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Silicon vacancy containing two hydrogen atoms studied with electron paramagnetic resonance
and infrared absorption spectroscopy
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Float-zone and Czochralski-grown silicon crystals have been implanted with protons or deuterons. Electron-
paramagnetic-resonance measurements performed during illumination with light at 1064 nm reveal a signal,
labeledDK5, in addition to the well-known signal from VO* —the excited spin-triplet state of the oxygen-
vacancy defect. TheDK5 signal originates from a spin-triplet state of a vacancy-type defect with monoclinic-I
~near-orthorhombic-I! symmetry. In contrast to the VO* signal, DK5 has about the same intensity in the
spectra recorded on oxygen-lean and oxygen-rich samples, which indicates that theDK5 defect is not oxygen
related. However, the close resemblance between theD tensors ofDK5 and VO* strongly suggests that the
electron-spin distributions are similar in the two defects. Moreover, anisotropic hyperfine splittings from two
proton spins are partially resolved in theDK5 signal. The signal is assigned to VH2* , the excited spin-triplet
state of the silicon vacancy containing two hydrogen atoms, which is the simplest defect consistent with the
observed properties. The isochronal annealing behavior ofDK5 coincides with that of two infrared-absorption
lines at 2063 and 2077 cm21, which, like DK5, are observable only during illumination. These lines are
assigned to Si-H stretch modes of VH2* .

DOI: 10.1103/PhysRevB.66.235201 PACS number~s!: 61.72.Tt, 71.55.2i, 76.30.Mi
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I. INTRODUCTION

As the dimensions of the basic microelectronic comp
nents continue to shrink, there are good reasons to bel
that the control of point defects residing in the bulk of cry
talline silicon and at the silicon/silicon-dioxide interface w
become even more important. The properties of point def
in silicon are strongly affected by the presence of hydrog
atoms in the material, mainly because hydrogen atoms b
strongly to such defects and thereby change their stab
and electrical activity.1–3 A detailed understanding of how
the defect properties are modified requires identification
the atomic structure of the hydrogen defect. Hence, a ratio
exploitation of hydrogen-related processing of future devi
may rely on structural information of hydrogen defects.

In this paper we focus on monovacancy-hydrogen defe
VHn (n51 – 4) produced by proton implantation into silico
crystals.4–6 Owing to the high level of radiation damag
caused by the implantation, these defects are formed in r
tively large quantities, making such samples suitable
structural studies.

The electronic properties of vacancy-type defects
commonly described in terms of ‘‘dangling bonds:’’ The cr
ation of a vacancy is imagined as a sudden removal o
silicon atom, leaving each of its four silicon neighbors with
‘‘dangling’’ or broken bond, i.e., with a singly occupie
3sp3-hybridized orbital pointing towards the site of th
missing atom. The one-electron energy levels associated
these dangling-bond orbitals are taken to lie close to
middle of the silicon band gap. By the subsequent, inw
distortion of the lattice, the silicon neighbors to the vacan
approach each other sufficiently to allow a moderately str
overlap of the dangling-bond orbitals. Some of the ene
0163-1829/2002/66~23!/235201~13!/$20.00 66 2352
-
ve
-

ts
n
d

ty

f
al
s

ts

la-
r

e

a

ith
e
d
y
g
y

levels corresponding to the resultant bonding and antibo
ing combinations liewithin the band gap, which account fo
the electrical activity of the defect. In the neutral char
state, the bonding combinations become doubly occup
whereas the antibonding combinations are empty. Hence
overlapping dangling bonds constitute weak elongated S
bonds across the vacancy.

The binding energy of a Si-H bond is;3.3 eV, whereas
the binding energy associated with the elongated Si-Si bo
is of the order 1 eV~Ref. 7!. Therefore, a hydrogen atom
added to the monovacancy will bind very strongly to o
silicon atom, thereby eliminating one of the dangling bon
Due to the strong binding, the Si-H unit is not associa
with any one-electron states within the band gap and i
therefore electronically inert in this context. Thus, the ele
tronic structure of this defect, VH, is determined primar
by the three remaining dangling bonds of which two form
elongated Si-Si bond while the last is unengaged. In the n
tral charge state (VH0), the defect is paramagnetic and ma
be studied by electron-paramagnetic-resonance~EPR!
spectroscopy.6 In the ground state, the unpaired electron-sp
density is largely confined to the ‘‘free’’ dangling bond, an
the electronic structure is very similar to that of the we
known E center (VP0) ~Ref. 8!, in which the Si-H unit of
VH0 is replaced by a phosphorus atom. By the same tok
the electronic properties of VH2 may be expected to re
semble those of theA center~VO! ~Ref. 9!, since in both
defectstwo dangling bonds have been eliminated: In theA
center, the oxygen atom is strongly bonded to two silic
atoms, whereas two strong Si-H bonds are formed in VH2.

Like the neutralA center, VH2
0 should be diamagnetic in

the electronic ground state and, hence, unobservable by E
©2002 The American Physical Society01-1
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However, theA center has an excited spin-triplet stateS
51) corresponding to the transfer of an electron from
bonding to the antibonding combination of the two dangli
bonds.10 This state, denoted VO* , can be populated by opti
cal excitation, and it is sufficiently long lived to allow dete
tion by EPR under continuous illumination with band-ed
light. The assumed similarity of the two defects suggests
VH2

0 could also be EPR-active under illumination.
Previously, Chenet al.11 reported on an optically detecte

magnetic-resonance~ODMR! signal from an excitedS51
state of a defect withC2n symmetry, which was observed i
Czochralski-grown~oxygen-rich! silicon that had been ex
posed to a hydrogen or deuterium plasma and subsequ
irradiated with 2-MeV electrons at room temperature. T
sets of satellite lines associated with hyperfine interac
were partly resolved. From a comparison between spe
recorded on hydrogen- and deuterium-treated samples, it
argued that the signal originates from a defect containing
equivalent hydrogen atoms. From this and the magnitud
the components of the derivedD tensor, the signal was as
signed to VH2* , the excitedS51 state of VH2

0. In a later
comment12 it was noted that the line positions derived fro
the spin Hamiltonian presented by Chenet al. 11,13 coincide
with those of the VO* signal within experimental error.

In the present study, the effect of band-edge illuminat
on proton- and deuteron-implanted silicon crystals grown
ther by the float-zone or the Czochralski technique has b
investigated. A new light-induced EPR signal, denotedDK5,
arising from a defect in a photoexcited spin-triplet stateS
51), has been detected. The properties derived for the
fect giving rise toDK5 are similar to, but clearly distinc
from, those of VO* as well as those corresponding to t
ODMR signal discussed above and are shown to be con
tent with those expected for VH2* . Parallel EPR and Fourier
transform infrared~FTIR! measurements on similar sampl
indicate that VH2* possesses Si-H stretch modes at 206
and 2077.4 cm21.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Samples for the EPR measurements shaped as rectan
parallelepipeds with dimensions 0.634315 mm3 were cut
from float-zone~FZ! and Czochralski-grown~CZ! silicon
crystals. The large faces were perpendicular to the@111# axis
and the small faces (0.634 mm2) perpendicular to the

@11̄0# axis. The oxygen contents of the FZ and CZ samp
were,531015 and;631017 cm23, respectively, wherea
the concentration of carbon was below 531015 cm23 in both
types of samples. The FZ material wasn type with resistivity
;600V cm, corresponding to a phosphorus concentration
;931012 cm23, and the CZ material wasp type with resis-
tivity ;12 V cm, equivalent to a boron concentration
;131015 cm23. The samples were implanted with proto
or deuterons through a 0.2-mm aluminum foil into the
315-mm2 faces at a sequence of energies ranging from
to 10.6 MeV. The implanted dose at each energy was
justed to ensure a uniform distribution of hydrogen isotop
23520
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throughout the sample corresponding to a concentration
(3.360.4)31017 cm23. During the implantation, the sampl
temperature was kept below 110 K with an average of;50
K. After the implantation, the samples were heated slowly
room temperature and etched lightly in nitric and hydroflu
ric acids to remove surface defects that might be param
netic. In the following, samples implanted with protons a
deuterons will be denoted Si:H and Si:D, respectively.

