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Infrared spectra of hydrogen bound to group-IIl acceptors in Si:
Homogeneous line broadening and sidebands
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We report spectral features of localized vibration of hydrogen bound to group-Ill acceptors in Si. To avoid
the Fano effect on the line broadening, we homogeneously doped specimens with group-Ill acceptors and
hydrogen with low concentrations; consequently, the line shapes were well fitted by Lorentzian functions,
indicating that the shapes were affected by two dynamical effects, i.e., energy relaxation and dephasing. While
the spectra of B-H, Al-H and Ga-H pairs were found to show only one sideband in the lower-frequency region
of the main peak, sidebands appeared in both the lower-and higher-frequency regions in the case of In-H. This
appearance of the sidebands in the case of In-H pairs was unexpected from a previoys/mstilolaet al.,

Phys. Rev. B37, 8313(1988]. By analyzing the linewidth of the main peak at around 6 K, we estimated the
energy relaxation time3,;, which were found to be much shorter than those previously observed for the
complexes of the point defect and H in Si. Moreover, we also found a chemical trend: As the covalent radius
of the group-Ill acceptor increased, the became shorter. Temperature dependences of the linewidth and peak
shift of the main peak were analyzed based on dephasing models. The analysis showed that the experimental
results cannot be explained by the Persson-Ryberg model in the weak-coupling limit of the anharmonic
coupling between the local vibrational mode and bath ones, suggesting that the anharmonic coupling is
intermediate or strong.
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[. INTRODUCTION As for the second feature, the linewidth is known to be
determined by two dynamical processes, i.e., energy relax-
Since the pioneering study of Pankoseall on the hy-  ation (relaxation timeT,) and pure dephasingl$).” Budde
drogen(H) passivation of B in Si by the formation of B-H et al® showed that the spectral line shape of bond-centered
pairs, various experimental techniques have been used ttydrogen is determined by, at a low temperature, 10 K.
study the properties of H itself and H-related complexes inFor the complexes of the point defect and hydrogen where
Si2~% Among a variety of methods, optical absorption spec-the hydrogen is bound to one Si atom, which is bonded with
troscopy of LVM (localized vibrational modedue to H is a  three Si atom§(Si);-Si-H], Buddeet al® found that theT,
useful tool for determining their properties since the fre-deduced from the observed linewidth were similar to each
guency of LVM is sensitive to the configuration around H. It other. To clarify the dephasing mechanism, we previously
is much higher than the bulk phonon frequency and its deanalyzed the observed spectra of the above complexes and
tectability is high. Such LVM sometimes displays peculiarfound that the temperature dependence of the linewidth and
behaviors. As for pairs of group-lll acceptors andaibre- that of the peak shift are well explained in terms of the
viated as Ill-H pairs hereaftein Si, there are at least two Persson-Ryberg mod8lin the weak-coupling limit of the
interesting features. One is the appearance of a peak at higinharmonic coupling. In the case of lll-H pairs, the hydrogen
temperatures and the other is strong temperature depeis located between one Si host atom and a group-IIl dtdm
dences of the linewidth and peak position of LVM. at bond-centere(BC) site], so the local geometry around the
As for the first feature, Stavolet al>® first reported not hydrogen is quite different from those p§Si)s-Si-H] sys-
only optical absorption peakghe main peaksobserved at tems. Although it is thus of interest to stu@ly andT, of the
around 5 K, but also side peaks at lower energy of the maiil-H systems, such study has not yet been performed. To do
peaks at high temperatures. They interpreted the appearanttds, we need to observe the symmetrical line shape.
of a side peak to be due to anharmonic coupling between the In this study, we examined both features of Ill-H pairs and
H vibration of the main peak and a low-frequency mode,herein report systematic results. To obtain a symmetrical line
which is presumably characterized by the wagging motion oghape allowing full analysis of the optical absorption spectra,
H. They doped Si with group-lll acceptors by an ion- we should avoid the Fano effect. For this purpose, it is nec-
implantation method and passivated them by hydrogenessary to study specimens doped with group-lll acceptors
plasma treatment. The line shapes were asymmetric excepith a much lower concentration than that in the study of
for those of Al-H pairs because of the Fano effect, which isStavolaet al. In such case, since the specimen size should be
due to the interaction between the vibrational state and fresufficiently large to observe optical absorption peaks, it is
carriers of high density. Hence, they succeeded in analyzingecessary to introduce H homogeneously throughout bulk
the data of Al-H only. specimens with a method other than hydrogen-plasma treat-
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ment, which passivates acceptors near the surface regions )
only. We adopted a high-temperature treatment method for 6 - F Ga-H
homogeneous H doping, nhamely, annealing specimens in H /

gas at high temperature followed by quenchihilf By using

this method for H doping of Si crystal homogeneously pre-
doped with acceptors during crystal growth, we obtained
symmetrical optical absorption peaks due to llI-H pairs and
analyzed their line shapes with Lorentzians. The symmetrical
line shapes of the main peak and side peak also made it
possible to analyze the temperature dependences of the line-
width and peak position as well as their intensities.

