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Identification of the hydrogen-saturated self-interstitials in silicon and germanium
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Silicon and germanium single crystals are implanted with protons. The infrared-absorption spectra of the
samples contain sharp absorption lines due to the excitation of hydrogen-related local vibrational modes. The
lines at 743.1, 748.0, 1986.5, and 1989.4 cm21 in silicon and at 700.3, 705.5, 1881.8, and 1883.5 cm21 in
germanium originate from the same defect in the two materials. Measurements on samples coimplanted with
protons and deuterons show that the defect contains two equivalent hydrogen atoms. Uniaxial stress measure-
ments are carried out and a detailed analysis of the results is presented. It is shown that the defect has
monoclinic-II symmetry, and the orientations of the Si-H and Ge-H bonds of the defect are determined.Ab
initio local-density-functional theory is used to calculate the structure and local vibrational modes of the
self-interstitial binding one and two hydrogen atoms in silicon and germanium together with the structure of
the self-interstitial itself. The observed properties of the defect are in excellent agreement with those calculated
for the self-interstitial binding two hydrogen atoms.@S0163-1829~98!06104-9#
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I. INTRODUCTION

The vacancy and the self-interstitial are the fundame
intrinsic point defects in crystalline silicon. Both defects c
be produced by irradiation with electrons, neutrons, or io
The vacancy in silicon has been studied in great detail,1 and
it is one of the best-characterized point defects in any c
talline material. In contrast, the self-interstitial in silicon h
never been observed directly. Instead, interstitial impuri
such as boron, carbon, aluminum, or gallium are obser
after irradiation.1 It is believed that the self-interstitials ar
mobile during the irradiation process and that interstitial i
purities are created by a kick-out mechanism.1 Thus, our
present knowledge about the self-interstitial is based on s
ies of the products of such reactions and on theoret
calculations.2–6

A major objective in defect studies is to determine t
microstructure of the defects, which is essential for a deta
understanding of their properties. Theoretical calculations2–6

suggest that the minimum-energy configuration of the s
interstitial in the neutral charge state is a^110& split, in which
two silicon atoms share a lattice site as shown in Fig. 1~a!.
Unfortunately, it may be impossible to check the theoreti
predictions experimentally due to the high mobility and
activity of the self-interstitial. Therefore, the best way to o
tain microstructural information may be to study reacti
products that are stable and closely resemble the s
570163-1829/98/57~8!/4397~16!/$15.00
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interstitial. Two obvious candidates of such products are
self-interstitial binding one or two hydrogen atoms. The
complexes are expected to exist, since hydrogen inter
strongly with dangling bonds.7,8 The addition of hydrogen
may immobilize the self-interstitial and, thus, the complex
may be stable even at room temperature. The length of
molecular Si-H bond (;1.48 Å) is considerably shorter tha
that of the Si-Si bond (;2.35 Å), which suggests that Si-H
bonds may be formed in the open parts of the lattice with
introduction of substantial strain. Consequently, the re
rangement of the self-interstitial introduced by trapping

FIG. 1. Calculated structure of~a! the self-interstitialI and ~b!
the hydrogen-saturated self-interstitialIH 2 in silicon ~Ref. 6!. The
shaded spheres are silicon, whereas the white spheres are hydr
4397 © 1998 The American Physical Society
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hydrogen could be moderate. Theoretical calculations c
firm that the silicon self-interstitial can trap up to two hydr
gen atoms.9,10,6 The minimum-energy configurations of th
self-interstitial I and the hydrogen-saturated self-interstit
IH2 found by Van de Walle and Neugebauer6 are shown in
Fig. 1. The positions of the two central silicon atoms chan
by only 0.66 Å ~see Ref. 6! when two hydrogen atoms ar
introduced. Hence, an experimental determination of the
crostructure ofIH2 may provide a direct check of the cred
ibility of the theoretical structures ofIH2 and I .

Infrared-absorption spectroscopy is an excellent tool
investigating the local vibrational modes of hydrogen-rela
defects in silicon11–13and germanium.14 The local-mode fre-
quencies give information about the chemical bonding of
hydrogen, and the number of hydrogen atoms involved in
defect can often be determined from measurements
samples co-doped with hydrogen and deuterium.13 In addi-
tion, the symmetry of the defect may be obtained from
splittings of the absorption lines induced by uniax
stress.12,13

In proton-implanted silicon, Si:H, a series of absorpti
lines that correspond to Si-H stretch modes are observe
the frequency range 1800– 2250 cm21 together with lines of
Si-H bend modes in the range 700– 850 cm21. Of particular
interest for this work is the line observed at 1980 cm21 at
room temperature.11 This line was also observed i
hydrogen-doped silicon irradiated with electrons15

neutrons,16 or g rays,17 and it was found to split into a dou
blet of lines at 1987 and 1989 cm21 when the sample tem
perature was reduced to 10 K.15 The two lines displayed the
same production and annealing behaviors, which indica
that they originate from the same defect.15,16 These observa
tions led Xie, Qi, and Chen@Ref. 16# to assign the 1987- an
1989-cm21 lines to the monovacancy containing two hydr
gen atomsVH2 . However, this assignment disagrees w
recent work,8 in which absorption lines at 2121 an
2144 cm21 were identified as the Si-H stretch modes
VH2 . Thus, the origin of the 1987- and 1989-cm21 lines
remains unclear.

In this paper, four Si-H modes observed at 743.1, 748
1986.5, and 1989.4 cm21 in Si:H and four similar Ge-H
modes observed at 700.3, 705.5, 1881.8, and 1883.5 cm21 in
Ge:H are studied in detail. Annealing studies show that
four modes in each material originate from the same def
which by isotope substitution is found to contain two equiv
lent hydrogen atoms. Uniaxial stress measurements s
that the defect has monoclinic-II symmetry, and the orien
tions of the two Si-H and Ge-H bonds are determined. Ba
on the experimental evidence, the four Si-H and Ge-H mo
are assigned toIH2 in silicon and germanium. The exper
mental results are compared with the results ofab initio cal-
culations onIH2 in silicon and germanium. All calculate
properties are in close agreement with those observed.
provides strong support to our assignments.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Samples were cut from high-resistivity, float-zone sing
crystals of silicon and germanium, and were mechanic
and electrically polished. The samples for isochronal ann
n-
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ing and isotope substitution studies had dimensions of
31032 mm3, whereas the uniaxial stress measureme
were carried out on samples with dimensions 1032
32 mm3 with the 232-mm2 surfaces cut perpendicular t
@100#, @111#, or @110# directions. The samples were mounte
on a 4-mm-thick copper block, which was in good therm
contact with a closed-cycle helium cryocooler. This set
allowed the samples to be cooled to;30 K during the im-
plantation. Each sample was implanted with protons and
deuterons at 50–100 equidistant energies in the range 6
2500 keV for protons and 840–3000 keV for deuterons. T
dose at each energy was adjusted to result in a uniform
drogen or deuterium concentration of 0.02 or 0.05 at. %
the range 8–60mm below the surface of the silicon sample
and a concentration of 0.05 at. % from 11 to 44mm below
the surface of the germanium samples. Some samples
coimplanted with protons and deuterons in equal concen
tions and overlapping profiles. In order to obtain a unifo
lateral distribution of implants, the ion beam was swept
two perpendicular directions over an area twice as large
the 6312 mm2 spot defined by the beam slits. The bea
current was measured with a Faraday cup located;1 m be-
hind the slits and;2 m in front of the sample. At each
energy, the current averaged over a period of 1 min. w
measured and used to estimate the implantation time ne
to yield the planned dose. The variations in the current w
less than 10%, which gives a measure of the uncertaint
the implanted dose. After implantation, the samples w
stored at room temperature.

