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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 ti®H defect in Si are found using stress Laplace deep level
transient spectroscodLTS) and are compared with local density-functional calculation&)athe acceptor
level and its shift under stress, afit) the alignment of the neutral center under stress. The theory is able to
account for two acceptor levels observed fd00), (111), and(110 stress even though additional splitting is
expected for a defect with state;;, symmetry. This is related t0) a rapid reorientation of the H atom within
the defect at temperatures at which the DLTS experiments are carried ouij)ghd small effect of stress on
two orientations of the defect undét10) 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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[. INTRODUCTION defects. The latter is electrically inactive but has been de-
tected in infrared absorption studiédhe former defect is
Low-temperature electron-irradiation of Si crystals intro- electrically active and has been suggested to possess acceptor

duces vacancies and self-interstitials, neither of which arand donor levels atE.—0.31eV and E,+0.28 eV,
stable as isolated defects at room temperature. They diffusespectively.® When neutral, it is &=1/2 center that has
and are trapped by impurities such as oxy§@he vacancy- been observed in electron-paramagnetic-resond &R
oxygen, VO, centef is a well-known and well-understood experimentS. Here, it was established that it possessed
defect which is stable up te-300°C2 The oxygen atom monoclinic-1 (C;;) symmetry below~180 K, but above
passivates two of the Si dangling bonds and the electrica240 K it exhibits an apparent orthorhombic€4,) symme-
activity of the center comes from a weakly reconstructedry due to the H atom jumping between the two Si dangling
Si-Si bond bridging the remaining Si neighbors bordering thebonds with an activation energy 0f0.18 eV. The defect
vacancy. This bond is associated with an acceptor level anneals out around 300 °C.
E.—0.17 eV. Hydrogen, often unintentionally introduced Previous theoretical calculations have been made on the
during growth or processing, readily reacts with the reconstructuré® and local vibrational modes &fOH.* According
structed bond leading to the formation ¥OH andVOH,  to these calculations, both O and H atoms lie inside the va-
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FIG. 1. Model for theVOH defect in silicon. Silicon, oxygen,
and hydrogen atoms are represented as white, large black, and smi{Q
black spheres, respectively. Each Si atom is bonded to three more ¢
atoms not depicted in the figure.

cant site as shown in Fig. 1. The O atom bridges two seconc
neighbor Si atoms while H passivates a third Si dangling
bond leaving a single remaining unsatisfied Si radical. How-
ever, the electrical properties of the center have not been FIG. 2. (8 200 s'* conventional DLTS spectra of as-irradiated
investigated by theory in detail, and this is one of the aims ofind irradiated hydrogenatedtype silicon. The plasma treatment
the present paper. was carried 0L_1t for. 20 min at_ 30 °_(Cb) 50s conventlonaI_I_DLTS

A comprehensive piezospectroscopic study of 1@ spectra of as-irradiated and |rra_d|ated, hydroger_lpteqbe SILICOH.
complex employing Laplace deep level transient SpectrosThe plasma treatment was carried out for 60 min at 120 °C.
copy (LDLTS) together with an uniaxial stress has recently
been reported by Dobaczewsii a|_l2 In this work, the au- elsewheréf‘ The system used for remote plasma treatments
thors not only confirmed the previously measured defect-hogtonsisted of a quartz tube through which a molecular hydro-
coupling charactetin the form of a stress tensd@),? but ~ 9en gas at a pressure ofL.0 mbar was pumped. The plasma
they also investigated the effect of stress on the saddle-poit¥as excited by a 13.56-MHz generator connected to a copper
structure for defect reorientation. They concluded that at thi§0il encircling the tube. The samples were located in a re-
saddle point, the defect possessed trigonal symmetry implymote position to the plasma in order to minimize damage due
ing that the oxygen atom lies alofd11) and is bonded to t0ion bombardment. Treatments were carried out in the tem-
three Si atoms. This has given an original insight into thePerature range of 30—120°C at a power-e80 W for typi-
behavior of a moving defect and presents a challenge fogally 60 min. Schottky diodes and Ohmic contacts were
theoretical work. formed onn-type silicon by evaporation of goléor plati-

In this paper we report a combined experimental and thedum) and aluminum, respectively. Fgrtype samples the
oretical study of the singly hydrogenatedO complex Schottky diodes and Ohmic contacts were formed by sput-
(VOH). We employ DLTS, high-resolution LDLTS in  tering of titanium and evaporation of gold, respectively.
combination with uniaxial stress, and total-eneagy initio
calculations to produce a detailed model consistent with the
measured dynamical, electrical, and piezospectroscopic data.