A similar FZ-Si:H sample was used for the FTIR me
surements. This sample, measuring 4310310 mm3, was cut
from the same material as the FZ samples for EPR meas
ments. It was implanted with protons through a 0.2-mm a
minum foil into one of the large faces at 35 successive en
gies ranging from 9.4 to 5.1 MeV. The doses at each ene
were adjusted to produce a 0.41-mm-thick layer in t
sample with a uniform hydrogen concentration of (9
61.2)31017 cm23. The temperature of the sample was ke
below 200 K during the implantation with an average of;50
K. After the implantation, the sample was allowed to wa
to room temperature.

The local concentration of hydrogen is about three tim
higher in the FTIR samples than in the EPR samples. Pr
ous FTIR experiments have shown that the higher concen
tion leads to larger intensity of the relevant FTIR lines wit
out significant broadening of the lines. The width of EP
lines are, however, more sensitive to the strain caused
implantation damage, which justifies the choice of a low
concentration in that case.

B. EPR measurements

The EPR spectra were recorded with a Bruker ESP30
spectrometer operated atX band~;9.2 GHz! in the absorp-
tion mode. Conventional field modulation with synchrono
lockin detection at 100 kHz was employed. The microwa
frequencyn0 and the static magnetic fieldB0 were monitored
continuously during the measurements with a Hewle
Packard 5350B frequency counter and a Bruker ER03
nuclear magnetic resonance gaussmeter. Using epoxy r
the sample was glued to a silver rod, which was screwed
the cold block of an Air Products and Chemicals LT-3-1
liquid-helium flow cryostat. The silver rod was thermal
shielded by means of a thin-walled, silvered brass tube,
a quartz tube surrounding the sample served as a vac
shroud. The temperature of the cold block was monito
and could be controlled in the range 5–300 K. The dime
sion of the quartz tube allowed the sample to be placed in
center of a Varian V-4533 cylindrical room-temperature ca
ity. The magnet could be rotated in a horizontal plane, whi
together with the fact that the cryostat-cavity assembly co
be tilted several degrees in the vertical plane containingB0 ,
allowed us to alignB0 with any direction in the (11̄0) plane
of the sample. Moreover, because of the presence of
well-known, strongly anisotropic signal from VO* ~Ref. 10!,
B0 could be aligned with any of the main axes@001#, @111#,
and @110#, to within 0.05°.

During measurements, the sample could be illumina
with light at 1064 nm from a continuous-wave Nd:YAG la
ser. The light was passed through an optical fiber, one en
1-2
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SILICON VACANCY CONTAINING TWO HYDROGEN . . . PHYSICAL REVIEW B66, 235201 ~2002!
which fitted into a small hole in the cavity. The intensity
light incident on the sample was kept constant at about
W/cm2, because this value optimized the spectral intensity
the DK5 signal discussed below. Illumination at this inte
sity on samples with identical dimensions and the sa
mounting lead to sample temperatures 1565-K higher than
that of the cold block. In the absence of illumination t
sample temperature exceeded the cold block temperatur
362 K. The sample temperatures stated below were de
mined from the block temperature and the relevant temp
ture difference.

C. Annealing study and FTIR measurements

Infrared-absorption measurements were performed wi
Nicolet, System 800, Fourier-transform spectrome
equipped with a glowbar source, a Ge:KBr beam splitter,
a mercury-cadmium-telluride detector. The sample w
mounted in a closed-cycle helium cryostat with CsI w
dows. Measurements were performed at 10 K with
apodized resolution of 0.6 cm21. The sample could be illu-
minated with light from an external tungsten-halogen la
through a quartz light guide, which resulted in a wide sp
trum covering the range from;4500 to 11 000 cm21. A low-
pass filter with cutoff at 2200 cm21 was placed in front of the
internal glowbar source, and the effect of the light from t
external lamp was investigated as follows: The sample
first illuminated continuously for 70 min at 10 K. Then th
external lamp was switched off, and an interferogram w
recorded for 5 min. Immediately after, the lamp w
switched on again, and a similar interferogram was record
The measurements without and with external light were
peated several times and the results were reproducible. H
ever, without the initial 70-min illumination the results we
irreproducible due to a light-induced intensity change with
time constant of;20 min.

EPR and FTIR spectra were recorded as described a
after each step in a sequence of 30-~EPR! or 45-min~FTIR!
heat treatments at temperatures in the range 423–648 K.
temperature increment was;25-K per step. The heat trea
ments were performed in a tube furnace in ambient nitrog
Only EPR lines that are insensitive to moderate misali
ment of the sample were used to monitor the intensity of
EPR signal discussed below. The FTIR absorbance line
interest were fitted with a Lorentzian line shape, and
intensities were determined from the areas under th
curves.

III. RESULTS

A. EPR measurements

An EPR spectrum of FZ-Si:H recorded during band-ed
illumination at 20 K withB0 along the@001# axis, is shown
in Fig. 1. The central lines lying within the field range 319
332 mT, most of which are off scale in the figure, are fu
accounted for in terms of the VH0, S1a , and S1b signals,
including 29Si hyperfine satellites.6,14 The eight additional
lines at positions outside this central region, which is ch
acteristic for signals from defects with spinS51/2, are ob-
23520
.2
f

e

by
r-
a-

a
r
d
s

n

p
-

s

s

d.
-
w-

a

ve

he

n.
-
e
of
e
se

e

r-

served only during illumination. Their integrated intensity
about 30-times smaller than that of the main lines from VH0,
S1a , and S1b . In order to obtain a satisfactory signal-to
noise ratio for the weak light-induced lines, the spectru
was recorded with a large modulation amplitude at the
pense of spectral resolution. The signal from VO* accounts
for four of the light-induced lines as indicated by the sti
diagram in Fig. 2, which was calculated from the sp
Hamiltonian

H5mBS•g•B01S•D•S ~1!

with S51 and the g and D tensors of VO* with
orthorhombic-I symmetry found by Brower10 ~see Table I!.
The symbolmB denotes the Bohr magneton. Each magne
cally distinct orientation of VO* has a pair offine-structure
transitions according to the selection rulesMS50↔MS5
61, whereMS is the quantum number for the component
the total spin alongB0 ~the quantization axis!. With B0 par-
allel to the@001# axis, an orthorhombic-I defect such as VO*
has just two magnetically distinct orientations, one with t
C2 axis parallel toB0 ~twofold degenerate! and one with the
C2 axis perpendicular toB0 ~fourfold degenerate!, which
yield the outer and inner pairs of lines in Fig. 1, respective
The two VO* lines to the left have the same sign as t
central lines fromS51/2 defects and therefore represent
netabsorptionof microwave power. However, the right-han
lines both have opposite sign~5negative!, corresponding to
a net emission of microwave power. This spectral featu
characteristic of excited states withS>1, reflects that spin-

