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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 ¢nin silicon and at 700.3, 705.5, 1881.8, and 1883.5 tiim
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-Il symmetry, and the orientations of the Si-H and Ge-H bonds of the defect are deterAtined.
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 atoni§0163-18208)06104-9

[. INTRODUCTION interstitial. Two obvious candidates of such products are the
self-interstitial binding one or two hydrogen atoms. These
The vacancy and the self-interstitial are the fundamentagomplexes are expected to_exist, since hydrogen interacts
intrinsic point defects in crystalline silicon. Both defects canstrongly with dangling bonds? The addition of hydrogen
be produced by irradiation with electrons, neutrons, or ionsmay immobilize the self-interstitial and, thus, the complexes
The vacancy in silicon has been studied in great déild ~ May be stable even at room temperature. The length of the
it is one of the best-characterized point defects in any crystolecular Si-H bond ¢ 1.48 A) is considerably shorter than
talline material. In contrast, the self-interstitial in silicon hasthat of the Si-Si bond 2.35 A), which suggests that Si-H
never been observed directly. Instead, interstitial impuritie0nds may be formed in the open parts of the lattice without

such as boron, carbon, aluminum, or gallium are observelfitroduction of substantial strain. Consequently, the rear-
after irradiationt It is believed that the self-interstitials are 'angement of the self-interstitial introduced by trapping of

mobile during the irradiation process and that interstitial im-
purities are created by a kick-out mechanismhus, our
present knowledge about the self-interstitial is based on stud- (@) /
ies of the products of such reactions and on theoretical ¢
calculations.™®

A major objective in defect studies is to determine the
microstructure of the defects, which is essential for a detailed
understanding of their properties. Theoretical calculafidhs
suggest that the minimum-energy configuration of the self-
interstitial in the neutral charge state igld 0 split, in which
two silicon atoms share a lattice site as shown in Fig).1
Unfortunately, it may be impossible to check the theoretical
predictions experimentally due to the high mobility and re-
activity of the self-interstitial. Therefore, the best way to ob-  FIG. 1. Calculated structure ¢8) the self-interstitiall and (b)
tain microstructural information may be to study reactionthe hydrogen-saturated self-interstiti& , in silicon (Ref. 6. The
products that are stable and closely resemble the selhaded spheres are silicon, whereas the white spheres are hydrogen.
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hydrogen could be moderate. Theoretical calculations coning and isotope substitution studies had dimensions of 10
firm that the silicon self-interstitial can trap up to two hydro- X 10X 2 mn‘F’, whereas the uniaxial stress measurements
gen atoms:'%® The minimum-energy configurations of the were carried out on samples with dimensionsx20
self-interstitial | and the hydrogen-saturated self-interstitial 2 mnd with the 2x 2-mn? surfaces cut perpendicular to
IH, found by Van de Walle and Neugebabiare shown in [100], [111], or[110] directions. The samples were mounted

Fig. 1. The positions of the two central silicon atoms change-On a 4-mm-thick copper block, which was in good thermal
_by only 0.66 A(see Ref. ESw_hen two hydrogen_ atoms are . niact with a closed-cycle helium cryocooler. This setup
introduced. Hence, an experimental determination of the mi-

. . allowed the samples to be cooled 1630 K during the im-
crostructure ofl H, may provide a direct check of the cred- lantation. Each sample was implanted with protons and/or
ibility of the theoretical structures diH, andl. P ' P P b

Infrared-absorption spectroscopy is an excellent tool fOIdeuterons at 50-100 equidistant energies in the range 680

investigating the local vibrational modes of hydrogen—relateo2500 keV for protons and 849_3000 keV for .deuterc_)ns. The
defects in silicoht~and germaniuni® The local-mode fre- d0Se at each energy was adjusted to result in a uniform hy-
quencies give information about the chemical bonding of th&lrogen or deuterium concentration of 0.02 or 0.05 at. % in
hydrogen, and the number of hydrogen atoms involved in théhe range 8—6@m below the surface of the silicon samples,
defect can often be determined from measurements ofnd @ concentration of 0.05 at. % from 11 to A below
samples co-doped with hydrogen and deuterfdrim addi-  the surface of the germanium samples. Some samples were
tion, the symmetry of the defect may be obtained from thecoimplanted with protons and deuterons in equal concentra-
splittings of the absorption lines induced by uniaxial tions and overlapping profiles. In order to obtain a uniform
stress 13 lateral distribution of implants, the ion beam was swept in
In proton-implanted silicon, Si:H, a series of absorptiontwo perpendicular directions over an area twice as large as
lines that correspond to Si-H stretch modes are observed ithe 6x 12 mn? spot defined by the beam slits. The beam
the frequency range 1800-2250 chtogether with lines of  current was measured with a Faraday cup locatddm be-
Si-H bend modes in the range 700—-850¢mOf particular  hind the slits and~2 m in front of the sample. At each
interest for this work is the line observed at 1980 ¢nat energy, the current averaged over a period of 1 min. was

room temperaturé: This line was also observed in measured and used to estimate the implantation time needed
hydrogen-daped  sllicon lirradiated = with electrdfis, 1o yield the planned dose. The variations in the current were
neutrons,® or y rays;” and it was found to split into & dou- |ess than 10%, which gives a measure of the uncertainty of

blet of lines at 1987 and 19189 c‘rhwhen the sample tem- he implanted dose. After implantation, the samples were
perature was reduced to 10'RThe two lines displayed the stored at room temperature.

same production and annealing behaviors, which indicates
that they originate from the same deféet® These observa-
tions led Xie, Qi, and ChefRef. 16| to assign the 1987- and
1989-cm'! lines to the monovacancy containing two hydro- ) ] ] ]
gen atomsVH,. However, this assignment disagrees with ~ The absorption of infrared light penetrating the samples
recent worlé in which absorption lines at 2121 and Perpendicular to the implanted surface was measured with a
2144 cm! were identified as the Si-H stretch modes of Nicolet, System 800, Fourier-transform spectrometer,
VH,. Thus, the origin of the 1987- and 1989-chilines  equipped with a glowbar source, a Ge on KBr beamsplitter
remains unclear. and an MCT(mercury cadmium telluridedetector. With this

In this paper, four Si-H modes observed at 743.1, 748.0¢configuration, reliable absorption measurements can be made
1986.5, and 1989.4 cm in Si:H and four similar Ge-H in the frequency range 600—6000 ch The annealing and
modes observed at 700.3, 705.5, 1881.8, and 18833 om isotope substitution studies were performed using either a
Ge:H are studied in detail. Annealing studies show that thelosed-cycle helium cryostat or a flow-cryostat both with Csl
four modes in each material originate from the same defecwindows. The uniaxial stress measurements were carried out
which by isotope substitution is found to contain two equiva-with the flow cryostat equipped with two sets of windows
lent hydrogen atoms. Uniaxial stress measurements showiade of Csl and BaF Due to the strong absorption of BaF
that the defect has monoclinic-Il symmetry, and the orientapelow ~ 725 cm_l, the spectral range in these experiments
tions of the two Si-H and Ge-H bonds are determined. Basedias reduced accordingly. The absorption measurements for
on the experimental evidence, the four Si-H and Ge-H modeghe annealing and isotope substitution studies were per-
are assigned tdH, in silicon and germanium. The experi- formed at 77 K with a resolution of 0.6 cmin the case of
mental results are compared with the resultalfinitio cal-  silicon, and at 10 K with a resolution of 0.5 cthfor germa-
culations onlH, in silicon and germanium. All calculated njum. The uniaxial stress studies were carried out with a
properties are in close agreement with those observed. Thifome-built stress rig mounted in the flow cryostat. The stress

B. Infrared absorption measurements

provides strong support to our assignments. was supplied by a pneumatic cylinder and transferred via a
push rod to the sample. A polarizer was placed between the
Il. EXPERIMENTAL DETAILS sample and the detector, so that the absorption of infrared

light polarized parallel and perpendicular to the applied force
could be measured separately. The uniaxial stress measure-

Samples were cut from high-resistivity, float-zone singlements on silicon were performed at 4.2 and 77 K with a
crystals of silicon and germanium, and were mechanicallyesolution of 0.5 cm?, and on germanium at 77 K with a
and electrically polished. The samples for isochronal anneakesolution of 0.8 crm®.