I1l. EXPERIMENTAL RESULTS

Figure 2a) shows conventional DLTS spectra of as-
Il. SAMPLE PREPARATION irradiated and irradiated, plasma treatetype silicon. In the
as-irradiated and irradiated, hydrogen plasma treated mate-
The samples used for this work were prepared f§at0 rial, the spectra are dominated by the well-known peaks re-
oriented Czochralski grown-type andp-type silicon wafers lated to the single acceptor level of the vacancy-oxygen com-
of resistivity 2d) cm. The wafers were cut into shapes of plex, VO(—/0), and the double acceptor level of the
~7x2Xx1 mn? bars with the long edge parallel to one of divacancy,V,(=/-).'>1® After hydrogenation, the intensi-
the major crystallographic directiong100), (110, and ties of these peaks are significantly reduced and a hydrogen-
(111). A {111} oriented float-zoner+type silicon wafer of related peak appears at175 K. This peak is also observed
resistivity 38—50) cm was also used for zero-stress mea-in the proton implanted samples. The Arrhenius plots for the
surements. Th& OH complexes were formed either by im- electron emission processes are practically indistinguishable
plantation of protons or by irradiation of electrons followed in the irradiated, hydrogenated material and the implanted
by remote hydrogen plasma treatment. Implantations wereaterial, confirming that the levels are identical. In both
carried out with protons of energy 400 keV to a dose of cases, the activation enthalpy is obtained Aadd,
~1x10'° cm™2. Irradiations were carried out with electrons =0.31 eV. We have previously identified the level Bt
of energy~2 MeV to a dose of~5x 10" cm 2. Details of —0.31 eV as the acceptor level of th® complex saturated
the setup used for implantations and irradiations are givey a single hydrogen atonv;,OH(—/0).%’ The results of the
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T T T T T complex GO; .18 As in the case ofi-type material, the con-
100 - el . m DLTS centrations of the radiation induced defects are strongly re-
- r u -\- ------- EPR - duced by hydrogenation. Further, a hydrogen-related peak
S 80 - H n m appears at-130 K. The activation enthalpy for the hole
&2 AN 7 emission from this level is obtained a$,=0.26 eV. Re-
ﬁ 60 - N om n cently, a similar level formed by chemical etching of irradi-
§ © i 1 atedp-type silicon was related to the donor level of M&H
% - ] complex® This conclusion is supported by earlier observa-
2 »lL oo | tions of similar annealing behavior of the traps with levels
| | located atE.—0.31 eV ancE,+0.26 eV> The results of the
0 T T R present work are consistent with the above interpretation. As
450 500 550 600 650 reported in Ref. 8, we did not observe thg+0.26 eV trap
Annealing temperature (K) in the hydrogenateg-type samples, unless reverse bias an-

nealing is performed. This effect was attributed to the high
FIG. 3. Correlation of Laplace DLTS and ERRef. 9 isochro-  efficiency of hydrogen trapping by B acceptors, with the for-
nal annealing data of théOH complex. The intensities were nor- mation of VOH complexes taking place only after B-H de-
malized to the values obtained before annealing. The EPR data hafects anneal out.
been shifted slightly in temperature to comply with our 60 min

annealing time. A. Introduction to the stress measurements

present work are fully consistent with this interpretation. In the absence of external perturbations, an anisotropic
The VOH complexes are formed as a product of the in-point defect in $| is fc_)und _randomly aligned with a maxi-

teraction of diffusing atomic hydrogen with immobiléO mum of 24 posablg or!entat|ons alllowed by the §ymmetry of

complexes generated by the irradiation. In general, howeveH€ host. Under uniaxial stress, given by an axial tersor

the increase in the concentration of M&H complexes after only 12'out_ of these 24 al'lgnments are distinguishable. Each

hydrogenation is significantly smaller than the correspondiné)”emat'on is degenerate |n_the sense that a]l_defepts hgve the

decrease in the concentration of th© complexes. After Same free energy of formatid,. For a specific orientation

strong hydrogenation, the sum signal @0 and VOH is |» charge state, and applied straire, the defect energy

decreased by more than 70%. No other defect with an obvichange is given b '9=G'4—~Gg="Tr[B"- €], whereB'" is

ous link to theVO complex are observed in the DLTS spec-2 Stress-energy tensor associated with the defect in charge

tra. This loss of electrically active defects after hydrogenaStated aligned along.™ " Similarly, we can express'd as

tion is likely due to the formation of the fully saturatstD @ résponse to an external uniaxial stréssdefined to be

complex containing two hydrogen atoms, ie., td®H, Negative for compressignalong the unit vectot. Given the

structure which is formed in regions with high hydrogen con-related stress tensor ag =t t, P, we haveA'd=X;, By

tent and is electrically inactivé. “Skimn* tmtn+ P, Wheresy,,, are the compliance constants of
Comparison of annealing data is one of the most efficienthe host material.

