i
silicon are determined by the local structures and mas
~i.e., isotopes! of vibrating oxygen and neighboring Si atom
In many cases the isotope shifts of the spring constantsk and
K of Si-O and Si-Si bonds, respectively, are small enough
be ignored. Therefore, isotope substitution of the oxyg
centers with16O, 17O, and18O, which changes exclusively
the mass of vibrating species, has been useful in the pas
experimental understanding of the LVM of oxygen in silico
Moreover, the discovery that the LVM linewidth of17O is a
factor of 1.5 larger than those of16O and 18O in natSi has
suggested strongly that the interaction between Si phon
and oxygen LVM’s determines the lifetime of the oxyge
LVM’s in silicon.14

In order to understand the interaction between the bulk
isotopes and vibrating oxygen atoms, two factors must
considered separately:~i! the energy dependence of th
multiphonon emissivity, which is determined mainly by th
average mass of the constituent Si isotopes, and~ii ! disorder
in Si masses~disorder in the Si isotope distribution!, which
arises from the copresence of28Si, 29Si, and 30Si isotopes.
While the larger linewidth of17O is most likely due to the
former effect, the effect of isotopic disorder is predicted to
negligibly small within the framework of the harmonic ap
proximation, as we will show later. As a result, the LVM
linewidth is believed to be determined solely by the relati
between the LVM frequency~which depends on the masse
©2003 The American Physical Society05-1
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KATO, ITOH, YAMADA-KANETA, AND POHL PHYSICAL REVIEW B 68, 035205 ~2003!
of the oxygen and neighboring Si atom! and the emissivity of
Si phonons. However, recent pump and probe measurem
of the oxygen LVM innatSi revealed an LVM lifetime of 229
ps, which translates to a width of 0.023 cm21 ~Ref. 17!; i.e.,
the linewidths measured in the absorption measuremen
likely to be inhomogeneously broadened.

The present paper reports on the surprisingly large ef
of Si isotopic mass disorder on oxygen LVM’s, which cann
be explained very well by the harmonic approximation, b
clearly is one of the main origins for the line broadeni
observed previously.

II. EXPERIMENTAL PROCEDURES

Similar to the recent experiments on oxygen LVM’s
isotopically controlled Ge,18,19 the present work has invest
gated LVM’s of oxygen in Si samples with controlled isot
pic composition. Isotopic composition and oxygen conc
tration @O# of four samples investigated are listed in Table
The Si isotopic composition and oxygen concentration
each sample were determined using secondary-ion m
spectrometry~SIMS! and IR absorption based on the Ame
can Standard for Testing and Materials F121-79, resp
tively. The electrically active net-impurity concentration
each sample as determined by the Hall effect is less t
1016 cm23, and the carbon concentration is much less th
the order of 1017 cm23 since the absorption due to carbo
LVM’s in Si ~measured at 607 cm21 for natSi) was not ob-
served. Oxygen LVM spectra have been recorded wit
BOMEM DA-8 Fourier transform spectrometer equipp
with a Globar light source, a KBr beam splitter, and

FIG. 1. Interstitial oxygen atom in a Si crystal.

TABLE I. Isotopic composition and oxygen concentration of t
measured samples.

Sample 28Si @%# 29Si @%# 30Si @%# Oxygen@cm23#

SI-28 99.86 0.13 0.01 4.7531017

SI-29 2.17 97.10 0.73 1.0131018

SI-30 0.67 0.59 98.74 8.7931017

SI-nat 92.2 4.7 3.1 6.4931017
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HgCdTe detector. A typical resolution was 0.03 cm21, and
the signal-to-noise ratio was improved by co-adding 2
spectra.

III. RESULTS AND DISCUSSION

A. Assignment of modes to experimentally observed oxygen
absorption lines

Previous studies have revealed that the interstitial oxy
has three major vibrational modes:A2u , A1g , and two-
dimensional low-energy anharmonic excitation~2D LEAE,
which has been also known as the low-frequency mode
29-cm21 mode!.15 In most cases, experimentally obtaine
data have been analyzed using a model composed of
vibrating oxygen and its two nearest-neighbor Si atoms~Si-
O-Si units! embedded in a homogeneous background of
with the average masses determined by the isotopic ab
dance of natSi ~Refs. 10, 15, 20, and 21!; i.e., the isotope
shifts of the LVM frequencies have been calculated succe
fully for a variety of units such as29Si-16O-29Si,
29Si-18O-29Si, 28Si-16O-29Si, 29Si-16O-30Si, etc. Figure 2~a!
shows theA2u-related absorption spectrum of the SI-2
sample obtained at 4 K. The inset shows an energy diag
of theA2u-related excitations based on the notationuk,l,N,M&,