A. Sample preparation
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TABLE I. The first-order stress pattern of a center with monoclinic-1l symmé&®gf. 18. The dipole
moment is parallel to th€, axis for the|A)—|A) transition. For théA)— |B) transition, the dipole moment
is in the plane perpendicular to ti®, axis with the anglep to a(100 direction in this plane.

Transitions
A)—|A) A)—|B)
Frequency shift (N I I i
F//[100] Ao 4 0 0 2
Ao 0 2 4 sirfe 2 code
Azo 0 2 4 codp 2 sirfe
Frequency shift I I I i
FI[11Y  3(A+ A+ Ag+24)0 2 2 2+2 sin2p 2—sin2p
LA+ Ayt Ay—2A) 0 2 2 2—2sin2p 2+sin 2
Frequency shift It ooy 1109 lt11g Itoog I1170]
F//[110] F(A+ Az +2A,) 0 0 2 0 1+sin2p 0 1-sin 2p
F(Ay+ Ay—2A,) 0 0 2 0 1-sin2p 0 1+sin 2p
LA+ Ao 2 0 2 2 sife 4 code 2 sirfe
LA+ Ay) o 2 0 2 2 coép 4 sirfe 2 cogep

Ill. STRESS PATTERN OF A MONOCLINIC-II DEFECT symmetry class has @, point group, which apart from the

dentity operationE contains only aC, element along an

When uniaxial stress is applied to a crystal, the quantw\'l/é : 28 4
states of the system are perturbed. Since the energies of t 600> axis. Kaplyanskit® derived the stress pattern for a tran-

different states normally change differently, the frequencys'tion qfa monoclinic-II dgfept l'mder.the assumption that the
that corresponds to an optical transition between the tw§tress-induced perturbation is linear in the componeyjtsf
states quite generally shifts as a function of the magnitude dhe stress tensdisee Table )l The electric dipole moment
the stress. For a noncubic defect in silicon or germanium, #volved in an optical transition is either parallel or perpen-
number of different orientations of the defect exist. In thedicular to theC, axis. Kaplyanskii treated the former case in
absence of stress all orientations are equivalent and, hendé«gtail,18 but in the latter case he calculated the relative inten-
for a given transition a single absorption line is observed. Irfities for acircular oscillator in which two perpendicular
the presence of uniaxial stress, the frequency shift of thélipoles are equally active. Circular oscillators do not occur
transition depends on the orientation of the defect with rein practice and, therefore, we have generalized Kaplyanskii's
spect to the stress direction. Consequently, the uniaxial stre§glculation of the relative intensities to comply with all ori-
will cause the single absorption line to shift and split into a€ntations of a single dipole in the plane perpendicular to the
specific number of components determined by the symmetr{2 axis. The results are given in Table I.
of the defect and the stress direction. In the case of transi-
tions involving degenerate states, additional splittings may
occur due to the lifting of this degeneracy by the stress per-
turbation. In all cases, the stress-induced shifts and splittings
can be accounted for by a small number of adjustable
parameterd®®Provided that the defects do not reorient and The implantation of protons into silicon gives rise to
are distributed evenly over the different orientations, theabout 20 sharp absorption lines in the range
relative intensities of the stress-split components depen@800—2250 cm?, as shown in Fig. 2. When deuterons are
only on the orientation of the optically active dipoles and theimplanted, the lines are shifted in frequency by a factor
polarization of the light®'® Thus, for a specific direction ~ 12, which establishes that the absorption lines reflect the
[hkl] of the uniaxial stress and a specific polarizationexcitations of hydrogen-related local vibrational modes. In
[h'k'l"] of the light? the stress-induced frequency shifts agreement with previous assignmehts;we ascribe these
and splittings together with the relative intensities of thelines to Si-H stretch modes. In addition, about 10 sharp ab-
stress-split components define a pattern, which depend on tiserption lines are observed in the range 700—850%cin
symmetry of the defect and on the orientation of the opticallySi:H, and we assign these lines to Si-H bend modes. No
active dipole. In the following, we shall refer to this e  counterparts of these lines are observed in the deuteron-
stress-pattern fof hkl] stress and h’k’l’] polarizationof  implanted samples, presumably because their frequencies are
the transition. The collection of stress patterns fd00],  below the detection limit with our setup. Of particular inter-
[111], and [110] stresses is henceforth denotdte stress estin this work are the Si-H modes at 743.1, 748.0, 1986.5,
patternof the transitior and 1989.4 cm?, which are shown in the insets of Fig. 2. In

In this work, monoclinic-Il symmetry is of particular in- the Si:D samples, the frequencies of the two similar stretch
terest. A defect in a diamond-type lattice belonging to thismodes are 1446.1 and 1448.2¢in

IV. EXPERIMENTAL RESULTS

A. Infrared absorption spectra
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FIG. 2. Absorbance spectra of Si(Hottom) and Ge:H(top) measuredt8 K after room-temperature annealing. The insets show the lines
of particular interest to this work.

In germanium implanted with protons, similar series ofsuggests that the four lines originate from the same defect.
absorption lines are observed in the ranges 650—800 cm All other lines in Fig. 2 have different annealing behaviors
and 1750—2100 ciit (see Fig. 2 Again, the lines in the and do, therefore, not originate from this defect. The set of
high-frequency range are observed to shift in frequency by &our lines disappear together at225 °C in silicon and at
factor~ 12 when deuterons are substituted for protons. We~200 °C in germanium. This difference in annealing tem-
assign the lines in the low-frequency range to Ge-H bengberature of the defect in silicon and germanium is compa-
modes and those in the high-frequency range to Ge-H stretaable to that of theH} defect in the two materiafs:** This
modes. The deuterium counterparts of the lines in the lowsuggests that the four Si-H and Ge-H modes originate from
frequency range are inaccessible with our experimental setligentical defects in the two materials.
as in the silicon case. Located approximately in the middle of
the stretch-mode range of Ge:H is a doublet of lines at IAAbs:0.00S
1881.8 and 1883.5 cm, which shift down to 1357.6 and
1359.0 cmt in Ge:D. Another doublet of lines at 700.3 and ~ SiH Si:D Si:H
705.5cm? is observed in the bend-mode range. Within | | | I
0.3%, the frequencies of the four Ge-H modes scale with the : P v
four Si-H modes specified above. The average frequency ra-
tio between the similar Ge-H and Si-H modes is 0.945,
which is within the range of ratios 0.896 to 0.965 obtained
for similar modes in germane (GgHand silane (Sik).?
This strongly indicates that the four Si-H and Ge-H modes

2 ; : ; 175°C
originate from defects with essentially the same structures in
the two materials.
200 °C
B. Isochronal annealing 225°C
An isochronal annealing sequence was performed in
250 °C

which the samples were annealed for 30 min. at each tem-
perature, starting at room temperature and going up to . - | - - ) - - -
~500 °C in steps of-20 °C. The absorbance spectra were 741 746 751 1442 1447 1452 1983 1988 1993
measured after each step. The dependencies on the annealini
temperature of the four Si-H and Ge-H lines are shown in
Figs. 3 and 4. The four lines within each set always appear FIG. 3. Isochronal annealing behaviors of the absorption lines at
with the same relative intensities, independent of the anneair43.1, 748.0, 1986.5, and 1989.4 cthin Si:H and at 1446.1 and
ing temperature and of the implanted dose. This strongly448.2 cm? in Si:D.

