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A high-resolution infrared absorption study of the localized vibrational médés!’s ) of oxygen in isoto-
pically enriched?®si, 2°Si, and®°Si 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 tlig change in Si masses of the second and beyond nearest
neighbors andii) 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 Ahg 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.
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. INTRODUCTION probable Si-O-Si bond angle 17%*An interstitial oxygen
atom has 2 equivalent nearest-neighbor Si atoms, 6 equiva-
A wide variety of novel isotope effects have been discov-lent second-nearest-neighbor Si atoms, 18 equivalent third-
ered recently;® thanks to the availability of high-quality Neighbor Si atoms, and so on. In the framework of the har-
bulk Si crystals with controlled isotopic compositidhsln ~ Monic approximation, frequencies of LVM's of oxygen in

contrast to well-behaved isotope effects on phonons in ilicon are determined by the local structures and masses
. . X . X i S?i.e., isotopepof vibrating oxygen and neighboring Si atoms.
crystals with relatively mixed isotopic compositiohanpre-

. . . n many cases the isotope shifts of the spring constaatsi
dictable isotope effects have been discovered more recently ¢ si.0 and Si-Si bonds, respectively, are small enough to

in nearly 100% monoisotopic Si crystals: With respect to e ignored. Therefore, isotope substitution of the oxygen
the results obtained with natural silicaihereafter "Si),  centers with*®0, 70, and*®0O, which changes exclusively
which has the isotopic compositiof®Si (92.23%, °Si  the mass of vibrating species, has been useful in the past for
(4.67%, and 3°Si (3.109%9, a dramatic increase in thermal experimental understanding of the LVM of oxygen in silicon.
conductivity? a significant narrowing of the impurity bound Moreover, the discovery that the LVM linewidth &fO is a
exciton luminescence peaksand absence of acceptor factor of 1.5 larger than those dfO and *°O in "Si has
ground-state splittifjhave been found unexpectedly when suggested strong!y that the interaction between Si phonons
the enrichment of®Si exceeded 99.98%. Similarly, a surpris- 21d 0xygen LVM's determines the lifetime of the oxygen

ingly large isotope effect on hydrogenic impurity levels hasl‘v'wS in silicon.™ . . .
. : . . In order to understand the interaction between the bulk Si
been reported for isotopically enriched diaméndhe

AT isotopes and vibrating oxygen atoms, two factors must be
present paper reports another intriguing isotope effect on thg,cidered separately:(i) the energy dependence of the

localized vibrational modé€LVM ) of oxygen in silicon. multiphonon emissivity, which is determined mainly by the
Because of its technological importance, the behavior ofverage mass of the constituent Si isotopes, (@hdisorder
oxygen in silicon has been studied extensiVeAs a result, in Si massegdisorder in the Si isotope distributipnwvhich
rich physics associated with the localized motion of lightarises from the copresence #5i, 2°Si, and°Si isotopes.
impurities embedded in a relatively heavy host matrixas ~ While the larger linewidth of’O is most likely due to the
been revealed using oxygen in silicon as one of the idealormer effect, the effect of isotopic disorder is predicted to be
examples. An oxygen atom in silicon tends to exist as amegligibly small within the framework of the harmonic ap-
interstitial defect between two silicon atoms in g 1) di- proximation, as we will show later. As a result, the LVM
rection as shown in Fig. #:71° Ab initio calculations have linewidth is believed to be determined solely by the relation
shown the bond lengths of Si-O to be 1.59 A, with the mostbetween the LVM frequencgwhich depends on the masses
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FIG. 1. Interstitial oxygen atom in a Si crystal.

of the oxygen and neighboring Si atpand the emissivity of

Si phonons. However, recent pump and probe measuremen
of the oxygen LVM in"®Sj revealed an LVM lifetime of 229
ps, which translates to a width of 0.023 thRef. 17 i.e.,

the linewidths measured in the absorption measurement ar
likely to be inhomogeneously broadened.