The main conclusions deduced from our experiments are
as follows.

(1) Besides B-H, Al-H and Ga-H pairs, we examined an . . . .
In-H pair with unexpected results: While the other pairs 0 200 400
showed only one side peak in the low-frequency regions as Annealing time (min)
Stavolaet al>® reported, the In-H pair showed several side
peaks in both the low- and high-frequency regions, implying
that the model by Stavolet al.is inadequate at least for this
pal(r.z) We deduced the relaxation timas from the spectra pairs Fiue to isothermal annealing. Immediately after hydro-
at 6 K and found them to be much shorter than those of€nation, only a part of the acceptors f_ormed pairs with H.
H-point defect complexes. his is probably due to the high quenching rate after H dop-

(3) The Persson-Ryberg dephasing motéi the weak- ing and, consequently, insufficient time for diffusion of H
coupling limit was found not to explain the temperature de-2{0mMs to form lll-H pairs. The formation process at 150 °C
pendence of the linewidth and peak shift of the main peaksV@s dominated by the diffusion ofHRef. 14 to acceptor
suggesting that the anharmonic coupling is intermediate ofitoms since acceptor atoms are immobile at this temperature
strong. This result is in sharp contrast with those of@Nd H exists as a state ofHRef. 13 after hydrogenation

[(Si)s-Si-H] systems whose spectra are well explained b))/vith the above method. Actually, an optical absorption peak
the weak-coupling model. was observed at 3618 crhdue to the vibration of k.13 The

We briefly explain the experimental procedure in Sec. 1.formation process of the above pairs is discussed in Sec. IV.
In Sec. lll, we show experimental results, such as the forma-
tion of 1lI-H pairs and optical absorption spectra of various B. Spectra and their temperature dependence
[lI-H pairs. Analysis and discussion of the experimental re-
sults are presented in Sec. IV.

Peak intensity (10°2 cm-1)

FIG. 1. Generation of group Ill acceptor-H pairs due to isother-
mal annealing at 150 °C. The ordinate is the peak intensity.

Figures 2—5 show the optical absorption spectra of B-H,
Al-H, Ga-H, and In-H pairs, respectively, at various tempera-

Il. EXPERIMENTAL

. . B-H
Specimens were grown by a floating-zone growth method.

These specimens were doped with group-lll elements such as
B, Al, Ga, and In during crystal growth at concentrations of 02 cm!
3x10', 2x 10, 5x10%, and 3x 10" cm ™3, respectively.
Specimens were cut out from the above crystals with a dia-
mond slicer. After cutting, they were mechanically shaped
with carborundum and chemically etched with an etchant of
mixed acid, HNQ:HF=5:1. Specimen size was about 6
X 6X 11 mn?. For doping the specimens with H, they were
sealed in quartz capsules together withdés and heated at
1300°C fa 1 h followed by quenching in water. Most hy-
drogen atoms are in a molecular statg, ¥ We annealed the
specimens at 150 °C to form llI-H pait$!? We measured
their optical absorption spectra by a Fourier transform infra- 184
red spectrometer equipped with a temperature-variable cry- ™~ T

ostat. The resolution was 0.5 ¢hand the measurement IS i A0
I

temperature range was betwee K and RT.