Wave Number (cm™)
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FIG. 4. Isochronal annealing behaviors of the absorption lines at FIG. 6. The result of isotope substitution on the Ge-H lines at
700.3, 705.5, 1881.8, and 1883.5¢thin Ge:H and at 1357.6 and 700.3, 705.5, 1881.8, and 1883.5 ¢thand the Ge-D lines at 1357.6
1359.0 cmt in Ge:D. and 1359.0 cm'. The dashed line in the upper part of the figure is

the Ge:H+D spectrum subtracted by the Ge:H or Ge:D spectrum.
C. Isotope substitution

Absorbance spectra measured on silicon and germaniuf’es are ascribed to isotopically mixed configurations of the
samples coimplanted with protons and deuterons are showfme defect. The observation of only two additional stretch-
in the upper part of Figs. 5 and 6. Apart from the linesmode lines, of which one involves hydrogen and the other
observed in samples implanted with a single isotope, thredvolves deuterium, indicates that the defect contains two
additional lines are observed at 7457, 1447.3, ancdquivalent hydrogen atoms. Also the observation of a single
1987.8cm?! in silicon and at ~703, 1358.4, and additional line in the Si-H bend-mode range is consistent
1882.8 cmi® in germanium. The additional lines have the With this. As can be seen from Fig. 6, the additional line at
same annealing behaviors as the six lines in the single= 703 Cmfl in the Ge-H bend-mode range is not resolved
isotope samples of each material. Therefore, the additiondonvincingly. The intensities of the isotopically mixed lines

are generally weak in our germanium samples, and the

703-cmi ! line overlaps with a nearby unrelated line.
I A Abs = 0.005

N D. Uniaxial stress

Both the 1881.8- and 1883.5-crhlines in Ge:H split into
three components when uniaxial stress is applied along the
[100] axis, as shown in Fig. 7. This implies that these ab-

PN
A

N ) Ge:H

F 1/ [100] F/I[111]

SiH 1884 |-

1882

1880 - -

Wave Number (cm™)

Si:D
‘ . ‘ . . . . 00 02 04 06 08 00 02 04 06 08 1.0

1 |

741 746 751 1442 1447 1452 1983 1988 1993 Stress (GPa) Stress (GPa)

Wave Number (cm") FIG. 7. The stress response of the 1881.8- and 1883.5-cm
lines in Ge:H for uniaxial stress alof00] and[111] measured at
FIG. 5. The result of isotope substitution on the Si-H lines at77 K. The solid(open symbols correspond to the infrared light
743.1, 748.0, 1986.5, and 1989.4 chand the Si-D lines at 1446.1 polarized paralle(perpendicular to the applied stress. The solid
and 1448.2 cm'. The dashed line in the upper part of the figure is lines are obtained from the second-order analysis described in Sec.
the Si:H+D spectrum subtracted by the Si:H or Si:D spectrum. VI with the parameters presented in Table II.
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FIG. 8. The stress response of the 743.1-, 748.0-, 1986.5- and
1989.4-cm? lines in Si:H for[100] stress measured at 4.2 K. The
solid (open symbols correspond to the infrared light polarized par-
allel (perpendicularto the applied stress. The solid lines represent  F|G. 9. Illustration of the vibrational modes for a monoclinic-1|
the best ﬁrst‘order f|t to the data as described in Sec. VI. center Containing two equiva'ent S|_H or Ge-H bondsl The Shaded

spheres represent silicon or germanium and the white spheres hy-
sorption lines either correspond to one-dimensional modes afrogen. The displacement coordinates «; and 8;, i €{1,2, are
a defect with triclinic, monoclinic-1l or orthorhombic-1l indicated by arrows.
symmetry® or to a two-dimensional mode of a center with o . . )
tetragonal symmetr}’ The presence of two equivalent Ge-H combinations of equivalent dlsplacement coordln_ates of the
bonds is only compatible with tetragonal and two bonds. Usually, the theoretical stress pattern is based on
orthorhombic-Il symmetries if the two bonds are a”gnedﬂrst-order perturbation theory, which requires that the stress-
with the same(100) axis. This, however, would imply that induced frequency shifts_ be sma_ll compar_ed to the separation
only one of the two stretch modes should be infrared activeOf the modes. This requirement is not fulfilled for the modes
in conflict with the observation of two lines of almost equal discussed in this work and, therefore, the theory is extended
intensity. The presence of two equivalent Ge-H bonds alsé? include second-order effects.
suggests that the point group of the defect possesses at least
one symmetry element in addition to the identity operation. A. Basic model

Consequently, only monoclinic-1l symmetry appears t0 be in - e experimental results presented in Sec. IV indicate

accordance with both the observed splitting unfi®00] 5 the defect contains two equivalent Si-H or Ge-H bonds

stress and the presence of two equivalent Ge-H bonéjs. nd has monoclinic-1l symmetry. Thus, the two bonds trans-
course, the stress patterns of the 1881.8- and 1883.:5-CM¢qrm into one another by a 180° rotation aroundL80 axis.

lines for[111] and[110] stresses should also be consistenta simple model containing such two bonds is shown in Fig.

with monoclinic-Il symmetry. However, at this point we g The |ocal vibrational modes of hydrogen in silicon and
postpone further discussion of the Ge-H stretch data to Segermanium are effectively decoupled from the collective vi-
V1, where a detailed analysis is presented. We were unable g ations of the host lattice. Consequently, the local modes of
study the uniaxial stress responses of the 700.3- angyr gefect may be described by the coupled oscillations of
705.5-cm'* lines as they lie in the frequency range cut off g individual Si-H or Ge-H bonds. Each bond has three
by the Baf; windows of the cryostat. vibrational degrees of freedom, corresponding to a bond-
The Si-H lines at 743.1, 748.0, 1986.5, and 1989_.4Jcm _stretch and two perpendicular bond-bend vibrations. Let the
are less sensitive to uniaxial stress than the Ge-H lines digjisplacement coordinate that describe the stretching of the
cussed above. The splitting into three component§¥06]  jh hond be denoted, and those describing the angular vi-
stress could not be resolved at 77 K. Therefore, the uniaxig,aiions of the bond be denoted and B, (see Fig. 9. In

stress response foL00] stress was measured also at liquid- principle, the local mode frequencies may be determined
helium temperature where the absorption lines are narrowefyom the eigenvalues of the Hamiltonian:

The results are shown in Fig. 8. It is evident that the

748-cm! line splits into three components, indicating the |3|:%r1+-}al+%ﬁl+%r2+-}a2+-}ﬁz

monoclinic-Il symmetry also in silicon. For the 743.1-, A

1986.5-, and 1989.4-c_ﬁ’| Iineg only two cpmpone_nts could +V(ry,aq,B1,2,a2,85), )

be resolved. Further discussion of the Si:H data is also post- A o _

poned to Sec. VI. whereT, is the kinetic-energy operator corresponding to the

displacement coordinatg andV is the potential-energy op-
erator for the complex. At this point, a few clarifying re-
marks about our choice of coordinates are appropriate. The
In this section, the uniaxial stress pattern is derived for theoordinates for théth bond are chosen so that no cross terms
local vibrational modes of a monoclinic-Il defect with two couplingr;, «;, andg; appear in the second-order Taylor
weakly coupled Si-H or Ge-H bonds. It is shown that theexpansion ofV around the point of zero displacements. In
piezospectroscopic parameters in Table | are equal for thether words,r;, «;, and 3; would be proportional to the
modes that correspond to the symmetric and asymmetrinormal coordinates of thegh bond in a situation where the

V. THE STRESS PATTERN OF IH,
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displacement coordinates of the other bond were fixed agigenstate of the one-dimensional Hamiltoniaﬁi‘,f%g_
zero. With this choice, the coordinates may be divided into, , :

N ) +V(&). Th h -
three sets of equivalent coordinatfs,r,}, {aq,a,}, and (&) € quantum numbem is chosen o be a non

. X egative integer in such a way that the energy of the state
i{f el’CB %};‘Lh;h are closed under the symmetry operations o ncreases with increasing. Since we are observing funda-
2 .

. . . mental transitions, only the ground state; {n,=0) and
In the following, we shall neglect all terms in the potential the singly excited statesi(+n,=1) are of interest. To ze-

energyV, which couple inequivalent coordinates, i.e., COOI- yqty order, thel,0) and|0,1) states are degenerate, but the
dinates from different sets. In addition, we assume that th_%oupling will imply a splitting into an/A) and a|B) state.

coupling between a pair of equivalent coordinates is domipgretore, we apply a basis that reflects this symmetry, i.e.,
nated by the quadratic term. With these assumptions, the
six-dimensional problem in Ed1) is reduced to three two- 1A,00=(0,0 @)
dimensional problems, each with a Hamiltonian of the type ’ ’
for the ground state, and for the singly excited states:
He=Te +Te, V() + V(&) + 1616, Ee{r,a,B). .
@ A= ~(10+[0.3) and [B.H=—(|10-[0.3).
HereV, denotes a single-coordinate potential for one of the (4)
two equivalent bonds ant:ﬁ2 is the harmonic coupling con-
stant. It may be noted that all anharmonic terms, which de-
pend only on a single displacement coordingfe are in- When uniaxial stress is introduced, the associated strain
cluded inH, throughV,. Such terms are known to give a field changes the potential energ¥g ;) given in Eq.(2).
significant contribution to the local mode frequencies of hy-Since this stress-induced change is small, it is usually ex-
drogen in silicon and germaniutfl. panded to first order in the components of the stress tensor.
From each set of equivalent coordinate ,&,}, two  For theith bond, this leads to an additional potential energy

symmetry coordinates é,=(&;+&,)/v2 and &g=(&;  term:
—&,)Iv2 can be formed that transform like the respective
irreducible representations and B of the C, point group.
The HamiltonianH, in Eq. (2) gives rise to artA mode and

a B mode with normal coordinates proportional §g and o
&g . Thus, the two modes associated with each set of equivdn this expressiorA(k',) denotes theklth component of the
lent coordinates correspond to a symmetr§,)(and an  symmetric second-rank tensAf, which represents the ef-
asymmetric £g) combination of displacement coordinates. fect of uniaxial stress on the single coordinate potential