T=40K

Absorbance

The present paper reports on the surprisingly large effect T=20K
of Si isotopic mass disorder on oxygen LVM’s, which cannot T=10K
be explained very well by the harmonic approximation, but 1
clearly is one of the main origins for the line broadening T=4K 1 1132.51134.4
observed previously. 1115 1120 1125 1130 1135

Wavenumber [cm'l]

Il. EXPERIMENTAL PROCEDURES
FIG. 2. (a) Absorption spectrum of the SI-29 sample measured

~ Similar to the recent %)igeriments on oxygen LVM's in at T=4 K and (b) temperature dependence of thg,-related LVM
isotopically controlled Gé,' “the present work has investi- peaks in SI-29 for the range=4-60 K. The inset irfa) shows the
gated LVM’s of oxygen in Si samples with controlled isoto- energy diagrams for th&Si-1%0-2°Si as discussed in the main text.

pic composition. Isotopic composition and oxygen concen- . ) B
tration[O] of four samples investigated are listed in Table I. H9CdTe detector. A typical resolution was 0.03 tmand

The Si isotopic composition and oxygen concentration of"€ Signal-to-noise ratio was improved by co-adding 200
each sample were determined using secondary-ion maS9ectra-
spectrometry{SIMS) and IR absorption based on the Ameri-
can Standard for Testing and Materials F121-79, respec- Il RESULTS AND DISCUSSION
tively. The electrically active net-impurity concentration of A. Assignment of modes to experimentally observed oxygen
each sample as determined by the Hall effect is less than absorption lines
tlhOlG crg ® ?r‘l%the _c?rb_on C(t)r?cenbtratlotr_l IS (rjnucr; Iessbthan Previous studies have revealed that the interstitial oxygen
TS 1 S e S0 T o5 s o . e Tt vratonl moded, o and v

: imensional low-energy anharmonic excitatit®D LEAE,
served. Oxygen LVM spectra have been recorded with §yhich has been also known as the low-frequency mode or
BOMEM DA-8 Fourier transform spectrometer equippedog_cnyil mode. ! In most cases, experimentally obtained
with a Globar light source, a KBr beam splitter, and aqata have been analyzed using a model composed of the
vibrating oxygen and its two nearest-neighbor Si at@B8is
O-Si unity embedded in a homogeneous background of Si
with the average masses determined by the isotopic abun-
dance of "Sj (Refs. 10, 15, 20, and 2li.e., the isotope
shifts of the LVM frequencies have been calculated success-

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

Sample  si[%] 2%Si[%] 3°Si[%] Oxygen[cm 3]

SI-28 99.86 0.13 0.01 4351017 fully for a variety of units such as?9Si-1%0-2%;,
SI-29 2.17 97.10 0.73 1.0410'8 295j-180-29%j, 285j.160-29Gj  295j.160-305j  etc. Figure @)
SI-30 0.67 0.59 98.74 8.7010% shows theA, -related absorption spectrum of the SI-29
Sl-nat 92.2 4.7 3.1 6.49107 sample obtained at 4 K. The inset shows an energy diagram

of the A,,-related excitations based on the notatiohN,M),
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TABLE Il. Calculated and experimentally observed excitation 1.4 : —
frequencies of thé0,0,0,0-/0,0,1,0 transition. - e
q €0,0,0,0-0,0.1,0 £ 12)-S130 |
— W PN > epier A g n Sl
Configuration Calculatiofcm™] Experimenfcm ] 2 TR ""%’i'-‘f,;*gs,{,?f-“,,;tf,,«:'
o . o A4 A R X
%5j-160-28gj 1136.5 1136.5 S osl o A 1
285j.160-29%g; 1134.1 1134.4 “g © [ SI-29 .’\.
285j.160-30g; 1131.9 1132.0 O 06 %n"f*..-‘-w,-;,\,_ﬁ,.——;b.w.«&?"?’ ”"Vrs#.:f%"ﬁ
29c;_ 16 _29c; =]
295?- 60-305! 1131.7 1132.5 g 04| SI-28 .\‘ ]
Si-160-30g; 1129.4 1130.8 9 s e er i Ny
30g.160.30g; 1127.0 1129.1 g o2 ™ AN b
285.180.28g; 1087.1 1084.4 < SI-Nat
. . 0 L
#%5i-1%0-2°s;i 1079.8 1081.0 2240 2250 2260 2270 2280