Absorption Coefficient

1800 1900 2000

lll. EXPERIMENTAL RESULTS Wavenumber (cm”)

A. Formation of acceptor-H pairs due to isochronal annealing FIG. 2. Optical absorption spectra due to the B-H pair at various
After hydrogenation, we annealed specimens at 150 °C teemperatures. Smooth solid and dashed lines are sums and decom-

form IlI-H pairs.ll'12 Figure 1 shows the formation of Ill-H posed fitting curves by Lorentzians, respectively.
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FIG. 3. Optical absorption spectra due to the Al-H pair at vari-  FIG. 5. Optical absorption spectra due to the In-H pair at vari-
ous temperatures. Smooth solid and dashed lines are sums and @eis temperatures. Smooth solid and dashed lines are sums and de-
composed fitting curves by Lorentzians, respectively. composed fitting curves by Lorentzians, respectively.

tures. The spectra of B-H, Al-H, and Ga-H pairs were similar"t€NSity of the side peak was too weak to be analyzed and
to those of Stavolat al>® except for the symmetrical line E)huASI_\’:'e;;'g réo;ﬂscgisrg tmzzrse:dv(\a/apsegks?r%rr?aﬁzw mgirc]:ases
shape in our case, which was an expected result. Dash% pairs, gp

- - with the observed spectra. On the other hand, in the case of
at aroun 7 K and a very weak pealthe side peakat high  {he |n-H pair, the spectrum was much different from those of

temperatures at the lower energy side of the main peak. Thgther 111-H pairs, as shown in Fig. 5. There are three peaks in
the spectrum at 7 K. These peaks grew due to annealing at
150 °C and, simultaneously, intensities of peaks due to elec-
tronic transitions of In decreased. Moreover, we observed
two peaks at 1582.6 and about 1639 ¢rafter annealing of

a specimen doped with deuterium. The third pedhe
highest-energy peakvas not observed probably due to very
02 cm! weak intensity. Hence, these three peaks are considered to be
due to the In-H pair. The frequency ratios of corresponding
peaks due to In-H and In-D pairs are different from each
other, which cannot yet be explained. The peak separations
between a peak and the peak on its right are almost the same,
about 58.0 and 56.5 cm. We consider that the strongest
peak corresponds to the main peaks of other Ill-H pairs.
Similar to Al-H and Ga-H pairs, a weak peak appeared at the
lower-energy side of the main peak. There seem to be no side
peaks associated with two peaks at higher energies in the
In-H pair. The magnitudes of the peak shift of the side peak
from the main peak were similar for all Ill-H pairs, i.e., 37,
28, and 32 cm! for Al-H, Ga-H, and In-H pairs, respec-
tively.

Ga-H

Absorption Coefficient

2120 2160 2200

Wavenumber (cm'1) IV. ANALYSIS AND DISCUSSION

. . . . A. Formation of r-H pair
FIG. 4. Optical absorption spectra due to the Ga-H pair at vari- ormation of acceptor-H pairs
ous temperatures. Smooth solid and dashed lines are sums and de-We first discuss the formation process of lll-H pairs. As

composed fitting curves by Lorentzians, respectively. explained already, most hydrogen atoms are in the state of
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H, (Ref. 13 when doped by the method adopted in this Eu! ,
study. To form a llI-H pair, an K should diffuse to an ac- 0

ceptor atom since the former is mobftavhile the latter is \ = /
immobile at around 100 °C. Moreover, it should dissociate
into two H atoms to form a IlI-H pair. Here we discuss the
loss and gain of energy. According to Van de Wafelisso-
ciation energy is estimated to be about 1.74 eV per ope H
According to Zundel and Webé?,on the other hand, the

Main peak
Side peak

binding energies of B-H, Al-H, Ga-H, and In-H pairs are

similar, namely, about 1.28, 1.44, 1.40, and 1.42 eV, respec-

tively. Hence, if two H atoms form two pairs with acceptor \ Eg' / e

atoms (21IH-H,—211l-H), the energy gain is between 0.82 Temperature

(B-H pain) and 1.14 eMAI-H pair). Therefore, the pair for- 0 dependence

mation is favorable. At an intermediate state, i.e.;+H, Eq

—IlI-H +H, on the other hand, energy gains are between T

0.41(B-H pair) and 0.57 eMAI-H pair). Hence, pair forma-

tion is favorable at any stage. FIG. 6. Model proposed by Stavokt al. to explain the main

According to Fig. 1, the formation process seems to depeak and side peak,” corresponds to energy levebatg: ground
pend on the acceptor species. In the cases of Al and In, the$itate,u: upper state Y=0 and 1 denote the lowest- and the first-
peak intensities were saturated after annealing of short dur&xcited levels, respectively.

tion. Prior to this experiment, we annealed for longer times[he ground state as shown in Fig. 6. The value of the Al-H
expecting higher concentrations of Al-H and In-H palrsgair is about 78 cmt, which agrees well with that of Stavola