The couplings between the coordinates that belong to tW§y £y and o{!) is the kith component of the stress tensor

. . . kl
inequivalent sets may be neglected provided that the fre; () ~sjnce the two bonds are equivalent, it is convenient to

quency differences between modes of the different sets afgoqyce bond-specific coordinate systems with orthonormal
much larger than the frequency shifts induced by the Coubases{ef(l) e(yl) egl)} and{ef(z) e(yz) egz)} One of these can

Elelzrr]\%ls.rn-(l;zlzscovcgglrgzslstr?eb\gggig {IUHI f'”g? il;loer iti(/éatlcehntaggnae chosen freely, whereas the other is obtained from the first
' piing q y the C, rotation. When the bond-specific coordinate sys-

mOdeS,l'S less clear. Howgver, only two bend m(.)de%ems are used, the relation between the expectation values of
~5cm  apart are observed in both silicon and germanium, 1)

Moreover, the substitution of one of the hydrogen atoms!® operatora\ and Al is very simple:

with deuterium gives rise to one additional bend mode close ~ ~2)

to the mean frequency of the two original modes. Finally, the N[AGIn")1=2(n|AFIn"). (6)
uniaxial stress data show that the two bend modes in silicon _

have different symmetry. These observations strongly sughS & matter of convenience we choose

gest that the two bend modes represent the symmetric and 1) (1) 1)

asymmetric combination of eithdia;,a,} or {B;,8,}. If e '//[100], €,7//[010], €,//[001]. 0
the observed splitting between the two modes represents a

typical coupling term between angular coordinates, the cou- First, one specific defect orientzla)tion V\?zt)h th(e;)twofo!% axis
= _eX , ey = — ,

S| -

B. Stress pattern to first order

AV =t > Aol (5)
kI e{x,y,z}

pling with other bend modes would be insignificant, unlessalong [001] is considered. Therg!
their frequencies deviate from those of the doublet by only aandel”=¢€l?), and the relation between the stress tensor in
few times the observed splitting. The fact that no otherthe two bond-specific systems is

modes are observed within this range indicates that the as-

sumption made above is reasonable. ol aﬁ(ly) —o®

The frequency splitting observed between fhand theB 5 1 1) 1
modes of equivalent coordinates are two or three orders of o= Txy Oyy T O0yz |. (8)
magnitude smaller than the mode frequencies. Therefore, the —od - U(ylz) otV

coupling termf§2§1§2 in Eq. (2) may be treated by perturba-
tion theory. The zero order eigenstates can be chosen to haWith Egs.(5) and(8), the total stress-induced change of the
the form |ny,n,)=|ny)4|n,),, where|n); is a normalized Hamiltonian in Eq.(2) is
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AVY+ AV = {AD + AP} o+ RIAL + AN o,

[001]// C,

z

+1{AD+AZ o, 4 21 {AD + AV o
+21{Al) = AP Yoy, + 28{ AL — A} ooy
9)

With the definitions in Eq(7), the stress tensar(®) is given

with respect to th€100) axes of the diamond lattice and the
bond indices have, therefore, been dropped in @j.i.e.,
o=c®. With Egs.(3), (4), and(9), we are able to calculate
the stress-induced first-order energy shifts of the ground state
|A,0) and the singly excited stat¢s,1) and|B,1). The en-
ergy shifts for the transitiondA,0)—|A,1) and |A,0)
—|B,1) are equal and given by

[010]

AER=AER=hA0™ o

:ﬁ(Ala-ZZ—’_ AZUyy+ A30-XX+ 2A40’xy), (10)

where the piezospectroscopic parameters

~ (1) ~ (1) FIG. 10. Definition of the polar anglé and azimuthal angle
A= 1(1|AZ7[1)1— 1(0]A;;|0)1, that specify the directions of the unit vectersandnj for a specific
orientation of the defect. The direction of the induced dipole mo-

Ay= 1<1|A§/t/)|1>1_ 1<0|A§,§/>|0>1, ments for theA mode @,) and theB mode @g) are also shown.

(11)
As=1(1|AZ|1)1— 1(0|AL[0)s, defines the orientation of the induced bond-dipole corre-
A - sponding to the displacement coordingte Using Eqs.(3),
A= 1(1AY)[1)1— 1(0|AY)]0), (4), and(13), the transition matrix element is

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

If uniaxial stress of magnitude is applied along the di- dp=— 1(0[&1]1)1(nf=n3), (14
rection defined by the unit vectar, the components of the V2
stress tensor are;;=o cosfi-€”)cosq-€V)), wherei,j
e{x,y,z}. For a given stress tensar, the stress-induced Wherepluscorresponds td'=A andminusto I'=B. Again,
energy shift for one particular orientation of the defect iswe first consider a particular orientation of the defect with
given by Eq.(10). From this particular orientation of the the C, axis along[001]. The direction of, sayn; may be
defect all the other defect orientations can be generated byefined in terms of a polar angteand an azimuthal angle
the 24 symmetry operatiorR, of the T4 point group. The as shown in Fig. 10. Theng is related t0n§ via the C,
stress-induced energy shift for the defect orientation obtainetbtation and it also has the polar angle whereas its azi-
by R, can also be calculated from E{LO) whenr is re- muthal angle is 180% ¢. Equation(14) implies thatd, is
placed by parallel to theC, axis, anddg lies in the plane perpendicular

. to this axis and has the angieto the[100] direction. It is
o =R, "oR,. (12 important to note that we can choose our coordinate axes in

The results for stresses alofigod], [111], and [110] are Fig. 10 and the particular orientation of the defect in such a

: . . " : - way that 0%<0=<90° and 0% ¢=<45° (see Ref. 2B In the
identical to those obtained by KaplyansRiand are given in : : - . , .
Table I. However, the present derivation shows that the Ioil‘ollowmg we shall adopt this specific choice, which defies

ezospectroscopic parameters are identical for the symmetr%s tlhetsmallle;t angle. tci[rfliezlax& ande ‘3.5 tTe ?mtallest
and asymmetric modes of equivalent vibrational degrees gghgle to a 0 axis in ne plane perpendicular to e
freedom. axis. It_mus_t be empha_3|zed that the vaIges%fnd ¢ ob-

The probability for the transitiohA,0)—|T',1), wherel’ tguned in this way for different type; of displacement coor-
e{A,B}, is proportional td £- d-|?, wheree is the polariza- dinates, e'.g.gza and£=r, do not in gen'eral refgr to the
tion vector of the infrared light and, =(A,0/d|T",1) is the ~ S2M€ choice of axes nor to the same particular orientation of
transition matrix element of the dipole operathrUsually, the defect.

the dipole operator is expanded to first order in the displaceérig;]tzttignssg'fphg‘gg;z;lzr;;eggst;gggst? o?r(]jénsg té)]r:]he(atrotgei
ment coordinateg; and&,. Thus, y Y y 0P

erationsR, of the T4 point group. If the defects are distrib-
d=d.+ né+ né e{r.a B, 13 uted evenly among the different orientations, the intensity of
oF mefait mebanz, £l By (13 the |A,00—|T",1) transition at zero stress is proportional to
whered, is the permanent dipole momenyj;, is a constant the sum of the transition probabilities of all the possible de-
denotedthe apparent chargeand nf is a unit vector that fect orientations:
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/(D) v/(2)
1Mo > |e-(Rdp)|?, T e{A,B}. (15 x= (AZJAVE+AVTBY) _ 2lfj’lo'yz"'ZBZ("zx_
et 2 h(oR —og) 3 (o) —of)

It may be noted that the mode intensity at zero stt&gsis

independent of the polarization of the infrared light since theH the off-di | bi ¢ _ d
sum includes all symmetry operations of fhgpoint group. ere, the off-diagonal piezospectroscopic parameigran