tools to establish a correlation between defects observed by From the experimental point of view, it is convenient to

different experimental techniques. In the present work, wesontractB ands by introducing a strain coefficient,” which

have carried out isochronal annealing of M&H complex is related to a defect orientatiorunder stress along i.e.,

and compared the results with those from EPR d4t@at i i i

treatments were carried out for periods of 60 min in a nitro- AP =By Sumn: tmtn- P=a;* P, oy

gen flow furnace. After each annealing step, the concentrgyhare we note thaﬂiq is associated with a specific charge

tion of VOH(~/0) was _measured .by Laplace PLT.S at .astateq of the defect. For example, for a monoclinicC{;,)

temperature of 162 K. Figure 3 depicts the relative intensityy toct in a cubic host we expect that undef0) compres-

OflthH as.atfutr)lcpon of anntl—:'_ahrl]g teerL_?_rSature.Q clear CO5ive stress, the defects will split into two populations with
relation exists between our Laplace resyiquares energies shifted at a rate

and the corresponding EPR ddtamoothed curve The ab-
solute transition temperatures agree well considering the fact 19 — _ R4 _ 29 _Ra _

that the dose regimes of the two experimental techniques @100~ ~2Ba(Sumsi2) oo BalSu~ s,

differ by more than three orders of magnitude. The isochrowhere we utilize the Voigt symmetrized form afThe popu-
nal annealing data were analyzed using an Arrhenius plotation splitting ratio is 4:8, and observations of the number of
Assuming a preexponential frequency ef10"*s !, we and magnitude of populations provides us with information
conclude that the disappearance\@DH is mediated by a on the symmetry of the defect ard? gives information on

~2-eV barrier. the tensile or compressive nature of the defect along a spe-
Figure 2b) shows conventional DLTS spectra of as- cific direction. For example, ift}},<0 the alignment is
irradiated and irradiated, hydrogen plasma treatégpe sili-  compressive alongl00]. Since the energy shifts depend on

con. The spectra obtained after irradiation are dominated bgharge statey, the thermodynamic energy level, as deter-
the peaks related to the donor level of the divacavigyRef.  mined in a DLTS experiment, where the stress dependence of
17) and the donor level of the interstitial carbon-oxygenthe preexponential factor has been taken into account, will be
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FIG. 5. Energy shifts versus applied stress for the split lines of

FIG. 4. Laplace DLTS spectra &OH(—/0) recorded at 160 K L
at zero stress and under uniaxial stress along the three major cry\é-OH(_/O) under stress along t{@00) and(111) directions. The

tallographic directions. The amplitude of the zero-stress peak ha$nergy shifts have been obtainedd#s=Kk T In[e (P)/e(0)], where

been normalized to a value of 6 units. The splitting pattern estab- =155Kis the measqrement temperature af(P) is the dlrggtly
measured electron emission rate at the given stress. A positive slope

means that the energy level approaches the conduction band under
) ] ) o stress. The line splittings are obtained as 21 meV/GPa fof1tté
different for the different populations and a splitting of the gyess direction and 36 meV/GPa for L) stress direction.

energy level will be observed. The splitting of the-/0)

level of the defect is given by the differences i,
i(—/0)

lishes the effective orthorhombic&,, symmetry of the defect.

i— : . L The amplitudes of the split lines sum up to the amplitude of
— a'jgg, denoted b , among differenti. This is the - . .
%100 Y100 g >}he zero-stress peak. Within experimental error, the relative

case provided that the defect is not able to jump rapidl : A o .
between different orientations in the time scale of the experifimp“tUdes of the individual peaks in Fig. 4 agree with the

ment. When measurements take place at temperatures rgttios expected foradefegt of _orthorhombic—l symmetry, i.e.,
which the defect is able to jump rapidly between, say, two?-4 for the (100 stress direction, (+4):1 for the (110
orientations, only one line is expected from the pair of ori-Stress direction and 3:3 for thel11) stress direction. The
entations and the observed transition then corresponds to tig@litting of the (1+4) component expected f¢i10) stress
orientation having the smaller ionization energy. is unresolved.