B. Infrared absorption measurements

The absorption of infrared light penetrating the samp
perpendicular to the implanted surface was measured wi
Nicolet, System 800, Fourier-transform spectromet
equipped with a glowbar source, a Ge on KBr beamspli
and an MCT~mercury cadmium telluride! detector. With this
configuration, reliable absorption measurements can be m
in the frequency range 600– 6000 cm21. The annealing and
isotope substitution studies were performed using eithe
closed-cycle helium cryostat or a flow-cryostat both with C
windows. The uniaxial stress measurements were carried
with the flow cryostat equipped with two sets of window
made of CsI and BaF2. Due to the strong absorption of BaF2
below ;725 cm21, the spectral range in these experimen
was reduced accordingly. The absorption measurements
the annealing and isotope substitution studies were
formed at 77 K with a resolution of 0.6 cm21 in the case of
silicon, and at 10 K with a resolution of 0.5 cm21 for germa-
nium. The uniaxial stress studies were carried out with
home-built stress rig mounted in the flow cryostat. The str
was supplied by a pneumatic cylinder and transferred vi
push rod to the sample. A polarizer was placed between
sample and the detector, so that the absorption of infra
light polarized parallel and perpendicular to the applied fo
could be measured separately. The uniaxial stress mea
ments on silicon were performed at 4.2 and 77 K with
resolution of 0.5 cm21, and on germanium at 77 K with a
resolution of 0.8 cm21.
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TABLE I. The first-order stress pattern of a center with monoclinic-II symmetry~Ref. 18!. The dipole
moment is parallel to theC2 axis for theuA&→uA& transition. For theuA&→uB& transition, the dipole momen
is in the plane perpendicular to theC2 axis with the anglew to a ^100& direction in this plane.

Frequency shift

Transitions

uA&→uA& uA&→uB&
I i I' I i I'

F//@100# A1s 4 0 0 2
A2s 0 2 4 sin2w 2 cos2w
A3s 0 2 4 cos2w 2 sin2w

Frequency shift I i I' I i I'

F//@111# 1
3 (A11A21A312A4)s 2 2 212 sin2w 22sin2w
1
3 (A11A21A322A4)s 2 2 222 sin2w 21sin 2w

Frequency shift I @110# I @001# I @1 1̄0# I @110# I @001# I @1 1̄0#

F//@110# 1
2 (A21A312A4)s 0 2 0 11sin2w 0 12sin 2w
1
2 (A21A322A4)s 0 2 0 12sin2w 0 11sin 2w

1
2 (A11A2)s 2 0 2 2 sin2w 4 cos2w 2 sin2w
1
2 (A11A3)s 2 0 2 2 cos2w 4 sin2w 2 cos2w
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III. STRESS PATTERN OF A MONOCLINIC-II DEFECT

When uniaxial stress is applied to a crystal, the quant
states of the system are perturbed. Since the energies o
different states normally change differently, the frequen
that corresponds to an optical transition between the
states quite generally shifts as a function of the magnitud
the stress. For a noncubic defect in silicon or germanium
number of different orientations of the defect exist. In t
absence of stress all orientations are equivalent and, he
for a given transition a single absorption line is observed
the presence of uniaxial stress, the frequency shift of
transition depends on the orientation of the defect with
spect to the stress direction. Consequently, the uniaxial s
will cause the single absorption line to shift and split into
specific number of components determined by the symm
of the defect and the stress direction. In the case of tra
tions involving degenerate states, additional splittings m
occur due to the lifting of this degeneracy by the stress p
turbation. In all cases, the stress-induced shifts and splitt
can be accounted for by a small number of adjusta
parameters.18,19 Provided that the defects do not reorient a
are distributed evenly over the different orientations,
relative intensities of the stress-split components dep
only on the orientation of the optically active dipoles and t
polarization of the light.18,19 Thus, for a specific direction
@hkl# of the uniaxial stress and a specific polarizati
@h8k8l 8# of the light,20 the stress-induced frequency shif
and splittings together with the relative intensities of t
stress-split components define a pattern, which depend o
symmetry of the defect and on the orientation of the optica
active dipole. In the following, we shall refer to this asthe
stress-pattern for@hkl# stress and@h8k8l 8# polarization of
the transition. The collection of stress patterns for@100#,
@111#, and @110# stresses is henceforth denotedthe stress
patternof the transition.21

In this work, monoclinic-II symmetry is of particular in
terest. A defect in a diamond-type lattice belonging to t
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symmetry class has aC2 point group, which apart from the
identity operationE contains only aC2 element along an
^100& axis. Kaplyanskii18 derived the stress pattern for a tra
sition of a monoclinic-II defect under the assumption that
stress-induced perturbation is linear in the componentss i j of
the stress tensor~see Table I!. The electric dipole momen
involved in an optical transition is either parallel or perpe
dicular to theC2 axis. Kaplyanskii treated the former case
detail,18 but in the latter case he calculated the relative int
sities for acircular oscillator in which two perpendicular
dipoles are equally active. Circular oscillators do not occ
in practice and, therefore, we have generalized Kaplyansk
calculation of the relative intensities to comply with all or
entations of a single dipole in the plane perpendicular to
C2 axis. The results are given in Table I.

IV. EXPERIMENTAL RESULTS

A. Infrared absorption spectra

The implantation of protons into silicon gives rise
about 20 sharp absorption lines in the ran
1800– 2250 cm21, as shown in Fig. 2. When deuterons a
implanted, the lines are shifted in frequency by a fac
;1/&, which establishes that the absorption lines reflect
excitations of hydrogen-related local vibrational modes.
agreement with previous assignments,8,11,13we ascribe these
lines to Si-H stretch modes. In addition, about 10 sharp
sorption lines are observed in the range 700– 850 cm21 in
Si:H, and we assign these lines to Si-H bend modes.
counterparts of these lines are observed in the deute
implanted samples, presumably because their frequencie
below the detection limit with our setup. Of particular inte
est in this work are the Si-H modes at 743.1, 748.0, 198
and 1989.4 cm21, which are shown in the insets of Fig. 2. I
the Si:D samples, the frequencies of the two similar stre
modes are 1446.1 and 1448.2 cm21.
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FIG. 2. Absorbance spectra of Si:H~bottom! and Ge:H~top! measured at 8 K after room-temperature annealing. The insets show the l
of particular interest to this work.
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In germanium implanted with protons, similar series
absorption lines are observed in the ranges 650– 800 c21

and 1750– 2100 cm21 ~see Fig. 2!. Again, the lines in the
high-frequency range are observed to shift in frequency b
factor;1/& when deuterons are substituted for protons. W
assign the lines in the low-frequency range to Ge-H be
modes and those in the high-frequency range to Ge-H str
modes. The deuterium counterparts of the lines in the lo
frequency range are inaccessible with our experimental s
as in the silicon case. Located approximately in the middle
the stretch-mode range of Ge:H is a doublet of lines
1881.8 and 1883.5 cm21, which shift down to 1357.6 and
1359.0 cm21 in Ge:D. Another doublet of lines at 700.3 an
705.5 cm21 is observed in the bend-mode range. With
0.3%, the frequencies of the four Ge-H modes scale with
four Si-H modes specified above. The average frequency
tio between the similar Ge-H and Si-H modes is 0.9
which is within the range of ratios 0.896 to 0.965 obtain
for similar modes in germane (GeH4) and silane (SiH4).

22

This strongly indicates that the four Si-H and Ge-H mod
originate from defects with essentially the same structure
the two materials.

B. Isochronal annealing

An isochronal annealing sequence was performed
which the samples were annealed for 30 min. at each t
perature, starting at room temperature and going up
;500 °C in steps of;20 °C. The absorbance spectra we
measured after each step. The dependencies on the anne
temperature of the four Si-H and Ge-H lines are shown
Figs. 3 and 4. The four lines within each set always app
with the same relative intensities, independent of the ann
ing temperature and of the implanted dose. This stron
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suggests that the four lines originate from the same def
All other lines in Fig. 2 have different annealing behavio
and do, therefore, not originate from this defect. The se
four lines disappear together at;225 °C in silicon and at
;200 °C in germanium. This difference in annealing te
perature of the defect in silicon and germanium is com
rable to that of theH2* defect in the two materials.13,14 This
suggests that the four Si-H and Ge-H modes originate fr
identical defects in the two materials.

FIG. 3. Isochronal annealing behaviors of the absorption line
743.1, 748.0, 1986.5, and 1989.4 cm21 in Si:H and at 1446.1 and
1448.2 cm21 in Si:D.
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C. Isotope substitution

Absorbance spectra measured on silicon and german
samples coimplanted with protons and deuterons are sh
in the upper part of Figs. 5 and 6. Apart from the lin
observed in samples implanted with a single isotope, th
additional lines are observed at 745.7, 1447.3, a
1987.8 cm21 in silicon and at ;703, 1358.4, and
1882.8 cm21 in germanium. The additional lines have th
same annealing behaviors as the six lines in the sin
isotope samples of each material. Therefore, the additio

FIG. 4. Isochronal annealing behaviors of the absorption line
700.3, 705.5, 1881.8, and 1883.5 cm21 in Ge:H and at 1357.6 and
1359.0 cm21 in Ge:D.