The ratio of theA- andB-mode intensities at zero stress can 52 &€ dEfineldl §imilarly to the parametess,i ={1.2,3.4,
be calculated with Eqg14) and(15), and the result depends given in Eq.(11):
only on the polar angl®:

(18)

@ B1=1(1|A{}|1),— 1(0|AL})]0)4,

—=| =cof 4. (16) A A 19
18 ) )

o=0 82:l<l|Azx|1>l_l<O|Azx|O>l-
Hence, the polar angle of the bond dipoles may be deter-

mined from the intensities of the absorption lines at zeroIn the case of uniaxial stress in th00] direction, all the

stres<? off-diagonal stress-tensor components are zero for all orien-

When uniaxial stress is applied, the intensity of an absorpta.tlons of thde ?hefec:hAccordlng to qug) th(;S |mpllf_sbtr;§1t ¢
tion line will be divided between its stress-split components.X IS zero and, thus, there areé no second-order contributions to
The relative intensity of a given component can be deter:[he transition frequency fdrl00] stress. Fof111] and[110]
mined with Eq.(15) if the sum is restricted to those symme- stresses, howevex, is generally not zero and second-order

try operationsR, , which contribute to that particular compo- eff_ect_slmaty becorre |mp01r(t)ant. dTh'St. reflects the fac;[hthat
nent. The relative intensities of the stress components fo hiaxial stress along &100 direction preserves the

100} [111), and[110]stresses with he infared lgh polar- 1ISIE8 ! SEMEY, SHerees sess o bner drectons
ized llel and dicular to th lied st i > d : . Lo
1zeC paralie! and perpendicuiar 1o e appled siress are give The transition matrix elememt: given in Eq.(14) is cor-

in Table I. As can be seen from the table, the relative inten- i . . k
sities of theB mode depend on the azimuthal anglef the rect only in a first-order treatment. Since stress-induced cou-

induced bond dipole moment. Thus, this angle may also bBling of the ground state to other states is neglected, the
determined experimentally ’ initial state of the transitions remains identical t&,0).

- . . . However, wherx+0 the singly excited final staté,1) will
The first-order approach is only valid provided that the . : A
absolute value of the stress-induced coupl(ﬁglm\?g) be a normalized linear combination of th&,1) and|B,1)

~(2) ) " states:
+AVY |B,1) is small compared to the energy splitting be-
tween|A,1) and|B,1). In the case of silicon, the observed
bend modes are split by 4.9 cthand the stretch modes by
29cm L In germanium the bend modes are split by
5.2 cm * and the stretch modes by 1.7 ¢hn The maximum ~ Where the coefficients, andtg depend orx. With this ex-
stress-induced frequency shifts arel Cmfl in silicon and preSSion deF,l),-the transition matrix element may be cal-
~2cm! in germanium(see Figs. 7 and)8and, hence, Cculated and we find
second-order effects may be important, especially for the
stretch modes in germanium.

T, 1)=t4A,1)+t5|B,1), (20

e 10 &1 1)a{(ta+te)ni+ (ta—tg)ns}t. (2D

d@=
)

C. Stress pattern to second order

On the basis of the previous subsection it is straightfornow, the relative intensities of the stress-split components
ward to include second-order effects in the analysis of thenay pe calculated as discussed in the previous subsection
stress response. The eigenvalue problem of the Hamiltoniapgee Eq.(15)]. Obviously, the intensities of the stress-split
given as the sum of the zero-order Hamiltonian in E2).  components differ from the first-order result in Table I, and
and the stress-induced perturbation in %), is solved in  they depend on the magnitude as well as on the direction of
the subspaces spanned [#0) for the ground state and by  the applied uniaxial stress when second-order effects are im-
|A.L) and5|B,1)_for the singly excited states. With this portant(i.e., x#0). Due to this complication, we are unable
proceduré we find the second-order transition frequenciestg give simple analytical expressions for the intensity ratios

2). . X )
w(r ): of the stress components. However, a simulation of the line
profiles at the maximum stresses attained in[#G9], [111],
wfg% w20>(1+ Ji+x2)+ 3 wg))(]__ V1I+x2)+AwD, and[110] directions is presented in the next section.
(17)
@_1 0 e RN VPR rarw 1) VI. ANALYSIS OF THE UNIAXIAL
0g =z 0 (1TVITHX)+ 3 o (1=NI+HX) FAe, STRESS EXPERIMENTS

where 0% and of) are the frequencies without stress,  With the theoretical stress pattern of a monoclinic-Il cen-
Ao is the first-order energy shifts given in EQ.0), and  ter derived in the previous section, we can perform a detailed
the coupling parameter is given by analysis of the stress pattern observed for the 1881.8- and
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1883.5-cm! lines in Ge:H and the 743.1-, 748.0-, 1986.5-, Ge:H F//110], g/foo1]
and 1989.4-cm’ lines in Si:H.

A. Analysis of the Ge-H lines

In Sec. IV we showed that the Ge-H lines at 1881.8 and
1883.5 cm? represent the stretch modes of a monoclinic-II
defect containing two equivalent hydrogen atoms. Hence, we
can use Eq(16) and the intensities of the two lines measured
without stress to find§=45°+t1° for the Ge-H stretch

modes. a
As can be seen from Fig. 7, the lines at 1881.8 and 0.29 GPa
0.21 GPa

1883.5 cm? split into three components undgr0Q] stress, ./\/L
and the slopes of the stress splittings for the two lines are M 0.13 GPa
equal within the experimental uncertainties. These observa- 0.04 GPa
tions are in accordance with the first-order stress pattern, as ' : :

0.71 GPa
0.63 GPa

0.54 GPa
0.46 GPa
0.38 GPa

expected since the coupling parameter0 for [100] stress. 1878 1883 1888
The experimental and theoretigd@lable 1l) intensities of the e
[100]-stress components suggest that the azimuthal apgle Wave Number (cm”)

is close to 0°. With this angle, the first-order stress patterns
for [100] (and[111]) stresses of the lines corresponding to
|A,0)—|A,1) and |A,0)—|B,1) transitions differ only by a
permutation of4; and.4;. Therefore, it is not possible to
ascribe a specific transition to the 1881.8-or 1883.5-tm
line solely from the[]_oo] (and [111]) stress patterns. How- splittings for [111] stress are different for the 1881.8- and
ever, the observed stress patterns[fi0] stress and001] ~ 1883.5-cm’ lines. The 1881.8-cht line splits into two
polarization (¢//[[001]) are markedly different for the two components while the 1883.5-cthline does not split, in
lines. Only one component of the 1881.8-chline is ob-  conflict with the first-order stress pattern. The second-order
served under these conditions, whereas the 1883 5-tine  effects are taken into account with a detailed line profile
is observed to split into two components of equal intensityanalysis of the spectra measured at maximum stresses, using
(see Fig. 11 As can be seen from Table I, this strongly the second-order theory described in Sec. VC. At zero
indicates that the line at 1881.8 choriginates from the ~Stress, the line shape of the Ge-H lines is nearly Gaussian.
|A,00—|B,1) transition, whereas the line at 1883.5¢m Since all the 24 d!fferent orientations of the defect are as-
originates from thdA,0)—|A,1) transition. With this iden- Sumed to occur with equal probability, we assume that the
tification and ¢~0°, the piezo-spectroscopic parameters1881.8- and 1883.5-cnt lines both consist of a superposi-
A;, A,, and A5 can be determined from tHe00-stress tion of 24 Gaussians with equal position, amplitude, and
data. width. When uniaxial stress is applied, the positions and rela-
In order to understand the observed stress patterns féive amplitudes of the Gaussians are changed according to
[111] and[110] stress and to obtain accurate values@ind  the second-order theory. The line positions at zero stress, the
A, it is necessary to include second-order effects. For inline widths, the polar anglé, and the constang, 1(0|&1);
stance, it is evident from Fig. 7 that the experimental stresg'e fixed at the values obtained from the line profiles at zero
stress. The piezospectroscopic parametbrs.A,, Az, Ay,
TABLE II. The piezo-spectroscopic parametéirs cm™YGPa, By, B>, and the azimuthal angle are treated as fitting pa-

the polar angles and the azimuthal angles corresponding to the besgMeters. In Fig. 12, the line profiles observed at maximum
fit curves shown in Figs. 7, 8, and 12. See text for further details. Stress are compared with those corresponding to the best fit,

obtained with the parameters presented in Table Il. Further-

FIG. 11. The stress response of the 1881.8- and 1883:5-cm
lines in Ge:H measured at 77 K with stress al¢@0] and[001]
polarization. The dotted lines indicate the stress-induced splittings.

