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Effect of stress on the energy levels of the vacancy-oxygen-hydrogen complex in Si
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The piezospectroscopic properties of theVOH defect in Si are found using stress Laplace deep level
transient spectroscopy~DLTS! and are compared with local density-functional calculations of~i! the acceptor
level and its shift under stress, and~ii ! the alignment of the neutral center under stress. The theory is able to
account for two acceptor levels observed for^100&, ^111&, and^110& stress even though additional splitting is
expected for a defect with staticC1h symmetry. This is related to~i! a rapid reorientation of the H atom within
the defect at temperatures at which the DLTS experiments are carried out, and~ii ! the small effect of stress on
two orientations of the defect under^110& stress. The theory is also able to give a quantitative account of the
alignment of the center. The effect of stress on the reorientation barrier of the defect is also investigated. The
reorientation barrier of the defect in its positive charge state is found theoretically to be very small, consistent
with the lack of any splitting in the donor level under stress.
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I. INTRODUCTION

Low-temperature electron-irradiation of Si crystals intr
duces vacancies and self-interstitials, neither of which
stable as isolated defects at room temperature. They dif
and are trapped by impurities such as oxygen.1 The vacancy-
oxygen,VO, center2 is a well-known and well-understoo
defect which is stable up to;300 °C.3 The oxygen atom
passivates two of the Si dangling bonds and the electr
activity of the center comes from a weakly reconstruc
Si-Si bond bridging the remaining Si neighbors bordering
vacancy. This bond is associated with an acceptor leve
Ec20.17 eV. Hydrogen, often unintentionally introduce
during growth or processing, readily reacts with the rec
structed bond leading to the formation ofVOH andVOH2
0163-1829/2003/68~18!/184106~11!/$20.00 68 1841
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defects. The latter is electrically inactive but has been
tected in infrared absorption studies.4 The former defect is
electrically active and has been suggested to possess acc
and donor levels at Ec20.31 eV and Ev10.28 eV,
respectively.5–8 When neutral, it is aS51/2 center that has
been observed in electron-paramagnetic-resonance~EPR!
experiments.9 Here, it was established that it possess
monoclinic-I (C1h) symmetry below;180 K, but above
240 K it exhibits an apparent orthorhombic-I (C2v) symme-
try due to the H atom jumping between the two Si dangli
bonds with an activation energy of;0.18 eV. The defect
anneals out around 300 °C.9

Previous theoretical calculations have been made on
structure10 and local vibrational modes ofVOH.11 According
to these calculations, both O and H atoms lie inside the
©2003 The American Physical Society06-1
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cant site as shown in Fig. 1. The O atom bridges two sec
neighbor Si atoms while H passivates a third Si dangl
bond leaving a single remaining unsatisfied Si radical. Ho
ever, the electrical properties of the center have not b
investigated by theory in detail, and this is one of the aims
the present paper.

A comprehensive piezospectroscopic study of theVO
complex employing Laplace deep level transient spect
copy ~LDLTS! together with an uniaxial stress has recen
been reported by Dobaczewskiet al.12 In this work, the au-
thors not only confirmed the previously measured defect-h
coupling character~in the form of a stress tensorB),2 but
they also investigated the effect of stress on the saddle-p
structure for defect reorientation. They concluded that at
saddle point, the defect possessed trigonal symmetry im
ing that the oxygen atom lies along^111& and is bonded to
three Si atoms. This has given an original insight into
behavior of a moving defect and presents a challenge
theoretical work.

In this paper we report a combined experimental and t
oretical study of the singly hydrogenatedVO complex
(VOH). We employ DLTS, high-resolution LDLTS13 in
combination with uniaxial stress, and total-energyab initio
calculations to produce a detailed model consistent with
measured dynamical, electrical, and piezospectroscopic d

II. SAMPLE PREPARATION

The samples used for this work were prepared from$110%
oriented Czochralski grownn-type andp-type silicon wafers
of resistivity 20V cm. The wafers were cut into shapes
;73231 mm3 bars with the long edge parallel to one
the major crystallographic directions,^100&, ^110&, and
^111&. A $111% oriented float-zonen-type silicon wafer of
resistivity 38–50V cm was also used for zero-stress me
surements. TheVOH complexes were formed either by im
plantation of protons or by irradiation of electrons followe
by remote hydrogen plasma treatment. Implantations w
carried out with protons of energy;400 keV to a dose of
;131010 cm22. Irradiations were carried out with electron
of energy;2 MeV to a dose of;531014 cm22. Details of
the setup used for implantations and irradiations are gi

FIG. 1. Model for theVOH defect in silicon. Silicon, oxygen
and hydrogen atoms are represented as white, large black, and
black spheres, respectively. Each Si atom is bonded to three mo
atoms not depicted in the figure.
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elsewhere.14 The system used for remote plasma treatme
consisted of a quartz tube through which a molecular hyd
gen gas at a pressure of;1.0 mbar was pumped. The plasm
was excited by a 13.56-MHz generator connected to a cop
coil encircling the tube. The samples were located in a
mote position to the plasma in order to minimize damage
to ion bombardment. Treatments were carried out in the te
perature range of 30–120 °C at a power of;30 W for typi-
cally 60 min. Schottky diodes and Ohmic contacts we
formed onn-type silicon by evaporation of gold~or plati-
num! and aluminum, respectively. Forp-type samples the
Schottky diodes and Ohmic contacts were formed by sp
tering of titanium and evaporation of gold, respectively.

