PHYSICAL REVIEW B, VOLUME 65, 245208

Ortho and para O-H, complexes in silicon
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Interstitial H, becomes bound to interstitial O in silicon, forming an @-ebmplex. Infrared absorption
experiments performed for the O-HD complex in Si reveal HD vibrational lines that appear at elevated
temperature T>10 K). These lines and their properties lead to the conclusion that hadtecule in the
O-H, complex is a nearly free rotor. Two near-lying lines seen for the oxygen mode of theddriplex are
attributed to the ortho and para Oyldomplexes. The ortho and para states of the {&éiplex also give rise
to H, vibrational lines with distinct properties. These results may be understood in terms of a hindered-rotor

model for the hydrogen molecule.
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I. INTRODUCTION

PACS nuniber61.72.Ji, 63.20.Pw

isolated H molecule located near a tetrahedral interstitial
site in Si® HD and D, lines were also discovered at 3265.0

The microscopic properties of hydrogen molecules inand 2642.6 ¢, respectively.(Independently, the vibra-
semiconductors have been of interest since the earlyonal lines of interstitial H and D, in Si were also discov-

1980s~° However, vibrational spectra forH HD, and D,
molecules in GaAgRef. 7) and Si(Refs. 8 and 9 were

ered by Raman spectroscopy.
In spite of the advances represented by these experiments,

discovered only recently. In addition to the spectra of iso-a number of observations have remained puzzling. The Ra-
lated interstitial hydrogen molecules, vibrational spectra ofman band of the Kimolecule in GaAs is split into two com-

an O-H, complex in Si have been observ#dn the present

ponents, 8 cm! apart, with an intensity ratio of-3:1 (Ref.

paper, results on the temperature dependence of the vibrgj, These lines were assigned to ortho and paga Whose

tional spectra of the O-ff O-HD, and O-B complexes in Si
are reported. These results lead to a model for QrHvhich
the H, molecule in the complex is a nearly free rotor, giving
rise to ortho and para O-Hcomplexes with distinct vibra-
tional properties.

frequencies differ because of rovibrational coupling. This in-
terpretation leads naturally to the conclusion thaitGaAs

is freely rotating. In contrast to the situation in GaAs, the H
molecule in Si gives only a single, sharp,-Mbrational
line at 3618.4 cm* and no evidence for an ortho-para split-

The O-H, complex in Si has been studied in a beautiful ting in its IR absorption spectrufit* The absence of an

series of infraredIR) absorption experiments by Markevich
and co-workers-'2and by Pritcharcet all® An oxygen vi-
brational line near 1075 cnf for an oxygen-hydrogen defect
complex (shifted to 1076 cm® for oxygen-deuteriumwas
first reported by Markevich, Suezawa, and Sunthdhis

ortho-para splitting was taken to be evidence for a substantial
barrier to rotatiort* Theoretical calculations, however, find
that the energy of the Hmolecule at the tetrahedral intersti-
tial site is insensitive to the orientation of the detéct’and
studies of the dynamics of Hn Si find that it should behave

line was produced by the introduction of hydrogen intoas a nearly free rotdf*® The position and intensity of the

Czochralski-grown(oxygen-rich Si, and its reversible for-
mation and dissociation kinetics were studféd-'?1t was
later shown by Pritcharet al. that the 1075 cm' line is
actually due to an O-KHcomplex!® The oxygen modes of the
O-H, and O-D, complexes at 1075 and 1076 chrespec-
tively, were each found to consist of two componéfits.
In addition to the oxygen modes, the Q-ldomplex was
found to give rise to a pair of high-frequency, Mibrational
lines. Each of the O-HD and O-xomplexes also gives rise
to a pair of high-frequency lines. Pritchaed al. concluded
that there are two different O-Hcomplexes with similar
structures, with each complex giving rise to one of the H
lines and one of the two near-lying O linsModels for the
O-H, complex with an interstitial Kl molecule bound near
an interstitial oxygen atorflocated near the bond center be-
tween two nearest-neighbor Si atonigve been considered
theoretically*®

In addition to the vibrational modes of the O-Homplex,
Pritchardet al. discovered an K vibrational line at 3618.4
cm ! by IR spectroscopy that was later assigned to the
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3265.0 cm* HD vibrational line are also anomalotfs.??