The intensities of the DLTS lines reflect the numbers of The apparent orthorhombicd,, symmetry of the defect
centers in the different populations. If the centers are introis related to a partial thermal averaging effect discussed in
duced in the absence of stress, no particular orientation iSec. Ill A. As established by EPR measureméritss hydro-
favored and they are in a condition of random alignment. Ifgen atom swiftly jumps between equivalent sites in{th&0}
stress is then applied at a temperature where they cannptirror plane of thevOH defect. The O atom cannot jump at
reorientate, then the DLTS amplitudes will reflect the numbeithese temperatures. The hydrogen jump rate is much larger
of equivalent orientations allowed by symmetry. than the rate of the electron ionization process monitored in

However, when reorientation can take place under stresshe Laplace DLTS measurements, by approximately five or-
and an equilibrium is established among the populations foders of magnitude at the measurement temperature. Conse-
a given charge statg, a condition called alignment takes quently, the static monoclinic€,;, symmetry is changed to
place. If the sample is then quenched, the populations will ban effective orthorhombic-C,, symmetry under the given
frozen and the relative intensities of the different DLTS linesexperimental conditions, in agreement with the observed
reflect a Boltzmann distribution dependent on the temperasplitting pattern. This effect is discussed in detail below.
ture at which reorientation occurred, and the energy differ- We have studied the influence of uniaxial stress on the
ences, given byA?, between the populations in the stressionization processVOH™ —VOH’+e~ by recording the
field. emission rates of the split lines at different stress intensities
at a fixed temperature. Figure 5 depicts the energy shifts
versus stress amplitude for the split lines in {1®0 and
(111 stress directions. For both directions of stress, the data

Figure 4 shows the Laplace DLTS spectrau@®H(—/0) are consistent with a linear splitting. As in stress-splitting
recorded at 160 K at zero stress and under uniaxial streexperiments we probe both neutral and negative charge
along the three major crystallographic directions. For eaclstates, and we shall write the splittings as the differences
direction, the zero-stress peak splits into two componentsetween the strain coefficients. Hence we get

B. Stress-splitting experiments
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135K broadeqing is observeq for any of the stress directions. These

<lll> /\ VOH (+0) conclusions were confirmed at a number of temperatures and
-0.40GPa for stresses up to about 0.50 GPa. For all directions of

stress, the level approaches the valence band linearly with

the applied stress. The lack of line splitting suggests that the

A

<110> effective symmetry of the initial charge state of the defect is
-040 GPa cubic. The cubic symmetry can arise from eitliigra defect
with a true static cubic symmetry dii) a defect of lower
symmetry which displays an effective cubic symmetry due to
<100> ; ;
040 GPa thermal averaging at the measurement temperature. The first
e explanation is not consistent with\&OH defect. The latter

explanation requires that the reorientation rate of the defect,
determined by the jump rates of oxygen and hydrogen, is
Zero stress much higher than the ionization rate at the measurement tem-
perature, and therefore the reorientation barrier of the whole
L defect should be less than 0.3 eV. Below, we shall show that
10° 10' 10° 10° the positively charged defecOH)™ has relatively small
Emissionrate(s'l) reorientation barriers for oxygen and hydrogen, and thus the

effective cubic symmetry class is consistent with ¥@H
FIG. 6. Laplace DLTS spectra & OH(0/+) recorded at 135K onor level.

at zero stress and under —0.40 GPa stress along the three major
crystallographic directions.

Laplace DLTS amplitude (arb.units)

C. Stress-alignment experiments

alls0— a5, ?=21 meVIGPa, Stress-induced alignment experiments on the neutral de-
fect have been carried out for tRd00) and (111) stress
al(79— a5 "9=36 meV/GPa, directions. In both cases a significant effect of alignment was

. . observed at temperatures abov200 K when both O and H
where the superscripfsands label the two populations and 56 aple to jump. The equilibrium distribution between non-

stand for the_ f.ast(or high-frequenpy and slow (o_r low- equivalent orientations was reached by applying the stress
frequ_ency _emlttlng defects, respectlyely. The_ splitting of_the for approximately 15 min at 221 K for thé100) stress di-
two lines in the_(llO) stress direction requires very high oion and 225 K for the111) stress direction. Subse-
stresses and it is extremely difficult to determine a rehablequem'y the sample was cooled quickly to the measurement
strain (;oefflclzlent. We estimate that the rate of splitting 'Stemperature and the occupancy ratio of defects in nonequiva-
approximately lent orientations was evaluated from the corresponding
f(—10)_ _s(—10) _ Laplace DLTS peaks. In all cases it was confirmed experi-
110~ agyo 20 meV/iGPa. mentally that a steady-state condition was reached VIDe