FIG. 1. Solid curve: EPR spectrum of a FZ-Si:H sample
corded during band-edge illumination at;20 K with B0 along
@001# and with a large modulation amplitude. The broken lin
show the simulated resonant field values for VO* andDK5, calcu-
lated from theg and D tensors listed in Table I. The central, ver
intense part of the observed spectrum has been cut out to accen
the weak VO* andDK5 signals.
1-3
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P. JOHANNESENet al. PHYSICAL REVIEW B 66, 235201 ~2002!
dependent excitation and deexcitation processes may cre
population inversion among the magnetic sublevels. Mo
over, as these processes depend strongly on the orientati
the defect with respect toB0 , the relative amplitudes of the
inner and outer pairs of lines deviate from the 2:1 ratio
tween the degeneracies of the corresponding orientation

The four remaining light-induced lines in the spectru
belong to a signal which we labelDK5. The DK5 signal
resembles the VO* signal in the sense that it also consists
two line pairs along@001#, and has two positive and tw
negative lines. This suggests that theDK5 signal also origi-
nates from a defect withS51 and orthorhombic-I symmetry.
The line positions ofDK5 may in fact be represented i
terms of the spin Hamiltonian@Eq. ~1!# with S51. However,
the remote possibility of a spin quartet state (S5 3

2 ) cannot
be rigorously refuted.15 The g and D tensors obtained from
the best fit of Eq.~1! to all the data reveal that the symmet
of the DK5 defect is monoclinic-I rather than
orthorhombic-I ~Table I!, although a monoclinic term is no
ticeable only for theg tensor. The seven independent para
eters of the monoclinic-I g and D tensors forDK5 were
obtained from the positions of 22 fine-structure lines that
not obscured by overlapping lines from other signals in
spectra recorded withB0 along @001#, @001#130°, @111#,

@001#173°, and@110#, in the (11̄0) plane. A stick diagram
calculated from the resultant parameters is included in Fig

As noted above, theDK5 signal is observable only durin

FIG. 2. Comparison of the EPR spectra of proton-implanted
and FZ samples recorded during band-edge illumination at;20 K
with B0 along@110# and with a large modulation amplitude. The C
spectrum has been scaled with a factor of 0.005 to make the in
sities of the VO* lines similar in the two spectra. The broken line
represent the calculated line positions of VO* andDK5. In the inset
the outermostDK5 line in the CZ and FZ spectra is plotted on th
same vertical scale.
23520
te a
-
of

-

f

-

e
e

1.

band-edge illumination: Switching the laser off during a sc
results in the immediate disappearance of the signal.
DK5 signal becomes unobservable at temperatures ab
;100 K, whereas the VO* signal disappears above;160 K.
Moreover, theDK5 signal appears to be turned upside do
with respect to the VO* signal forB0 along@001# so that the
negative lines ofDK5 occur on the left-hand side of th
central region for this direction.

Figure 2 shows the spectra of CZ-and FZ-Si:H record
under the same conditions as the spectrum in Fig. 1 but w
B0 along the@110# axis. The stick diagrams represent th
calculated resonant field values of VO* and DK5 for this
direction. Since the CZ spectrum has been scaled down
factor of 200, it appears from the figure that the intensity
the VO* signal is about two orders-of-magnitude larger
the oxygen-rich sample than in the oxygen-lean sample
contrast, theDK5 signal has about the same intensity in bo
types of samples, as illustrated in the inset at the right-h
side of the figure. This fact by itself strongly suggests th
the DK5 defect is not related to oxygen.

The DK5 lines at 318 and 331 mT, denotedC andD in
Fig. 2, are of particular interest in the following. Small se
tions of the FZ-Si:H spectrum in Fig. 2, which display the
lines, are shown in Fig. 3. Also shown in this figure a
simulations of the lines originating from the VH0, S1 (S1a
and S1b), and VO* defects, and a simulation of theDK5
lines. As can be seen from the figure the simulations acco
for the observed spectrum. Furthermore, it is evident that
C andD lines have only a minor overlap with other lines.

As mentioned above, the large modulation amplitude e
ployed to record these spectra leads to broadening of
lines,16 the resultant peak-to-peak width of theDK5 lines

Z

n-

TABLE I. Spin-Hamiltonian parameters for theDK5 and VO*
~Ref. 10! signals and for the VH2* signal as calculated from a bi
radical model~Sec. IV B!. Principal values ofD andAH,1 are given

in MHz. The principal axisX8 of g andD is parallel to the@11̄0#

axis, whileY8 andZ8 span the (11̄0) plane.Q8 denotes the angle
betweenY8 and the@110# axis. The principal axisY9 of AH,1 is
parallel to the@110# axis, and theX9 and Z9 axes span the~110!

plane.Q9 denotes the angle betweenX9 and the@ 1̄10# axis. Limits
of error are given in brackets.

Term
Principal
direction DK5 VO*

VH2*
~biradical model!

g X8 2.0140~3! 2.0102~1! 2.0114
Y8 2.0062~3! 2.0058~1! 2.0030
Z8 2.0089~3! 2.0076~1! 2.0066

Q8 ~°! 23 ~2! 0 0
D X8 6304.3~6! 307.0~2! 459

Y8 7758.7~6! 2657.0~2! 2918
Z8 6454.4~6! 350.0~2! 459

Q8 ~°! 0.6 ~2! 0 0
AH,1 X9 24.1

Y9 0.5
Z9 4.2

Q9 ~°! 32
1-4
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SILICON VACANCY CONTAINING TWO HYDROGEN . . . PHYSICAL REVIEW B66, 235201 ~2002!
being;0.34 mT, and under these conditions no differen
between the line shapes in the spectra of Si:H and Si:D
observed. As the modulation amplitude is lowered,
widths of all the lines decrease. At the best obtainable re
lution, most of theDK5 lines in the spectra of Si:H resemb
first-derivative Gaussian absorption lines with a peak-
peak width of;0.15 mT. This is not the case, however, f
line C and its partner lineD belonging to the same orienta
tion of the defect in the@110# spectrum~cf. Fig. 3!. The line
C in the spectra of FZ-Si:H and FZ-Si:D recorded at lo
modulation amplitude are shown as solid curves in Fig.
The spectra of Si:H and Si:D are clearly distinct: The li
from Si:H is broader and has a more complex shape than
from Si:D. This indicates that hydrogen is involved in th
DK5 defect. Our data do not allow a derivation of the prot
hyperfine tensor, but the observed shape of lineC from Si:H
is consistent with a hyperfine interaction of;4 MHz with
two protons and is inconsistent with a hyperfine interact
with a single proton. The simulations included in Fig. 4 a
based on hyperfine interaction with two protons and will
described further in Sec. IV B.

We have not detected any29Si hyperfine satellites in the
DK5 signal, presumably because such lines are too wea
be detected with our spectrometer. The29Si hyperfine satel-
lites associated with the two equivalent silicon sites of VO*
are clearly visible in the CZ-Si:H spectrum shown in Fig.

FIG. 3. Expanded view of sections around the lines markeC
andD in the FZ-Si:H spectrum of Fig. 2~curvea!. Curveb: Simu-
lated signal fromDK5. Curve c: Simulated spectrum calculate
from the spin Hamiltonian ofS1a , S1b , and VO* ~Refs. 10 and 14!.
The combined simulationb1c closely resembles the observe
spectrum. Note that the linesC andD belong toDK5 and, more-
over, overlap only marginally with other lines.
23520
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curve a, but in the FZ-Si:H spectrum where the VO* and
DK5 signals are about equally intense, the hyperfine sa
lites of VO* fall below the detection limit.