Their intensities, however, decreased due to annealing & 16 The value of the Ga-H pair was about 147 ¢min
longer than 100 min. Even after saturation, optical absorpg,q c;a ’

tion due to electronic transition of isolated acceptors and that’ibtain

due to vibrational transition of Hwere still strong. This low temperatures. The temperature dependence, except that

means that th‘?Te were: still many isolated ent|t|e§,ahj|d of In-H pair at a low temperature, increases with the atomic
acceptors. Intuitively, the saturation seems to be explained beumber of the acceptor

the binding energies between H and acceptor atoms becauseln the above, we analyzed the side peak located lower

the forward and backward reactions of 2#lH,—2lll-Hare a5 the main peak. It should be noticed, however, that the
dynamically balanced at the saturated state. As cited abovgjyo peaks located higher than the main peak in In-H pair

;heyhhave similar'magni.tu%es: Henﬁe,danoyher e?planatio(gannot be explained by the model of Stavefaal. Some
or the saturation is required since the densities of B-H anqjiscussion on the side peaks is given in the following

Ga-H pairs continue to increase as shown in Fig. 1. section.

se of the In-H pair, two temperature dependences were
ed, i.e., 183 cit at high temperatures and 20 chat

B. Temperature dependencies of the ratios
of main peaks and side peaks

Next, we discuss the temperature dependence of the in-
tensity ratio of the side peak and main peak. We analyzed the 440
ratio of intensities of the main peak and the side peak in the
same way as Stavokt al® Referring to oxygen vibration in
Si, they interpreted that the side peak was due to anharmonicf
coupling of the low-frequency wagging vibration of H and -
the higher-frequency stretching vibration of H. According to 2
them, the main peak and the side peak correspond to the
transition between the lowest states of the ground and upper 10-1
states and that between the first-excited states in the ground
and upper states, respectively, as shown in Fig. 6, which was 5
slightly modified from that of Stavolat al® Hence, the tem-
perature dependence of the ratio of intensities corresponds to

the energy separation between the lowest- and the first- 2r
excited state in the ground state. To determine this energy, . . .
we made the Arrhenius plot of intensity ratio, as shown in 102 10 2.0 3.0

Fig. 7, which shows the results for the Al-H, Ga-H, and In-H
pairs. The integrated intensities were determined from spec-
tral decomposition by Lorentzians. By applying a function of  FIG. 7. Temperature dependence of the intensity ratio of the side
exy —E/kT], we obtainecE which is the energy separation in peak and main peak. Peak intensity is the integrated intensity.

102/ T (K-Y)
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TABLE |. Relaxation timeT, of Ill-H pairs and H-point defect
complexes in Sil andV indicate a self-interstitial and a vacancy,

In respectivelyVH,, for example, means a complex composed of one
O V and two H atoms. The relation between complexes and their peak
positions are as follows: H{AB), 1838 cmt: H3 (BC), 2062;
10 | I,H,, 1870;1H,(1), 1987;1H,(2), 1990; V,H,, 2072;VH,(1),
2122;VH,(2), 2145.
~ ?I Species T, (p9 Species T, (p9
g B-H 1.5 H3 (AB) 3.1
5 | Al-H .70 H3 (BC) 1.8
0]
< B Ga-H 1.2 1,H, 6.3
o Ga In-H 46 IH,(1) 7.3
IH,(2) 7.2
V,H, 15
VH,(1) 17
0 L - VH,(2) 16
1.0 1.5 2

Covalent radius (10-'nm)

D. Analysis of temperature dependencies

FIG. 8. Dependence of the full width at half maximum of the : . .
of linewidth and peak position

main peak of various Ill-H pairs at 6 K on the covalent radius.
We here discuss the temperature dependence of the main
peak. Since the dephasing time rapidly decreases as the tem-
perature becomes high, the linewidth is expected to be domi-
We first deduceT, from the spectra observed at about 6 Nated by the dephasing process except at very low tempera-
K. At this very low temperature, it is expected that thetures,wherg the'energy—relaxatllon process is dominant. Thus,
dephasing process can be neglected. THysjs deduced the dephasing time is approximately given byIIAT'o).