FIG. 2. ~a! Absorption spectrum of the SI-29 sample measu
at T54 K and~b! temperature dependence of theA2u-related LVM
peaks in SI-29 for the rangeT54 – 60 K. The inset in~a! shows the
energy diagrams for the29Si-16O-29Si as discussed in the main tex
5-2
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HOST ISOTOPE EFFECT ON THE LOCALIZED . . . PHYSICAL REVIEW B68, 035205 ~2003!
which has been employed in Refs. 15, 20, and 21. HereM,
N, l, and k are the principal quantum number of theA1g
mode, principal quantum number of theA2u mode, the an-
gular momentum of the oxygen around the^111& axis, and an
additional quantum number distinguishing the states of
sameM, N, and l, respectively. Values of the energy sepa
tion shown in the inset are calculated for the29Si-16O-29Si
configuration based on a harmonic model of a linear ch
composed of one linear29Si-16O-29Si molecule surrounded
by 196 Si atoms having an average mass of 28.966, whic
in accordance with the isotopic composition of SI-29. T
periodic boundary condition is imposed to eliminate the d
gling bonds. The bonding constant connecting two Si ato
is kSi-Si5MSiv

2/45113.3 N/m, whereMSi is the average
mass of Si atoms andv5524.6 cm21 is the TO phonon
energy at theG point determined by the Raman spectrosco
of isotopically pure silicon crystals.4 The bonding constan
between Si and oxygen,kSi-O5479.18 N/m, is determined
from the frequency of theA2u mode of28Si-16O-28Si calcu-
lated by Yamada-Kanetaet al. ~1151.5 cm21!.15 We assume
the same spring constantskSi-Si andkSi-O for any pairs of Si
and O isotopes. A strong line at 1132.5 cm21 observed ex-
perimentally in the main frame of Fig. 2~a! is due to theA2u
excitation from the u0,0,0,0& to u0,0,1,0& states of the
29Si-16O-29Si configuration, which agrees very well with th
estimation of the harmonic model shown in the inset. Fig
2~a! also shows several other LVM lines. The line at 1081
cm21 is due to u0,0,0,0&-u0,0,1,0& of 29Si-18O-29Si, 1201.4
cm21 is u0,0,0,0&-u0,61,1,0& of 29Si-16O-29Si, 1100.6 cm21 is
most likely carbon-oxygen complexes previously reported
1103.9 cm21 in natSi ~Ref. 22!, and 1047.2 cm21 may be
related to the oxygen-impurity complexes discussed
Chappell et al.23 The absorption line measured at 1207
cm21 is probably irrelevant to oxygen LVM’s since its am
plitude does not follow the characteristic temperature dep
dence as shown in Fig. 2~b!. In addition, LVM lines due to
the A2u1A1g combined mode of29Si-16O-29Si were ob-
served at 1734.5 cm21 ~u0,0,0,0&-u0,0,1,1&! and 1727.6 cm21

~u0,61,0,0&-u0,61,1,1&!. A series of oxygen LVM peaks wa
also obtained with SI-28 and SI-30 samples, and the res
ing first-order comparison of the peak position ofu0,0,0,0&-
u0,0,1,0& determined from the experiments and calculation
shown in Table II. This table has been prepared only to sh
that our assignment of the specific mode to a correspon
peak observed experimentally is correct, though the ex

TABLE II. Calculated and experimentally observed excitati
frequencies of theu0,0,0,0&-u0,0,1,0& transition.

Configuration Calculation@cm21# Experiment@cm21#

28Si-16O-28Si 1136.5 1136.5
28Si-16O-29Si 1134.1 1134.4
28Si-16O-30Si 1131.9 1132.0
29Si-16O-29Si 1131.7 1132.5
29Si-16O-30Si 1129.4 1130.8
30Si-16O-30Si 1127.0 1129.1
28Si-18O-28Si 1087.1 1084.4
29Si-18O-29Si 1079.8 1081.0
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peak position, for example, of28Si-16O-29Si shifts by 0.07
cm21 between SI-29 and SI-nat samples as we will disc
later. Figure 2~b! shows the temperature dependence of
1132.5 cm21 excitation. As the temperature is raised, t
low-frequency states such as 2D LEAE are excited. The
fore, the absorption intensities of the peaks at 1118.3 cm21

~u0,62,0,0&-u0,62,1,0& of 29Si-16O-29Si), 1124.5 cm21

~u0,61,0,0&-u0,61,1,0& of 29Si-16O-29Si), and 1126.40 cm21

~u0,61,0,0&-u0,61,1,0& of 28Si-16O-29Si) grow with increas-
ing temperatures. Weak absorption lines at 1130.8
1134.4 cm21 are u0,0,0,0&-u0,0,1,0& of 29Si-16O-30Si and
28Si-16O-29Si, respectively, for which the residual28Si
~2.17%! and 30Si ~0.73%! isotopes in the SI-29 sample ar
responsible.