FIG. 5. The result of isotope substitution on the Si-H lines
743.1, 748.0, 1986.5, and 1989.4 cm21 and the Si-D lines at 1446.1
and 1448.2 cm21. The dashed line in the upper part of the figure
the Si:H1D spectrum subtracted by the Si:H or Si:D spectrum.
m
n

e
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al

lines are ascribed to isotopically mixed configurations of
same defect. The observation of only two additional stret
mode lines, of which one involves hydrogen and the ot
involves deuterium, indicates that the defect contains t
equivalent hydrogen atoms. Also the observation of a sin
additional line in the Si-H bend-mode range is consist
with this. As can be seen from Fig. 6, the additional line
;703 cm21 in the Ge-H bend-mode range is not resolv
convincingly. The intensities of the isotopically mixed line
are generally weak in our germanium samples, and
703-cm21 line overlaps with a nearby unrelated line.

D. Uniaxial stress

Both the 1881.8- and 1883.5-cm21 lines in Ge:H split into
three components when uniaxial stress is applied along
@100# axis, as shown in Fig. 7. This implies that these a

at

t

FIG. 6. The result of isotope substitution on the Ge-H lines
700.3, 705.5, 1881.8, and 1883.5 cm21 and the Ge-D lines at 1357.6
and 1359.0 cm21. The dashed line in the upper part of the figure
the Ge:H1D spectrum subtracted by the Ge:H or Ge:D spectru

FIG. 7. The stress response of the 1881.8- and 1883.5-c21

lines in Ge:H for uniaxial stress along@100# and@111# measured at
77 K. The solid~open! symbols correspond to the infrared ligh
polarized parallel~perpendicular! to the applied stress. The soli
lines are obtained from the second-order analysis described in
VI with the parameters presented in Table II.
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sorption lines either correspond to one-dimensional mode
a defect with triclinic, monoclinic-II or orthorhombic-I
symmetry18 or to a two-dimensional mode of a center wi
tetragonal symmetry.19 The presence of two equivalent Ge-
bonds is only compatible with tetragonal an
orthorhombic-II symmetries if the two bonds are align
with the samê 100& axis. This, however, would imply tha
only one of the two stretch modes should be infrared act
in conflict with the observation of two lines of almost equ
intensity. The presence of two equivalent Ge-H bonds a
suggests that the point group of the defect possesses at
one symmetry element in addition to the identity operati
Consequently, only monoclinic-II symmetry appears to be
accordance with both the observed splitting under@100#
stress and the presence of two equivalent Ge-H bonds
course, the stress patterns of the 1881.8- and 1883.5-c21

lines for @111# and @110# stresses should also be consiste
with monoclinic-II symmetry. However, at this point w
postpone further discussion of the Ge-H stretch data to S
VI, where a detailed analysis is presented. We were unab
study the uniaxial stress responses of the 700.3-
705.5-cm21 lines as they lie in the frequency range cut o
by the BaF2 windows of the cryostat.

The Si-H lines at 743.1, 748.0, 1986.5, and 1989.4 cm21

are less sensitive to uniaxial stress than the Ge-H lines
cussed above. The splitting into three components for@100#
stress could not be resolved at 77 K. Therefore, the unia
stress response for@100# stress was measured also at liqu
helium temperature where the absorption lines are narro
The results are shown in Fig. 8. It is evident that t
748-cm21 line splits into three components, indicating th
monoclinic-II symmetry also in silicon. For the 743.1
1986.5-, and 1989.4-cm21 lines only two components coul
be resolved. Further discussion of the Si:H data is also p
poned to Sec. VI.

V. THE STRESS PATTERN OF IH 2

In this section, the uniaxial stress pattern is derived for
local vibrational modes of a monoclinic-II defect with tw
weakly coupled Si-H or Ge-H bonds. It is shown that t
piezospectroscopic parameters in Table I are equal for
modes that correspond to the symmetric and asymme

FIG. 8. The stress response of the 743.1-, 748.0-, 1986.5-
1989.4-cm21 lines in Si:H for @100# stress measured at 4.2 K. Th
solid ~open! symbols correspond to the infrared light polarized p
allel ~perpendicular! to the applied stress. The solid lines repres
the best first-order fit to the data as described in Sec. VI.
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combinations of equivalent displacement coordinates of
two bonds. Usually, the theoretical stress pattern is base
first-order perturbation theory, which requires that the stre
induced frequency shifts be small compared to the separa
of the modes. This requirement is not fulfilled for the mod
discussed in this work and, therefore, the theory is exten
to include second-order effects.

A. Basic model

The experimental results presented in Sec. IV indic
that the defect contains two equivalent Si-H or Ge-H bon
and has monoclinic-II symmetry. Thus, the two bonds tra
form into one another by a 180° rotation around a^100& axis.
A simple model containing such two bonds is shown in F
9. The local vibrational modes of hydrogen in silicon a
germanium are effectively decoupled from the collective
brations of the host lattice. Consequently, the local mode
our defect may be described by the coupled oscillations
two individual Si-H or Ge-H bonds. Each bond has thr
vibrational degrees of freedom, corresponding to a bo
stretch and two perpendicular bond-bend vibrations. Let
displacement coordinate that describe the stretching of
i th bond be denotedr i and those describing the angular v
brations of the bond be denoteda i and b i ~see Fig. 9!. In
principle, the local mode frequencies may be determin
from the eigenvalues of the Hamiltonian:

Ĥ5T̂r 1
1T̂a1

1T̂b1
1T̂r 2

1T̂a2
1T̂b2

1V̂~r 1 ,a1 ,b1 ,r 2 ,a2 ,b2!, ~1!

whereT̂j i
is the kinetic-energy operator corresponding to t

displacement coordinatej i andV̂ is the potential-energy op
erator for the complex. At this point, a few clarifying re
marks about our choice of coordinates are appropriate.
coordinates for thei th bond are chosen so that no cross ter
coupling r i , a i , and b i appear in the second-order Taylo
expansion ofV̂ around the point of zero displacements.
other words,r i , a i , and b i would be proportional to the
normal coordinates of thei th bond in a situation where th

nd

-
t FIG. 9. Illustration of the vibrational modes for a monoclinic-
center containing two equivalent Si-H or Ge-H bonds. The sha
spheres represent silicon or germanium and the white spheres
drogen. The displacement coordinatesr i , a i andb i , i P$1,2%, are
indicated by arrows.
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displacement coordinates of the other bond were fixed
zero. With this choice, the coordinates may be divided i
three sets of equivalent coordinates$r 1 ,r 2%, $a1 ,a2%, and
$b1 ,b2%, which are closed under the symmetry operations
the C2 group.

In the following, we shall neglect all terms in the potent
energyV̂, which couple inequivalent coordinates, i.e., coo
dinates from different sets. In addition, we assume that
coupling between a pair of equivalent coordinates is do
nated by the quadratic term. With these assumptions,
six-dimensional problem in Eq.~1! is reduced to three two
dimensional problems, each with a Hamiltonian of the ty

Ĥj5T̂j1
1T̂j2

1V̂j~j1!1V̂j~j2!1 f 12
j j1j2 , jP$r ,a,b%.

~2!

Here V̂j denotes a single-coordinate potential for one of
two equivalent bonds andf 12

j is the harmonic coupling con
stant. It may be noted that all anharmonic terms, which
pend only on a single displacement coordinatej i , are in-
cluded inĤj through V̂j . Such terms are known to give
significant contribution to the local mode frequencies of h
drogen in silicon and germanium.14

From each set of equivalent coordinates$j1 ,j2%, two
symmetry coordinates jA5(j11j2)/& and jB5(j1
2j2)/& can be formed that transform like the respect
irreducible representationsA and B of the C2 point group.
The HamiltonianĤj in Eq. ~2! gives rise to anA mode and
a B mode with normal coordinates proportional tojA and
jB . Thus, the two modes associated with each set of equ
lent coordinates correspond to a symmetric (jA) and an
asymmetric (jB) combination of displacement coordinates

The couplings between the coordinates that belong to
inequivalent sets may be neglected provided that the
quency differences between modes of the different sets
much larger than the frequency shifts induced by the c
plings. This condition is obviously fulfilled for stretch an
bend modes, whereas the decoupling of inequivalent b
modes is less clear. However, only two bend mod
;5 cm21 apart are observed in both silicon and germaniu
Moreover, the substitution of one of the hydrogen ato
with deuterium gives rise to one additional bend mode cl
to the mean frequency of the two original modes. Finally,
uniaxial stress data show that the two bend modes in sili
have different symmetry. These observations strongly s
gest that the two bend modes represent the symmetric
asymmetric combination of either$a1 ,a2% or $b1 ,b2%. If
the observed splitting between the two modes represen
typical coupling term between angular coordinates, the c
pling with other bend modes would be insignificant, unle
their frequencies deviate from those of the doublet by on
few times the observed splitting. The fact that no oth
modes are observed within this range indicates that the
sumption made above is reasonable.