B. FTIR measurements and isochronal annealing

A section of the FTIR-absorbance spectrum recorded
10 K without external illumination on the FZ-Si:H samp
annealed at 548 K is shown as curvea in Fig. 5. The absor-
bance lines at 2122.2 and 2145.0 cm21 represent Si:H stretch
modes of VH2,4,5 and the lines at 2068.1 and 2073.2 cm21

are the stretch modes of V2H0 and V3H0 ~or V4H0),
respectively.14 The intense line at 2072.4 cm21 has recently
been ascribed to V2H2 ~Refs. 17 and 18!, and the weak lines
in the range 2078–2088 cm21 represent Si-H stretch mode
of unidentified defects. When band-edge light is applied, n
absorbance lines appear in the spectrum at 2063.1
2077.4 cm21 together with a weak line, denotedX, as can be
seen from curveb in the figure. This spectrum was obtaine
by subtraction of the spectrum recorded without illuminati
from that recorded during band-edge illumination. When
external illumination is switched off, the 2063- an
2077-cm21 lines disappear immediately—like theDK5
signal—in contrast to theX line, which decays very slowly
Thereby, the 2063- and 2077-cm21 lines are candidates fo
identification with Si-H stretch modes of theDK5 defect. To
investigate this possibility, the normalized intensities of t

FIG. 4. Comparison of a section of the EPR spectra of FZ-S
and FZ-Si:D around the lineC belonging toDK5 ~cf. Figs. 2 and
3!. Solid curves are spectra recorded at;20 K during band-edge
illumination with B0 along @110# and with a small modulation am
plitude. The broken curves were calculated with the spin Ham
tonian derived from the biradical model of VH2* ~see Sec. IV B!.
1-5
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P. JOHANNESENet al. PHYSICAL REVIEW B 66, 235201 ~2002!
DK5 signal and the 2063-and 2077-cm21 lines are compared
in Fig. 6. As can be seen from the figure, the anneal
behavior of theDK5 signal and the 2063- and 2077-cm21

lines are similar. The signal intensities increase with the
nealing temperature up to;590 K, where the intensities ar
about four-times higher than observed in the as-prepa
samples. When the annealing temperature is increased
ther, the signal intensities decay rapidly, and above;650 K
the signals become unobservable. At annealing tempera
below 420 K the 2077-cm21 line appears to have a somewh
higher normalized intensity than theDK5 signal and the
2063-cm21 line. However, the 2077-cm21 line is very weak
in this temperature range and the apparent discrepancy
well within the limits of error. Moreover, theDK5 signal
attains its maximum height after annealing at 548 K, wher
the 2063- and 2077-cm21 lines reach maximum intensity af
ter annealing at 573 K. This slight shift is probably the res
of a lower hydrogen concentration~a factor of 3! and a
shorter annealing time~a factor of 1.5! for the EPR sample a
compared with the FTIR sample. Hence, our measurem
indicate that the annealing behaviors of theDK5 signal and
the 2063- and 2077-cm21 lines are in fact identical, and tha
the EPR signal and the two absorbance lines originate f
the same defect. The described annealing behavior di
completely from that of any other EPR signal and FTIR a

FIG. 5. Section of the FTIR-absorbance spectrum of FZ-S
covering the range of Si-H stretch modes of the vacancy-hydro
defects. Curvea: Spectrum recorded at 10 K without band-ed
illumination after annealing at 548 K. Curveb: Spectrum recorded
at 10 K during band-edge illumination, from which the spectru
shown in curvea has been subtracted. The Si-H stretch mod
ascribed to V2H0, V2H2 , VnH0 (n53 or 4!, and VH2 , are indi-
cated in curvea and those assigned here to VH2* are indicated in
curveb.
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sorbance line observed in our samples. Thus, there are
other absorbance lines that may be linked to theDK5 signal.

The immediate appearance of the 2063- and 2077-cm21

lines caused by illumination is accompanied by a reduct
of the intensities of the VH2 modes at 2122 and 2145 cm21

~see Fig. 5, curveb!. Furthermore, the VH2 modes are im-
mediately and fully restored while the 2063- and 2077-cm21

lines disappear when the light is switched off. This indica
that the 2063- and 2077-cm21 lines are somehow connecte
to VH2. However, we note that the annealing behavior of
VH2 mode at 2122 cm21, included in Fig. 5, differs from that
of the 2063- and 2077-cm21 lines, even though they annea
out in the same temperature range as the VH2 mode.

IV. DISCUSSION

A. Assignments

The main experimental results obtained may be sum
rized as follows: The EPR signalDK5 arises from a light-
induced, excited state of a hydrogen-related defect, m
probably in a spin-triplet state15 (S51). Although the defect
does not involve oxygen, theDK5 signal is very similar to
that of VO* . This suggests that theDK5 signal originates
from VH2* ; the excited spin-triplet state of VH2 in its neutral
charge state. Further evidence for this assignment co
from the infrared-absorbance spectrum which shows
presence of VH2 via the Si-H stretch modes at 2122 an
2145 cm21. In addition, two new light-induced absorbanc
lines at 2063 and 2077 cm21 in the range characteristic o
Si-H stretch modes exhibit the same unique annealing be
ior as DK5. Reversible intensity changes of the 2122- a

n

s

FIG. 6. Isochronal annealing curves for the EPR signalDK5
and for the FTIR lines at 2063, 2077, and 2122 cm21. The intensi-
ties of all signals have been normalized to the values obtained
annealing at 523 K. Within the limits of error,DK5 and the lines at
2063 and 2077 cm21 grow in and decay in parallel.
1-6
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2145-cm21 modes accompany the appearance and disapp
ance of these lines, which suggests that the lines origin
from an excited electronic state of VH2. On this basis, we
assign theDK5 signal to VH2* and ascribe the 2063- an
2077-cm21 lines to Si-H stretch modes of the same defec

B. Biradical model

The expected orthorhombic-I (C2n) structure of VH2
0 is

sketched in Fig. 7. The structure of VH2* is expected to re-
semble that of VH2

0. An ambiguity exists in the correlation o
the observed spin Hamiltonian with the model of VH2* ,
since it cannot be determined experimentally whether
principal X8 or Y8 axis of the orthorhombicD tensor given
in Table I is normal to the~110! plane containing the two
dangling bonds. The choice made in Fig. 7 with theX8 axis
perpendicular to the dangling bonds is based on the comp
son of the observed and expectedg tensors, as explaine
below. As outlined above, the two dangling bondsw1 andw2
overlap and form bonding and antibonding combinatio
ua1&51/A212S12(w11w2) and ub2&51/A222S12(w1

2w2), whereS12 is the overlap integralS125*w1* w2dt. In
the ground state VH2

0, the orbitalua1&, which belongs to the
representationA1 of C2n , is doubly occupied whileub2&
belonging toB2 is empty, and the defect is diamagnetic.
accordance with the description of VO* , we assume that the
excitation of VH2

0 to VH2* implies the promotion of an elec
tron from ua1& to ub2&, resulting in the triplet state3B2 . This
change virtually eliminates the bond between the silicon
oms carrying the orbitalsw1 andw2 , and the distributions of
electronic charge and spin therefore become similar to th
of two independent dangling bonds, each holding one e
tron. Hence, the EPR spectrum may be interpreted in te
of a biradical consisting of two weakly interacting su

FIG. 7. ~a! Model of the atomic structure of VH2
0, showing the

two hydrogen atoms~black! each bonded to a silicon atom adjace
to the vacancy. The dangling bondsw1 andw2 on the remaining two

silicon neighbors form a long~reconstructed! bond in the (11̄0)
mirror plane perpendicular to the one containing the Si-H bond~x

axis along@11̄0#, y axis along@110#, andz axis @001#!. ~b! Elec-
tronic structure of VH2