from the linewidth o) as 1/27T,.? Indeed, by means of We thus introduce the normalized linewidth { I'g)/T" to

time-resolved, transient bleaching spectroscopy, Buddgnalyze the dephasmg process. Perrson and .I Ybengsid-
3 L n éred the case wherein the LVM is coupled with bath modes
et al” have shown that the vibrational lifetimes of LVM of

s . having a single frequency,. In the weak-coupling limit,
bond-centered H in Si at low temperatures are dominated b%hereg the ar?harmgnic cgblfplin@u between thepLVgM and
the energy relaxation process. As shown in Figl'@yvalues

bath modes is much smaller than the energy wigltbf the

strongly depend on the acceptor species. Moreover, they aggyih modes, they obtained the analytic expressions of Egs.
much larger than those, typically below 1 ¢ of H-point (1) through(3).

defect complexes in SI'q has a roughly linear dependence  \weak-coupling limit.| Sw|< 7.

on the covalent radiug:;s estimated from the experimental

I'ys are shown in Table | together with those of H-point Aw=d0lB 1)
defect complexes and} .° ’

C. Relaxation time, T,

AT =(26w?I 5)(B+1)IB2, 2

AT/(Aw)?=2(B+1)I7, 3

where B=expfiwy/kT)—1, dw is the coupling constant of
two modes,wq is the vibrational frequency of the coupling
low mode with linewidth» and # = (Planck constant)/2.
Although it is interesting to study the strong coupling case,
its analytic expressions has not been obtained.

Another model assumes that all acoustic phonons of lat-
tice modes interact with the LVM. This model was devel-
oped by McCumber and Sturfeand applied by Elliott
et al!® to explain the temperature dependences of the line-
width and peak position of the localized mode of H in alka-
line earth fluorides. Under the assumptions of an isotropic
Debye model for the acoustic phonons and no interaction

FIG. 9. Dependences of normalized linewidths of the main pealwith the optical phonons, they obtained the following tem-
on temperature. Solid lines are fitting curves due to &j. perature dependences:

Normalized line width

0 100 200 300
Temperature (K)
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0 102} Al-H
5 -
A
= 10 2r G
£ i a-H
ﬁ _10'F o
= £
£ S o
o 5f
§ 3 :
o
-20 2 2
[ B-H
<
100
5t
-30
L I 1 2 i
0 100 200 300 y
Temperature (K) 10
FIG. 10. Dependence of the peak shifts on temperature. Solid 5T
lines are fitting curves due to E(R).
TV4 rorr ¥ 0 10 20
3 -1
Aw(T)ZA(g) f mdx (4) 10%/T (K7)
0 —
FIG. 11. Relation oAT/(Aw)? and 1T [Eq. (3)].
T\7 rem x5 ) ]
AT(T)=B ® f (e"—l)zdx (5  drogen pairs, the 2062 cm peak in H has the shortest
0 _

relaxation time, similar to that of the B-H pair. This peak is

for the peak position and the linewidth, respectively. Here,due to the motion of H located at the bond-centered site. The

Aw, AT, and© are the peak shift, change of the linewidth short relaxation time is thought to be due to the fact that the

and the effective Debye temperature, respectivElis the coupling of the opserveq mode with the s_urrounding latttice

measurement temperature a\éndB are constants. modes is great since this hydrogen atom Is squeezed by the
First, we examine the weak coupling case. We fit Edjs. nearest two Si atoms. In the IlI-H pair, the hydrogen atom

through (3) to the experimental data independenttietails occupies the bond-centered site and is also squeezed by two

of these fitting procedures were described previobiskit- ato_m_s(one is the Si atom and the other is an ac_ceptor atom_
tings were good as shown in Fig. 9 for linewidth, Fig. 10 forTh'S is thought to be the reason why the relaxation process is

peak position, and Fig. 11 for fitting with E¢3). The ob- efficient in the Ill-H pairs. The relaxation time strongly de-

tainedw for the three equations, however, are different frompendS on the ac.cep.tor atoms, €., 't. becomes much shorter as
each other(Table Il), indicating that the weak-coupling the covalent radius increases. This is thought to be due to the

model interacting with one-phonon mode cannot explain théaCt that the squeezing becomes stronger as the covalent ra-

: dius increases.
experimental data. ; .
Next, we examine the dephasing model interacting with As mentioned in Sec. IVD, the Perrson-Ryberg m&el

all transverse acoustic modes assuming the Debye model, W the weak-coupling limit cannot explain the temperature
obtain © in two ways, i.e., we fit Eq(4) or Eq. (5) to the ependence of the main peak. We expect that this failure of
data. Each fitting, again, was good. As shown in Table III,the model is due to the fact that the conditj@w| < 7 is not

however, the two values are different from each other in the'atisfied. Although our fittings of Eq&l)—(3) were not suc-

case of Al and Ga, indicating that this model does not work. , -

On the other hand, the two values are close to each other in 'ABLE II. Parameters determined from fittingso(1), wo(2),

the case oB, thus the fitting is successful. This agreement,anOI “’0(32) were c.iewrm'ned from peak shift, linewidth, and
- . AT/(Aw)*, respectively.