The frequency splitting observed between theA and theB
modes of equivalent coordinates are two or three order
magnitude smaller than the mode frequencies. Therefore
coupling termf 12

j j1j2 in Eq. ~2! may be treated by perturba
tion theory. The zero order eigenstates can be chosen to
the form un1 ,n2&5un1&1un2&2 , where un& i is a normalized
at
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eigenstate of the one-dimensional Hamiltonian:Ĥj
i 5T̂j i

1V̂j(j i). The quantum numbern is chosen to be a non
negative integer in such a way that the energy of the s
increases with increasingn. Since we are observing funda
mental transitions, only the ground state (n11n250) and
the singly excited states (n11n251) are of interest. To ze-
roth order, theu1,0& and u0,1& states are degenerate, but t
coupling will imply a splitting into anuA& and auB& state.
Therefore, we apply a basis that reflects this symmetry,

uA,0&5u0,0& ~3!

for the ground state, and for the singly excited states:

uA,1&5
1

&
~ u1,0&1u0,1&) and uB,1&5

1

&
~ u1,0&2u0,1&).

~4!

B. Stress pattern to first order

When uniaxial stress is introduced, the associated st
field changes the potential energiesV̂j(j i) given in Eq.~2!.
Since this stress-induced change is small, it is usually
panded to first order in the components of the stress ten
For thei th bond, this leads to an additional potential ener
term:

DV̂j
~ i !~s~ i !!5\ (

k,l P$x,y,z%
Âkl

~ i !skl
~ i ! . ~5!

In this expressionÂkl
( i ) denotes theklth component of the

symmetric second-rank tensorÂ( i ), which represents the ef
fect of uniaxial stress on the single coordinate poten
V̂j(j i) and skl

( i ) is the klth component of the stress tens
s ( i ). Since the two bonds are equivalent, it is convenien
introduce bond-specific coordinate systems with orthonor
bases$ex

(1) ,ey
(1) ,ez

(1)% and $ex
(2) ,ey

(2) ,ez
(2)%. One of these can

be chosen freely, whereas the other is obtained from the
by the C2 rotation. When the bond-specific coordinate sy
tems are used, the relation between the expectation value
the operatorsÂkl

(1) and Âkl
(2) is very simple:

1^nuÂkl
~1!un8&152^nuÂkl

~2!un8&2 . ~6!

As a matter of convenience we choose

ex
~1!//@100#, ey

~1!//@010#, ez
~1!//@001#. ~7!

First, one specific defect orientation with the twofold ax
along @001# is considered. Then,ex

(1)52ex
(2) , ey

(1)52ey
(2),

andez
(1)5ez

(2) , and the relation between the stress tenso
the two bond-specific systems is

s~2!5S sxx
~1! sxy

~1! 2sxz
~1!

sxy
~1! syy

~1! 2syz
~1!

2sxz
~1! 2syz

~1! szz
~1!

D . ~8!

With Eqs.~5! and~8!, the total stress-induced change of t
Hamiltonian in Eq.~2! is
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DV̂j
~1!1DV̂j

~2!5\$Âxx
~1!1Âxx

~2!%sxx1\$Âyy
~1!1Âyy

~2!%syy

1\$Âzz
~1!1Âzz

~2!%szz12\$Âxy
~1!1Âxy

~2!%sxy

12\$Âyz
~1!2Âyz

~2!%syz12\$Âzx
~1!2Âzx

~2!%szx .

~9!

With the definitions in Eq.~7!, the stress tensors (1) is given
with respect to thê100& axes of the diamond lattice and th
bond indices have, therefore, been dropped in Eq.~9!, i.e.,
s[s (1). With Eqs.~3!, ~4!, and~9!, we are able to calculate
the stress-induced first-order energy shifts of the ground s
uA,0& and the singly excited statesuA,1& and uB,1&. The en-
ergy shifts for the transitionsuA,0&→uA,1& and uA,0&
→uB,1& are equal and given by

DEA
~1!5DEB

~1!5\Dv~1!

5\~A1szz1A2syy1A3sxx12A4sxy!, ~10!

where the piezospectroscopic parameters

A151^1uÂzz
~1!u1&121^0uÂzz

~1!u0&1 ,

A251^1uÂyy
~1!u1&121^0uÂyy

~1!u0&1 ,
~11!

A351^1uÂxx
~1!u1&121^0uÂxx

~1!u0&1 ,

A451^1uÂxy
~1!u1&121^0uÂxy

~1!u0&1

have been introduced. Thus, the stress splittings of the
modes are identical.

If uniaxial stress of magnitudes is applied along the di-
rection defined by the unit vectorn, the components of the
stress tensor ares i j 5s cos(n•ei

(1))cos(n•ej
(1)), where i , j

P$x,y,z%. For a given stress tensors, the stress-induced
energy shift for one particular orientation of the defect
given by Eq. ~10!. From this particular orientation of th
defect all the other defect orientations can be generated
the 24 symmetry operationsRl of the Td point group. The
stress-induced energy shift for the defect orientation obtai
by Rl can also be calculated from Eq.~10! when r is re-
placed by

s l5Rl
21sRl . ~12!

The results for stresses along@100#, @111#, and @110# are
identical to those obtained by Kaplyanskii18 and are given in
Table I. However, the present derivation shows that the
ezospectroscopic parameters are identical for the symm
and asymmetric modes of equivalent vibrational degree
freedom.

The probability for the transitionuA,0&→uG,1&, whereG
P$A,B%, is proportional tou«•dGu2, where« is the polariza-
tion vector of the infrared light anddG5^A,0uduG,1& is the
transition matrix element of the dipole operatord. Usually,
the dipole operator is expanded to first order in the displa
ment coordinatesj1 andj2 . Thus,

d5d01hjj1n1
j1hjj2n2

j , jP$r ,a,b%, ~13!

whered0 is the permanent dipole moment,hj is a constant
denotedthe apparent charge, and ni

j is a unit vector that
te

o

by

d

i-
ric
of

e-

defines the orientation of the induced bond-dipole cor
sponding to the displacement coordinatej i . Using Eqs.~3!,
~4!, and~13!, the transition matrix element is

dG5
hj

&
1^0uj1u1&1~n1

j6n2
j !, ~14!

wherepluscorresponds toG5A andminusto G5B. Again,
we first consider a particular orientation of the defect w
the C2 axis along@001#. The direction of, say,n1

j may be
defined in terms of a polar angleu and an azimuthal anglew
as shown in Fig. 10. Thenn2

j is related ton1
j via the C2

rotation and it also has the polar angleu, whereas its azi-
muthal angle is 180°1w. Equation~14! implies thatdA is
parallel to theC2 axis, anddB lies in the plane perpendicula
to this axis and has the anglew to the @100# direction. It is
important to note that we can choose our coordinate axe
Fig. 10 and the particular orientation of the defect in suc
way that 0°<u<90° and 0°<w<45° ~see Ref. 23!. In the
following we shall adopt this specific choice, which definesu
as the smallest angle to theC2 axis andw as the smallest
angle to an̂ 100& axis in the plane perpendicular to theC2
axis. It must be emphasized that the values ofu and w ob-
tained in this way for different types of displacement coo
dinates, e.g.,j5a and j5r , do not in general refer to the
same choice of axes nor to the same particular orientatio
the defect.

The transition matrix elements corresponding to the ot
orientations of the defect are obtained by the symmetry
erationsRl of the Td point group. If the defects are distrib
uted evenly among the different orientations, the intensity
the uA,0&→uG,1& transition at zero stress is proportional
the sum of the transition probabilities of all the possible d
fect orientations:

FIG. 10. Definition of the polar angleu and azimuthal anglew
that specify the directions of the unit vectorsn1

j andn2
j for a specific

orientation of the defect. The direction of the induced dipole m
ments for theA mode (dA) and theB mode (dB) are also shown.
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I ~G!} (
RlPTd

u«•~RldG!u2, GP$A,B%. ~15!