In our recently reported experiments, a vibrational line at
3191.1 cm? was discovered for the HD molecule in %i.
This line appears for sample temperatures abdwe20 K
and lies 73.9 cm'® below the 3265.0 cmt line previously
observed for HD by Pritcharét al® An energy-level dia-
gram is shown in Fig. (B) that is consistent with the transi-
tion energies of the 3265.0 and 3191.1 ¢nfines and the
activation energy74 cm ) for the thermally populated state
from which the 3191.1 cAt line originates. 74 cm' is in
fact close to thed=0 to J=1 rotational transition energy for
a free HD molecule. It was concluded that the 3191.1tm
line is due to a purely vibrational transition of the HD mol-
ecule and that the 3618.4, 3191.1, and 2642.6'dines are
due to the corresponding vibrational transitions of thg H
HD and D, molecules’? The 3265.0 cm' HD line is due to
a rovibrational transition in which the rotational quantum
numberJ changes from 0 to 1. Such a transition, wikld
=1, is not possible for thélomonucleardiatomic H, mol-
ecule because para,Hinust have only rotational states with
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FIG. 1. Energy-level diagrams for the rovibrational stategapf 0.000 Pt A |
interstitial HD and(b) the O-HD complex in Si. The level spacings ) . . ) , , ,W

and the frequencies of the transitions are given intm 3280.3285.3290.3295.3300l33IOSH '33|40'
-1

evenJ while ortho H, must have only states with odt?® Frequency (cm)

The situation is similar for B. Furthermore, it was found

experimentally that there is no IR transitign for HD in Si 3282.2-, 3285.4-, 3304.4-, and 3340.8-crabsorption lines as-

with the mOIe_C!JIe in thd=0 rotatlon_al staté’ The ab_sence signed to the O-HD complex in Si. The vibrational lines present at

of an IR transition between states with-0, when applied 10 45 K are indicated with the dotted vertical lines. The lines that

H, and D,, explains the puzzling absence of an ortho-pargyppear at elevated temperature are indicated with the dashed verti-

splitting for the H and D IR absorption lines, i.e., para;H  ca] lines. The sample is Cz Si into which both H and D had been

and ortho B have ground rotational states widk=0 and do introduced, followed by an anneal at room temperature for at least 1

not give rise to vibrational absorption. However, IR transi-week.

tions between states with=1 are possible in tetrahedral

symmetry for B and D, i.e., for ortho B and para [p. consistent with previous studies of the formation kinetics of
In the present paper, experimental results are presenteg.H, in Si.!2

and analyzed for the O-HD complex in Si. The recognition |R absorption spectra with a resolution of 0.1 chwere

that the B molecule in Si is a nearly free rofdr?suggests measured with a Bomem DA 3.16 Fourier-transform spec-

that the two near-lying oxygen lines seen for Q#te due to  trometer equipped with InSb and HgCdTe detectors. Samples

ortho and para O-ficomplexes. Additional high-frequency were cooled in an Air Products variable-temperature cry-

vibrational lines have also been found for O-HD in Si atostat. The sample temperature was measured with a

elevated temperature, similar to the line observed for isolated¢hromel-Au: 0.07-at. % Fe thermocouple that was attached

HD in Si at elevated temperatufé.The model developed to the sample holder at a position a few millimeters from the

previously®?? for the interstitial H molecule in Si is ex- sample.

tended to explain the properties of the Q-ebmplex.

FIG. 2. Spectra measured as a function of temperature for the

1ll. ORTHO AND PARA O-H , AND O-D, COMPLEXES
Il. EXPERIMENTAL PROCEDURE A. The hydrogen modes of the O-HD complex

For our experiments on the O;iHO-HD, and O-O com- In our recent work on interstitial HD in $f we found an
plexes, lightly doped, Czochralski-grow(€z), Si samples additional vibrational absorption line that appeared at el-
(typical oxygen concentratiopO]~ 10'® cm™3) were used. evated temperatureT20 K). In the experiments reported
Samples were cut with dimensions<® x 15 mn? and with  here, vibrational spectra were measured as a function of tem-
the optical viewing direction along the long axis of the perature for Cz Si into which H and D had been introduced,
sample. H and/or D were introduced by annealing thefollowed by a week-long anneal at room temperature, to
samples in sealed quartz ampoules that contained 0.7 atm séarch for lines that might be associated with the O-HD com-
H,, Dy, or mixtures of both for 30 min at 1250 °C. The plex. Figure 2 shows spectra for the O-HD complex. As the
samples were then quenched to room temperature in wategemperature is increased above 4.2 K the 3285.4 and 3304.4
To form O-H, complexes, the hydrogenated samples werem ! lines previously assigned to O-HRef. 10 become
annealed for at least one week at room temperature. IR alweaker while two lines at 3282.2 and 3340.8 ¢ngrow in.
sorption measurements showed that primarily isolated HThe joint appearance of the two lines of O-HD at 3282.2 and
molecules were produced immediately following hydrogena-3340.8 cm?® as the temperature increases, while the two
tion. Following the week-long anneal at room temperatureines at 3285.4 and 3304.4 ¢thboth weaken, shows that all
~60% of the H molecules had formed O-Hcomplexes, of these lines are due to the same defect complex.
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TABLE |. Vibrational frequencies of the O-H O-HD, and
O-D, complexes in Si. The frequencies of the O-HD lines seen at
low temperatur¢O-HD (4.2 K)] and of the O-HD lines that appear
at elevated temperaturg®-HD (25 K)] are both given. The assign-
ments of the O-KH and O-D lines to ortho(O) and paraP) com-
plexes are also given. The frequencies have units'cm

E,=19+1cm’

O-H, 0-D, O-HD O-HD
(4.2 K) 4.2 K) (42K (25K)

08¢t 3788.9(0) 2775.5(P) 3304.4 3340.8

3731.0(0)-3737.1(P) 2715.0(P)-2716.1(0) 3285.4 3282.2

06+

shift and broaden without the appearance of any additional
lines or line structure as the temperature is increased.