Wavenumber [cm'l]
which has been employed in Refs. 15, 20, and 21. Hi&re
N, I, andk are the principal quantum number of tig,
mode, principal quantum number of tie, mode, the an-
gular momentum of the oxygen around {i41) axis, and an
additional quantum number distinguishing the states of thgeak position, for example, dSi-1°0-2°Si shifts by 0.07
sameM, N, andl, respectively. Values of the energy separa-cm ! between SI-29 and Sl-nat samples as we will discuss
tion shown in the inset are calculated for tHSi-160-29Si  later. Figure 2b) shows the temperature dependence of the
configuration based on a harmonic model of a linear chairi132.5 cm?! excitation. As the temperature is raised, the
composed of one linea®Si-1%0-2°Si molecule surrounded low-frequency states such as 2D LEAE are excited. There-
by 196 Si atoms having an average mass of 28.966, which ifore, the absorption intensities of the peaks at 1118.3%m

in accordance with the isotopic composition of SI-29. The(|0,+2,0,0-0,+2,1,0 of 2°Si-1%0-2%Si), 1124.5 cm?
periodic boundary condition is imposed to eliminate the dan{|0,+1,0,0-|0,+1,1,0 of 2°Si-1%0-2°Sj), and 1126.40 cm

gling bonds. The bonding constant connecting two Si atomg/0,1,0,0-/0,+1,1,0 of 28Si-1%0-2%Sj) grow with increas-

is Kgi.si=Msgiw?/4=113.3 N/m, whereMg; is the average ing temperatures. Weak absorption lines at 1130.8 and
mass of Si atoms and=524.6 cm® is the TO phonon 1134.4 cm? are |0,0,0,0-/0,0,1,0 of 2°Si-60-3%Si and
energy at thd” point determined by the Raman spectroscopy?®Si-1%0-2%Si, respectively, for which the residua®Si

of isotopically pure silicon crystafsThe bonding constant (2.17% and °Si (0.73% isotopes in the SI-29 sample are
between Si and oxygerksi.o=479.18 N/m, is determined responsible.

from the frequency of thé,, mode of?2Si-1%0-28Sj calcu- Figure 3 shows a series of LVM peaks centered around
lated by Yamada-Kanetet al. (1151.5 cm?).® We assume 2260 cm® not reported in the past. The LVM peaks at
the same spring constarks; s; andks; o for any pairs of Si  2273.0, 2265.7, and 2258.4 chare obtained with SI-28,
and O isotopes. A strong line at 1132.5 chobserved ex- SI-29, and SI-30, respectively. Three broadened peaks with
perimentally in the main frame of Fig(& is due to theA,,  Sl-nat at about 2273, 2269.3, and 2265.5 ¢rare due to
excitation from the|0,0,0,0 to ]0,0,1,0 states of the 28Si-%0-%8Sj, 28Sj-160-29Sj, and %8Sj-1°0-*°Si configura-
295j-160-295j configuration, which agrees very well with the tions, respectively. These series of lines around 2260%cm
estimation of the harmonic model shown in the inset. Figureare most likely due to thé,,+ A,, combination since the
2(a) also shows several other LVM lines. The line at 1081.0values of isotope shifts are just twice as large as those due to
cm ! is due t0]0,0,0,0-/0,0,1,0 of 2°Si-180-2Sj, 1201.4 the singleA,, mode. The isotope shift would be much larger
cm1is(0,0,0,0-/0,+1,1,0 of 2°Si-1%0-2%Sj, 1100.6 cm*is  if the 2260-cm* series is associated with th&;; mode.
most likely carbon-oxygen complexes previously reported affhese lines are observed clearly thanks to the small degree of
1103.9 cm?! in "¥Sj (Ref. 22, and 1047.2 cm! may be  mass disorder in our isotopically enriched samples. Figure 4
related to the oxygen-impurity complexes discussed byhows the temperature dependence of thg,* A,,” com-
Chappellet al?® The absorption line measured at 1207.7bined mode in SI-30. The peak at 2241.9 ¢ngrows with
cm ! is probably irrelevant to oxygen LVM's since its am- increasing temperature. The value difference of 16.5%tm
plitude does not follow the characteristic temperature depen=2258.4—-2241.9 cm) is just twice as large as the value
dence as shown in Fig(ld. In addition, LVM lines due to difference of 8.0 cm! between the transition d0,0,0,0-