Figure 3 shows a series of LVM peaks centered arou
2260 cm21 not reported in the past. The LVM peaks
2273.0, 2265.7, and 2258.4 cm21 are obtained with SI-28,
SI-29, and SI-30, respectively. Three broadened peaks
SI-nat at about 2273, 2269.3, and 2265.5 cm21 are due to
28Si-16O-28Si, 28Si-16O-29Si, and 28Si-16O-30Si configura-
tions, respectively. These series of lines around 2260 cm21

are most likely due to theA2u1A2u combination since the
values of isotope shifts are just twice as large as those du
the singleA2u mode. The isotope shift would be much larg
if the 2260-cm21 series is associated with theA1g mode.
These lines are observed clearly thanks to the small degre
mass disorder in our isotopically enriched samples. Figur
shows the temperature dependence of the ‘‘A2u1A2u’’ com-
bined mode in SI-30. The peak at 2241.9 cm21 grows with
increasing temperature. The value difference of 16.5 cm21

~52258.4–2241.9 cm21! is just twice as large as the valu
difference of 8.0 cm21 between the transition ofu0,0,0,0&-
u0,0,1,0& ~1129.1 cm21! and that of u0,61,0,0&-u0,61,1,0&
~1121.1 cm21!. Then, from the experimentally obtained dat
the peak measured at 2258.4 cm21 must be due to the com
bined transition ofu0,0,0,0&-u0,0,1,0& and u0,0,0,0&-u0,0,1,0&
and the peak measured at 2241.9 cm21 due to the combined
transition ofu0,61,0,0&-u0,61,1,0& and u0,61,0,0&-u0,61,1,0&
in SI-30. However, we do not understand the reason w
only such transitions were obtained since they are not
lowed by the selection rule reported in Ref. 21. The LV

FIG. 3. Absorption peaks due to transitions from the ground
‘‘ A2u1A2u’’ states for SI-28, SI-29, SI-30, and SI-nat samples.
5-3
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peaks observed in the present study~italic font! with those
observed previously are summarized in Table III.

B. Host Si isotope effect on the oxygen LVM energy

We shall now discuss a very small peak position shift
;0.07 cm21 for the A2u mode~the transition fromu0,0,0,0&
to u0,0,1,0&! of the 28Si-16O-29Si configuration observed be
tween SI-nat and SI-29 samples as shown in Fig. 5. To
order one expects the LVM frequencies of the16O sand-

FIG. 4. Temperature dependence of the ‘‘A2u1A2u’’ excited
states for the SI-30 sample.
03520
f
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wiched by 28Si and 29Si isotopes in SI-nat and SI-29 to b
the same because the masses of the first neighbors pred
nantly determine the energy of the oxygen vibration. Ho
ever, the peak position shifts as shown in Fig. 5 possibly
to two independent effects. One is the effect of the chang
masses of the second and beyond nearest-neighbor si
atoms to the vibrating oxygen. Those in SI-29 are mos
29Si, while those in SI-nat are mostly28Si isotopes. Calcula-
tions based on the linear chain model described above
dict a shift of approximately 0.02 cm21. Figure 6 shows the
amplitude of the displacement of each atom in our line
chain calculation. For the case of theA2u mode, the second

FIG. 5. LVM absorption peaks due to transitions from t
ground toA2u excited states of28Si-16O-29Si in the SI-29~d! and
SI-nat~s! samples measured atT54 K. The difference of frequen-
cies between the two peaks is about 0.07 cm21.
-29
TABLE III. LVM peaks previously reported in the past~Ref. 28! and reported in this study~bold italic
printed values!.

uk,l ,N,M &

Isotopic configuration of Si-O-Si~cm21!