The differences in frequency for the two high-frequency
lines for O-H, and O-D, are 58 and 60 ci, respectively
(ignoring the weak 3737.1 cml line of O-H, until laten.

The two O-HD lines seen at low temperature are spaced by
19 cmi %, while the O-HD lines that appear at elevated tem-
. , | oy . . ) \ perature are spaced by 59 ¢hi.e., with essentially the
0.02 0.04 0.06 0.08 0.10 same spacing as for Ooténd O-B,. Therefore, we conclude
p ‘ that it is the O-HD lines at 3282.2 and 3340.8 ¢nthat are
1T (KY) due to transitions similar to those seen for @-&hd O-D,
(Ref. 24. Furthermore, this suggests that the 3731.0 and
_ FIG. 3. Plot ofl (3282)1(3285) vs 1T for the O-HD complex 3788 9 cm! |ines seen for O-ki (and similarly for the cor-
|2 S. The Ilpe is the re31|11It of a least-squares fit to the data and y'emrcésponding lines seen for O,Dare due to the same defect
the activation energy shown. complex because the corresponding lines of the O-HD com-
plex at 3282.2 and 3340.8 crhare associated with one de-

Figure 3 shows a plot of the logarithm of the ratio of the fect. These conclusions are an important departure from the
intensities of the 3282.2 and 3285.4 ¢ lines, previous interpretation of Pritchaed al, who associated the
In[1(3282)4(3285)], vs T~ 1. The slope of this plot gives an two high-frequency lines of O-fH(and also of O-B) with
activation energy of (121) cm ! for the thermal popula- two defects with different structurés.
tion of a state that lies above the ground vibrational state.
(The error quoted here is estimated from the scatter of the
data around the fit line in Fig. B.

Figure Ib) shows an energy-level diagram that is consis-
tent with the data for the HD lines of O-HD in Si. The  Our conclusion that one O-+tomplex gives rise to both
origins of these levels will be discussed in Sec. IV. At low H, vibrational lines suggests that the two near-lying oxygen
temperaturddiagram(i)], the 3285.4 and 3304.4 crhlines  lines observed for O-FHare due to the ortho and para states
are seen. These must correspond to transitions to final-staté the complex, and similarly for O-R This possibility was
levels that are split by 19 cnf. At elevated temperature originally considered by Pritcharet al, but was rejected in
[diagram (ii)], a state 19 cm® above the ground state is favor of an alternative modéf. We have repeated the mea-
thermally populated. Two additional vibrational lines at surement of the oxygen modes of the @-&hd O-D, com-
3282.2 and 3340.8 cnt appear that correspond to transi- plexes because the results are critical to our conclusion that
tions to final-state levels that differ in energy by 58.6¢m the oxygen modes of the ortho and para complexes are being

We have also carefully examined the vibrational spectraseen. Figure 4 shows absorption spectra of Cz-Si samples
of the O-H, and O-B, complexes for temperatures from 4.2 measured after the indiffusion @& H, and(b) D, and an
K up to 70 K. The energies of the high-frequency modes ofanneal at room temperature ferl week. In spectréa) and
the O-H,, O-HD, and O-D complexes in Si are given in (b), two strong near-lying oxygen lines are sefritchard
Table I. The results for the lines seen at 4.2 K are in excellenet al. assigned the two weak lines seen at lower frequency
agreement with the previous results of Pritchara@l°[Prit- (1073 and 1075 cim' for O-D,, for examplé to the isotopic
chardet al. found that the O-B line near 2715 cmt is split  configurations®°Si-0-28Si and 2°Si-0-?%Si bonded tda) H,
into a closely spaced doublet. Furthermore, we have discowr (b) D,, confirming the role of interstitial O in the O-H
ered a very weak line at 3737.1 ¢i(4.2 K) for the O-H,  and O-D, complexes?® ] For the O-H complex, spectrum
complex. Discussion of the 1.1 cthsplitting of the O-B (a) was fit by two lines with Voigt shapes with a separation
lines near 2715 cmt and the weak 3737.1 cm line for  of 1.0 cmi* and a full width at half maximuntFWHM) of
O-H, will be deferred until Sec. IV We have found that A=0.8 cm 1. The ratio of the intensities of the two compo-
the O-H and O-D lines that are present at 4.2 K simply nents was found to be 3:1. For the Q-Bomplex, spectrum

1(3282) / 1(3285)

04r

02r

B. The oxygen modes of the ortho and para O-kl
and O-D, complexes
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FIG. 4. IR absorption spectf&.2 K) of the oxygen modes df) FIG. 5. Spectra of interstitiat®o and of the'®0 modes of the
the O-H, and (b) the O-D, complexes in Si. Fits to the line shapes O-D> complex in Si measured at different temperatures. For the
are shown. The samples are Cz Si into which H or D had beefihree lower spectra, a reference spectrum was measured without a

introduced, followed by an anneal at room temperature for at least $ Sample in the cryostat. For the top spectrum, a reference spec-
week. trum was measured at 40 K for a Cz Si sample that did not contain

H or D.