0, as expected from a one-electron orbit
treatment. The one-electron levels are labeled in accordance
the irreducible representations of the point groupC2n that describes
the transformation properties of the corresponding orbitals.
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systems withS5 1
2 , where each electron spin interacts wi

both protons of the defect. Denoting byS1 and S2 the spin
operators associated with the spin distributions ofw1 and
w2 , respectively, the spin Hamiltonian of the defect m
therefore be written

H5mBS1•g1•B01mBS2•g2•B012S1•D•S212JS1•S2

1(
j 51

2

IH, j•~AH, j
1

•S11AH, j
2

•S22gHmNB0!, ~2!

wheregH andmN denote theg factor of the proton and the
nuclear magneton, respectively, and the tensorsAH, j

1 and
AH, j

2 describe the hyperfine interaction between thej th pro-
ton with nuclear spinIH, j and the electron spinsS1 andS2 ,
respectively. The symbolJ represents the exchange intera
tion between the electron spins. Owing to the assum
orthorhombic-I symmetry, the twog tensorsg1 and g2 are
identical apart from the orientation of their principal axe
The same applies to the four-proton hyperfine tensorsAH, j

1

andAH, j
2 . With the definitions

S[S11S2 , DS[S12S2 , Dg[g12g2 ,

the spin Hamiltonian@Eq. ~2!# can be expressed as

H5HT1H8, ~3a!

where

HT5
1

2
mBS•~g11g2!•B01S•D•S1JS•S

1(
j 51

2

IH, j•F1

2
~AH, j

1 1AH, j
2 !•S2gHmNB0G ~3b!

and

H85
1

2
mBDS•Dg•B01

1

2 (
j 51

2

IH, j•~AH, j
1 2AH, j

2 !•DS.

~3c!

All terms in HT commute withS2, and HT has a triplet
eigenstate (S51) and a singlet eigenstate (S50). The non-
zero matrix elements ofH8 connect the singlet state with th
substrates of the triplet.19 Since the fine-structure lines o
DK5, like those of VO* , are well represented in terms of th
triplet-spin Hamiltonian@Eq. ~1!#, H8 is of little importance
for this system in accordance with the expectation that
singlet-triplet energy separation is substantial compared
the matrix elements ofH8. Hence, the EPR lines of VH2* ,
including the proton hyperfine splittings, are accurately re
resented byHT alone. This part of the spin Hamiltonian ma
be expressed as

HT5mBS•g•B01S•D•S1(
j 51

2

IH, j•~AH, j•S2gHmNB0!,

~4!

representing anS51 center containing two protons, with th
g tensorg5 1

2 (g11g2) and the two-proton hyperfine tenso

ith
1-7
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AH, j5
1
2 (AH, j

1 1AH, j
2 ). The termJS•S has been ignored her

since it has no influence on the EPR spectrum. Observ
that the relative position and orientation of a dangling bo
and a Si-H unit in VH2* is about the same as in VH0 ~Ref. 6!,
and, moreover, thatg1 and g2 should each correspond to
‘‘free’’ dangling bond in a vacancy as doesg(VH0), we may
attempt to predictg(VH2* ) andAH, j (VH2* ) by substitutingg1

andg2 in Eq. ~4! with g(VH0) ~with the appropriate orienta
tions!, and, similarly, substitutingAH, j

1 and AH, j
2 with

AH(VH0). The result is given in the last column of Table
As can be seen from the table, the calculatedg tensor re-
sembles the experimental tensor. In particular, we note
the ordering of calculated and observedg shifts is the same
from which we conclude that theX8 axis of the~orthorhom-
bic! spin Hamiltonian was correctly taken as the normal
the plane of the dangling bonds. The small monocliniI
component ofg(VH2* ), which evidently cannot be accounte
for within theC2n geometry assumed here, will be discuss
in a separate subsection.~See Sec. IV D!.

The hyperfine tensorsAH,1 and AH,2 obtained from the
biradical model were used in conjunction with the expe
mentalg andD tensors~Table I! to calculate the proton hy
perfine splittings expected for VH2* . The calculations show
that for all orientations ofB0 , the splitting between the two
outermost lines of each proton hyperfine quartet is sma
than or comparable to the observed peak-to-peak width
the DK5 lines in the spectra recorded with a large modu
tion amplitude, in agreement with the lack of resolved pro
hyperfine splittings in these spectra~Sec. III A!. Moreover,
the calculated hyperfine splittings of lineC in the@110# spec-
trum are consistent with those observed, as may be seen
Fig. 4, in which simulations of lineC in the spectra of Si:H
and Si:D are included. The simulation of the Si:D spectr
has been obtained from Eq.~4! with the tensors$AH, j% mul-
tiplied by the ratio~0.154! between the nuclearg factors of
the deuteron and the proton, and with the nuclear spin of
deuteron (I D51) replacing that of the proton. The calculate
proton hyperfine splittings of the other fine-structure lines
the @110# spectrum are all smaller than or comparable to
observed peak-to-peak width of these lines recorded at
best obtainable resolution. This also applies to all the line
the@001# spectrum, whereas the calculations suggest that
pair of fine-structure lines in the@111# spectrum has resolv
able proton hyperfine splittings. However, the observed
tensities of these lines are nearly zero, which precludes v
fication of this prediction. We may conclude that the prot
hyperfine splittings of VH2* predicted from the biradical—o
independent dangling-bond—model andAH(VH0) account
for the shape of theC line and for the observed difference
between these lines from Si:H and Si:D. The proton hyp
fine splittings are in general obliterated by the large inher
EPR linewidth of the photoexcited triplet state of VH2

0.

C. Interpretation of the D tensor

With the orientation of the spin Hamiltonian relative
the model of VH2* derived from theg tensor, the larges
principal value of theD tensor,DY8 , is measured forB0
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parallel to the line connecting the atoms carrying the t
dangling bondsw1 and w2 . This immediately suggests tha
the dominant contribution toD arises from the magnetic
dipole-dipole interaction between the spins. Indeed, if
spins are considered as classical dipoles, the tensor des
ing this interaction has the principal valuesDX85DZ85
2 1

2 DY8 with DY852ge
2mB

2R23, wherege is theg factor of
the free electron andR is the distance between the spin
Taking R equal to the nominal distance between the silic
nuclei carrying the dangling bonds in the model of Fig.
~3.84 Å in the unrelaxed lattice!, we obtain DY85
2918 MHz and DX85DZ85459 MHz in fair agreement
with the experimental values ofuDY8u5758.7, uDX8u
5304.3, anduDZ8u5454.4 MHz forDK5.