28-16-28 28-16-29 28-16-30 29-16-29 29-16-30 30-16-30 28-18-28 29-18

u0,0,0,0&→u0,61,0,0& 29.25 27.2
u0,610,0&→u0,62,0,0& 37.7 35.3
u0,61,0,0&→u1,0,0,0& 48.6
u0,62,0,0&→u0,63,0,0& 43.3
u1,0,0,0&→u0,61,0,0& 517 517
u0,61,0,0&→u1,0,0,1& 668
u0,62,0,0&→u0,63,0,1& 664
u0,61,0,0&→u0,62,0,1& 657.4
u0,0,0,0&→u0,61,0,1& 648.2
u0,61,0,0&→u0,0,0,1& 588.4
u0,62,0,0&→u0,61,0,1& 580.2
u1,0,0,0&→u0,61,0,1& 570
u0,0,0,0&→u0,0,1,0& 1136.4 1134.4 1132.6 1132.5 1130.8 1129.1 1084.4 1081
u0,61,0,0&→u0,61,1,0& 1128.2 1126.4 1124.5 1121.1 1076.7
u0,62,0,0&→u0,62,1,0& 1121.9 1118.3 1114.7
u0,0,0,0&→u1,0,1,0& 1205.7 1201.4 1197.1
u0,61,0,0&→u1,61,1,0& 1216.4
u0,0,0,0&→u0,0,1,1& 1748.6 1734.5 1721.5 1150.8
u0,61,0,0&→u0,61,1,1& 1740.9 1727.6 1714.2
u0,62,0,0&→u0,62,1,1& 1734.1
u0,0,0,0&→u1,0,1,1& 1819.5
u0,61,0,0&→u1,61,1,1& 1831.3
5-4
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HOST ISOTOPE EFFECT ON THE LOCALIZED . . . PHYSICAL REVIEW B68, 035205 ~2003!
nearest-neighbor Si atoms are clearly displaced: i.e., iso
substitution of the second neighbors should shift the LV
frequency. Although a much larger effect of the second a
beyond nearest neighbors is expected for theA1g mode as
seen in Fig. 6, we could not observeA1g-related absorption
lines experimentally due to the insufficient thickness~,1
mm! of our sample. We suggest that the origin of large is
tope shifts of theA1g mode and theA1g1A2u combined
mode discussed in Refs. 14 and 21 may be due to the se
and beyond nearest neighbors. In order to observe the e
of the second and beyond nearest neighbors on impu
LVM’s, one has to select carefully the mass of the localiz
impurity and host semiconductors. For example, a hydro
atom is so much lighter than the host Si atoms that its vib
tion is strongly localized, and the second-nearest Si ato
are not displaced at all. On the other hand, when the ma
of the impurity and host atoms are too close, localization
the impurity vibration does not occur. For the case of oxyg
in Ge, the mass difference is very large, and the shift att
uted to the effect of the second and beyond nearest neigh
is only of the order of 0.010 cm21 ~Ref. 24!. To our knowl-
edge, the LVM of O in Ge and B in GaP~Ref. 25! are the
only other examples that show the possible effect of the s
ond and beyond nearest neighbors. Another possible or
of the shift is the isotope effect on the host silicon latti
constant. The fractional change of the lattice constantDa/a
523.031025 has been reported for Si when passing fro
28Si to 29Si at 30 K.26 The LVM peak shift of Dv
50.065 cm21 is estimated from the relationDv
523g Da/av, wherev51136.4 cm21 is the value ofA2u
and g520.64 is the Gru¨neisen parameter associated w
theA2u LVM reported in Ref. 27. The changes in the mass
of the second and beyond nearest neighbors and in the
Si lattice constant both explain the observed shift of;0.07

FIG. 6. Amplitudes of displacements forA2u andA1g modes of
oxygen LVM’s in silicon. A linear chain of one oxygen atom san
wiched by 198 Si atoms is employed as discussed in the text.
figure shows the displacements of only one oxygen atom and
neighboring Si atoms.
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cm21 for the A2u mode of the28Si-16O-29Si configuration.
Further investigations are necessary in order to separate t
very interesting effects.