Si‘H bend Si‘H stretch  Ge'H stretch more, the second-order line splittings for uniaxial stress
Mode 743.1 cmt 1986.5 cmt 1881.8 cm? along[100] and[111] that correspond to the best-fit param-
frequency ~ 748.0cm? 1989.4cm*  1883.5cm’ eters are shown as solid curves in Fig. 7. It is evident that the
experimental stress patterns of the Ge-H lines at 1881.8 and
Ay -03x0.3 0.18+0.1¢" 22402 1883.5 cm ! are very well accounted for by the second-order
Az 1.4x0.8 0.9+0.3 0.9+0.2 stress pattern of a monoclinic-ll center containing two
Ag 08i03a :|.4i02\a 36i023 equiva|ent Ge-H bondsl
Ay 0.6£0.2 0.9+0.2 1.0+0.1°
B, —1.4+0.2
B, 1.0+0.2 B. Analysis of Si-H lines
P 43°+2° 48°+1° 450+ 1° The polar angle for the Si-H stretch modes is readily
0°+8° 30450 found to be#=48°+1° from Eq.(16) and the experimental
intensities of the 1986.5 and 1989.4 chiines at zero stress.
Measured at 4.2 K. If we assume that the Si-H lines at 743.1 and 748.0tm

bMeasured at 77 K. correspond to the symmetric and asymmetric combination of
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Ge:H
F 111100] F/I1] F//[110] F/I[110]
iNF ' : 0.59 GPa ENNF ' 0.76 GPa | / F ' 0.75 GPa E/F ' 0.68 GPa

1 i | Il
T

1 1
g//{oot]

)
0.75 GPa| &//[1T0] 0.68 GPa

”I ] | 1 ! | i ]

1880 1886 1880 1886 1880 1886 1880 1886
Wave Number (cm™)

FIG. 12. The profiles of the 1881.8- and 1883.5-¢rtines in Ge:H at the maximum stresses obtained. The solid curves are the measured
spectra and the dotted curves represent the line profiles obtained with the best-fit parameters presented in Table Il. The spectra were
measured at 77 K.

two equivalent angular degrees of freedom, the polar angleuracy, but a value close to zero is consistent with the ex-
0=43°+2° is obtained for the two bend modes. perimental data also in this case. Wigl+=0°, the theoretical

As mentioned in Sec. IV, the Si-H lines at 743.1, 748.0,first-order frequency shifts of Table | are fitted to those ob-
1986.5, and 1989.4 cm are rather insensitive to uniaxial served for[100] stress. The intensity-weighted averages of
stress and the individual stress components are not well réhe theoretical frequency shifts are used when the individual
solved. In fact, the splitting at zero stress is at least threeomponents are unresolved experimentally. The best-fit pa-
times larger than the experimental stress-induced shifts at
maximum stress. We expect, therefore, second-order effects
to be negligible for these lines and analyze the observed
stress pattern with the first-order expressions of Table I.

For stress along110] and [001] polarization, only one
component is observed for the 1986.5-¢rline whereas the

Si:H Filito], zwfoo1]

line at 1989.4 cm?! splits into two components of about 0.85 GPa
equal intensity (see Fig. 13 If we assume that the 0.78 GPa
1989.4-cm! line corresponds to the\,0)—|B,1) transition, 0.71 GPa
then the size of the splitting i4/2(A4,—A3) | and the azi- 0.64 GPa
muthal angle isp~45°, according to Table I. Then, the 0.57 GPa
1989.4-cm* line should also split into two components with 0.49 GPa
about equal intensity for stress alofifd0] and parallel po- 0.42 GPa
larization. The splitting of these two components should be '
[(A,— A3) o], i.e., twice the splitting observed fdin10] 0.35 GPa
stress andl001] polarization and should, therefore, easily be 0.28 GPa
resolved. However, with100] stress no such splitting is ob- 0.21GPa
served for the 1989.4-cni line and, thus, it cannot represent 0.14 GPa
the |A,00—|B,1) transition. On the other hand, the stress 0.00 GPa
pattern of the 1989.4-cnt line agrees with that of the . . " L i
|A,0)—|A,1) transition, if the parametersl, and A; are 741 746 751 1983 1988 1993

about equal. Moreover, the stress pattern for the line at
1986.5-cm is consistent with thé¢A,0)— |B,1) transition.
Hence, we ascribe the 1986.5- and 1989.4-tines to the

FIG. 13. The stress response of the 743.1-, 748.0-, 1986.5-, and

Wave Number (cm™)

|A,00—|B,1) and |A,0)—|A1) transitions, respectively. 1989.4-cmlines in Si:H measured at 77 K with stress algago]

Due to the small difference betweef, and A3, the azi-

and[001] polarization. The dotted lines indicate the stress-induced
muthal anglep cannot be determined with a reasonable ac-splittings.
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rametersA;, A,, and A; for the Si-H stretch modes are be directed along the Ge-br Si-H) bond and, conse-
presented in Table Il and the solid lines in Fig. 8 correspondjuently, and ¢ of the stretch modes specify the direction of
to the theoretical frequency shifts with these parameters. this bond. Hence, we can determine the smallest angle be-
The symmetry of the modes that gives rise to the lines atween the bond and th€, axis () and the smallest angle
743.1 and 748.0 cit may be determined by the procedure between the projection of the bond onto the plane perpen-
applied just above. The 743.1 crline splits into two com-  dicular to theC, axis and &100) direction in this planéq).
ponents for stress alori@10] and[001] polarization while a  The values o and ¢ obtained for the Ge- H or Si-H stretch
single component only is observed for the line at 748.0tm modes imply that with th€, axis alond 001], the two Ge-H
(see Fig. 1% Hence, if the 743.1-cM' line represents the or Si-H bonds are nearly aligned with thi@11] and[011]
|A,0)—|B,1) transition, two components with the same in- girections. The two Ge-H or Si-H bonds are nearly perpen-
tensity ratio and twice the splitting observed fad0] stress  gicylar. This suggests that the dynamical coupling of the
and [001] polarization should be observed for stress alonGsiretch vibrations of the two bonds is weak, and provides an

[100] and parallel polarization. However, S%‘fh,a splitting IS itive explanation for the very small frequency splitting of
not observedsee Fig. 8 and the 743.1-cm line is as- the two stretch modes.

signed to thelA,0)—|A,1) transition. Moreover, the stress Moreover, we can obtain information on the nature of the

pattern for the 748.0-cnt line is consistent with that ex- Si-H bend modes at 743.1 and 748.0¢mlf we assume

Eggef(ijt ;;?;r ;&ﬂfé’&ﬂﬁ’b ;L%njm;r;é -Ig-;?ve er:/ ?Luﬁ'ib?:; tlTe thatnf is parallel to the direction defined by an infinitesimal
- 1 2 3 .

The two components observed for the 748.0-¢rtine for ~ Incréase in the displacement coordingge thenni, n?, and
stress alon§100] and parallel polarization have almost equal M are mutually perpendicular. However, the valuegaind
intensities. From this the azimuthal angle is estimated to be for the Si-H bend and stretch modes presented in Table II
e=0°+8°. do not define perpendicular vectors. As mentioned in Sec.
On this basis, we assign the 743.1- and 748.0-chimes, VI, this reflects that these values do not refer to the same
respectively, to the excitations of the symmetric and asymehoice of coordinate system and/or defect orientatioli.
metric Si-H bend modes associated with equivalent angulathe polar angle for the Si-H stretch modes is fixed6fat

displacement coordinates. =48°*+1° and, moreover, we require thﬁ of the observed
bend modes is perpendicularn), then the only solution to
VIl. DISCUSSION Eq. (16) for the observed bend-modesfds-137°+2°. We

£an now calculate the difference in azimuthal angle of the

1881.8, and 1883.5 cm represent local vibrational modes sFretch ar_ld bend modes toobep? 15% 17°, which is con-

of a defect with two equivalent, weakly coupled Ge-H bonds S'SteNt with the valueg=0°+8° for the bend modes and
The response of the Ge-H lines at 1881.8 and 18835t¢en  #~0° for the stretch modes. Thus, the bend and stretch
uniaxial stress is in excellent agreement with the theoreticdlnodes have nearly the same azimuthal angle, which implies
second-order stress pattern of theé\,0)—|B,1) and thatthe bend modes are associated with the symmetric and
|A,00—|A,1) transitions of a monoclinic-1l center. The polar @symmetric combinations of angular displacements almost in
angle of the stretch modes is found toe45°+1° and the  the plane spanned by ti@, axis and the Si-H bond, i.e., the
azimuthal angle isp=3°+5°. a coordinates defined in Fig. 9.