(b) Was_again fit by two lines with Voigt shapes, tiut with a complexes in Si is proposed. Furthermore, the atd D
separation of 0.5 cnt and a FWHM ofA=0.7.cm *. The  jinas of the complexes are assigned to vibrational transitions
ratio of the intensities of the two components was found toy¢ ortho and para O-fHand O-0.

be 2:1. The above analysis of the oxygen modes of the

O-H,, and O-O complexes gives results that are in excellent A. The ~59-cm™! energy

; ; 10,25
agreement \.N'th. the “??”'ts of Pritchaztial. . Surprisingly, the high-frequency vibrational lines of the
The relatl.ve intensities of the two oxygen modes, 3:1 foro_Hz, O-HD, and O-B complexes are all split by-59
O-H, and 2:1 for O-[3, are consistent with the ratios ex- cm 1 Isolated interstitial oxygen has a low-frequency
pected for ortho to para complexes, where the ratios of th?node at 29 cm' that gives rise to thermally activated side
intensities are given by the ratios of the degeneracies of thﬁands that are associated with oxygen's antisymmetric
ortho and para nuclear-spin statdsThese results, and the stretching mode at 1136 cth (4.2 K).2-28 Therefore, an
knOV\_/Iedge thz_it iszolated, interstitial,Hand D, in Si exhibit  gpvious candidate for the 59-cm* energy difference that
lying oxygen lines are indeed due to ortho and para O-H mode. We have studied the oxygen-stretching modes of the
and O-0 complexes. We note that para Q-land ortho  O-H,, O-HD, and O-0 complexes to see whether they pro-
O-D, (i.e., the species with rotational ground states with vide evidence for low-frequency excitations that might be
=0) have the higher vibrational frequency for each pair ofsimilar to the 29-cm® mode of isolated interstitial oxygen.
near-lying oxygen lines. Figure 5 shows spectra of the oxygen-stretching modes of
interstitial %0 (1085 cm'1), present here because of its 0.2%
natural abundance, and of the Q-Bomplex (1076 cm'Y).
(The O-D, complex is shown as an example because it has
IV. MODEL FOR THE HIGH-FREQUENCY MODES the sharpest O line shapés the temperature is increased, a
OF THE O-H,, O-HD, AND O-D, COMPLEXES line at 1078 cm? that is known to be a thermally activated
sideband associated with the isolated, interstifia- line
Pritchard et al. assigned the 3788.9- and 3731.0-Cm appear<®~28 (Reference spectra were measured at tempera-
lines of the O-H complex to two different defects with simi- tures corresponding to those of Fig. 5 for a Cz-Si sample but
lar structures, because the 57.9 Cmspliting seen for without H or D. When these reference spectra were used, the
these lines is too large to be an ortho-para splittthgere, a  1078- and 1085-ci' lines were eliminated together, con-
model that explains the-59 cmi* splitting for the high-  firming that both are associated with interstitD. See, for
frequency vibrational lines of the O,H O-HD, and O-B example, the 40 K spectrum in Fig.) S here are no corre-
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sponding thermally activated sidebands associated with th (b) O-H
O-stretching mode of the O-Dcomplex. Similarly, there - 2
were no thermally activated O lines seen in spectra measure < 1 _{ ¥

for the O-HD complex. It is for the same range of tempera- © 579
tures that the O-HD complex gives rise to thermally acti- 8

vated HD lines. These results suggest that tH§9-cm *
energy difference is not due to a low-frequency excitation ol
the oxygen atom in the defedfSimilarly, there is no evi- T <
dence for a 19-cm' excitation corresponding to the 19-ch
energy seen for O-HD.

Another possibility for the origin of the-59-cmi* split- T
ting is now considered. The behavior of the 3618.4- ancy ___| S P
2642.6-cm* vibrational lines ofisolated interstitial H, and 1
D, has been studied for applied uniaxial stre$S€8(The
stress splittings of the weaker IR lines due to isolated HD in
Si have not been investigatgd.The 3618.4- and .. o ———
2642.6-cm* transitions both show sizable stress splittings, (i) (i)
with the remarkable characteristic that the line splittings seel.
Iglr Srzr ;93 3‘5)2Taree ;%esgtr;izzl Igf Zr?giggtj(;jpee, Vg#zg,: ?())(rpebgme%e FIG. 6. Energy-level diagrams for the rovibrational stategapf
. ’ isolated interstitial H and(b) the O-H, complex in Si. Diagram§)
|solated. molegules and the oxygen-hydrogen complexes Ignd(ii)show the transitions for the ortho and para @demplexes,
compelling evidence thf"‘t in _bOth cases tf.’@ B, and HD respectively. The level spacings and the frequencies of the transi-
molecules are undergoing hindered rotation and that what ig\s are given in cmt.
observed is the splitting of thi= 1 rotational level either by
applied stress or by internal fiel@® the case of the oxygen- ihese transitions. The frequencies then diffey 3.2 cm'Y)
related defects™ This field-induced splitting also leads to only because of rovibrational coupling.