The data in Fig. 5 show that the two lines in 00 stress complexes were kept in the neutral charge state by applying
direction do not converge to zero energy at zero stress. Thi reverse bias during alignment.
indicates a nonlinearity of the splitting data at lower stresses. Figure 7 shows examples of Laplace DLTS spectra after
Recently, we observed a comparable effect for the acceptaHignment at different stresses alofigl). The data demon-
level of theVO complex and established that the nonlinearityStrate that the population of centers responsible for the high-
is related to a stress dependence of the electron-capture priegquency transition, i.e., the smaller ionization energy, de-
cess in the(100) stress directiod? In the present case of Creases as a func_tlon of stress. In contrast, Fig. 8 shOV\_/s that
VOH(—/0), it is not possible to measure directly the split- the amplitude ratio of the low-frequency line to the high-
ting curve and examine the capture process at lower strességquency line decreases with stress al@agQ). For both
as the line splitting is below the energy resolution in thisdirections of stress, the sum of the amplitudes of the split
stress range. However, from the analogy with Y@ com- Ilnes_ls independent of stress and qual to the zero-stress
plex, we propose that the lack of convergence in {he0) amplitude. The data are well described by Boltzmann
stress direction is related to a stress dependence of the cagatistics and lead to the strain coefficiensg,— 30
ture process for this particular direction of stress. Neverthe= +109 meV/GPa for thg100) stress direction ande};
less, it is important to emphasize that the linear splitting in— a$5,= — 108 meV/GPa for thé111) stress direction. In
the high-stress regime is independent of the capture procesSec. IV we give a detailed interpretation of the splitting and
and the high-temperature slopes are true measures of energignment data.
shifts. Due to the temperature at which the measurements are
The donor levelVOH(0/+) has also been studied by taken, thefrozen G,, structure cannot be measured. How-
uniaxial stress in combination with Laplace DLTS. Figure 6ever, we can still study the remaining degree of freedom
depicts Laplace DLTS spectra recorded at 135 K at zereorresponding to the reorientation of the O atom. The stress-
stress and under 0.40 GPa stress applied along the threeinduced variation of the reorientation barri®E, separating
major crystallographic directions. No line splitting or peak the twos and f orientations ofVOH® was measured. This
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wherea{®, °, anda/° are strain coefficients fovOHC at

the saddle points andf alignments, respectively, andE, is

the zero-stress barrier. Accordingly, we obtain strain coeffi-
cients of a9 a33,=106 meV/GPa and a3, a!9;
=166 meV/GPa. That means that the energy barrier the de-
fect must overcome for reorientation decreases with com-
pressive stress. An extrapolation of the energy barrier to zero

stress gave\E;=0.56 eV.

-0.10GPa

IV. THEORETICAL MODELING
No alignment

Laplace DLTS amplitude (arb-units)

We use a local spin-polarized density-functional supercell
101 ) 102 ) 10; metho&.2 (AIMPRQ) with the Perdew-Wang exch.ange—
Eurission rate (6*) correlation functiondaf and Bachelet-Hamann-Scidu
pseudopotentia&’ The Kohn-Sham orbitals are expressed as

FIG. 7. Laplace DLTS spectra 8OH(—/0) obtained at 165 Kk linear combinations ofN sp-like Cartesian-Gaussian atom-
under—0.40 GPa stress along th&11) direction. The spectra have qentered functions. For O, H, ?”d.ﬁls 6, 2, and 4, respec-
been recorded after 15 min alignment of the neutral defe°, tively. One set ofsp functions is sited at the center of each
at 225 K under different stresses. The magnitude of the alignmerdond formed between neighboring atorW®©H defects were
stress is given in the figure. investigated by embedding them within otherwise perfect cu-

bic supercells containing 64 Si atoms. The charge density
was accomplished by holding the annealing temperature @&nd potential terms are expanded in plane waves with a 300
210 K and varying the stress betweer0.20 and Ry energy cutoff, and the Brillouin zone is sampled with
—0.45 GPa. Characteristic alignment timewere recorded help of a Monkhorst-Pack MP22grid of speciak points?®
with the stress applied along both00) and(111) crystal- A detailed description of the method, including convergence
lographic _directions. This procedure has been describetfsues, has been reported elsewtiére. _
elsewheré? The (100 stress-dependent energy barrier for ~ The electrical activity ofVOH was studied according to

transformation between the slow to the fast emitting defectéhe marker methotf*’ Here, the location of donotaccep-
is given by tor) level of defects is found by comparing their ionization

energies(electron affinitie with those of a standard defect
(the marker with known electrical levels. This method is
known to work best when the donéacceptoy levels of the
defect and marker are associated with wave functions with
the same extent and symmetry. In this work, Y@ defect

AE(P)=AEqy+ (aiy— a9y P, 2)

whereas for111) stress the transformation take place from

the fast to the slow emitting defect, i.e., and the substitutional sulftftdefects YO and ) are cho-
sen as markers to determine the acceptor and donor levels,
AEr(P)=AEO+(a'1°11— afl(il)P, 3 respectively. Sixs and p Gaussian basis functions were
placed on the sulfur species.
1 1 — The reorientation barrier of théOH complex was inves-
vor

L vore ] tigated by allowing the H and O atoms to move to new

T <l11>, 225K 1 positions inside the vacancy. To explore the saddle point of
I the motion, we adopted a symmetry-constraint method, ac-
cording to which a saddle point possessing distinct symmetry
is relaxed while maintaining this symmetry. This enables the
energies of structures lying midway between equivalent ini-

tial and final atomic configurations to be investigated. If the

saddle point is perturbed by a slight atomic displacement,
then the defect relaxes to the initial or final atomic configu-

ration. This approach gives in general an upper bound for the
reorientation barrier.