It may be noted that the mode intensity at zero stressI (G) is
independent of the polarization of the infrared light since
sum includes all symmetry operations of theTd point group.
The ratio of theA- andB-mode intensities at zero stress c
be calculated with Eqs.~14! and~15!, and the result depend
only on the polar angleu :

I ~A!

I ~B!U
s50

5cot2 u. ~16!

Hence, the polar angle of the bond dipoles may be de
mined from the intensities of the absorption lines at z
stress.24

When uniaxial stress is applied, the intensity of an abso
tion line will be divided between its stress-split componen
The relative intensity of a given component can be de
mined with Eq.~15! if the sum is restricted to those symm
try operationsRl , which contribute to that particular compo
nent. The relative intensities of the stress components
@100#, @111#, and@110# stresses with the infrared light pola
ized parallel and perpendicular to the applied stress are g
in Table I. As can be seen from the table, the relative int
sities of theB mode depend on the azimuthal anglew of the
induced bond dipole moment. Thus, this angle may also
determined experimentally.

The first-order approach is only valid provided that t
absolute value of the stress-induced coupling^A,1uDV̂j

(1)

1DV̂j
(2)uB,1& is small compared to the energy splitting b

tween uA,1& and uB,1&. In the case of silicon, the observe
bend modes are split by 4.9 cm21 and the stretch modes b
2.9 cm21. In germanium the bend modes are split
5.2 cm21 and the stretch modes by 1.7 cm21. The maximum
stress-induced frequency shifts are;1 cm21 in silicon and
;2 cm21 in germanium~see Figs. 7 and 8! and, hence,
second-order effects may be important, especially for
stretch modes in germanium.

C. Stress pattern to second order

On the basis of the previous subsection it is straightf
ward to include second-order effects in the analysis of
stress response. The eigenvalue problem of the Hamilton
given as the sum of the zero-order Hamiltonian in Eq.~2!
and the stress-induced perturbation in Eq.~9!, is solved in
the subspaces spanned byuA,0& for the ground state and b
uA,1& and uB,1& for the singly excited states. With thi
procedure25 we find the second-order transition frequenc
vG

(2) :

vA
~2!5 1

2 vA
~0!~11A11x2!1 1

2 vB
~0!~12A11x2!1Dv~1!,

~17!

vB
~2!5 1

2 vB
~0!~11A11x2!1 1

2 vA
~0!~12A11x2!1Dv~1!,

where vA
(0) and vB

(0) are the frequencies without stres
Dv (1) is the first-order energy shifts given in Eq.~10!, and
the coupling parameterx is given by
e

r-
o

-
.
r-

or

en
-

e

e

-
e
n,

s

x5
^A,1uDV̂j

~1!1DV̂j
~2!uB,1&

1
2 \~vA

~0!2vB
~0!!

5
2B1syz12B2szx

1
2 ~vA

~0!2vB
~0!!

.

~18!

Here, the off-diagonal piezospectroscopic parametersB1 and
B2 are defined similarly to the parametersAi ,i P$1,2,3,4%,
given in Eq.~11!:

B151^1uÂyz
~1!u1&121^0uÂyz

~1!u0&1 ,

~19!

B251^1uÂzx
~1!u1&121^0uÂzx

~1!u0&1 .

In the case of uniaxial stress in the@100# direction, all the
off-diagonal stress-tensor components are zero for all or
tations of the defect. According to Eq.~18! this implies that
x is zero and, thus, there are no second-order contribution
the transition frequency for@100# stress. For@111# and@110#
stresses, however,x is generally not zero and second-ord
effects may become important. This reflects the fact t
uniaxial stress along â 100& direction preserves the
monoclinic-II symmetry, whereas stress in other directio
reduces the symmetry of the defect to triclinic.

The transition matrix elementdG given in Eq.~14! is cor-
rect only in a first-order treatment. Since stress-induced c
pling of the ground state to other states is neglected,
initial state of the transitions remains identical touA,0&.
However, whenxÞ0 the singly excited final stateuG,1& will
be a normalized linear combination of theuA,1& and uB,1&
states:

uG,1&5tAuA,1&1tBuB,1&, ~20!

where the coefficientstA and tB depend onx. With this ex-
pression foruG,1&, the transition matrix element may be ca
culated and we find

dG
~2!5

hj

&
1^0uj1u1&1$~ tA1tB!n1

j1~ tA2tB!n2
j%. ~21!

Now, the relative intensities of the stress-split compone
may be calculated as discussed in the previous subse
@see Eq.~15!#. Obviously, the intensities of the stress-sp
components differ from the first-order result in Table I, a
they depend on the magnitude as well as on the directio
the applied uniaxial stress when second-order effects are
portant~i.e., xÞ0!. Due to this complication, we are unab
to give simple analytical expressions for the intensity rat
of the stress components. However, a simulation of the
profiles at the maximum stresses attained in the@100#, @111#,
and @110# directions is presented in the next section.

VI. ANALYSIS OF THE UNIAXIAL
STRESS EXPERIMENTS

With the theoretical stress pattern of a monoclinic-II ce
ter derived in the previous section, we can perform a deta
analysis of the stress pattern observed for the 1881.8-
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1883.5-cm21 lines in Ge:H and the 743.1-, 748.0-, 1986.5
and 1989.4-cm21 lines in Si:H.

A. Analysis of the Ge-H lines

In Sec. IV we showed that the Ge-H lines at 1881.8 a
1883.5 cm21 represent the stretch modes of a monoclinic
defect containing two equivalent hydrogen atoms. Hence,
can use Eq.~16! and the intensities of the two lines measur
without stress to findu545°61° for the Ge-H stretch
modes.

As can be seen from Fig. 7, the lines at 1881.8 a
1883.5 cm21 split into three components under@100# stress,
and the slopes of the stress splittings for the two lines
equal within the experimental uncertainties. These obse
tions are in accordance with the first-order stress pattern
expected since the coupling parameterx50 for @100# stress.
The experimental and theoretical~Table II! intensities of the
@100#-stress components suggest that the azimuthal angw
is close to 0°. With this angle, the first-order stress patte
for @100# ~and @111#! stresses of the lines corresponding
uA,0&→uA,1& and uA,0&→uB,1& transitions differ only by a
permutation ofA1 andA3 . Therefore, it is not possible to
ascribe a specific transition to the 1881.8-or 1883.5-cm21

line solely from the@100# ~and @111#! stress patterns. How
ever, the observed stress patterns for@110# stress and@001#
polarization ~«//@001#! are markedly different for the two
lines. Only one component of the 1881.8-cm21 line is ob-
served under these conditions, whereas the 1883.5-cm21 line
is observed to split into two components of equal intens
~see Fig. 11!. As can be seen from Table I, this strong
indicates that the line at 1881.8 cm21 originates from the
uA,0&→uB,1& transition, whereas the line at 1883.5 cm21

originates from theuA,0&→uA,1& transition. With this iden-
tification and w;0°, the piezo-spectroscopic paramete
A1 , A2 , andA3 can be determined from the@100#-stress
data.