the Ag,+A;, combined mode 0f°Si-1°0-2Si were ob- 10,0,1,0 (1129.1 cm*') and that of|0,+1,0,0-/0,%1,1,0
served at 1734.5 cnt (|0,0,0,0-/0,0,1,3) and 1727.6 cm*  (1121.1 cm?). Then, from the experimentally obtained data,
(/0,£1,0,0-|0,1,1,1)). A series of oxygen LVM peaks was the peak measured at 2258.4 chmust be due to the com-
also obtained with SI-28 and SI-30 samples, and the resulbined transition 0f|0,0,0,0-|0,0,1,0 and |0,0,0,0-0,0,1,0

ing first-order comparison of the peak position|0f0,0,0-  and the peak measured at 2241.9 ¢rdue to the combined
|0,0,1,0 determined from the experiments and calculation istransition of|0,1,0,0-|0,+1,1,0 and|0,=1,0,0-|0,+1,1,0
shown in Table Il. This table has been prepared only to shovin SI-30. However, we do not understand the reason why
that our assignment of the specific mode to a correspondingnly such transitions were obtained since they are not al-
peak observed experimentally is correct, though the exadowed by the selection rule reported in Ref. 21. The LVM

FIG. 3. Absorption peaks due to transitions from the ground to
“A,,+A,," states for SI-28, SI-29, SI-30, and Sl-nat samples.
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FIG. 4. Temperature dependence of tha&,;+A,,” excited

states for the SI-30 sample. wiched by ?8Si and 2°Sj isotopes in Sl-nat and SI-29 to be
the same because the masses of the first neighbors predomi-

peaks observed in the present stuiglic font) with those  nantly determine the energy of the oxygen vibration. How-
observed previously are summarized in Table III. ever, the peak position shifts as shown in Fig. 5 possibly due
to two independent effects. One is the effect of the change in
masses of the second and beyond nearest-neighbor silicon
atoms to the vibrating oxygen. Those in SI-29 are mostly

We shall now discuss a very small peak position shift of2°Si, while those in Sl-nat are mostfSi isotopes. Calcula-
~0.07 cm ! for the A,, mode(the transition from0,0,0,0  tions based on the linear chain model described above pre-
t0 |0,0,1,0) of the 28Si-1%0-2°Sj configuration observed be- dict a shift of approximately 0.02 cril. Figure 6 shows the
tween Sl-nat and SI-29 samples as shown in Fig. 5. To firsamplitude of the displacement of each atom in our linear-
order one expects the LVM frequencies of tHf® sand-  chain calculation. For the case of tAg, mode, the second-

B. Host Si isotope effect on the oxygen LVM energy

TABLE IIl. LVM peaks previously reported in the padRef. 28 and reported in this studgbold italic
printed values

Isotopic configuration of Si-O-Sicm™?)