The piezospectroscopic response of ¥WOH defect is
also calculated. The stress-energy tensor components are cal-
culated by applying a set of deformatioassuch thatB,

FIG. 8. Equilibrium amplitude ratio of the low-frequency — 9E/d€w, whereE is the energy of the strained supercell.
to the high-frequency lines versus alignment stress applied to th&are must be taken in order to make sure that all irreducible
neutral defectvOH? along (a) the (100) direction at 221 K and Specialk points are used as the symmetry of the problem
(b) the (111) direction at 225 K. The strain coefficients may vary withe. The change of energy with volume of a
are +109 meV/GPa for the (100 stress direction and crystal containing a uniform concentration of defects is of
—108 meV/GPa for thé111) stress direction. course related to the ambient pressure. If this pressure is

<100>, 221K
109 meV/GPa

Equilibrium amplitude ratio

01 -

[ @ ] 1 (b)—_
[ R B [ IR | 1

00 01 02 03 00 01 02 03
Stress along <100> (GPa) Stress along <111> (GPa)
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=2.02 eV where we considered isolated neutral bond-
centered H an/O defects. To be compared to the measured
a dissociation energy~+2 eV), Ey, has to be added to at least
~0.2 eV corresponding to the migration barrier of H. A
similar overestimation has been found previously in other
(010) b7 chalcogen-hydrogen complexes in?Gi.
The electrical activity emanates from the remaining Si
(101) dangling bond. The $iO (Si-0) and Sj-H bond lengths are
] o ] comparable with other defects with similar structural units.
FIG. 9. TheVOH complex(right). Projection of the diamond These include th&/O andVOH, complexes in S$1134The
lattice showing high-symmetry sites of interékft). Si, O, and H 2.7 A distance between H and the, $iangling bond com-
atoms are represented as open, large closed, and small closlﬁgreS well with the 2.5 A measured from the anisotropic

circles, respectively. Dashed circle at the center of the bulk regio ) . :
represents a Si vacant site. g(r)(;?gr?glent of the hyperfine tensor associated with the

negligible then to first order BY=0 and the stress tensor is
traceless. This condition is satisfied by relaxing the volume
of the unit cell in different charge states. It is possible to  Using the electron affinity o¥O as a marker, we place
measure the change in volume of the defect consequent upehe acceptor level oWOH at E.—0.31 eV, in agreement
a change in charge state and isothermal DLTS measurementgth the experimental level &,—0.31 eV. Similarly, using
made under pressure have been carried out in some Taseshe ionization energy of Sas a marker, we find the donor
The evaluation of stress tensors of a number of defects havyevel of VOH at E,+0.35 eV, again in agreement with the
been reported previously for both®$i**and diamond? measured hole trap &,+0.26 eV. In this case the method
Here, we focus o’/OH structures possessing a twofold has given energy levels at variance with the experiments by
and threefold coordinated O ataimsidethe vacancy. These |ess than 0.1 eV, but in general errors as large as 0.2 eV can
are the only low-energy forms that we found for the defect.qccur.
On the left hand side of Fig. 9 we show a (J(drojection of It is instructive to compare th¥ OH complex with the
the diamond lattice. At the center lies a vacant site repreether chalcogen-hydrogen defe¢®&H, Se-H, and Te-H’
sented as a dashed circléOH defects are labeled according From a simple atom-size argument, we conclude that for the
to their point symmetry. The trigonalCs,) structure pos- lighter chalcogens, H tends to form a bond with Si at a bond-
sesses a threefold coordinated O atom nearTitsite and  centered site, while for the heavier ones, antibonding Si-H
displaced along thg111] direction, bridging Sj, Si,, and  Units are favored. Acrossoveroccurs in S-H, where two
Si. atoms in Fig. 9. On the other hand, monoclinicd,()  hearly degeneratssgond-cgntered and antibonding configura-
and orthorhombic-1 C,,) structures possess a twofold coor- ions were found?**The S}, dangling bond invOH is re-

dinated O atom displaced anﬁgTO] away from the vacant sponsible for the appearance of deep gap levels. This is not
site (see Fig. 9. All atoms in the supercell were allowed to the case of the chalcogen-hydrogen complexes. Here only

relax until the resulting forces were smaller than 0.03 eV/A.ShaIIOW donor activity was found due to threefold coordi-