Likewise, the 743.1-, 748.0-, 1986.5- and 1989.4-&m The simplest defect that is consistent with all our findings
lines in Si:H correspond to local vibrational modes of ais thelH, defect shown in Fig. (b). As can be seen from the
monoclinic-1l defect that contains two equivalent and weaklyfigure, this defect contains two nearly perpendicular and
coupled Si-H bonds. The ordering of the Si-H stretch modegquivalent Si-H bonds that are almost aligned with [{hiEL]
is identical to that of the Ge-H stretch-modes i.e., theand[011] directions and has &, axis parallel to thg001]
1986.5-cm* line corresponds to thigh,0)—|B,1) transition  direction. On this basis, we assign the four Ge-H modes at
and the 1989.4-cit line to the|A,0)—|A,1) transition. The  700.3, 705.5, 1881.8, and 1883.5ctnand the four Si-H
ordering of the Si-H bend modes, however, is reversed commodes at 743.1, 748.0, 1986.5, and 1989.4%tto thelH,
pared the stretch modes. The polar angle for the Si-H stretchefect.
modes is found to b&=48°=1° and for the Si-H bend It may be argued that the four modes could just as well
modes #=43°*=2°. The azimuthal angle of the stretch originate from a hydrogen-impurity or a hydrogen-vacancy
modes cannot be determined, whergas0°+8° for the  complex. However, the concentration of impuritiéspart
bend modes. from hydrogefn in our samples is too low to account for the

The frequencies of the four Ge-H and four Si-H modesstrong absorption observed. Hence, hydrogen-impurity com-
scale very accurately with those of the germane and silanglexes can be ruled out. With respect to hydrogen-vacancy
molecules. Moreover, the physical properties of the defectomplexes, we note that the atoms surrounding a vacancy-
that gives rise to the four modes are essentially identical inype defect in silicon and germanium are three-fold coordi-
germanium and in silicon. This establishes that the set ofated and have a dangling bond that points {dHl) direc-
four modes originate the same defect in the two materials. tion. Hydrogen may saturate this dangling b&nand the

The anglesy and ¢ specify the direction of the unit vec- resulting Si-H or Ge-H bond will essentially be aligned with
torsn%, ¢e{a,B,r}, i.e., the direction of the induced dipole the(111) direction. Since this is inconsistent with tk&10)
moment associated with a displacement of the #pef the  orientation of the Si-H or Ge-H bonds, which we observe,
first bond. For stretch modes, we expect the bond moment tthis possibility can also be ruled out.

The experiments show that the Ge-H lines at 700.3, 705.
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VIIl. AB INITIO CALCULATIONS

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

A. Theoretical method

The ab initio calculations are performed with the local-  FiG. 14. The calculated structure @) IH (110 and (b) 1H (109,
density-functional cluster method AIMPRQRef. 26 on  in silicon and germanium. The shaded spheres are silicon or germa-
132-134 atom clusterX;,Hggn Where X is a host atom  nium, whereas the white spheres are hydrogen.

(either Si or Ggandne{0,1,2,. One host atom and hy-
drogen atoms are added to a tetrahedral hydrogen-terminatednfiguration has, respectively, 0.31 eV and 0.51 eV higher
X71Hgo cluster representing the perfect crystal. The follow-energy than thé110 split interstitial.
ing basis set for the wave functions is used: eight Gaussian
andp orbitals with different widths centered on each of the
innermost six host atoms, a fixed linear combination of these
eight Gaussias andp orbitals for the remaining host atoms, ~ The starting configurations ar€l10 and (100 split-
four Gaussiars andp orbitals with different widths for the  interstitials with a hydrogen atom attached to one of the two
hydrogen atoms in the core of the defect, a fixed combinatiogquivalent core atoms. When the relaxation is carried out, the
of three Gaussias andp orbitals each for hydrogen at the two starting configurations end up in different configurations
cluster surface and, finally, additional basis functions arghat both haveC,;, (monoclinic-) symmetry[see Figs. 1¢)
placed at the centers of the bonds between tha@&toms in ~ and 14b)]. In both materials, the energy difference between
the defect core. The self-consistent energy and the forces dhe two configurations is small, with thel00) orientation
the atoms are calculated and all 72 host atomsrahgidro-  1H 109 being favored by 0.24 eV in silicon oveiH ;0
gen atoms at the defect core are allowed to relax until th&vhereas the two configurations are degenerate in germa-
minimum-energy configuration is obtained. The hydrogen atnium. The silicon result is in disagreement with recebt
oms at the surface are fixed during this procedure. The miniinitio calculation§ where a structure close to Ol (179 Was
mization is performed with a conjugate gradient algorithm.found to be the ground state configuration. However, the
The second derivatives of the energy between thengen-  1H 109 Structure is similar to that found previously by ea
tral atoms are calculated directly, while the derivatives be€t al. using semiempirical methods. The calculated
tween the remaining atoms are found from a Musgrave PoplBydrogen-related local vibrational mode frequencies and the
potential given previousl$? Then, the dynamical matrix of isotope shifts ofiH 10 andIH ;1,4 are given in Tables Il
the cluster is constructed, and the local vibrational modegnd IV. Also presented in these tables are the polar and azi-
along with their isotope shifts are calculated. muthal angles for the displacement of the Si-H or Ge-H bond
for each of the modes. The displacements associated with the

C. The IH defect

B. The self-interstitial (I
) TABLE IlIl. The calculated local vibrational modes i (1qq, in

For the isolated self-interstitial in its neutral charge statesilicon and germanium. The anglésind ¢ specify the direction of
and with zero spin, we find a number of configurations closahe bond displacement associated with the modes and the column
in energy. Here we shall concentrate on the two with lowestienoted Freq. gives the frequencies of the modes in'crihe
energy. In silicon, the most stable defect is (€0 split-  frequencies of D o are also given.
interstitial illustrated in Fig. (@). Previous studies have also

found this structure to possess the lowest enéf§io our Si

knowledge, the self-interstitial in germanium has not previ- IH(100 ID (100

ously been investigated theoretically. Also in this material

we find the most stable configuration to be {40 split. Mode 0 ¢ Freg. Freq.
The other configuration of interest is(A00 split, i.e., it A/ 45.2° 7.33° 2166.9 1556.3

consists of two atoms that share a lattice site and are splitin  p~ 135.0° 0° 743.8 578.5

the (100 direction. This configuration is similar to that of the A 93.6° 93.6° 794.2 578.8

carbon interstitiaf’?® The point group of the unrelaxed de-

fect isD,q (tetragong), and it possesses a partially occupied Ge

e (double} level lying around midgap. Hence, the structure IH100 ID (100

is a candidate for a Jahn-Teller distortion, which lifts the Mode p Fre Fre

tetragonal symmetry and splits the partially occupiddvel ¢ 4 9

into singlets. The relaxation on th&00] split-interstitial re- A’ 45.1° 5.07° 2079.7 1478.9

sults in a large movement of one of the two core atoms along A’ 92.5° 92.5° 7345 521.0

the [011] direction so that the structure ends up wih, A 135° 0° 729.9 517.8

(monoclinic-) symmetry. In silicon and germanium, this
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TABLE IV. The calculated local vibrational modes Il (11¢, in
silicon and germanium. The anglésand ¢ specify the direction of
the bond displacement associated with the modes and the colu
denoted Freq. gives the frequencies of the modes in‘crihe
frequencies ofD (1,4, are also given.

2166.9 cm™ for I1H oo and 2190.8 cm' for IH ;0 are
considerably higher than the 1870 chfound previously for
MAe (110 configuration in Ref. 6, but agrees reasonably with
the unscaled value 2217 ¢rhfor the (100 configuration
found in Ref. 9.