3731.0
3788.9
o

\\\\
37311

~1 i —
the 19-cm ™ difference between thé=0 level and the lower For isolated HD{Fig. 1(a)], only the rovibrational transi-
component of thd=1 level for both the ground and excited tjon in which the rotational state changes frahs0 to J
vibrational states of O-HDFig. 1(b)]. TheL=2 potential-  —1 \yas observed at low temperatdfét elevated tempera-

energy perturbation associated with the presence of the oxygre aAJ=0 transition was observed with the molecule in
gen will split theJ=1 rotational level. Most significantly, s j=1 rotational state. There is ndJ=0 transition seen
the magnitudeof the rotational splitting is independent of the \yhan the isolated HD molecule is in ifs= 0 rotational state.
isptope since it invoI_ves matrix eIem(_ents of the perturbationre mogdel proposed here for the O-HD complex is similar to
with respect to rotational wave functions, and both the peryhe model for isolated interstitial HD in Si, except that the
turbation and wave functions are independent of the isotopgj_ 1 gtational states associated with the ground and excited

Conversely, if the splitting were due to shifts of vibrational \; ational states are split by the presence of the oxygen

levels, it would depend on isotopic mass since the matrixX 5t m [Fig. 1(b)]. Furthermore, the presence of the O atom

elements of the perturbation would involve vibrational wavey, 55 affected the selection rules for the rotational quantum

functions that depend on the mass of the oscillator. Results Qf ,mber. AAJ=0 vibrational transition can now be seen
this hindered-rotor model are discussed in more detail in SeGyhen the O-HD complex is in th@=0 state. One possible

IVF. explanation is that the presence of the oxygen atom mixes

theJ=0 andJ=1 states, making transitions from the lowest
state in Fig. 1b) allowed. A second possibilit§for which we
find evidence in the following sectionss that vibrational

An energy-level diagram for the HD lines of the O-HD ransitions become allowed in th=0 state without the
complex is shown in Fig. (b). At low temperaturddiagram mixing of J=0 with J=1.

()], rovibrational transitions are seen in which the rotational
guantum numbers associated with the initial and final states
areJ=0 toJ=0 andJ=0 to J=1, with the former transi-
tion being strongerHere, we continue to use the rotational
qguantum numbers of the unsplit states as lap&lthen the A comparison of the transitions seen for the @-tbm-
temperature is increas¢diagram(ii)], the lower component plex with those seen for O-HD leads to interesting conclu-
of theJ=1 state, 19 cm® above the ground rotational state, sions. For O-H, the two dominant high-frequency vibra-
is thermally populated. Here, vibrational transitions betweertional lines at 3788.9 and 3731.0 chare due to transitions
the lower component of thd=1 initial state to bothJ=1 similar to those seen for O-HD at elevated temperaftbig.
components associated with the excited vibrational state arb), diagram(ii)], where the complex is in thd=1 rota-
seen. The frequencies of the 3285.4- and 3282.2dines  tional state. These O-Htransitions are shown in Fig.(i6),

are similar in this model because the rotational stallesO  diagram(i), along with the corresponding transition of iso-
for the former andl=1 for the lattey are not changed during lated H [Fig. 6(@)]. Transitions withAJ=1 occur only for

B. Rovibrational transitions of the O-HD complex

C. Ortho O-H, and para O-D;,:
Vibrational transitions in the J=1 rotational state
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O-HD. There are no transitions seen for @-With AJ=1, v
suggesting that rotational states willk=0 and withJ=1 H, O-H O-H,
occur at different defects, ortho O,Hor J=1 and para 0006 F x025| L
O-H, for J=0. This conclusion is consistent with the assign-
ment of the two near-lying oxygen lines to distinct ortho and
para O-H complexeqSec. Il B). Therefore, the IR absorp-

tion lines at 3731.0 and 3788.9 cihare assigned to ortho

O-H,, where the transitions are between rovibrational state:

(]
Q
with rotational quantum number= 1. S
£
[¢]

0.004
(b) 20°C, 1 week

=

6(b). We have carefully examined the spectra of the ©-H i [ /J‘/\«/

We have also searched for additional vibrational lines for W/?\“’"“
the O-H, complex that are suggested by our model. For ex- &
ample, our model suggests that there might be transition < 0.002 i
originating from the upped=1 state, shown dashed in Fig.
complex for temperatures up to 70 K and have found nc (a) 100°C, 30 min
additional lines that might correspond to such transitions. 0.000 “””\F“’{M‘“