III. EXPERIMENTAL RESULTS

Figure 2~a! shows conventional DLTS spectra of a
irradiated and irradiated, plasma treatedn-type silicon. In the
as-irradiated and irradiated, hydrogen plasma treated m
rial, the spectra are dominated by the well-known peaks
lated to the single acceptor level of the vacancy-oxygen co
plex, VO(2/0), and the double acceptor level of th
divacancy,V2(5/2).15,16 After hydrogenation, the intensi
ties of these peaks are significantly reduced and a hydro
related peak appears at;175 K. This peak is also observe
in the proton implanted samples. The Arrhenius plots for
electron emission processes are practically indistinguish
in the irradiated, hydrogenated material and the implan
material, confirming that the levels are identical. In bo
cases, the activation enthalpy is obtained asDHn
50.31 eV. We have previously identified the level atEc
20.31 eV as the acceptor level of theVO complex saturated
by a single hydrogen atom,VOH(2/0).6,7 The results of the

all
Si

FIG. 2. ~a! 200 s21 conventional DLTS spectra of as-irradiate
and irradiated hydrogenatedn-type silicon. The plasma treatmen
was carried out for 20 min at 30 °C.~b! 50 s21 conventional DLTS
spectra of as-irradiated and irradiated, hydrogenatedp-type silicon.
The plasma treatment was carried out for 60 min at 120 °C.
6-2
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present work are fully consistent with this interpretation.
The VOH complexes are formed as a product of the

teraction of diffusing atomic hydrogen with immobileVO
complexes generated by the irradiation. In general, howe
the increase in the concentration of theVOH complexes after
hydrogenation is significantly smaller than the correspond
decrease in the concentration of theVO complexes. After
strong hydrogenation, the sum signal ofVO and VOH is
decreased by more than 70%. No other defect with an o
ous link to theVO complex are observed in the DLTS spe
tra. This loss of electrically active defects after hydroge
tion is likely due to the formation of the fully saturatedVO
complex containing two hydrogen atoms, i.e., theVOH2
structure which is formed in regions with high hydrogen co
tent and is electrically inactive.4

Comparison of annealing data is one of the most effici
tools to establish a correlation between defects observe
different experimental techniques. In the present work,
have carried out isochronal annealing of theVOH complex
and compared the results with those from EPR data.9 Heat
treatments were carried out for periods of 60 min in a nit
gen flow furnace. After each annealing step, the concen
tion of VOH(2/0) was measured by Laplace DLTS at
temperature of 162 K. Figure 3 depicts the relative intens
of VOH as a function of annealing temperature. A clear c
relation exists between our Laplace DLTS results~squares!
and the corresponding EPR data~smoothed curve!. The ab-
solute transition temperatures agree well considering the
that the dose regimes of the two experimental techniq
differ by more than three orders of magnitude. The isoch
nal annealing data were analyzed using an Arrhenius p
Assuming a preexponential frequency of;1013 s21, we
conclude that the disappearance ofVOH is mediated by a
;2-eV barrier.

Figure 2~b! shows conventional DLTS spectra of a
irradiated and irradiated, hydrogen plasma treatedp-type sili-
con. The spectra obtained after irradiation are dominated
the peaks related to the donor level of the divacancyV2 ~Ref.
17! and the donor level of the interstitial carbon-oxyg

FIG. 3. Correlation of Laplace DLTS and EPR~Ref. 9! isochro-
nal annealing data of theVOH complex. The intensities were no
malized to the values obtained before annealing. The EPR data
been shifted slightly in temperature to comply with our 60 m
annealing time.
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complex CiOi .18 As in the case ofn-type material, the con-
centrations of the radiation induced defects are strongly
duced by hydrogenation. Further, a hydrogen-related p
appears at;130 K. The activation enthalpy for the hol
emission from this level is obtained asDHp50.26 eV. Re-
cently, a similar level formed by chemical etching of irrad
atedp-type silicon was related to the donor level of theVOH
complex.8 This conclusion is supported by earlier observ
tions of similar annealing behavior of the traps with leve
located atEc20.31 eV andEv10.26 eV.5 The results of the
present work are consistent with the above interpretation
reported in Ref. 8, we did not observe theEv10.26 eV trap
in the hydrogenatedp-type samples, unless reverse bias a
nealing is performed. This effect was attributed to the h
efficiency of hydrogen trapping by B acceptors, with the fo
mation of VOH complexes taking place only after B-H de
fects anneal out.

A. Introduction to the stress measurements

In the absence of external perturbations, an anisotro
point defect in Si is found randomly aligned with a max
mum of 24 possible orientations allowed by the symmetry
the host. Under uniaxial stress, given by an axial tensors,
only 12 out of these 24 alignments are distinguishable. E
orientation is degenerate in the sense that all defects hav
same free energy of formationG0. For a specific orientation
i, charge stateq, and applied straine, the defect energy
change is given byD iq5Giq2G0

q5Tr@Biq
•e#, whereBiq is

a stress-energy tensor associated with the defect in ch
stateq aligned alongi.19–21Similarly, we can expressD iq as
a response to an external uniaxial stressP ~defined to be
negative for compression!, along the unit vectort. Given the
related stress tensor asskl5tk t l P, we haveD iq5(klmnBkl

iq

•sklmn•tmtn•P, wheresklmn are the compliance constants
the host material.