Relative energies and structural details of the fully relaxecpatGd chalcogen atoms.
defects are shown in Table I. In line with our previous
report!! we conclude that th€,,, structure is the ground B. Stress-tensor calculations

state for the neutral and charged defects. This defect is We label each Si atom bordering the vacancy by the four

shown on the right-hand side of Fig. 3, and It is formed by gettersa, b, c, andd [see Fig. @)]. The 12 inequivalent

vaglan|_c|y V\t”th thrgreh of ::S S{ danglmg borgjdst\?gtu[)ateg by orientations of th&/ OH(C,,,) defect can then be specified by

an atoms. € atom 1 boun Y Eb ab, ac, ad, bc, bd, andcd, together with the six per-

muted combinations. Here, for examplga stands for a

TABLE |I. Relative energiegeV) and structural detailsbond  \yOH defect with the H atom bonded tand a dangling

lengths in A, of severalVOH defect structures. Atom labeling is bond resides a as shown in Fig. 9. In this orientation, the

according to Fig. 9. Energies for the three charge states of intere@ atom bridges andc, and the mirror plane is defined Idy

are given. a, and theT4 substitutional site. In some casek andad

may be equivalent under stress, and both orientations are

A. Electrical levels

Structure Cun Ca Cav then denoted bwd.

E(+) 0.00 0.08 0.14 The components of thB tensor are found as described at
E(0) 0.00 0.11 0.42 the beginning of Sec. IV, and those f®OH in all three
E(-) 0.00 0.18 0.72 charge states are given in Table II. Also shown for compari-
Si,-O 1.694 1.689 1.926 son are the measured stress tensor components of né@tral
SigH 1.512 1.795 1.493 in the same axial system. These immediately show that like
Si,-H 2 656 1.795 2772 VO,%1! the VOH complex is compressive along the10]

crystallographic directioitsee Fig. 9, althoughVO shows a
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TABLE |I. Calculated stress-energy tensor compongetg) B,, for VO°, the da alignment of VOH
(Cyp) (see Fig. 9, andd alignment of neutral/ OH (C3,). Components alongl01] and[ 101] directions are

also shown.

Structure VO VOH (Cyp) VOH (Cs,)
Charge 0 - 0 + 0
Byx 5.0 2.45 3.24 3.11 6.28
Byy -9.8 —4.90 —6.48 —6.22 6.28
B,, 5.0 2.45 3.24 311 6.28
Byy 0 -0.34 -1.63 -3.13 —7.62
By 0.5 -7.21 -5.17 —4.63 —7.62
By, 0 —-0.34 —1.63 -3.13 —7.62
Bior 55 9.66 8.41 7.74

B1o1 4.5 —-4.76 -1.93 —1.52

%Reference 11.

greater anisotropy as shown by its larg&f, component. stresses. The barriers linking the minima are schematic and
The componenB,g; in Table Il is similar to the dominant not all have been calculatedee below. The figure shows
tensile Si-O-Si unit withB,;~8 eV. This value is about 2 which orientations, e.gac, ad, bc, andbd, are degenerate
eV larger than that found iVO. Finally, the traceless con- under[100] stress and records the respective energy shifts
dition makesVOH compressive along101] in all charge Al Thus for VOH™, A%, and Ari\ga are —24 and

sta:tes. :ct\i/sointe'restir}g to 'Iﬁte that the pro??ﬁncgqsa.xital Chlar% 48 meV, respectively. The upper curves give the same in-
acter ot Vo arises Irom the presence of e Skl 1ensies, mation for the neutral charge state. This tim&% and
reconstruction. FONWO we haveB;3;=4.5 eV. Once this abo .

Ajoo are —32 and+ 64 meV, respectively.

bond is broken due to the presence of H, [i€1] tensile O

o P — t . | It is important to remember that the energy of the conduc-
strain is released alongD10] and [101] making theBVZ tion electrone™ has to be added to the upper curve and
component forVOH smaller by about-3.5 eV, andBior o6 the difference in the energies \WOH? and VOH~

more tensile by-3 eV, needed to obtain the ionization energy of the defect. Thus

Energy ShiftSAiq for the various alignments for a particu- from the figure, compressive stress is seen to decrease the
lar stress direction can now be obtained by the use ofHgq. .~ . gure, Pres i
nization energy of thec population at a rate 32—24 or 8

These are shown schematically in the configuration energl® - e e il
curves in Fig. 10 for a compressive stress withMmeV/GPa and to increase the ionization energy of ake