In order to understand the observed stress patterns
@111# and@110# stress and to obtain accurate values ofw and
A4 , it is necessary to include second-order effects. For
stance, it is evident from Fig. 7 that the experimental str

TABLE II. The piezo-spectroscopic parameters~in cm21/GPa!,
the polar angles and the azimuthal angles corresponding to the
fit curves shown in Figs. 7, 8, and 12. See text for further deta

Mode
frequency

Si:H bend
743.1 cm21

748.0 cm21

Si:H stretch
1986.5 cm21

1989.4 cm21

Ge:H stretch
1881.8 cm21

1883.5 cm21

A1 20.360.3a 0.1860.19a 2.260.2b

A2 1.460.4a 0.960.3a 0.960.2b

A3 0.860.3a 1.460.2a 3.660.2b

A4 0.660.2b 0.960.2b 1.060.1b

B1 21.460.2b

B2 1.060.2b

u 43°62° 48°61° 45°61°
w 0°68° 3°65°

aMeasured at 4.2 K.
bMeasured at 77 K.
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splittings for @111# stress are different for the 1881.8- an
1883.5-cm21 lines. The 1881.8-cm21 line splits into two
components while the 1883.5-cm21 line does not split, in
conflict with the first-order stress pattern. The second-or
effects are taken into account with a detailed line pro
analysis of the spectra measured at maximum stresses, u
the second-order theory described in Sec. V C. At z
stress, the line shape of the Ge-H lines is nearly Gauss
Since all the 24 different orientations of the defect are
sumed to occur with equal probability, we assume that
1881.8- and 1883.5-cm21 lines both consist of a superpos
tion of 24 Gaussians with equal position, amplitude, a
width. When uniaxial stress is applied, the positions and re
tive amplitudes of the Gaussians are changed accordin
the second-order theory. The line positions at zero stress
line widths, the polar angleu, and the constanthj 1^0uj1u1&1
are fixed at the values obtained from the line profiles at z
stress. The piezospectroscopic parametersA1 , A2 , A3 , A4 ,
B1 , B2 , and the azimuthal anglew are treated as fitting pa
rameters. In Fig. 12, the line profiles observed at maxim
stress are compared with those corresponding to the bes
obtained with the parameters presented in Table II. Furth
more, the second-order line splittings for uniaxial stre
along @100# and @111# that correspond to the best-fit param
eters are shown as solid curves in Fig. 7. It is evident that
experimental stress patterns of the Ge-H lines at 1881.8
1883.5 cm21 are very well accounted for by the second-ord
stress pattern of a monoclinic-II center containing tw
equivalent Ge-H bonds.

B. Analysis of Si-H lines

The polar angle for the Si-H stretch modes is read
found to beu548°61° from Eq.~16! and the experimenta
intensities of the 1986.5 and 1989.4 cm21 lines at zero stress
If we assume that the Si-H lines at 743.1 and 748.0 cm21

correspond to the symmetric and asymmetric combination

st-
.

FIG. 11. The stress response of the 1881.8- and 1883.5-c21

lines in Ge:H measured at 77 K with stress along@110# and @001#
polarization. The dotted lines indicate the stress-induced splittin
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FIG. 12. The profiles of the 1881.8- and 1883.5-cm21 lines in Ge:H at the maximum stresses obtained. The solid curves are the mea
spectra and the dotted curves represent the line profiles obtained with the best-fit parameters presented in Table II. The sp
measured at 77 K.
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two equivalent angular degrees of freedom, the polar an
u543°62° is obtained for the two bend modes.

As mentioned in Sec. IV, the Si-H lines at 743.1, 748
1986.5, and 1989.4 cm21 are rather insensitive to uniaxia
stress and the individual stress components are not wel
solved. In fact, the splitting at zero stress is at least th
times larger than the experimental stress-induced shift
maximum stress. We expect, therefore, second-order eff
to be negligible for these lines and analyze the obser
stress pattern with the first-order expressions of Table I.

For stress along@110# and @001# polarization, only one
component is observed for the 1986.5-cm21 line whereas the
line at 1989.4 cm21 splits into two components of abou
equal intensity ~see Fig. 13!. If we assume that the
1989.4-cm21 line corresponds to theuA,0&→uB,1& transition,
then the size of the splitting isu1/2(A22A3)su and the azi-
muthal angle isw;45°, according to Table I. Then, th
1989.4-cm21 line should also split into two components wi
about equal intensity for stress along@100# and parallel po-
larization. The splitting of these two components should
u(A22A3)su, i.e., twice the splitting observed for@110#
stress and@001# polarization and should, therefore, easily
resolved. However, with@100# stress no such splitting is ob
served for the 1989.4-cm21 line and, thus, it cannot represe
the uA,0&→uB,1& transition. On the other hand, the stre
pattern of the 1989.4-cm21 line agrees with that of the
uA,0&→uA,1& transition, if the parametersA2 and A3 are
about equal. Moreover, the stress pattern for the line
1986.5-cm21 is consistent with theuA,0&→uB,1& transition.
Hence, we ascribe the 1986.5- and 1989.4-cm21 lines to the
uA,0&→uB,1& and uA,0&→uA,1& transitions, respectively
Due to the small difference betweenA2 andA3 , the azi-
muthal anglew cannot be determined with a reasonable
le

,

e-
e
at
cts
d

e
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-

curacy, but a value close to zero is consistent with the
perimental data also in this case. Withw50°, the theoretical
first-order frequency shifts of Table I are fitted to those o
served for@100# stress. The intensity-weighted averages
the theoretical frequency shifts are used when the individ
components are unresolved experimentally. The best-fit

FIG. 13. The stress response of the 743.1-, 748.0-, 1986.5-,
1989.4-cm21 lines in Si:H measured at 77 K with stress along@110#
and @001# polarization. The dotted lines indicate the stress-induc
splittings.
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rametersA1 , A2 , andA3 for the Si-H stretch modes ar
presented in Table II and the solid lines in Fig. 8 correspo
to the theoretical frequency shifts with these parameters

The symmetry of the modes that gives rise to the lines
743.1 and 748.0 cm21 may be determined by the procedu
applied just above. The 743.1 cm21 line splits into two com-
ponents for stress along@110# and@001# polarization while a
single component only is observed for the line at 748.0 cm21

~see Fig. 13!. Hence, if the 743.1-cm21 line represents the
uA,0&→uB,1& transition, two components with the same i
tensity ratio and twice the splitting observed for@110# stress
and @001# polarization should be observed for stress alo
@100# and parallel polarization. However, such a splitting
not observed~see Fig. 8!, and the 743.1-cm21 line is as-
signed to theuA,0&→uA,1& transition. Moreover, the stres
pattern for the 748.0-cm21 line is consistent with that ex
pected for theuA,0&→uB,1& transition. The values of the
best-fit parametersA1 , A2 , andA3 are given in Table II.
The two components observed for the 748.0-cm21 line for
stress along@100# and parallel polarization have almost equ
intensities. From this the azimuthal angle is estimated to
w50°68°.

On this basis, we assign the 743.1- and 748.0-cm21 lines,
respectively, to the excitations of the symmetric and asy
metric Si-H bend modes associated with equivalent ang
displacement coordinates.

VII. DISCUSSION

The experiments show that the Ge-H lines at 700.3, 70
1881.8, and 1883.5 cm21 represent local vibrational mode
of a defect with two equivalent, weakly coupled Ge-H bon
The response of the Ge-H lines at 1881.8 and 1883.5 cm21 to
uniaxial stress is in excellent agreement with the theoret
second-order stress pattern of theuA,0&→uB,1& and
uA,0&→uA,1& transitions of a monoclinic-II center. The pola
angle of the stretch modes is found to beu545°61° and the
azimuthal angle isw53°65°.

Likewise, the 743.1-, 748.0-, 1986.5- and 1989.4-cm21

lines in Si:H correspond to local vibrational modes of
monoclinic-II defect that contains two equivalent and wea
coupled Si-H bonds. The ordering of the Si-H stretch mo
is identical to that of the Ge-H stretch-modes i.e., t
1986.5-cm21 line corresponds to theuA,0&→uB,1& transition
and the 1989.4-cm21 line to theuA,0&→uA,1& transition. The
ordering of the Si-H bend modes, however, is reversed c
pared the stretch modes. The polar angle for the Si-H str
modes is found to beu548°61° and for the Si-H bend
modes u543°62°. The azimuthal angle of the stretc
modes cannot be determined, whereasw50°68° for the
bend modes.

The frequencies of the four Ge-H and four Si-H mod
scale very accurately with those of the germane and si
molecules. Moreover, the physical properties of the de
that gives rise to the four modes are essentially identica
germanium and in silicon. This establishes that the se
four modes originate the same defect in the two materia

The anglesu andw specify the direction of the unit vec
torsn1

j , jP$a,b,r %, i.e., the direction of the induced dipol
moment associated with a displacement of the typej1 of the
first bond. For stretch modes, we expect the bond momen
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be directed along the Ge-H~or Si-H! bond and, conse-
quently,u andw of the stretch modes specify the direction
this bond. Hence, we can determine the smallest angle
tween the bond and theC2 axis ~u! and the smallest angle
between the projection of the bond onto the plane perp
dicular to theC2 axis and â100& direction in this plane~w!.
The values ofu andw obtained for the Ge- H or Si-H stretc
modes imply that with theC2 axis along@001#, the two Ge-H
or Si-H bonds are nearly aligned with the@011# and @01̄1#
directions. The two Ge-H or Si-H bonds are nearly perp
dicular. This suggests that the dynamical coupling of
stretch vibrations of the two bonds is weak, and provides
intuitive explanation for the very small frequency splitting
the two stretch modes.