Similar considerations apply to O,@xcept that it is para L ) L ) T
O-D, that has a rotational state with=1. For O-D, there 3618 3620 3730 37323736 3738 3788 3790
are two closely spaced lines near 2715 ¢rand another line Frequency (cm'1)
~60 cmi ! toward higher frequencgTable ). In the follow-
ing section, we will argue that the 2716.1-chiine is due to FIG. 7. Spectra4.2 K) of the interstitial H (left pane) and

ortho O-D,. The 2715.0- and 2775.5-crhlines are then due O-H defects(center and right panglsn Cz Si that contained hy-
to vibrational transitions of para O.Dthat are similar to drogen. A weak line at 3737.1 ¢rhis indicated by an arrow. The

those shown in Fig. ®), diagram(i), with the complex in its sample was annealed at 100 °C for 30 min to dissociatez(bdm.-
J=1 rotational state. plexes and cooled promptly for the measurement shown in the

lower spectrum. The sample was then annealed at room temperature
for 1 week to produce O-Hprior to the final measurement shown

D. Para O-H, and ortho O-D,: in the upper spectrum.

Vibrational transitions in the J=0 rotational state

Pritchardet al. observed two closely spaced vibrational a splitting caused by rovibrational coupling because the an-
lines at 2715.0 and 2716.1 crhwith nearly equal intensities harmonicity of the vibrational potential increases as the
for the O-D, complex®? In our experiments, we have discov- frequency increases and supports our assignment of the
ered that the O-kl complex has a similar pair of closely lines. The assignments of the high-frequency vibrational
spaced lines. Figure 7 shows vibrational spectra of Cz Si intéines of O-H, and O-D, to ortho and para defects are given
which H had been introduced. A weak line at 3737.1°¢m in Table I.

(marked by an arrow in Fig.)Zan be seen 6.7 cm toward

higher frequency than the 3731-0'_6?1"_””9 of the O-b E. Intensities of the high-frequency lines
complex. This weak line shows qualitatively the same behav- ) _
ior upon the dissociation of the O,Htomplex by an anneal 1. General considerations

at 100 °C, followed by reformation at room temperature, as The strengths of the absorption lines due tg HD, and
the stronger O-blines!%~**Thus, it appears that there are p,, and also O-H, O-HD, and O-D were reported in a
two closely spaced high-frequency lines for both the ©-H previous study by Newmaet al?* The HD and O-HD lines
and O-D, complexes. The ratio of the intensities of the were found to be surprisingly weak relative to the strengths
3731.0- and 3737.1-cht O-H, lines is 8.5 to 1. of the lines associated with their isotopic siblings. In our
The splittings of the O-Hand O-D lines near 3731 and previous work on HD in Si, it was found that the
2715 cm* by a few cm' are consistent with the small 3191.1-cm* HD line that appears at elevated temperature is
ortho-para line splittings caused by rovibrational coupling.stronger than the 3265.0-crhline present at 4.2 K and that
The O-HD complex also has transitions at 3282.2 and 3285.the 3191.1-cr’ line has an absorption strength that is con-
cm ! [Fig. 1(b)] that are split by rovibrational coupling, sistent with the strengths of the,tand D, lines?? The situ-
where the vibrational transition in th&=0 rotational state ation is similar for the O-KH, O-HD, and O-B complexes in
has a higher frequency. For O;tnd O-B,, we assign the Si.
higher-frequency line of each closely spaced pair to the vi- For equal concentrations of H and D in a Si sample, the
brational transition in theJ=0 rotational state, the ratio of the concentrations of O-H O-HD, and O-D would
3737.1-cm line to para O-H and the 2716.1-cit line to  be 1:2:1 for a random distribution of H and D. However, this
ortho O-D,. The energy differences between the vibrationalignores the separation of O;Hnd O-0, into distinct ortho
transitions taking place in the=0 andJ=1 rotational states and para species and that vibrational transitions occurring in
for the O-D,, O-HD, and O-H lines are 1.1, 3.2, and 6.1 the J=0 andJ=1 rotational states can have different ab-
cm™ !, where the line splitting is seen to increase in sizesorption strengths. Here we calculate the ratios of the con-
as the frequency increas&sThis trend is consistent with centrations of O-K, O-HD, and O-D complexes in theJ

245208-6



ORTHO AND PARA O-H, COMPLEXES IN SILICON PHYSICAL REVIEW B 65 245208

=1 and J=0 rotational states. These ratios are then com=1 rotational state to obtain 1:2.0:0.54. These relative con-
pared with the ratios of concentrations determined from IRcentrations found from experiment differ from their pre-

absorption measurements to determine whether the separdicted values, given in the paragraph above, only by small
tion of O-H, and O-D, complexes into ortho and para spe- factors<1.5. Given the uncertainties in our estimate of the

cies can explain the isotope dependence of the line intensfXPerimental ratio of concentrations, we take the agreement
of experiment with our model for the transitions to be excel-

ties.