Si
IH (110 1D (110 D. The IH , defect
Mode P 0 Freq. Freq. When_tv_vo hyd_r_ogen atoms are added to <m@0)_and the
(110 split-interstitials with the silicon or germanium atoms
A’ 36.4° 45.0° 2190.8 1574.1 kept fixed, the minimum-energy configurations hate
A’ 126.4° 45.0° 882.0 649.7 (monaclinic-1l) andC,, (orthorhombic-} symmetry, respec-
A" 90.0° 135.0° 749.0 539.3 tively. If the relaxation is carried out maintaining these sym-
metries, then the relaxed 00 structure in silicon has 2.56
Ge eV lower energy than the relax€til0 structure. In germa-
H (119 ID (119 nium, the corresponding energy difference is 2.18 eV. If,
Mode 0 ¢ Freq. Freq. however, the full relaxation is carried out With_out any sym-
metry constraint, then th€l10 defect rotates into the one
A’ 43.0° 45.0° 2073.7 1474.8 derived from the(100 orientation. The structure of the
A’ 133.0° 45.0° 800.5 567.3 ground-state configuration ®H , is shown in Fig. 1b). The
A 90.0° 135.0° 762.2 541.4 structure in both silicon and germanium is very similar to

those give previously in silicoh? Calculations performed in
a large cluster(SijgH19 revealed that the energy of the
stretch modes deviate by less than 2° from the direction ofH,+ | defects is about 0.6 eV lower than that of th,; g,
the bond. ForlH ;4 in silicon and germanium and for defects. Therefore, theH 14y defect may be suppressed in
IH (109 in germanium, the bend modes with the highest fre-either material, due to the preferential formation of the fully
guency are associated with the angular vibrations in the mirhydrogenated defect. The calculated local vibrational mode
ror plane of the defect, whereas the low-frequency bendrequencies ofH,, IHD, andID, are presented in Table V
modes correspond to vibrations perpendicular to this plangogether with the polar and azimuthal angles of the mode
For IH 199 in silicon, the ordering of the bend modes is displacements for one of the Si-H or Ge-H bonds. The
reversed. stretch frequencies fdH , are found to lie significantly be-
So far, there have been no experimental reports of thedew those calculated for vacancy-hydrogen defects, which
modes. The stretch-mode frequencies in silicon awere in turn about 7% higher than the experimental vafues.

TABLE V. The calculated local vibrational modes ld , in silicon and germanium. The anglésind ¢
specify the direction of the displacement of one of the bonds for each mode and the column denoted Freq.
gives the frequencies of the modes in ©mThe frequencies dfD, andIHD are also given. The observed
frequencies are given in parentheses.

Si
IH, ID, IHD
Mode 0 @ Freq. Freq. Freq.
A 45.9° 9.49° 2144.71989.9 1540.2 (1448.2 2143.8(1987.9
B 46.1° 9.79° 2142.91986.9 1539.9 (1446.1 1540.1(1447.3
A 129.1° 47.3° 774.7748.0 590.2 771.4(745.7
B 127.9° 51.1° 768.1(743.)) 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
IH, ID, IHD
Mode 0 @ Freq. Freq. Freq.
A 46.0° 8.30° 2056.711883.5 1462.5(1359.0 2055.1(1882.8
B 45.7° 8.47° 2053.31881.8 1460.1 (1357.9 1461.3(1358.9
B 135.4° 15.7° 787.4705.5 558.8 784.9 ¢703)
A 132.0° 37.6° 784.71700.3 555.7 712.4
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 the orbitals of the two inner-  |imit for detection is~600 cn *. This gives a lower limit on
most silicon and germanium atoms contribute to the bondinghe separation of the two sets of modes-a140 cmt

of hydrogen. The calculated stretch-mode frequencies are 8%6- 100 cm™) in silicon (germaniun, which is considerably

too high in silicon and 9% too high in germanium comparedjarger than the~30cm ! (~60cm ') separation calcu-

to the observed frequencies. Such deviations are typical fqated. The calculated separation is twice as big in germanium
the theoretical method, and may be ascribed to the overbings in silicon. If our explanation for the discrepancies is cor-
ing caused by density-functional theory and to anharmonigect we will, therefore, expect that the calculated normal
effects. In both silicon and germanium, the theory predictsnodes ofiH, in germanium are in better agreement with the
that for the stretch modes, tfemode has higher frequency observations. It should be stressed that this argument relies
than theB mode, in agreement with our observations. Theheavily on the fact that the calculated structures ofltHg
calculated splittings of the two stretch modeslBf, (ID;)  defect in silicon and germanium are almost identical. The
are small and are 1®.3 cm *in silicon and 3.42.4 cm™"  ordering of the calculated bend modes! B, in germanium

in germanium. These agree roughly with the observed splitis different than that ofH, in silicon (see Table ¥ and in
tings of 2.9(2.1) cm™* and 1.7(1.4) cm™" in the two mate-  total agreement with the observations for the Si-H bend
rials. Hence, the small splitting of the stretch modes is repromodes. Moreover, the calculated polar and azimuthal angles
duced by the calculations. Moreover, the calculated stretchof the bond displacements for the two high-frequency bend
frequencies ofHD deviate by less than 0.1 cthfrom the  modes in germanium are qualitatively consistent with those
average frequency of the respective two stretch modes abserved. These considerations support our explanation of
IH, andID,. Hence, the calculated isotopic shifts for the the discrepancies.

stretch modes are in excellent agreement with experiment.

The directions of the bond displacements for the two stretch IX. CONCLUSION

modes are equal and deviate by less than 2° from the direc- ) o
tions of the bonds. In silicon, the polar angledis 46° and The infrared absorption lines at 743.1, 748.0, 1986.5, and
1989.4cm? in Si:H and at 700.3, 705.5, 1881.8, and

the azimuthal angle=10°, and in germaniund=46° and . o o
¢=8°. Thesed and¢ values are in excellent agreement with 1883.5 cm - in Ge:H originate from a defect containing two
quivalent and weakly coupled Si-H or Ge-H bonds. The

the experimental results and strongly support our assigrf ) o .
ments.p gy supp g symmetry of the defect is monoclinic-1l corresponding to a

For IH,, four bend modes are predicted at 717.5, 736.4C2 Point group. The two Si-H or Ge-H bonds are almost
768.1, and 774.7 cnit in silicon and at 694.6, 725.0, 784.7, Perpendicular and their directions deviate only by a few de-
and 787.4 cm*' in germanium. The calculated frequencies of9rees from(110). The structure Oﬂ_.' 21N silicon and germa-
the hydrogen-related bend modes of théD defect are nium cal_culated p)ab initio theory IS In excellent agreement
797.3 and 771.4 cit in silicon and 712.4 and 784.9 cth ywth t_he information deduced experimentally, confirming the
in germanium. HencelHD is predicted to give rise to a !dentlty_ of the defects as the fully hydrqg.enated self-
bend-mode between the two high-frequeriend the two interstitial. Moreover, the small frequency splittings between
low-frequency bend modes ofH,. Also this is in agree- the two str_etch and th‘? two bend modes are repro_duce_d by
ment with the observations both in silicon and germaniumthe theoretical calculauops toge_ther with the isotopic shifts.
The calculated Si-H bend-modes at 768.1 and 774 .7'cm The calculated frequencies deviate by 8-9 % H from those

= ; o ._observed, which is typical for the method. Based on these
(717'.5 an_d 736.4 cr_ﬁ_L) are associated with d|splzicements Infindings, we conclude that the Si-H modes at 743.1, 748.0,
the directions specified by the polar anglee129° and the _

; o o o 1986.5, and 1989.4 cit and the Ge-H modes at 700.3,
azimuthal angley~49° (§~69° ande~122"). The calcu- 705.5, 1881.8, and 1883.5 crhoriginate from thelH , de-
lated displacement vectors for the high-frequency modes d%_ect. ’ " ' 9 2
viate substantially from those obtained experimentdHy '
=137°*+2° and ¢=0°*8°). In addition, the calculations
show that the 768.1-cit mode is aB mode, whereas the
774.7-cm* mode is arA mode, i.e., the ordering is reversed ~ This work has been supported by the Danish National
compared to the experimental results. The explanation foResearch Foundation through Aarhus Center for Advanced
these discrepancies is probably that the calculations undereBhysics(ACAP). We thank the HPCI for an allocation of
timate the difference in frequency between the set of higheomputer time on the Cray T3D at Edinburgh and the SP2 at
frequency and the set of low-frequency bend modes. Twdaresbury. S.Othanks NFR and TFR in Sweden for finan-
observations support this explanation. Firstly, only two benctial support and also PDC at KTH for computer time on the
modes are observed in both materials although the lowe8P2.
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