From the experimental point of view, it is convenient
contractB ands by introducing a strain coefficienta t

iq which
is related to a defect orientationi under stress alongt, i.e.,

D t
iq5Bkl

iq
•sklmn•tmtn•P5a t

iq P, ~1!

where we note thata t
iq is associated with a specific charg

stateq of the defect. For example, for a monoclinic-I (C1h)
defect in a cubic host we expect that under^100& compres-
sive stress, the defects will split into two populations w
energies shifted at a rate

a100
1q 522Bxx

q ~s112s12!, a100
2q 5Bxx

q ~s112s12!,

where we utilize the Voigt symmetrized form ofs. The popu-
lation splitting ratio is 4:8, and observations of the number
and magnitude of populations provides us with informati
on the symmetry of the defect anda iq gives information on
the tensile or compressive nature of the defect along a
cific direction. For example, ifa100

iq ,0 the alignmenti is
compressive along@100#. Since the energy shifts depend o
charge stateq, the thermodynamic energy level, as dete
mined in a DLTS experiment, where the stress dependenc
the preexponential factor has been taken into account, wil

ve
6-3
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J. COUTINHOet al. PHYSICAL REVIEW B 68, 184106 ~2003!
different for the different populations and a splitting of th
energy level will be observed. The splitting of the (2/0)
level of the defect is given by the differences ina100

i0

2a100
i 2 , denoted bya100

i (2/0) , among differenti. This is the
case provided that the defect is not able to jump rapi
between different orientations in the time scale of the exp
ment. When measurements take place at temperature
which the defect is able to jump rapidly between, say, t
orientations, only one line is expected from the pair of o
entations and the observed transition then corresponds t
orientation having the smaller ionization energy.

The intensities of the DLTS lines reflect the numbers
centers in the different populations. If the centers are in
duced in the absence of stress, no particular orientatio
favored and they are in a condition of random alignment
stress is then applied at a temperature where they ca
reorientate, then the DLTS amplitudes will reflect the num
of equivalent orientations allowed by symmetry.

However, when reorientation can take place under str
and an equilibrium is established among the populations
a given charge stateq, a condition called alignment take
place. If the sample is then quenched, the populations wil
frozen and the relative intensities of the different DLTS lin
reflect a Boltzmann distribution dependent on the tempe
ture at which reorientation occurred, and the energy dif
ences, given byD t

iq , between the populations in the stre
field.

B. Stress-splitting experiments

Figure 4 shows the Laplace DLTS spectra ofVOH(2/0)
recorded at 160 K at zero stress and under uniaxial st
along the three major crystallographic directions. For e
direction, the zero-stress peak splits into two compone

FIG. 4. Laplace DLTS spectra ofVOH(2/0) recorded at 160 K
at zero stress and under uniaxial stress along the three major
tallographic directions. The amplitude of the zero-stress peak
been normalized to a value of 6 units. The splitting pattern es
lishes the effective orthorhombic-IC2v symmetry of the defect.
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The amplitudes of the split lines sum up to the amplitude
the zero-stress peak. Within experimental error, the rela
amplitudes of the individual peaks in Fig. 4 agree with t
ratios expected for a defect of orthorhombic-I symmetry, i
2:4 for the ^100& stress direction, (114):1 for the ^110&
stress direction and 3:3 for thê111& stress direction. The
splitting of the (114) component expected for^110& stress
is unresolved.

The apparent orthorhombic-IC2v symmetry of the defect
is related to a partial thermal averaging effect discussed
Sec. III A. As established by EPR measurements,9 the hydro-
gen atom swiftly jumps between equivalent sites in the$110%
mirror plane of theVOH defect. The O atom cannot jump a
these temperatures. The hydrogen jump rate is much la
than the rate of the electron ionization process monitored
the Laplace DLTS measurements, by approximately five
ders of magnitude at the measurement temperature. Co
quently, the static monoclinic-IC1h symmetry is changed to
an effective orthorhombic-IC2v symmetry under the given
experimental conditions, in agreement with the observ
splitting pattern. This effect is discussed in detail below.

We have studied the influence of uniaxial stress on
ionization processVOH2→VOH01e2 by recording the
emission rates of the split lines at different stress intensi
at a fixed temperature. Figure 5 depicts the energy sh
versus stress amplitude for the split lines in the^100& and
^111& stress directions. For both directions of stress, the d
are consistent with a linear splitting. As in stress-splitti
experiments we probe both neutral and negative cha
states, and we shall write the splittings as the differen
between the strain coefficients. Hence we get

ys-
as
b-

FIG. 5. Energy shifts versus applied stress for the split lines
VOH(2/0) under stress along the^100& and^111& directions. The
energy shifts have been obtained asdE5k T ln@en(P)/en(0)#, where
T5155 K is the measurement temperature anden(P) is the directly
measured electron emission rate at the given stress. A positive s
means that the energy level approaches the conduction band u
stress. The line splittings are obtained as 21 meV/GPa for the^100&
stress direction and 36 meV/GPa for the^111& stress direction.
6-4
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a100
f (2/0)2a100

s(2/0)521 meV/GPa,

a111
f (2/0)2a111

s(2/0)536 meV/GPa,

where the superscriptsf ands label the two populations an
stand for the fast~or high-frequency! and slow ~or low-
frequency! emitting defects, respectively. The splitting of th
two lines in the^110& stress direction requires very hig
stresses and it is extremely difficult to determine a relia
strain coefficient. We estimate that the rate of splitting
approximately

a110
f (2/0)2a110

s(2/0);20 meV/GPa.