Before we declare this agreement a confirmation of
assignment ofDK5 to VH2* , other interactions that may
contribute toD must be briefly examined.20 Such interactions
are all related in some way to the spin-orbit coupling. So
of them, like the antisymmetric exchange,10,21 produce anti-
symmetric contributions toD and can therefore be ignored i
this context, since the fine-structure splittings are fully a
counted for in terms of asymmetric Dtensor. However, othe
effects of the spin-orbit coupling may yield symmetric co
tributions toD. The spin-orbit coupling operator may be e
pressed as22

HSO5(
i

Ri•Si ~5!

where the sum is taken over the electrons,Si is the electron
spin, and the operatorRi is

Ri52
e\

2m0
2c2 ¹f3pi , ~6!

wheree and m0 are the electron charge and mass,c is the
velocity of light, f is the electrostatic potential, andpi is the
momentum operator for thei th electron.HSO is a sum of
one-electron operators and, therefore, connects the gro
state uG& of VH2* only with those excited states that diffe
from the ground-state configuration by the promotion o
single electron to another~higher! orbital. Four types of such
excited configurations occur, three of which may be con
niently discussed together: an electron may be transfe
either from a doubly occupied orbital~state! in the valence
band to a singly occupied orbital in the band gap or from
singly occupied orbital in the band gap to an empty orbit
normally in the conduction band. As the ground-state c
figuration in the present case has two singly occupied or
als, so will both these types of excited configurations, th
giving rise to a spin-singlet and a spin-triplet state ea
However, the third type of excited configuration, whic
arises by promoting an electron from a doubly occup
valence-band orbital to an empty conduction-band orbi
has four singly occupied orbitals and, hence, comprises
levels grouped as two singlets, three triplets, and one qui
state. The spin selection rules for matrix elements ofHSO are
DS50,61 andDMS50,61, so that the ground-state triple
sublevels (MS50,61) may be shifted through coupling t
1-8
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all these excited states~with the exception of one singlet!.
The substrates ofuG& with MS561 and 0 couple to differen
excited~sub!states and may therefore be shifted differen
which could yield a contribution to theD tensor. However, it
turns out that for each excited configurationuG&, irrespective
of the type of excitation, we find that

(
S8,Ms8

u^GS8MS8uH
SOuGSMS&u25

1

2
~ u^cGuRq1

ucG&u2

1u^cGuRq2
ucG&u21u^cGuRq3

ucG&u2!, ~7!

wherecG and cG are those orbitals inuG& and uG&, respec-
tively, that make the two configurations different. The co
dinatesq1 , q2 , andq3 refer to a system in which theq3 axis
is chosen parallel toB0 . Since the expression on the righ
hand side of Eq.~7! is independent ofMS , so is the sum on
the left-hand side. Therefore, if the ‘‘term splittings
EGS8-EGS9 are small compared to the electronic excitati
energyEG-EG , then the shifts of theMS561 and 0 sublev-
els of uG&, as calculated by second-order perturbation the
will be equal, and no contribution from coupling to excite
configurations viaHSO will appear in theD tensor. The con-
dition uEGS8-EGS9u!EG-EG is expected to be fulfilled in the
present system, sinceEG-EG is of the order 1 eV, wherea
uEGS8-EGS9u is probably less than 1022 eV, because the elec
trons are localized at different, well-separated centers.

We may note that the reversed inequality, an electro
excitation energy much smaller than the term splitting,
often seen for transition-metal ions in weak crystalline fiel
In such cases only matrix elements ofHSO diagonal inS are
important and, to second order in the spin-orbit coupl
constantj of the L-S term, the shifts of the ground-stat
levels produce a contributionD(2) to the D tensor that is
proportional to theg shift Dg:23

D~2!52
j

2
Dg. ~8!

It appears that this relationship may be validated by the p
ence of the very strong exchange-coupling characteristi
several unpaired electrons located on a single atomic
whereas its application to systems whose unpaired elect
are spread over several atoms is ill-advised, because m
elements ofHSO that are off diagonal inS tend to cancel the
effects of the matrix elements yieldingDg.

While the foregoing discussion suggests that the first th
types of excitation produce only negligible contributions
the D tensor, this does not necessarily apply to the fou
type of excitation discussed in the following. Here the e
cited configuration arises by transferring an electron fr
one of the two singly occupied orbitals of the ground-st
configuration to the other. Two singlet statesS0 and S1 re-
sult, with the corresponding wave functions1

& ua1a1&(uab&
2uba&) and 1

& ub2b2&(uab&2uba&). These singlet state
are coupled to the sublevels of the ground-state tripletT0 by
HSO. The three wave functions of the triplet areT0

11

5 1
& ua1b22b2a1&uaa&, T0

05 1
2 ua1b22b2a1&(uab&1uba&),
23520
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andT0
2151/&ua1b22b2a1&ubb&. With the coordinatesq1 ,

q2 , and q3 defined above, the nonzero matrix elements
HSO may be expressed as

u^T0
61uHSOuS0&u25u^T0

61uHSOuS1&u25
1

4
~ u^a1uRq1

ub2&u2

1u^a1uRq2
ub2&u2!, ~9!

u^T0
0uHSOuS0&u25u^T0

0uHSOuS1&u25
1

2
u^a1uRq3

ub2&u2.

~10!

Hence, second-order perturbation theory yields the ene
corrections:

ET
0
61

~2!
5

1

4
~ u^a1uRq1

ub2&u21u^a1uRq2
ub2&u2!

3S 1

ET
0
612ES0

1
1

ET
0
612ES1

D , ~11!

where the Zeeman energy has been ignored in the den
nators, and

ET
0
0

~2!
5

1

2
u^a1uRq3

ub2&u2S 1

ET
0
02ES0

1
1

ET
0
02ES1

D . ~12!

These energy corrections may give substantial symme
contributions to theD tensor unless 2ET0

'ES0
1ES1

, i.e.,

unlessES0
and ES1

are positioned symmetrically with re

spect toET0
~taken as the mean value ofET

0
61 andET

0
0.

To zeroth order,ES0
, ET0

, andES1
are indeed equidistant

with a separation equal to the one-electron excitation ene
associated with the promotion of an electron fromua1& to
ub2&. However, even a slight difference betweenET0

-ES0

andES1
5ET0

may yield a significant effect onET
0
61 andET

0
0

and hence also onD.
If the magnetic field is along one of theC2n ‘‘symmetry

axes’’x, y, or z shown in Fig. 7, the coordinatesq1 , q2 , and
q3 may be chosen so that (q1 ,q2 ,q3) is some permutation o
~x, y, z!. From group theory the only nonzero matrix eleme
of the type^a1uRqj

ub2& occurs forqj5x. HenceET
0
0

(2)
van-

ishes forB0 along they or z axis, whereasET
0
11

(2)
vanishes for

B0 along thex axis, and the contribution to theD tensor is

D~2!5
1

6
u^a1uRxub2&u2S 1

ET0
2ES0

1
1

ET0
2ES1

D
3S 22 0 0

0 1 0

0 0 1
D . ~13!

We note that the axis of this axial tensor is directed alongx,
i.e., perpendicular to the plane of the two dangling bon
Thus, the contribution given in Eq.~13! cannot be the domi-
1-9
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P. JOHANNESENet al. PHYSICAL REVIEW B 66, 235201 ~2002!
nating term in theD tensor for theDK5 defect, because th
numerically largest principal value occurs along they axis.

To sum up, we believe that the magnetic dipole-dip
coupling yields the dominant contribution to the observedD
tensor in accordance with the direction of the axis of
largest principal value alongY8. However, a smaller compo
nent arising from coupling viaHSO to the singlet statesS0
and S1 cannot be excluded; this component will be ax
along thex axis in Fig. 7, and, with the reasonable assum
tion that ET0

-ES0
,ES1

-ET0
, the axial value is negative in

agreement with the experimental finding thatDX8,DZ8 ~see
Table I!.

D. Interpretation of the g tensor

In this section, we interpret the ‘‘rotated’’ principal axe
(Y8, Z8) of the g tensor in terms of a slight bending of th
Si-H bonds towards one of the silicon dangling bonds.
first assume that the nearly independent dangling bondsw1
and w2 are equivalent and that the associatedg tensors are
l

-

a

23520
e

e

l
-

e

cylindrical with principal values24 dgi50, dg';0.01, and
with their axes directed along@111# and@ 1̄1̄1#, respectively.
In the coordinate system~x, y, z! of Fig. 7, thedg matrices
then are given by

dg~1!5dg'~1!S 1 0 0

0
1

3
2
&

3

0 2
&

3

2

3

D ,

dg~2!5dg'~2!S 1 0 0

0
1

3

&

3

0
&

3

2

3

D , ~14!

and, hence, thedg matrix of VH2* is @See Eq.~4!#
dgTheo5
1

2 S dg'~1!1dg'~2! 0 0

0
1

3
~dg'~1!1dg'~2!!