k,I,N,M) 28-16-28 28-16-29 28-16-30 29-16-29 29-16-30 30-16-30 28-18-28 29-18-29
10,0,0,0—0,+1,0,0) 29.25 27.2
|0,410,0—/0,2,0,0 37.7 35.3
10,-1,0,00—/1,0,0,0 48.6
|0,+2,0,00—|0,%3,0,0 433
11,0,0,0—/0,=1,0,0) 517 517
10,41,0,00—/1,0,0, 668
|0,+2,0,0—/0,%3,0,1) 664
|0,+1,0,0—|0,%£2,0,1) 657.4
10,0,0,0—0,+1,0,2) 648.2
|0,41,0,00—/0,0,0, 588.4
|0,£2,0,0—0,%1,0,2) 580.2
11,0,0,0—/0,=1,0,1) 570
10,0,0,010,0,1,0 1136.4 1134.4 11326 11325 11308 1129.1 1084.4 1081
|0,+1,00—(0,+1,1,00  1128.2 1126.4 11245 11211 1076.7
10,£2,0,0—]0+21,0  1121.9 1118.3 1114.7
10,0,0,0—/1,0,1,0 1205.7 1201.4 1197.1
101,00—]1,+1,1,00  1216.4
10,0,0,0—0,0,1,3 1748.6 1734.5 17215 1150.8
10,£1,0,00—]0,+1,1,)  1740.9 1727.6 1714.2
10,£2,0,0—]0+21,1)  1734.1
10,0,0,0~]1,0,1,3 1819.5

|0+1,00—|1,+1,1,1) 18313
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FIG. 7. Comparison of the width of the LVM lines ¢8,0,0,0-
|0,0,1,0 transitions in SI-29, SI-28, SI-30, and Sl-nat.

Absorbance

Amplitude of vibration

Position

FIG. 6. Amplitudes of displacements 8%, andA;; modes of ~ M * for the A,, mode of the*Si-*%0-?%Si configuration.
oxygen LVM's in silicon. A linear chain of one oxygen atom sand- Further investigations are necessary in order to separate these
wiched by 198 Si atoms is employed as discussed in the text. Theery interesting effects.
figure shows the displacements of only one oxygen atom and ten

neighboring Si atoms. C. Isotope effects on the linewidth of oxygen LVM'’s

nearest-neighbor Si atoms are clearly displaced: i.e., isotope Up to here, we have successfully applied the harmonic
substitution of the second neighbors should shift the LVMapproximation to explain the Si isotope shifts of the oxygen
frequency. Although a much larger effect of the second andVvM frequencies. However, we shall now demonstrate the
beyond nearest neighbors is expected for Ajg mode as  breakdown of the harmonic model especially when it comes
seen in Fig. 6, we could not obsentg -related absorption to the linewidths of the oxygen LVM's. Figure 7 shows the
lines experimentally due to the insufficient thickngssl  absorption lines of th¢0,0,0,0-|0,0,1,0 excitation recorded
mm) of our sample. We suggest that the origin of large iso-with Sl-nat, SI-28, SI-29, and SI-30 samples. The full widths
tope shifts of theA;; mode and theA;4+A,, combined at half maximum(FWHM) are 0.58, 0.40, 0.23, and 0.30
mode discussed in Refs. 14 and 21 may be due to the secoreh ! for Sl-nat, SI-28, SI-29, and SI-30, respectively. Note
and beyond nearest neighbors. In order to observe the effetiiat the amplitude of the peak at 1134.4 ¢nin SI-29 we

of the second and beyond nearest neighbors on impuritgiscussed in Fig. 5 is much smaller than that of the strongest
LVM's, one has to select carefully the mass of the localizedpeak at 1132.5 ci: i.e., it is not evident in Fig. 7. First, we
impurity and host semiconductors. For example, a hydrogegoncentrate on comparing the results for Sl-nat and SI-28.
atom is so much lighter than the host Si atoms that its vibraSince the average masses of the Si isotopes are very similar,
tion is strongly localized, and the second-nearest Si atom@e expect the phonon density of the states of these two
are not displaced at all. On the other hand, when the masseamples to be the same. Therefore, the narrowing of the
of the impurity and host atoms are too close, localization ofwidth in SI-28 with respect to that of Sl-nat must not be due
the impurity vibration does not occur. For the case of oxygerto the change in the phonon density of the states. The re-
in Ge, the mass difference is very large, and the shift attribmaining possibility is the degree of the Si mass disorder,
uted to the effect of the second and beyond nearest neighbownhich is larger in Sl-nat than in SI-28. In an attempt to
is only of the order of 0.010 cnt (Ref. 24. To our knowl-  reproduce theoretically the difference in the linewidths, we
edge, the LVM of O in Ge and B in GafRef. 29 are the have calculated the full matrix elements of the oxygen
only other examples that show the possible effect of the sed-VM'’s for the three-dimensional structures shown in Fig. 1
ond and beyond nearest neighbors. Another possible origiwith appropriate harmonic bond strengthandK using the