The data in Fig. 5 show that the two lines in the^100& stress
direction do not converge to zero energy at zero stress.
indicates a nonlinearity of the splitting data at lower stress
Recently, we observed a comparable effect for the acce
level of theVO complex and established that the nonlinear
is related to a stress dependence of the electron-capture
cess in thê 100& stress direction.12 In the present case o
VOH(2/0), it is not possible to measure directly the spl
ting curve and examine the capture process at lower stre
as the line splitting is below the energy resolution in th
stress range. However, from the analogy with theVO com-
plex, we propose that the lack of convergence in the^100&
stress direction is related to a stress dependence of the
ture process for this particular direction of stress. Nevert
less, it is important to emphasize that the linear splitting
the high-stress regime is independent of the capture proc
and the high-temperature slopes are true measures of en
shifts.

The donor levelVOH(0/1) has also been studied b
uniaxial stress in combination with Laplace DLTS. Figure
depicts Laplace DLTS spectra recorded at 135 K at z
stress and under20.40 GPa stress applied along the thr
major crystallographic directions. No line splitting or pe

FIG. 6. Laplace DLTS spectra ofVOH(0/1) recorded at 135 K
at zero stress and underP520.40 GPa stress along the three ma
crystallographic directions.
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broadening is observed for any of the stress directions. Th
conclusions were confirmed at a number of temperatures
for stresses up to about20.50 GPa. For all directions o
stress, the level approaches the valence band linearly
the applied stress. The lack of line splitting suggests that
effective symmetry of the initial charge state of the defec
cubic. The cubic symmetry can arise from either~i! a defect
with a true static cubic symmetry or~ii ! a defect of lower
symmetry which displays an effective cubic symmetry due
thermal averaging at the measurement temperature. The
explanation is not consistent with aVOH defect. The latter
explanation requires that the reorientation rate of the def
determined by the jump rates of oxygen and hydrogen
much higher than the ionization rate at the measurement t
perature, and therefore the reorientation barrier of the wh
defect should be less than 0.3 eV. Below, we shall show
the positively charged defect (VOH)1 has relatively small
reorientation barriers for oxygen and hydrogen, and thus
effective cubic symmetry class is consistent with theVOH
donor level.

C. Stress-alignment experiments

Stress-induced alignment experiments on the neutral
fect have been carried out for the^100& and ^111& stress
directions. In both cases a significant effect of alignment w
observed at temperatures above;200 K when both O and H
are able to jump. The equilibrium distribution between no
equivalent orientations was reached by applying the st
for approximately 15 min at 221 K for thê100& stress di-
rection and 225 K for thê 111& stress direction. Subse
quently, the sample was cooled quickly to the measurem
temperature and the occupancy ratio of defects in nonequ
lent orientations was evaluated from the correspond
Laplace DLTS peaks. In all cases it was confirmed exp
mentally that a steady-state condition was reached. TheVOH
complexes were kept in the neutral charge state by apply
a reverse bias during alignment.

Figure 7 shows examples of Laplace DLTS spectra a
alignment at different stresses along^111&. The data demon-
strate that the population of centers responsible for the h
frequency transition, i.e., the smaller ionization energy,
creases as a function of stress. In contrast, Fig. 8 shows
the amplitude ratio of the low-frequency line to the hig
frequency line decreases with stress along^100&. For both
directions of stress, the sum of the amplitudes of the s
lines is independent of stress and equal to the zero-st
amplitude. The data are well described by Boltzma
statistics and lead to the strain coefficientsa100

f 0 2a100
s0

51109 meV/GPa for thê 100& stress direction anda111
f 0

2a111
s0 52108 meV/GPa for thê 111& stress direction. In

Sec. IV we give a detailed interpretation of the splitting a
alignment data.

Due to the temperature at which the measurements
taken, thefrozen C1h structure cannot be measured. How
ever, we can still study the remaining degree of freed
corresponding to the reorientation of the O atom. The stre
induced variation of the reorientation barrierDEr separating
the two s and f orientations ofVOH0 was measured. This
6-5
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J. COUTINHOet al. PHYSICAL REVIEW B 68, 184106 ~2003!
was accomplished by holding the annealing temperatur
210 K and varying the stress between20.20 and
20.45 GPa. Characteristic alignment timest were recorded
with the stress applied along both^100& and ^111& crystal-
lographic directions. This procedure has been descri
elsewhere.12 The ^100& stress-dependent energy barrier f
transformation between the slow to the fast emitting defe
is given by

DEr~P!5DE01~a100
r0 2a100

s0 !P, ~2!

whereas for̂ 111& stress the transformation take place fro
the fast to the slow emitting defect, i.e.,

DEr~P!5DE01~a111
r0 2a111

f 0 !P, ~3!

FIG. 7. Laplace DLTS spectra ofVOH(2/0) obtained at 165 K
under20.40 GPa stress along the^111& direction. The spectra hav
been recorded after 15 min alignment of the neutral defectVOH0,
at 225 K under different stresses. The magnitude of the alignm
stress is given in the figure.