The ratio of the intensities of the O,HO-HD, and 0-p '€
lines in Si that contained equal concentrations of H and D 3. Intensities of the vibrational transitions
was found to be 1:0.4:0.4 by Newmaat al.?! where the in the J=0 rotational state

O-HD lines seen at 4.2 K3285.4 and 3304.4 crl) were
considered. The intensities of the IR lines are proportional tth

72l u times the concentration of absorbing species, where e J=0 rotational state are predicted to be 0.25:2:0.66,
is an effective charge ang is the reduced mass of the where para O-bi, ortho O-D, and the entire O-HD popu-

llator2-22|f the effecti h . 410 be simi lation are considered. If these values are scaled to make the
oscillator===<If the effective chargey is assumed to be simi- o concentration unity, the ratio 1:8:2.6 is obtained.

lar for O-H,, O-HD, and O-B, then the ratio of the con- Again, the concentration ratio derived from the intensities
centrations implied by the intensity ratio reported by New-of the absorption lines must be modified to account for the
man et al™ would be 1:0.53:0.8. This ratio provides a assignments of the vibrational lines. Here, the intensity of the
starting point for a comparison of the concentrations detero-HD lines seen at low temperature is for the complex in its
mined from absorption measurements for a sample containt=0 state, so this intensity does not require correction. We
ing equal concentrations of H and D with the predictions ofhave found that the 3737.1-cthline (the transition of para
our model for the transitions. O-H, with J=0) represents 7% of the total intensity of the
high-frequency O-Hl lines. Similarly, we have assigned the
2716.1-cm? line to ortho O-D and find that this line repre-
sents 32% of the total intensity of the high-frequency ©-D
lines. We use these factors to modify the ratio of concentra-
We consider first the IR transitions that occur betweentions determined from the absorption intensities to obtain
rovibrational states witl=1. Thus only ortho O-H, para  0.07:0.53:0.26 for the relative concentrations of the 9Q-H
0O-D,, and O-HD contribute. If we assume that the ratio of O-HD, and O-0 complexes in theJ=0 rotational state. If
para to ortho species is given by the ratio of the degeneraciege scale these values to bring the Q@-Ebncentration to
of the nuclear-spin states, then the para:ortho ratio will bainity, the ratio 1:7.6:3.7 is obtained. Again, the agreement of
1:3 for O-H, and 1:2 for O-). Therefore, 0.75 of the total these experimental values with the values predicted by our
O-H, concentration is ortho O-Hand 0.33 of the total O-p ~ model for the transitions is excellent. o
concentration is para O-D For the O-HD complex, there is  For the isolated bl, HD, and B, molecules in Si, vibra-

no corresponding restriction. Therefore, for equal concentradonal transitions in theJ=0 rotational state were found to
tions of H and D, the ratio of O-5 O-HD, and O-D com- be forbidden. Here, for O-f O-HD and O-DB), the oscilla-

plexes that can be in thé=1 rotational state would be ©OF Strengths for transitions with the complexes in 0
0.75:2:0.33, or, if we scale to bring the Orldoncentration rotational state are found to be a factor-eff times weaker

. . than for transitions with the complexes in tie=1 state.
to unity, 1:2.7:0.44. . . . . . S
) ; . . . (This estimate is made most easily from the intensities of the
A first comparison with the experimental ratio of concen-

trations given above finds the O-HD concentration predicte 285.4- and 3282.2-cri lines of O-HD) The result that the
by our model to be a factor of 5 too large and the predicte igh-frequency transitions of Oz1 O-HD, and O-Q in the

. be a f ¢ I =0 rotational state have similar oscillator strengths indi-
O-D, concentration to be a factor of 1.8 too small. However,c4tes that these transitions are not made allowed by the mix-

the comparison with experiment requires that the ratio Oﬁng of J=0 andJ=1 states. If this were the case, one should

concentrations determined from the line intensities be mOdiexpect a greater absorption strength for O-HD, where rota-

fied so as to be consistent with the new assignments of thgonal states with odd and evenl can occur for the same
lines. For O-H, the absorption intensity observed by New- defect.

manet al?! is due to ortho O-i and does not require modi-

fication. However, similar to the case of isolated HD irf%i, F. Calculations for a hindered-rotor model

it is the O-HD lines that appear at elevated temperature that 4,y reasonable are these arguments? How, for example,
result from transitions in thé=1 rotational state. The pref- a4 one havel=0 to J=0 transitions without mixingJ
actor, 3.2 1, determined from the fit shown in Fig. 3, is =1 states intaJ=0? How can an internal perturbation lead
approximately equal to the ratio of the strengths of O-HDyg a difference of only 19 cm' betweenJ=0 andJ=1
absorption lines observed at elevated temperature and tkgates when the corresponding difference for the free HD
lines observed at 4.2 B Furthermore, we have assigned the molecule is~80 cm 1?