C. Isotope effects on the linewidth of oxygen LVM’s

Up to here, we have successfully applied the harmo
approximation to explain the Si isotope shifts of the oxyg
LVM frequencies. However, we shall now demonstrate
breakdown of the harmonic model especially when it com
to the linewidths of the oxygen LVM’s. Figure 7 shows th
absorption lines of theu0,0,0,0&-u0,0,1,0& excitation recorded
with SI-nat, SI-28, SI-29, and SI-30 samples. The full widt
at half maximum~FWHM! are 0.58, 0.40, 0.23, and 0.3
cm21 for SI-nat, SI-28, SI-29, and SI-30, respectively. No
that the amplitude of the peak at 1134.4 cm21 in SI-29 we
discussed in Fig. 5 is much smaller than that of the strong
peak at 1132.5 cm21: i.e., it is not evident in Fig. 7. First, we
concentrate on comparing the results for SI-nat and SI-
Since the average masses of the Si isotopes are very sim
we expect the phonon density of the states of these
samples to be the same. Therefore, the narrowing of
width in SI-28 with respect to that of SI-nat must not be d
to the change in the phonon density of the states. The
maining possibility is the degree of the Si mass disord
which is larger in SI-nat than in SI-28. In an attempt
reproduce theoretically the difference in the linewidths,
have calculated the full matrix elements of the oxyg
LVM’s for the three-dimensional structures shown in Fig.
with appropriate harmonic bond strengthsk andK using the
method employed in Ref. 15. However, we find a differen
of only 0.02 cm21, which is factor of 10 smaller than th
difference 0.18 cm21 found by experiment. Therefore, w
conclude that anharmonicity is playing an important ro
together with differences in the degree of mass disord
Moreover, further narrowing of the peaks in SI-29 and SI-
is observed and it may be due to the combined effect
changes in the phonon density of the states~i.e., how easy it
is for oxygen to relax via emission of lattice phonons! and
isotope disorder. In the case of theA2u mode~1136.4 cm21

he
en

FIG. 7. Comparison of the width of the LVM lines ofu0,0,0,0&-
u0,0,1,0& transitions in SI-29, SI-28, SI-30, and SI-nat.
5-5
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KATO, ITOH, YAMADA-KANETA, AND POHL PHYSICAL REVIEW B 68, 035205 ~2003!
in SI-nat!, the LVM decays by the emission of at least thr
phonons since the maximum of the Si optical phonon f
quency is 524.5 cm21. One possibility is the change in th
so-called three-phonon density of states at the LVM frequ
cies: 1132.5 cm21 for SI-29, 1129.1 cm21 for SI-30, and
1136.4 cm21 for SI-28 and SI-nat. FWHM50.23 cm21 in
SI-29 is 0.35 cm21 smaller than FWHM50.58 cm21 in SI-
nat, in part due possibly to the smaller three-phonon den
of the states at 1132.5 cm21 in SI-29 than that at 1136.4
cm21 in SI-nat, leading to a slower decay of oxygen vibr
tions, and in part due to the less Si mass disorder in
isotopically enriched SI-29 than in SI-nat, leading to le
inhomogeneous broadening of the peak. Further invest
tions are needed clearly in order to fully understand the
lation between the shift of oxygen LVM and the combin
phonon density of states, both of which shift to lower wa
numbers on passing from28Si to 30Si. Our experimental re-
sults, however, suggest clearly that the enrichment of29Si
isotopes towards 100% will sharpen the line beyond 0
cm21 because of the surprisingly large contribution of t
isotopic mass disorder to the width of the oxygenA2u mode
in silicon.

One note of concern is the effect of carbon on the lin
width of oxygen LVM’s. The linewidth of oxygen LVM’s in
Si crystal is strongly sensitive to the carbon concentrat
since the carbon atom has a tendency to reside at the se
nearest neighbor to the oxygen atom to form a carb
oxygen complex.22 The LVM peaks of carbon-oxygen com
plexes were observed in SI-29 and SI-30, though the LVM
-
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isolated carbon was below the detection of limit of our sy
tem: i.e., the carbon concentration should be much less
1017 cm23. The oxygen LVM peak may be changed if
were not for carbon in SI-29 and SI-30 samples.

IV. CONCLUSIONS

We have investigated the localized vibrational modes
oxygen in isotopically enriched28Si, 29Si, and 30Si, single
crystals. Isotope shifts of LVM frequencies from those
natural Si are clearly observed, and assignments of mo
are given consistently to most of the peaks observed in
study. We have shown that the change in Si masses of
second and beyond nearest neighbors and the change i
lattice constants of the host Si crystals together play imp
tant roles in the determination of the oxygen LVM peak p
sitions in silicon. The LVM linewidths of theA2u mode in
the enriched samples are found to be much narrower t
those in natural Si. This observation suggests that the oxy
LVM linewidth is determined by both anharmonicity and in
homogeneous broadening due to isotopic disorder.

ACKNOWLEDGMENTS

We would like to thank Dr. H. Riemann and Dr. N. V
Abrosimov of Institut für Kristallzüchtung for the growth of
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