FIG. 8. Equilibrium amplitude ratio of the low-frequenc
to the high-frequency lines versus alignment stress applied to
neutral defectVOH0 along ~a! the ^100& direction at 221 K and
~b! the ^111& direction at 225 K. The strain coefficient
are 1109 meV/GPa for the ^100& stress direction and
2108 meV/GPa for thê111& stress direction.
18410
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wherea t
r0 , a t

s0 , anda t
f 0 are strain coefficients forVOH0 at

the saddle point,s andf alignments, respectively, andDE0 is
the zero-stress barrier. Accordingly, we obtain strain coe
cients of a100

r0 2a100
s0 5106 meV/GPa and a111

r0 2a111
f 0

5166 meV/GPa. That means that the energy barrier the
fect must overcome for reorientation decreases with co
pressive stress. An extrapolation of the energy barrier to z
stress gaveDE050.56 eV.

IV. THEORETICAL MODELING

We use a local spin-polarized density-functional superc
method22 ~AIMPRO! with the Perdew-Wang exchange
correlation functional23 and Bachelet-Hamann-Schlu¨ter
pseudopotentials.24 The Kohn-Sham orbitals are expressed
linear combinations ofN sp-like Cartesian-Gaussian atom
centered functions. For O, H, and Si,N is 6, 2, and 4, respec
tively. One set ofsp functions is sited at the center of eac
bond formed between neighboring atoms.VOH defects were
investigated by embedding them within otherwise perfect
bic supercells containing 64 Si atoms. The charge den
and potential terms are expanded in plane waves with a
Ry energy cutoff, and the Brillouin zone is sampled wi
help of a Monkhorst-Pack MP-23 grid of specialk points.25

A detailed description of the method, including convergen
issues, has been reported elsewhere.11

The electrical activity ofVOH was studied according to
the marker method.26,27 Here, the location of donor~accep-
tor! level of defects is found by comparing their ionizatio
energies~electron affinities! with those of a standard defec
~the marker! with known electrical levels. This method i
known to work best when the donor~acceptor! levels of the
defect and marker are associated with wave functions w
the same extent and symmetry. In this work, theVO defect2

and the substitutional sulfur28 defects (VO and Ss) are cho-
sen as markers to determine the acceptor and donor le
respectively. Sixs and p Gaussian basis functions wer
placed on the sulfur species.

The reorientation barrier of theVOH complex was inves-
tigated by allowing the H and O atoms to move to ne
positions inside the vacancy. To explore the saddle poin
the motion, we adopted a symmetry-constraint method,
cording to which a saddle point possessing distinct symm
is relaxed while maintaining this symmetry. This enables
energies of structures lying midway between equivalent
tial and final atomic configurations to be investigated. If t
saddle point is perturbed by a slight atomic displaceme
then the defect relaxes to the initial or final atomic config
ration. This approach gives in general an upper bound for
reorientation barrier.

The piezospectroscopic response of theVOH defect is
also calculated. The stress-energy tensor components are
culated by applying a set of deformationse such thatBkl
5]E/]ekl , whereE is the energy of the strained superce
Care must be taken in order to make sure that all irreduc
specialk points are used as the symmetry of the probl
may vary withe. The change of energy with volume of
crystal containing a uniform concentration of defects is
course related to the ambient pressure. If this pressur

nt

he
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negligible then to first order TrBq50 and the stress tensor
traceless. This condition is satisfied by relaxing the volu
of the unit cell in different charge states. It is possible
measure the change in volume of the defect consequent
a change in charge state and isothermal DLTS measurem
made under pressure have been carried out in some ca29

The evaluation of stress tensors of a number of defects h
been reported previously for both Si30–32 and diamond.33

Here, we focus onVOH structures possessing a twofo
and threefold coordinated O atominside the vacancy. These
are the only low-energy forms that we found for the defe
On the left hand side of Fig. 9 we show a (101)̄ projection of
the diamond lattice. At the center lies a vacant site rep
sented as a dashed circle.VOH defects are labeled accordin
to their point symmetry. The trigonal (C3v) structure pos-
sesses a threefold coordinated O atom near theT site and
displaced along the@ 1̄1̄1̄# direction, bridging Sia , Sib , and
Sic atoms in Fig. 9. On the other hand, monoclinic-I (C1h)
and orthorhombic-I (C2v) structures possess a twofold coo
dinated O atom displaced along@01̄0# away from the vacan
site ~see Fig. 9!. All atoms in the supercell were allowed t
relax until the resulting forces were smaller than 0.03 eV/

Relative energies and structural details of the fully relax
defects are shown in Table I. In line with our previo
report,11 we conclude that theC1h structure is the ground
state for the neutral and charged defects. This defec
shown on the right-hand side of Fig. 9, and it is formed b
vacancy with three of its Si dangling bonds saturated by
and H atoms. The H atom is bound toVO by Eb

FIG. 9. TheVOH complex~right!. Projection of the diamond
lattice showing high-symmetry sites of interest~left!. Si, O, and H
atoms are represented as open, large closed, and small c
circles, respectively. Dashed circle at the center of the bulk reg
represents a Si vacant site.

TABLE I. Relative energies~eV! and structural details~bond
lengths in Å!, of severalVOH defect structures. Atom labeling i
according to Fig. 9. Energies for the three charge states of inte
are given.