of the shift is the isotope effect on the host silicon latticemethod employed in Ref. 15. However, we find a difference
constant. The fractional change of the lattice consteata  of only 0.02 cmi, which is factor of 10 smaller than the
=—3.0x 10 ° has been reported for Si when passing fromdifference 0.18 cm'® found by experiment. Therefore, we
23j to 2%Si at 30 K?® The LVM peak shift of Aw  conclude that anharmonicity is playing an important role,
=0.065cm?! is estimated from the relationAw  together with differences in the degree of mass disorder.
=—3yAalaw, wherew=1136.4 cm! is the value ofA,, Moreover, further narrowing of the peaks in SI-29 and SI-30
and y=—0.64 is the Groeisen parameter associated withis observed and it may be due to the combined effect of
the A,, LVM reported in Ref. 27. The changes in the masseschanges in the phonon density of the stdtes, how easy it

of the second and beyond nearest neighbors and in the hdstfor oxygen to relax via emission of lattice phonpasid

Si lattice constant both explain the observed shift-@f.07  isotope disorder. In the case of thg, mode(1136.4 cm'*
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in Sl-nad, the LVM decays by the emission of at least threeisolated carbon was below the detection of limit of our sys-
phonons since the maximum of the Si optical phonon fretem: i.e., the carbon concentration should be much less than
quency is 524.5 cm'. One possibility is the change in the 10" cm 3. The oxygen LVM peak may be changed if it
so-called three-phonon density of states at the LVM frequenwere not for carbon in SI-29 and SI-30 samples.
cies: 11325 cm' for SI-29, 1129.1 cm' for SI-3O,1and
1136.4 cm~ for SI-28 and Sl-nat. FWHM:0.23 cm = in
SI-29 is 0.35 cm? smaller than FWHM-0.58 cm * in SI- V. CONCLUSIONS
nat, in part due possibly to the smaller three-phonon density We have investigated the localized vibrational modes of
of the states at 1132.5 crhin SI-29 than that at 1136.4 oxygen in isotopically enriched®Si, 2°Si, and®°Si, single
cm tin Sl-nat, leading to a slower decay of oxygen vibra-crystals. Isotope shifts of LVM frequencies from those in
tions, and in part due to the less Si mass disorder in theatural Si are clearly observed, and assignments of modes
isotopically enriched SI-29 than in Sl-nat, leading to lessare given consistently to most of the peaks observed in this
inhomogeneous broadening of the peak. Further investigastudy. We have shown that the change in Si masses of the
tions are needed clearly in order to fully understand the resecond and beyond nearest neighbors and the change in the
lation between the shift of oxygen LVM and the combinedlattice constants of the host Si crystals together play impor-
phonon density of states, both of which shift to lower wavetant roles in the determination of the oxygen LVM peak po-
numbers on passing froffSi to *°Si. Our experimental re- sitions in silicon. The LVM linewidths of the\,, mode in
sults, however, suggest clearly that the enrichment®sf  the enriched samples are found to be much narrower than
isotopes towards 100% will sharpen the line beyond 0.23hose in natural Si. This observation suggests that the oxygen
cm ! because of the surprisingly large contribution of theLVM linewidth is determined by both anharmonicity and in-
isotopic mass disorder to the width of the oxygeyn, mode  homogeneous broadening due to isotopic disorder.
in silicon.
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