Moreover, we can obtain information on the nature of t
Si-H bend modes at 743.1 and 748.0 cm21. If we assume
thatn1

j is parallel to the direction defined by an infinitesim
increase in the displacement coordinatej1 , thenn1

a , n1
b , and

n1
r are mutually perpendicular. However, the values ofu and

w for the Si-H bend and stretch modes presented in Tabl
do not define perpendicular vectors. As mentioned in S
VI, this reflects that these values do not refer to the sa
choice of coordinate system and/or defect orientation.23 If
the polar angle for the Si-H stretch modes is fixed atu
548°61° and, moreover, we require thatn1

j of the observed
bend modes is perpendicular ton1

r , then the only solution to
Eq. ~16! for the observed bend-modes isu5137°62°. We
can now calculate the difference in azimuthal angle of
stretch and bend modes to beDw515°617°, which is con-
sistent with the valuesw50°68° for the bend modes an
w;0° for the stretch modes. Thus, the bend and stre
modes have nearly the same azimuthal angle, which imp
that the bend modes are associated with the symmetric
asymmetric combinations of angular displacements almos
the plane spanned by theC2 axis and the Si-H bond, i.e., th
a coordinates defined in Fig. 9.

The simplest defect that is consistent with all our findin
is theIH 2 defect shown in Fig. 1~b!. As can be seen from the
figure, this defect contains two nearly perpendicular a
equivalent Si-H bonds that are almost aligned with the@011#
and @01̄1# directions and has aC2 axis parallel to the@001#
direction. On this basis, we assign the four Ge-H modes
700.3, 705.5, 1881.8, and 1883.5 cm21 and the four Si-H
modes at 743.1, 748.0, 1986.5, and 1989.4 cm21 to the IH 2
defect.

It may be argued that the four modes could just as w
originate from a hydrogen-impurity or a hydrogen-vacan
complex. However, the concentration of impurities~apart
from hydrogen! in our samples is too low to account for th
strong absorption observed. Hence, hydrogen-impurity co
plexes can be ruled out. With respect to hydrogen-vaca
complexes, we note that the atoms surrounding a vaca
type defect in silicon and germanium are three-fold coor
nated and have a dangling bond that points in a^111& direc-
tion. Hydrogen may saturate this dangling bond,8 and the
resulting Si-H or Ge-H bond will essentially be aligned wi
the ^111& direction. Since this is inconsistent with the^110&
orientation of the Si-H or Ge-H bonds, which we observ
this possibility can also be ruled out.
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VIII. AB INITIO CALCULATIONS

To provide further support to the assignments made in
previous section, the structure and local vibrational mode
IH 2 in silicon and germanium are calculated withab initio
theory. In addition, the structure and the local vibration
modes ofIH are calculated together with the structure of t
self-interstitial in both silicon and germanium.

A. Theoretical method

The ab initio calculations are performed with the loca
density-functional cluster method AIMPRO~Ref. 26! on
132–134 atom clustersX72H601n where X is a host atom
~either Si or Ge! andnP$0,1,2%. One host atom andn hy-
drogen atoms are added to a tetrahedral hydrogen-termin
X71H60 cluster representing the perfect crystal. The follo
ing basis set for the wave functions is used: eight Gaussis
andp orbitals with different widths centered on each of t
innermost six host atoms, a fixed linear combination of th
eight Gaussians andp orbitals for the remaining host atom
four Gaussians andp orbitals with different widths for then
hydrogen atoms in the core of the defect, a fixed combina
of three Gaussians and p orbitals each for hydrogen at th
cluster surface and, finally, additional basis functions
placed at the centers of the bonds between the 61n atoms in
the defect core. The self-consistent energy and the force
the atoms are calculated and all 72 host atoms andn hydro-
gen atoms at the defect core are allowed to relax until
minimum-energy configuration is obtained. The hydrogen
oms at the surface are fixed during this procedure. The m
mization is performed with a conjugate gradient algorith
The second derivatives of the energy between the 61n cen-
tral atoms are calculated directly, while the derivatives
tween the remaining atoms are found from a Musgrave Po
potential given previously.26 Then, the dynamical matrix o
the cluster is constructed, and the local vibrational mo
along with their isotope shifts are calculated.

B. The self-interstitial „I …

For the isolated self-interstitial in its neutral charge st
and with zero spin, we find a number of configurations clo
in energy. Here we shall concentrate on the two with low
energy. In silicon, the most stable defect is the^110& split-
interstitial illustrated in Fig. 1~a!. Previous studies have als
found this structure to possess the lowest energy.2–6 To our
knowledge, the self-interstitial in germanium has not pre
ously been investigated theoretically. Also in this mater
we find the most stable configuration to be the^110& split.

The other configuration of interest is a^100& split, i.e., it
consists of two atoms that share a lattice site and are sp
the^100& direction. This configuration is similar to that of th
carbon interstitial.27,28 The point group of the unrelaxed de
fect isD2d ~tetragonal!, and it possesses a partially occupi
e ~doublet! level lying around midgap. Hence, the structu
is a candidate for a Jahn-Teller distortion, which lifts t
tetragonal symmetry and splits the partially occupiede level
into singlets. The relaxation on the@100# split-interstitial re-
sults in a large movement of one of the two core atoms al
the @011# direction so that the structure ends up withC1h
~monoclinic-I! symmetry. In silicon and germanium, th
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configuration has, respectively, 0.31 eV and 0.51 eV hig
energy than thê110& split interstitial.

C. The IH defect

The starting configurations arê110& and ^100& split-
interstitials with a hydrogen atom attached to one of the t
equivalent core atoms. When the relaxation is carried out,
two starting configurations end up in different configuratio
that both haveC1h ~monoclinic-I! symmetry@see Figs. 14~a!
and 14~b!#. In both materials, the energy difference betwe
the two configurations is small, with thê100& orientation
IH ^100& being favored by 0.24 eV in silicon overIH ^110&
whereas the two configurations are degenerate in ger
nium. The silicon result is in disagreement with recentab
initio calculations6 where a structure close to ourIH ^110& was
found to be the ground state configuration. However,
IH ^100& structure is similar to that found previously by Dea´k
et al. using semiempirical methods.9 The calculated
hydrogen-related local vibrational mode frequencies and
isotope shifts ofIH ^100& and IH ^110& are given in Tables III
and IV. Also presented in these tables are the polar and
muthal angles for the displacement of the Si-H or Ge-H bo
for each of the modes. The displacements associated with

FIG. 14. The calculated structure of~a! IH ^110& and ~b! IH ^100&
in silicon and germanium. The shaded spheres are silicon or ge
nium, whereas the white spheres are hydrogen.

TABLE III. The calculated local vibrational modes ofIH ^100& in
silicon and germanium. The anglesu andw specify the direction of
the bond displacement associated with the modes and the co
denoted Freq. gives the frequencies of the modes in cm21. The
frequencies ofID ^100& are also given.

Si

Mode

IH^100& ID ^100&

u w Freq. Freq.

A8 45.2° 7.33° 2166.9 1556.3
A9 135.0° 0° 743.8 578.5
A8 93.6° 93.6° 724.2 578.8

Ge

Mode

IH^100& ID ^100&

u w Freq. Freq.

A8 45.1° 5.07° 2079.7 1478.9
A8 92.5° 92.5° 734.5 521.0
A9 135° 0° 729.9 517.8
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stretch modes deviate by less than 2° from the direction
the bond. ForIH ^110& in silicon and germanium and fo
IH ^100& in germanium, the bend modes with the highest f
quency are associated with the angular vibrations in the m
ror plane of the defect, whereas the low-frequency be
modes correspond to vibrations perpendicular to this pla
For IH ^100& in silicon, the ordering of the bend modes
reversed.

So far, there have been no experimental reports of th
modes. The stretch-mode frequencies in silicon

TABLE IV. The calculated local vibrational modes ofIH ^110& in
silicon and germanium. The anglesu andw specify the direction of
the bond displacement associated with the modes and the co
denoted Freq. gives the frequencies of the modes in cm21. The
frequencies ofID ^110& are also given.

Si

Mode

IH ^110& ID ^110&

u w Freq. Freq.