Structure C1h C2v C3v

E(1) 0.00 0.08 0.14
E(0) 0.00 0.11 0.42
E(2) 0.00 0.18 0.72
Sib-O 1.694 1.689 1.926
Sid-H 1.512 1.795 1.493
Sia-H 2.656 1.795 2.772
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52.02 eV,11 where we considered isolated neutral bon
centered H andVO defects. To be compared to the measu
dissociation energy (;2 eV), Eb has to be added to at lea
;0.2 eV corresponding to the migration barrier of H.
similar overestimation has been found previously in oth
chalcogen-hydrogen complexes in Si.27

The electrical activity emanates from the remaining
dangling bond. The Sib-O (Sic-O) and Sid-H bond lengths are
comparable with other defects with similar structural uni
These include theVO andVOH2 complexes in Si.4,11,34The
2.7 Å distance between H and the Sia dangling bond com-
pares well with the 2.5 Å measured from the anisotro
component of the hyperfine tensor associated with
proton.9

A. Electrical levels

Using the electron affinity ofVO as a marker, we place
the acceptor level ofVOH at Ec20.31 eV, in agreemen
with the experimental level atEc20.31 eV. Similarly, using
the ionization energy of Ss as a marker, we find the dono
level of VOH at Ev10.35 eV, again in agreement with th
measured hole trap atEv10.26 eV. In this case the metho
has given energy levels at variance with the experiments
less than 0.1 eV, but in general errors as large as 0.2 eV
occur.

It is instructive to compare theVOH complex with the
other chalcogen-hydrogen defects~S-H, Se-H, and Te-H!.27

From a simple atom-size argument, we conclude that for
lighter chalcogens, H tends to form a bond with Si at a bo
centered site, while for the heavier ones, antibonding S
units are favored. Acrossoveroccurs in S-H, where two
nearly degenerate bond-centered and antibonding config
tions were found.27,35 The Sia dangling bond inVOH is re-
sponsible for the appearance of deep gap levels. This is
the case of the chalcogen-hydrogen complexes. Here
shallow donor activity was found due to threefold coord
nated chalcogen atoms.

B. Stress-tensor calculations

We label each Si atom bordering the vacancy by the f
lettersa, b, c, andd @see Fig. 9~a!#. The 12 inequivalent
orientations of theVOH(C1h) defect can then be specified b
ab, ac, ad, bc, bd, and cd, together with the six per-
muted combinations. Here, for example,da stands for a
VOH defect with the H atom bonded tod and a dangling
bond resides ata as shown in Fig. 9. In this orientation, th
O atom bridgesb andc, and the mirror plane is defined byd,
a, and theTd substitutional site. In some cases,da and ad
may be equivalent under stress, and both orientations
then denoted byad.

The components of theB tensor are found as described
the beginning of Sec. IV, and those forVOH in all three
charge states are given in Table II. Also shown for compa
son are the measured stress tensor components of neutraVO
in the same axial system. These immediately show that
VO,2,11 the VOH complex is compressive along the@010#
crystallographic direction~see Fig. 9!, althoughVO shows a
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TABLE II. Calculated stress-energy tensor components~eV! Bkl for VO0, the da alignment ofVOH

(C1h) ~see Fig. 9!, andd alignment of neutralVOH (C3v). Components along@101̄# and@101# directions are
also shown.

Structure VO VOH (C1h) VOH (C3v)
Charge 0 2 0 1 0

Bxx 5.0 2.45 3.24 3.11 6.28
Byy 29.8 24.90 26.48 26.22 6.28
Bzz 5.0 2.45 3.24 3.11 6.28
Bxy 0 20.34 21.63 23.13 27.62
Bxz 0.5 27.21 25.17 24.63 27.62
Byz 0 20.34 21.63 23.13 27.62
B101̄ 5.5 9.66 8.41 7.74
B101 4.5 24.76 21.93 21.52
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greater anisotropy as shown by its largerByy component.
The componentB101̄ in Table II is similar to the dominan
tensile Si-O-Si unit withB101̄;8 eV. This value is about 2
eV larger than that found inVO. Finally, the traceless con
dition makesVOH compressive along@101# in all charge
states. It is interesting to note that the pronounced axial c
acter of VO arises from the presence of the Si-Si tens
reconstruction. ForVO we haveB10154.5 eV. Once this
bond is broken due to the presence of H, the@101# tensile
strain is released along@010# and @101̄# making theByy
component forVOH smaller by about;3.5 eV, andB101̄
more tensile by;3 eV.

Energy shiftsD t
iq for the various alignments for a particu

lar stress direction can now be obtained by the use of Eq.~1!.
These are shown schematically in the configuration ene
curves in Fig. 10 for a compressive stress w
P521 GPa. Strain coefficients are readily obtained asa t

iq

5D t
iq/P. As expected forC1h symmetry, there are 2, 3, an

4 nonequivalent orientations for@100#, @111#, and @110#
stresses, respectively.19 The minima in the figure correspon
to the 12 orientations ofVOH and VOH2 under different
18410
r-

y

stresses. The barriers linking the minima are schematic
not all have been calculated~see below!. The figure shows
which orientations, e.g.,ac, ad, bc, andbd, are degenerate
under @100# stress and records the respective energy sh
D t

iq . Thus for VOH2, D100
ac2 , and D100

ab2 are 224 and
148 meV, respectively. The upper curves give the same
formation for the neutral charge state. This timeD100

ac0 and
D100

ab0 are232 and164 meV, respectively.
It is important to remember that the energy of the cond

tion electrone2 has to be added to the upper curve a
enters the difference in the energies ofVOH0 and VOH2