however, might be accidental.

ow wo(1) wo(2) wo(3) 7
V. DISCUSSION em®  em  emH emH  (em™d
As mentioned in Sec. IV C, the obtaindd are much B-H -51 283 292 159 27
shorter than those of H-point defect complex@able ), Al-H -21 236 194 304 38
indicating that there are efficient relaxation paths in the casea-H ~113 282 87 287 116

of lll-H pairs. Among the H-point defect complexes and hy-
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TABLE IIl. Debye temperaturé (1) and®(2) were determined VI. CONCLUSION

from fitting of peak shift and linewidth, respectively. . L
gore P Y We studied infrared spectra of Ill-H pairs in Si. In order to

(1) (K) 0(2) (K) obtain the Lorentizian line shapes, which provide informa-
tion on the two dynamical processes characterized bgnd
B-H 404 413 T,, we homogeneously doped specimens with low concen-
Al-H 403 200 trations of hydrogen and group-IIl acceptors. While the spec-
Ga-H 454 104 tra of B-H, Al-H, and Ga-H pairs show only one side peak in

the lower-frequency region of the main peak, side peaks ap-
pear in both the lower- and higher-frequency regions in the
CeSSfUl, the estimated values &b are thOUght to be valid Spectra of In-H. These side peaks are unexp]ained by a pre-
except for the case of very strong coupling. The values ofjious model proposed by Stavada al.
|6w| are much larger than those of H-point defect complexes \we estimated the energy-relaxation tim&s from the
to which the weak-coupling model is applicabl®0-16  spectra observed at low temperature, 6 K, and found their
cm ), indicating that the strong anharmonic coupling is ex-yalues to be much shorter than those of the complexes of the
pected to be the reason why the weak-coupling model is nQdoint defect and hydrogen. We also found that there is a
applicable. It should be noticed that the 2062 ¢rpeak of  chemical trend: as the core radius of the group-lil atoms

2 » where the geometrical situation is similar to those ofincreasesT; becomes shorter. Furthermore, it was found
Il-H pairs, also has a somewhat large value|@b| (19.8  that the temperature dependence of the linewidth and
cm ™) and that the weak-coupling model is not applicable. Itine shift of the main peak were not explained by the
is, therefore, speculated that the strong anharmonic COUp"nBersson-Ryberg dephasing model in the weak-coupling limit,
in the dephasing process as well as the above-mentionefliggesting that the anharmonic coupling is intermediate or
shortT; are due to the local atomic structures where H isstrong.
squeezed by two neighboring atoms. Our findings on the sidebands, shdst, and anharmonic

It is known that in the strong-coupling case, some sidecoupling, which is not small in the dephasing process, are

bands due to the low-frequency mode appear. Thus the sidgiite different from those in the hydrogen point-defect com-
peaks observed in our experiment may be due to the stronglexes whose local structures &(&i),-Si-H]. It is expected
coupling discussed above. Zhang and Landfetbncluded that the difference originates from the fact that the local
that the strong third anharmonic term causes side peaks bofflomic structures are different as discussed in Sec. V: In

in the lower- and higher-frequency region®=*wy, @  |lI-H pairs, the hydrogen atoms are squeezed by one Si and
*2wyg,... . Although this model is still insufficient to ex- one impurity(Ill) atoms, while the Si-H bond rather freely
plain the side peaks of In-H pairs, which appear in bothvibrates in the[(Si)s-Si-H] geometry. A theory that takes
lower and higher. this local structure of the Ill-H pairs into consideration is

The anomalous features of the side peaks in In-H pairgxpected to explain our findings in the observed spectra.
might be due to the situation that H occupies the antibonding