A8 36.4° 45.0° 2190.8 1574.1
A8 126.4° 45.0° 882.0 649.7
A9 90.0° 135.0° 749.0 539.3

Ge

Mode

IH ^110& ID ^110&

u w Freq. Freq.

A8 43.0° 45.0° 2073.7 1474.8
A8 133.0° 45.0° 800.5 567.3
A9 90.0° 135.0° 762.2 541.4
f

-
r-
d
e.

se
t

2166.9 cm21 for IH ^100& and 2190.8 cm21 for IH ^110& are
considerably higher than the 1870 cm21 found previously for
the ^110& configuration in Ref. 6, but agrees reasonably w
the unscaled value 2217 cm21 for the ^100& configuration
found in Ref. 9.

D. The IH 2 defect

When two hydrogen atoms are added to the^100& and the
^110& split-interstitials with the silicon or germanium atom
kept fixed, the minimum-energy configurations haveC2
~monoclinic-II! andC2v ~orthorhombic-I! symmetry, respec-
tively. If the relaxation is carried out maintaining these sy
metries, then the relaxed̂100& structure in silicon has 2.56
eV lower energy than the relaxed^110& structure. In germa-
nium, the corresponding energy difference is 2.18 eV.
however, the full relaxation is carried out without any sym
metry constraint, then thê110& defect rotates into the on
derived from the^100& orientation. The structure of the
ground-state configuration ofIH 2 is shown in Fig. 1~b!. The
structure in both silicon and germanium is very similar
those give previously in silicon.6,9 Calculations performed in
a large cluster~Si183H118! revealed that the energy of th
IH 21I defects is about 0.6 eV lower than that of twoIH ^100&
defects. Therefore, theIH ^100& defect may be suppressed
either material, due to the preferential formation of the fu
hydrogenated defect. The calculated local vibrational mo
frequencies ofIH 2, IHD , andID 2 are presented in Table V
together with the polar and azimuthal angles of the mo
displacements for one of the Si-H or Ge-H bonds. T
stretch frequencies forIH 2 are found to lie significantly be-
low those calculated for vacancy-hydrogen defects, wh
were in turn about 7% higher than the experimental value8

mn
d Freq.
d

TABLE V. The calculated local vibrational modes ofIH 2 in silicon and germanium. The anglesu andw
specify the direction of the displacement of one of the bonds for each mode and the column denote
gives the frequencies of the modes in cm21. The frequencies ofID 2 and IHD are also given. The observe
frequencies are given in parentheses.

Si

Mode

IH 2 ID 2 IHD

u w Freq. Freq. Freq.

A 45.9° 9.49° 2144.7~1989.4! 1540.2 ~1448.2! 2143.8 ~1987.8!
B 46.1° 9.79° 2142.9~1986.5! 1539.9 ~1446.1! 1540.1 ~1447.3!
A 129.1° 47.3° 774.7~748.0! 590.2 771.4~745.7!
B 127.9° 51.1° 768.1~743.1! 582.6 727.3
B 67.7° 122.9° 736.4 564.3 589.8
A 69.8° 120.3° 717.5 555.0 579.8

Ge

Mode

IH 2 ID 2 IHD

u w Freq. Freq. Freq.

A 46.0° 8.30° 2056.7~1883.5! 1462.5 ~1359.0! 2055.1 ~1882.8!
B 45.7° 8.47° 2053.3~1881.8! 1460.1 ~1357.6! 1461.3 ~1358.4!
B 135.4° 15.7° 787.4~705.5! 558.8 784.9 (;703)
A 132.0° 37.6° 784.7~700.3! 555.7 712.4
A 74.5° 113.7° 725.0 514.7 555.9
B 86.5° 101.9° 694.6 493.1 503.7
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This suggests that primarily thep orbitals of the two inner-
most silicon and germanium atoms contribute to the bond
of hydrogen. The calculated stretch-mode frequencies are
too high in silicon and 9% too high in germanium compar
to the observed frequencies. Such deviations are typica
the theoretical method, and may be ascribed to the overb
ing caused by density-functional theory and to anharmo
effects. In both silicon and germanium, the theory pred
that for the stretch modes, theA mode has higher frequenc
than theB mode, in agreement with our observations. T
calculated splittings of the two stretch modes ofIH 2 (ID 2)
are small and are 1.8~0.3! cm21 in silicon and 3.4~2.4! cm21

in germanium. These agree roughly with the observed s
tings of 2.9~2.1! cm21 and 1.7~1.4! cm21 in the two mate-
rials. Hence, the small splitting of the stretch modes is rep
duced by the calculations. Moreover, the calculated stre
frequencies ofIHD deviate by less than 0.1 cm21 from the
average frequency of the respective two stretch mode
IH 2 and ID 2 . Hence, the calculated isotopic shifts for th
stretch modes are in excellent agreement with experim
The directions of the bond displacements for the two stre
modes are equal and deviate by less than 2° from the d
tions of the bonds. In silicon, the polar angle isu546° and
the azimuthal anglew510°, and in germaniumu546° and
w58°. Theseu andw values are in excellent agreement wi
the experimental results and strongly support our ass
ments.

For IH 2, four bend modes are predicted at 717.5, 736
768.1, and 774.7 cm21 in silicon and at 694.6, 725.0, 784.7
and 787.4 cm21 in germanium. The calculated frequencies
the hydrogen-related bend modes of theIHD defect are
727.3 and 771.4 cm21 in silicon and 712.4 and 784.9 cm21

in germanium. Hence,IHD is predicted to give rise to a
bend-mode between the two high-frequency~and the two
low-frequency! bend modes ofIH 2. Also this is in agree-
ment with the observations both in silicon and germaniu
The calculated Si-H bend-modes at 768.1 and 774.7 c21

~717.5 and 736.4 cm21! are associated with displacements
the directions specified by the polar angleu'129° and the
azimuthal anglew'49° ~u'69° andw'122°!. The calcu-
lated displacement vectors for the high-frequency modes
viate substantially from those obtained experimentally~u
5137°62° and w50°68°!. In addition, the calculations
show that the 768.1-cm21 mode is aB mode, whereas the
774.7-cm21 mode is anA mode, i.e., the ordering is reverse
compared to the experimental results. The explanation
these discrepancies is probably that the calculations unde
timate the difference in frequency between the set of hi
frequency and the set of low-frequency bend modes. T
observations support this explanation. Firstly, only two be
modes are observed in both materials although the lo
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limit for detection is;600 cm21. This gives a lower limit on
the separation of the two sets of modes at;140 cm21

(;100 cm21) in silicon ~germanium!, which is considerably
larger than the;30 cm21 (;60 cm21) separation calcu-
lated. The calculated separation is twice as big in german
as in silicon. If our explanation for the discrepancies is c
rect we will, therefore, expect that the calculated norm
modes ofIH 2 in germanium are in better agreement with t
observations. It should be stressed that this argument re
heavily on the fact that the calculated structures of theIH 2
defect in silicon and germanium are almost identical. T
ordering of the calculated bend modes ofIH 2 in germanium
is different than that ofIH 2 in silicon ~see Table V! and in
total agreement with the observations for the Si-H be
modes. Moreover, the calculated polar and azimuthal an
of the bond displacements for the two high-frequency be
modes in germanium are qualitatively consistent with tho
observed. These considerations support our explanatio
the discrepancies.

IX. CONCLUSION

The infrared absorption lines at 743.1, 748.0, 1986.5,
1989.4 cm21 in Si:H and at 700.3, 705.5, 1881.8, an
1883.5 cm21 in Ge:H originate from a defect containing tw
equivalent and weakly coupled Si-H or Ge-H bonds. T
symmetry of the defect is monoclinic-II corresponding to
C2 point group. The two Si-H or Ge-H bonds are almo
perpendicular and their directions deviate only by a few
grees from̂ 110&. The structure ofIH 2 in silicon and germa-
nium calculated byab initio theory is in excellent agreemen
with the information deduced experimentally, confirming t
identity of the defects as the fully hydrogenated se
interstitial. Moreover, the small frequency splittings betwe
the two stretch and the two bend modes are reproduced
the theoretical calculations together with the isotopic shi
The calculated frequencies deviate by 8–9 % H from th
observed, which is typical for the method. Based on th
findings, we conclude that the Si-H modes at 743.1, 748
1986.5, and 1989.4 cm21 and the Ge-H modes at 700.3
705.5, 1881.8, and 1883.5 cm21 originate from theIH 2 de-
fect.
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