needed to obtain the ionization energy of the defect. T
from the figure, compressive stress is seen to decrease
ionization energy of theac population at a rate 32–24 or
meV/GPa and to increase the ionization energy of theab
population at a rate 64–48 or 16 meV/GPa, although
shift of the conduction band has to be added to both th
figures. Nevertheless, we can say that theac population is
responsible for the fast, or high-frequency, transition and
ab population is responsible for the slow, or low-frequen
h

s

FIG. 10. In ~a!, we show our labeling scheme for the 12 different orientations of aC1h-symmetry defect in a cubic crystal. Eac
orientation is labeled by an ordered letter pair denoting the site of H and the Si dangling bond~see text!. In ~b!–~d! we show schematic
configuration coordinate diagrams for the defect underP521 GPa stresses along@100#, @111#, and @110#, respectively, in the various
orientations of the defect. Energy shiftsD t

iq ~in meV! for all orientations are shown. Ratesl for the reorientation of H and emission rate
ei are represented by arrows.
6-8



nd
ith
o
ve
th

o

ks
th
4:

e
w

6
w
c

ob

-
o

ef
th

te
-

s
to
ts

th
h
ke

T
o
rv

he

e
ge
pu
ith
s
te

t
r
w-
n
ess
eas-

en.
dly
la-
to
the

hree
ifts

v-
-
he

vel
x-
tio
his

a
ent.
ar-

atic
o-
dle-
re-

ow
tal

r-

plit-
e-

m
for
g

ion

his
ro
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one. The contribution by the shift in the conduction ba
prevents us from determining the shift of the level w
stress, but the conduction-band energy does not enter int
expression for the level splitting. Consequently, the le
splitting as shown in Fig. 10 is the difference between
ionization energies of the fast and slow populations and
calculated to be 24 meV/GPa and comparable with the
served value of 21 meV/GPa discussed earlier.

Let us now consider the amplitudes of the DLTS pea
For random alignment, we expect the amplitude ratio for
low-frequency to the high-frequency component to be
arising from the population ofab andcd for the former and
ac, ad, bc, and bd, for the latter. This agrees with th
experimental result in Fig. 4. For alignment, Fig. 10 sho
that the energy of theab and cd populations~slow transi-
tion! increases relative to the other population at a rate
132 or196 meV/GPa. Thus the population giving the slo
transition decreases, in agreement with the data, and the
culated strain coefficient is in close agreement with the
served one at1109 meV/GPa. Hence for@100# stress the
theory is in very good agreement with the data.

We now consider@111# stress. Here we expect theC1h
symmetry to lead tothreesplit components or three popula
tions of defects. However, only two are detected. We supp
that this is because during the measurement cycle the d
switches between two orientations. We shall show below
the barrier for H jumping in the neutralVOH is very small.
Now the difference between the atomic@Fig. 10~c!# structure
of thead, bd, andcd orientations on one hand, andda, db,
anddc on the other in Fig. 10~c!, is simply that the H atom
has jumped to the other Si dangling bond. Thus, if the ra
denoted byl in Fig. 10~c! are much faster than the ioniza
tion rates~denoted byeda andead), then when the center i
in one of these two families of orientations, it is able
switch to the other family very quickly until the defect emi
an electron. Now, the ionization energy for thead, bd, and
cd orientations decreases with stress unlike that for
da, db, anddc orientations, and hence we expect that t
observed transition out of these six orientations will ta
place forad, bd, andcd. The ionization energy for thead,
bd, and cd population shifts by219 meV/GPa while that
for ab, ac, and bc, it shifts by 19 meV/GPa~again ne-
glecting the shift of the conduction band!. Thus the slow
component comes from theab, ac, and bc population,
whereas the fast one arises from the other populations.
relative splitting of the two levels will correspond t
;28 meV/GPa, in reasonable agreement with the obse
value of 36 meV/GPa.

We now consider the amplitudes of the DLTS lines for t
neutral defect. Here, the combined population ofad, bd,
andcd defects, together withda, db, anddc, and respon-
sible for the fast transition, equals the population ofab, ac,
and bc responsible for the slow transition. Thus, in agre
ment with the observations for random orientations, we
an intensity ratio of 1:1. For alignment, we expect the po
lation responsible for the slow transition to increase w
stress at the expense of the other populations. This i
qualitative agreement with Fig. 8, however, the calcula
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strain coefficient of229 meV/GPa is in poor agreemen
with the observed value of2108 meV/GPa. It seems that fa
fewer defects inhabit the higher-energy orientations. Ho
ever, stress alonĝ111& strongly reduces the reorientatio
barrier and this may mean that during the cooling proc
with stress on, the higher-energy defects reorientate incr
ing the population of lower-energy ones.

We finally consider the effect of@110# stress. Here,
four levels are expected but, once again, only two are se
Once again we anticipate that the H atom can rapi
jump between the two Si atoms and the two popu
tions ab, ad, cb, cd and the permuted symbols lead
the same transition. The observed one will correspond to
faster transition given by theab, ad, cb, cd orientations
whose ionization energy decreases with stress. Thus t
levels are anticipated. However, the ionization energy sh
of ac, at 5 meV/GPa, and theab, ad, cb, cd populations at
24 meV/GPa, are quite close and very different from thebd
orientations at221 meV/GPa. We then suppose that the le
els of theac andab, ad, cb, cd populations cannot be re
solved. Thebd population leads to the fast transition and t
others (ab, ad, cb, cd, ba, da, bc, dc, and ac) are to-
gether responsible for the single slow transition. The le
splitting rate of;21 meV/GPa is in agreement with the e
perimental value of about 20 meV/GPa. The slow:fast ra
of intensities in the random case would be 10:2, and t
agrees with the ratio shown in Fig. 4.