(AB) site as well as H at the BC site, assuming that the LVM
frequencies in the case of the AB site are higher than that of
H at the BC site. Indeed the existence of two kinds of Hwas The authors wish to thank the Laboratory for Develop-
proposed by Wicheret al2° based on their experimental re- mental Research of Advanced Materials for allowing them to
sults of PAC(perturbed angular correlatipand the channel- use its facilities to measure the optical absorption of speci-
ing: They observed two kinds of In-H pairs withll) sym-  mens. This work was partly supported by JSPS Research for
metry. Later, however, Wichegt al?* showed that H at BC the Future Program under the Project “Ultimate Character-
and AB sites are dominant at low and high temperaturesization Technique of SOl Wafers for Nano-scale LS| De-
respectively, and that the population of H at AB is negligibly vices” and a Grant-in-Aid for Scientific Research on Priority
small at 10 K. Hence, the idea of two kinds of H in In-H Areas(B), “Manipulation of Atoms and Molecules by Elec-
pairs cannot explain our finding of side peaks since thos#ronic Excitation,” by the Japanese Ministry of Education,
peaks were observed even at low temperatures such as 6 Rulture, Sports, Science and Technology.

ACKNOWLEDGMENTS

*Permanent address: NEC Informatec Systems Ltd., 34 Miyuki- *As a review article, M. D. McCluskey and E. E. Halletydrogen

gaoka, Tsukuba 305-8501, Japan. in Semiconductors Jledited by N. H. Nickel(Academic, New
13.1. Pankove, D. E. Carlson, J. E. Berkeyheiser, and R. O. Wance, York, 1999, p. 373.

Phys. Rev. Lett51, 2224(1983. 5M. Stavola, S. J. Pearton, J. Lopata, and W. C. Dautremont-Smith,
2As a review articleHydrogen in Semiconductorsedited by J. I. Appl. Phys. Lett50, 1086(1987).

Pankove(Academic, New York, 1990 6M. Stavola, S. J. Pearton, J. Lopata, and W. C. Dautremont-Smith,

3As a review article, S. J. Pearton, J. W. Corbett, and M. Stavola, Phys. Rev. B37, 8313(1988.
Hydrogen in Crystalline Semiconducto{Springer-Verlag, Ber-  ’C. B. Harris, R. M. Shelby, and P. A. Cornelius, Phys. Rev. Lett.
lin, 1992. 38, 1415(1977.

075214-7



M. SUEZAWA, N. FUKATA, M. SAITO, AND H. YAMADA-KANETA PHYSICAL REVIEW B 65075214

8M. Budde, G. Lupke, C. Parks Cheney, N. H. Tolk, and L. C.®T. Zundel and J. Weber, Phys. Rev.38, 13 549(1989.

Feldman, Phys. Rev. Let85, 1452(2000. 7D. E. McCumber and M. D. Sturge, J. Appl. Phy&4, 1682
9M. Suezawa, N. Fukata, T. Takahashi, M. Saito, and H. Yamada- (1963.
Kaneta, Phys. Rev. B4, 085205(2001). 18R. J. Elliott, W. Hayes, G. D. Jones, H. F. Macdonald, and C. T.
108, N. J. Persson and R. Ryberg, Phys. Revi310 273(1989. Sennett, Proc. R. Soc. London, Ser289, 1 (1965.
M. J. Binns, R. C. Newman, S. A. McQuaid, and E. C. Lightowl- °Z. Y. Zhang and David C. Langreth, Phys. Rev. L&9, 2211
ers, Mater. Sci. Forumi43-147, 861(1994. (1987).
2R, E. Pritchard, J. H. Tucker, R. C. Newman, and E. C. Lightowl-?°Th. Wichert, H. Skudlik, M. Deicher, G. Gruebel, R. Keller, E.
ers, Semicond. Sci. Techndl4, 77 (1999. Recknagel, and L. Song, Phys. Rev. L&, 2087 (1987.

1BR. E. Pritchard, M. J. Ashwin, J. H. Tucker, R. C. Newman, E. C.?*Th. Wichert, H. Skudlik, H.-D. Carstanjen, T. Enders, M. Deicher,
Lightowlers, M. J. Binns, S. A. McQuaid, and R. Falster, Phys.  G. Gruebel, R. Keller, L. Song, and M. StutzmannDiefects in

Rev. B56, 13 118(1997). Electronic Materials edited by M. Stavola, S. J. Pearton, and G.
14\, P. Markevich and M. Suezawa, J. Appl. Ph§8, 2988(1998. Davies, Mater. Res. Soc. Symp. Proc. N@4 (Materials Re-
15C. G. Van de Walle, Phys. Rev. 89, 4579(1994. search Society, Pittsburgh, 198®. 265.

075214-8