&

3
~dg'~2!2dg'~1!!

0
&

3
~dg'~2!2dg'~1!!

2

3
~dg'~1!1dg'~2!!

D . ~15!
es

n
-
-

of
y
or

that
ies
,

With dg'(1)5dg'(2)5dg' this matrix becomes diagona
with the principal valuesdg' , 1

3 dg' , and 2/3dg' . It ap-
pears from Eq.~15! that off-diagonal elements indgTheo will
result if dg'(1) and dg'(2) become unequal:dgyz

Theo

5 1
3& @dg'(2)2dg'(1)#. In the ~x, y, z! coordinates the ex

perimentaldg matrix is

dgExp5S 0.0117 0 0

0 0.0043 0.0010

0 0.0010 0.0062
D . ~16!

Taking the valuesdg'(1)1dg'(2)50.0222 anddg'(2)
2dg'(1)50.0041, we obtain from Eq.~15!

dgTheo5S 0.0111 0 0

0 0.0037 0.0010

0 0.0010 0.0074
D , ~17!

in good agreement with Eq.~16!.
Within the conventional second-order perturbation tre

ment,dg'( j ) ( j 51,2) may be expressed

dg'~ j !'
Avb

E0~vb!2Ej
0 1

Bcb

E0~cb!2Ej
0 . ~18!
t-

HereE0(vb) andE0(cb) are average one-electron energi
in the valence and conduction bands, respectively,Ej

0 is the
unperturbed energy of the dangling bondw j , and Avb and
Bcb are, apart from a common factor, given as the sums

Avb522 (
wnPVB

^wnuRxuw j&^w j uLxuwn&, ~19a!

Bcb522 (
wmPCB

^wmuRxuw j&^w j uLxuwm&, ~19b!

whereRx for a single electron is given in Eq.~6!.
The first-order effect of a small ‘‘external’’ perturbatio

that makesw1 and w2 inequivalent is a splitting of the de
generate levelsE1 andE2 , while the electron density resid
ing in w1 andw2 , and thus the matrix elements in Eqs.~19a!
and ~19b!, are left unchanged. Hence, the resultant value
dg'(2)2dg'(1) depends in this approximation primaril
on the splittingE2-E1 . The parameters in the expression f
dg'( j ) ( j 51,2) in Eq.~18! are not known with any preci-
sion. From the discussion in Ref. 25 it appears, however,
Avb'2.7Bcb and that the average excitation energ
uE0(vb)2Ej

0u and uE0(cb)2Ej
0u are about 1.5 and 2.5 eV

respectively. With these estimates and taking the valuedg'

50.011 we may obtain a value ofAvb , which in turn sug-
gests that the observed valuedg'(2)2dg'(1)50.0041 cor-
1-10
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responds to a splittingE2-E1;0.3 eV. We note that since
the electron density inw1 andw2 is unchanged to first orde
in the asymmetric perturbation, so is theD tensor as calcu-
lated within the point-dipole model. Accordingly, the signi
cant, monoclinic-I component ofdgExp is within this descrip-
tion consistent with the observed almost orthorhombic-I D
tensor.

Since theD tensor indicates that the silicon nuclei borde
ing the vacancy of VH2* has retained theC2n geometry of
VH2

0, we may assume that the perturbation acting on
dangling-bond electrons in VH2* reflects an asymmetric po
sition of the two hydrogen atoms. We propose that one of
singly occupied dangling bonds and the two Si-H bond
orbitals combine to form weak three-electron bonds betw
the hydrogen atoms and the~distant! silicon atom carrying
the dangling bond. Therefore, the Si-H bonds bend so
what to enhance the electron overlap with the pertinent d
gling bond. The proposed distortion is shown schematic
in Fig. 8, whereas the mechanism of the three-electron b
is indicated in Fig. 9. By a slight mixing of the Si-H bondin
orbital with the dangling-bond orbital, a net stabilization
obtained because the resultant upper level is singly occu
only, while the lower level is doubly occupied. The observ

FIG. 8. Molecular models showing the difference between V2
0

and VH2* . The defects are viewed along the@001# axis~thez axis in
Fig. 7!. In VH2

0, the two silicon atoms in theyz plane have moved
towards the center of the vacancy to form a Si-Si bond. In VH2* ,
there is no net bonding between these atoms, and one of the
dangling bonds interacts with the two Si-H bonds.
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tion that VH2* distorts whereas VH2
0 does not is most simply

explained in terms of the ‘‘molecular’’ orbitalsw6

51/A262S12(w16w2). As indicated in Fig. 8, the overlap
betweenw1 and w2 in VH2* is small and consequently th
splitting betweenw1 andw2 is also small. In aC2n geom-
etry ~orthorhombic-I! the Si-H bonding orbitals overlap with
w1 only. By distortion toC1h symmetry~monoclinic-I!, the
overlap with w1 increases and, moreover, an overlap w
w2 now also contributes to the stabilization. In VH2

0 the
overlap betweenw1 and w2 is large, implying a substantia
splitting betweenw1 andw2 . In theC2n geometry an over-
lap between the Si-H bonds andw1 does occur, but fails to
stabilize the system becausew1 is doubly occupied. More-
over, in this case a distortion toC1h symmetry, allowing an
overlap with the emptyw2 , would probably lead to only a
negligible stabilization owing to the high energy ofw2 .

The stabilization of VH2* by the weak three-electron
bonds would apparently be the same if the two hydrog
atoms were displaced towards different silicon atoms rat
than towards the same silicon atoms as suggested in Fi
However, in that case the resulting configuration would ha
C2 symmetry~monoclinic-II !. Since only theC1h configura-
tion is observed, some subtle interaction between the hy
gen atoms would seem to govern the distortion.

Based on the discussion above, we propose that an in
action between the two hydrogen atoms of VH2* andoneof
the dangling bonds splits the levelsE1 andE2 by about 0.3
eV, and thereby accounts for the monoclinic-I component of
the g tensor.

E. Si-H stretch modes of VH2

If VH 2 is present either in its positive or its negativ
charge state, the defect is paramagnetic because it then
sesses an unpaired electron. Thus, the fact that no EPR s
ascribable to VH2 is observed when the light is switched o

ee

FIG. 9. Schematic representation of the proposed three-elec
bond: A slight mixing of the Si-H bonding orbital with the
dangling-bond orbital leads to a net stabilization because the b
ing combination is doubly occupied whereas the antibonding co
bination contains only one electron.
1-11
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suggests that the defect is in its neutral charge state, V2
0,

when the sample is not illuminated. Therefore, we assign
Si-H modes of VH2 at 2122 and 2145 cm21 to VH2

0. Previ-
ous uniaxial stress experiments5 have shown that the defec
giving rise to the 2122- and 2145-cm21 modes has
orthorhombic-I symmetry in accordance with the discussi
in the previous subsection.