C. Reorientation of the VOH complex

It is clear that the rapid reorientation of the H atom is
key to understanding the stress Laplace DLTS experim
Table I provides estimates of the adiabatic reorientation b
riers in the three charge states. To achieveC2v symmetry, the
H atom jumps between Si dangling bonds with an adiab
barrier of ;0.1–0.2 eV. The difference between the zer
point energies of the Si-H bonds at the stable and sad
point configurations should be added. The vibrational f
quencies certainly decrease in theC2v state and if we
suppose a reduction of 50%, we obtain a barrierlowering of
about 0.05 eV from the Si-H stretch mode alone. The l
barrier is consistent with EPR data giving an experimen
value of 0.18 eV.

The barrier for both O and H reorienting, giving an ave
agedTd symmetry, is estimated from the energy of theC3v
structure when O and H lie on a@111# axis. This is only 0.14
eV for VOH1, implying an ease for reorientation at low
temperatures, and consistent with the lack of any stress s
ting of theEv10.26 eV donor level associated with the d
fect at 135 K~see Fig. 6!. For VOH0, the barrier is 0.42 eV,
in good agreement with the 0.56-eV barrier obtained fro
the stress-alignment experiments, while the barrier
VOH2 is larger, consistent with the difficulty of obtainin
defect alignment in the negative charge state.

We now consider the effect of stress on the reorientat
barrier of the O atom. Here we made two assumptions—~i!
the saddle point is theC3v configuration, and~ii ! during
reorientation the volume of the crystal does not change. T
implies that theB tensor of the saddle point has a nonze
6-9
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trace, and this was calculated using a supercell with a lat
parameter corresponding to the volume-relaxed cell cont
ing the C1h form. A saddle-point alignment is labeled he
with the character corresponding to the Si atom bonded
the H atom. For example, under@111# compressive stress
transformationsad→ac or ad→ab occur through a com-
mon saddle pointa possessing a Sia-H unit along@11̄1# ~see
Fig. 10!.

The stress tensor components for thed alignment of the
C3v form are given in the rightmost column of Table II. W
note that Tr(B).0, meaning that it is a tensile state, and a
^100& compressive stress will lower its energy. The o
diagonal components are negative, and whereas a@111#
stress will increase the energy of thed state, it will lower the
energy of thea, b, andc configurations. The calculated stra
coefficients for theC3v form are a100

a0 5121 meV/GPa,
a111

a0 5153 meV/GPa, anda111
d0 5274 meV/GPa. In practi-

cal terms, this means that the barrier mediating theab0

→ac0 reorientation will change at a rate ofa100
a0 2a100

ab0

5185 meV/GPa under@100# stress. This is fairly close to
the measureda100

r0 2a100
s0 51106 meV/GPa. For@111# stress

we predict an overall barrier change ofa111
a0 2a111

ad0

5161 meV/GPa. This is almost one-third of the measu
value. This discrepancy is in line with that found for stre
alignment. We also note that a similar softening of the reo
entation barrier under stress was found forVO0.12 Accord-
ingly, under^100& stress, the barrier was found to decrea
by 84 meV/GPa, suggesting a similar bonding characte
the O atom in both defects.

V. CONCLUSIONS AND DISCUSSION

We have shown that the annealing of the DLTS accep
level at Ec20.31 eV coincides with the annealing of th
EPR center attributed toVOH, and this fully confirms that
the defects are identical. The experimental investigations
ing stress Laplace DLTS has shown that the acceptor leve

*Electronic address: coutinho@fis.ua.pt
†Present address: Topsil Semiconductor Materials, Linderupve
3600 Frederikssund, Denmark.
1G.D. Watkins, inDeep Centers in Semiconductors, 2nd ed., edited

by S.T. Pantelides~Gordon and Breach, Switzerland, 1996!, p.
177.

2G.D. Watkins and J.W. Corbett, Phys. Rev.121, 1001~1961!.
3B.G. Svensson and J.L. Lindstro¨m, Phys. Rev. B34, 8709~1986!.
4V.P. Markevich, L.I. Murin, M. Suezawa, J.L. Lindstro¨m, J.

Coutinho, R. Jones, P.R. Briddon, and S. O¨ berg, Phys. Rev. B
61, 12 964~2000!.

5K. Irmscher, H. Klose, and K. Maass, J. Phys. C17, 6317~1984!.
6A.R. Peaker, J.H. Evans-Freeman, P.Y.Y. Kan, L. Rubaldo,

Hawkins, K.D. Vernon-Parry, and L. Dobaczewski, Physica
273-274, 243 ~1999!.

7K. Bonde Nielsen, L. Dobaczewski, K. Gos´ciński, R. Bendesen,
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VOH responds tô100&, ^111&, and^110& stresses as a de
fect with an apparentC2v symmetry, while the donor level a
Ev10.26 eV is insensitive to stress, suggesting aTd symme-
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arising as a consequence of a rapid jump rate of the imp
ties within the vacancy cage. The true symmetry beingC1h ,
as indeed found in the low-temperature EPR study.9 Quanti-
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