2715.0- and 2775.5-cht lines to para O-p and find that We have used a simple hindered-rotor model to test nu-
these lines represent 68% of the total intensity of the highmerically many of the ideas discussed here. Details of this
frequency O-D lines. We use these factors, 3.7 for O-HD model and results will be presented elsewH@relere we
and 0.68 for O-B, to determine the relative concentrations briefly summarize some essential points. We have con-
of O-H,, O-HD, and O-0) seen by IR absorption in th&  structed a potential-energy function to treat the dynamics of

The ratios of concentrations of O,iHHO-HD, and O-B in

2. Intensities of the vibrational transitions
in the J=1 rotational state
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the interstitial H molecule in terms of a potential-energy complex acts as a rotor, leading to distinct ortho and para
function for the interstitial hydrogen atom computed from O-H, defects. Furthermore, the interstitial, Hnolecule is
first principles by Porter, Towler, and Neet!sUsing this  perturbed by the interstitial oxygen atom to which it is
molecular potential-energy function, includihg=3, 4, and  weakly bound. The O modes of both the ortho and para,O-H
6 terms, we then calculated both center-of-mass motion angomplexes are seen, giving rise to the two near-lying O lines
rotational motion of the molecule, the latter using aseen by IR spectroscopy. The ortho and para Oebm-
Devonshire-type code of Martin and Fowf8in the case of plexes also give rise to distinct,Hvibrational lines. The
isolated interstitial H and D, the existenceof a dipole mo-  situation is similar for O-R except that the roles of the ortho
ment comes about from the zero-point displacement of th@nd para complexes are reversed. The isotope dependence of
molecule from the tetrahedral site. Ortho-para separationthe intensities of the high-frequency lines of the @;H
persist for B and D,, and the rotational quanta are only O-HD, and O-B complexes are explained naturally by the
slightly reduced from the free-molecule values. Selectiorconcentrations of the ortho and para species with their dif-
rules for rovibrational transitions for the various isotopes fol-ferent vibrational properties, providing a strong confirmation
low from these consideratior8. of our model for the complexes.

In the present case the existence of an oxygen atom at an We note that the selection rules used to explain the differ-
adjacent bond-centered site leads to additional potentig@nces between the transitions that can be seen for O-HD and
terms of L=2 symmetry. The low symmetry of the bond- O-H, depend on there being distinct ortho and para £©-H
centered site with respect to the tetrahedral site splitslthe complexes, each with its own manifold of rotational states.
=1 rotational level into three distinct states. The resultingRotational states with both even and adidre possible for
rotational motion will resemble that of a propeller; the po-the same defect only for O-HD. These distinguishing prop-
tential energy(with respect to the ktoxygen axiy may be  erties of the ortho and para complexes argue against other
taken as the sum of a large éa@sterm plus a smaller low-frequency excitations, for example, silicon resonance
sir? f{1—cos(2p)] term. Similar potentials have been used tomodes or oxygen modes, being involved in the transitions we
simulate H rotation near surface§ 38 have seen.

It is then the two lowest states derived fran 1 that are The O-H,, O-D,, and O-HD complexes all give high-
responsible for the two observeld=1 states discussed ear- frequency vibrational lines split by an energy 69 cm .
lier. By varying the strength of the=2 terms it is possible We have proposed that these59-cm* splittings are pro-
to simulate all the features seen experimentally. Namely, wéuced by the perturbation arising from the oxygen atom in
can generate one split level that is close to the ground staf@e complexes, which splits thi=1 rotational state of the
(the 19-cm* level of HD) and a second level whose splitting nearby hydrogen molecule. Related to this explanation for
from the first split level is large and is independent of thethe nearly identical splittings of the high-frequency lines of
isotope(the 59-cm* splitting). The finiteJ=0 to J=0 os- the O-H, O-HD, and O-B complexes is the experimental
cillator strength comes not from mixing df=0 andJ=1, finding that the H and D, molecules show splittings for
but rather from theE-field®® associated with the presence of externally applied stresses that are identical in magnitude,
the oxygen atom. within experimental erroi® The independence of these split-

tings with isotopic mass is compelling evidence for hindered
V. CONCLUSION rotation of the hydrogen molecules.
Our model explains essentially all of the experimentally

The recent discovery of vibrational lines for the interstitial observed features of the O,HO-HD, and O-0 complexes
HD molecule in Si, and the conclusion that the isolated H Si and is pleasantly consistent with the properties of the iso-
molecule in Si exhibits rotational motidA,have led us to lated H,, HD, and D, defects.
perform experiments for the O-H O-HD, and O-B com-
plexes in Si. We have found vibrational lines for the O-HD
complex that appear at elevated temperature-{0 K).
Based on these observations, a model for the behavior of the We thank G.D. Watkins for numerous helpful discussions.
O-H, complex in Si has been proposed. The most importanThis work was supported by NSF Grant No. DMR-0108914
feature of this model is that the interstitia} Irholecule in the  and NREL, Contract No. ACQ-9-29639-02.
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