The 2122-cm21 mode is the asymmetric stretch mode5 for
which the dipole moment oscillates along thex axis (@11̄0#)
in Fig. 7, whereas the 2145-cm21 mode is the symmetric
stretch mode with the oscillating dipole moment along thz
axis ~@001#!. As can be seen from Fig. 5, the asymmet
mode is more intense than the symmetric mode, which m
be understood qualitatively in a very simple way: The dip
moment induced by the stretching of a Si-H bond will
nearly aligned with the bond. Because the Si-H bonds
VH2

0 ~Fig. 7! roughly point along the@11̄1̄# and the@ 1̄11̄#
directions, the component of their oscillating dipole m
ments is larger along thex axis than along thez axis. Since
the intensities of the modes are proportional to the squar
the oscillating dipole moments, the intensity of the asymm
ric stretch mode must therefore exceed that of the symme
stretch mode. Although the Si-H bonds in VH2* are some-
what distorted, as discussed in the previous subsection
expect them to still be roughly aligned with the pertine
^111& directions. Based on the relative intensity of the 206
and the 2077-cm21 lines, we therefore ascribe them to th
asymmetric and the symmetric modes of VH2* , respectively.

The stretch-mode frequencies of VH2* are lower than
those of VH2

0. Due to the distortion of the Si-H bonds i
VH2* towards one of the silicon atoms carrying a dangli
bond, the Si-H bonds in VH2* will be slightly longer than in
VH2

0. Quite generally, a larger bond lengthr 0 leads to a
lower stretch frequencyv0 . Morse26 was among the first to
realize this and the suggested thatr 0

3v0 is nearly a constant
Thus, we get

dv0

v0
523

dr0

r 0
. ~20!

With the 59-cm21 difference between the 2122- an
2063-cm21 modes and assuming thatr 0 has the same valu
as in silane27 ~1.480 Å!, we estimate thatdr0;0.014 Å, i.e.,
the Si-H bond length in VH2* is about 0.014-Å longer than
that of VH2

0.
The illumination-induced intensity drop of the VH2

0

modes in the spectrum shown in Fig. 5~b! is about 5%, which
suggests that during steady-state illumination 5% of the n
tral VH2 complexes are in their excited spin-triplet sta
(VH2* ) in this case.

The fact that the isochronal annealing of VH2* ~monitored
with the 2063-cm21 line! differs from that of VH2

0 ~moni-
tored with the 2122-cm21 line!, as shown in Fig. 6, may be
explained as follows: The number of VH2* defects presen
during steady-state illumination depends on the lifetime a
the number of free carriers, which in turn depend on
number and types of band-gap electronic states. When e
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trically active defects are removed from the sample by
nealing, paths by which the free carriers may recombine
appear, which should increase the steady-state concentr
of VH2* . The VH0 and VnH0 (n53,4) defects, which
abound in our samples, decay after heat treatment at;470
and ;520 K, respectively.14 Since these defects are elect
cally active, their annealing may explain the increase in
number of VH2* defects above;450 K ~see Fig. 6!. How-
ever, at annealing temperatures above;500 K the total num-
ber of VH2 defects begins to decrease and the enhanced
ficiency of VH2* formation has to compete with the therm
breakup of VH2. The fraction of VH2* defects increases from
2% after annealing at 450 K up to 18% after annealing at 5
K. It is uncertain how far this increase goes, but the obs
vation of a relatively strong VH2* signal after annealing eve
at 623 K, where the VH2

0 signal is very small, suggests tha
the fraction of VH2* defects is maximal~well above 18%!
just before VH2 anneals completely.

F. Comparison of VH2* with VO *

Our results reveal, as expected, that the electronic pro
ties of VH2* and VO* are very similar. Even so, there ar
important differences between the two defects. First, V*
does not exhibit a distortion from orthorhombic-I symmetry.
The overlap between the oxygen lone-pair orbitals and
singly occupied dangling-bond orbitals is at maximum in t
C2n configuration and this counteracts any distortion. S
ondly, the separationR between the two silicon atoms carry
ing the dangling bonds is shorter in VH2* than in VO* , as
deduced from theD tensors. Within the point-dipole approx
mation described above,R54.1 Å for VH2* and R54.3 Å
for VO* . This difference is consistent with the expected l
tice relaxations around the two defects: The two hydrog
atoms in VH2* repel each other,5 which leads to an outward
distortion of the two silicon atoms bonded to hydrogen. Co
versely, the oxygen atom in VO* pulls the two silicon atoms
bonded to oxygen inwards. Due to the elastic response of
lattice, the distanceR is expected to be smaller in VH2* than
in VO* . Thirdly, the observed signs~phases! of correspond-
ing EPR transitions in the two EPR signals are different
B0 along @001#, as may be seen from Fig. 1. The sign a
intensity of a line depend on the population difference b
tween the two levels involved in the EPR transition. T
populations of the triplet sublevels are determined by
rates at which these levels become populated as a resu
the illumination, and by the rates at which the defect retu
to the electronic ground state. Whereas the return to
ground state is governed by the spin-orbit interaction, an
hence spin dependent, the population of the triplet suble
can both the spin dependent and spin independent: Wh
VH2 defect in the ground state captures a free electron a
free hole created by the band-gap illumination, the defect
end up either directly in one of the excited triplet substa
with equal probability or in an excited singlet state, fro
which it can decay in a spin-dependent way to the trip
substates. Neglecting the spin-dependent generation an
ing the expressions given by Vlasenkoet al.28 for the transi-
1-12
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tion rates between the ground state and the triplet substr
it is possible to predict the signs of the EPR lines whenB0 is
along one of the principal axes of theD tensor. These pre
dictions are consistent with the observed signs of the co
sponding VO* lines, but not with those observed for VH2* ,
which may be taken to suggest that spin-dependent gen
tion of VH2* may be important.

V. SUMMARY

The effect of band-gap illumination on the EPR spectra
proton- and deuteron-implanted silicon has been measu
An EPR signalDK5, which originates from an excited spin
triplet state of a defect with monoclinic-I ~near-
orthorhombic-I! symmetry, is observed. The similarity of th
D tensor ofDK5 with that of VO* indicates that the two
unpaired electrons in theDK5 defect reside primarily at two
silicon sites adjacent to a monovacancy. The intensity
DK5 is identical in the spectra of float-zone an
Czochralski-grown samples, indicating that the underly
defect does not contain oxygen. The observed, partially
solved anisotropic hyperfine splittings are consistent with
expected proton hyperfine splittings of VH2* .

Combining these observations we assign theDK5 signal
to the defect VH2* . It is interesting to note that the excitatio
of VH2

0 from the electronic ground state to the excited sp

*Author to whom correspondence should be addressed. Electr
address: bbn@phys.au.dk
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18M. Budde, G. Lüpke, E. Chen, X. Zhang, N. H. Tolk, L. C

Feldman, E. Tarhan, A. K. Ramdas, and M. Stavola, Phys. R
Lett. 87, 145501~2001!.

19J. R. Byberg, N. Bjerre, A. Lund, and P.-O. Samskog, J. Che
Phys.78, 5413~1983!.

20For a general discussion the reader is referred to A. Abragam
B. Bleaney, Electron Paramagnetic Resonance of Transiti
Ions ~Dover, New York, 1986!, Chap. 9.

21T. Moriya, Phys. Rev.120, 91 ~1960!.
22See, e.g., M. Weissbluth,Atoms and Molecules~Academic, New

York, 1978!, p. 337.
23M. H. L. Pryce, Proc. Phys. Soc., London, Sect. A63, 25 ~1950!.
24E. G. Sieverts, Phys. Status Solidi B120, 11 ~1983!.
25J. C. Phillips, Comments Solid State Phys.3, 67 ~1970!.
26P. M. Morse, Phys. Rev.34, 57 ~1929!.
27American Institute of Physics Handbook, edited by D. E. Gray

~McGraw-Hill, New York, 1972!, pp. 7–196.
28L. S. Vlasenko, Yu. V. Martynov, T. Gregorkiewicz, and C. A.

Ammerlaan, Phys. Rev. B52, 1144~1995!.
1-13