P=—1 GPa. Strain coefficients are readily obtainedxfs ~ Population at a rate 64—48 or 16 meV/GPa, although the
:AitQ/p_ As expected foC,, symmetry, there are 2, 3, and shift of the conduction band has to be added to both these
4 nonequivalent orientations fdrl00], [111], and[110]  figures. Nevertheless, we can say that #eepopulation is
stresses, respectiveélyThe minima in the figure correspond responsible for the fast, or high-frequency, transition and the
to the 12 orientations o¥/OH and VOH™ under different ab population is responsible for the slow, or low-frequency

ab, ad be, de
cb, cd

P||[110]

P||[100] Pllf111]
e 2 —63
7, 3d, B¢, bd 3b, 3¢, B *

FIG. 10. In(a), we show our labeling scheme for the 12 different orientations @f;gsymmetry defect in a cubic crystal. Each
orientation is labeled by an ordered letter pair denoting the site of H and the Si danglindgdeentéxt In (b)—(d) we show schematic
configuration coordinate diagrams for the defect unider—1 GPa stresses alod00], [111], and[110], respectively, in the various
orientations of the defect. Energy shifis? (in meV) for all orientations are shown. Ratisfor the reorientation of H and emission rates
e are represented by arrows.
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one. The contribution by the shift in the conduction bandstrain coefficient of—29 meV/GPa is in poor agreement
prevents us from determining the shift of the level with with the observed value of 108 meV/GPa. It seems that far
stress, but the conduction-band energy does not enter into tiewer defects inhabit the higher-energy orientations. How-
expression for the level splitting. Consequently, the levelever, stress along11l) strongly reduces the reorientation
splitting as shown in Fig. 10 is the difference between thebarrier and this may mean that during the cooling process
ionization energies of the fast and slow populations and isvith stress on, the higher-energy defects reorientate increas-
calculated to be 24 meV/GPa and comparable with the obing the population of lower-energy ones.
served value of 21 meV/GPa discussed earlier. We finally consider the effect of110] stress. Here,
Let us now consider the amplitudes of the DLTS peaksfour levels are expected but, once again, only two are seen.
For random alignment, we expect the amplitude ratio for theOnce again we anticipate that the H atom can rapidly
low-frequency to the high-frequency component to be 4:g§ump between the two Si atoms and the two popula-
arising from the population adb andcd for the former and  tions ab, ad, cb, cd and the permuted symbols lead to
ac, ad. bc, andbd, for the latter. This agrees with the the same tra_nsmo_n. The observed one will corr_espor_1d to the
experimental result in Fig. 4. For alignment, Fig. 10 shows/aSter transition given by thab, ad, cb, cd orientations
that the energy of thab andcd populations(slow transi- whose |on|zat_|qn energy decreases .W't.h sFress. Thus three
tion) increases relative to the other population at a rate GAeVEIS are anticipated. However, the ionization energy shifts

+32 or +96 meV/GPa. Thus the population giving the slow °f 8C: at 5 meV/GPa, and theb, ad, cb, cd populations at
transition decreases, in agreement with the data, and the car-4 meV/GPa, are quite close and very different fromttide
culated strain coefficient is in close agreement with the oborientations at-21 meV/GPa. We then suppose that the lev-
served one at- 109 meV/GPa. Hence fdrl00] stress the els of theac andab, ad, cb, cd populations cannot be re-
theory is in very good agreement with the data. solved. Thebd population leads to the fast transition and the
We now considef 111] stress. Here we expect thg;,, others @b, ad, cb, cd, ba, da, bc, dc, andac) are to-
symmetry to lead tahree split components or three popula- gether responsible for the single slow transition. The level
tions of defects. However, only two are detected. We suppossplitting rate of~21 meV/GPa is in agreement with the ex-
that this is because during the measurement cycle the defegérimental value of about 20 meV/GPa. The slow:fast ratio
switches between two orientations. We shall show below thapf intensities in the random case would be 10:2, and this
the barrier for H jumping in the neutr®OH is very small.  agrees with the ratio shown in Fig. 4.
Now the difference between the atonfiléig. 10(c)] structure
of thead, bd, andcd orientations on one hand, ada, db, C. Reorientation of the VOH complex
anddc on the other in Fig. 1@), is simply that the H atom
has jumped to the other Si dangling bond. Thus, if the rateﬁe
denoted by in Fig. 100c) are much faster than the ioniza-
tion rates(denoted byey, ande,q), then when the center is
in one of these two families of orientations, it is able to
switch to the other family very quickly until the defect emits
an electron. Now, the ionization energy for tad, bd, and

It is clear that the rapid reorientation of the H atom is a

y to understanding the stress Laplace DLTS experiment.
Table | provides estimates of the adiabatic reorientation bar-
riers in the three charge states. To achi€yg symmetry, the

H atom jumps between Si dangling bonds with an adiabatic
barrier of ~0.1-0.2 eV. The difference between the zero-

. ; ! ) i i f the Si-H h | le-
cd orientations decreases with stress unlike that for th oint energies of the Si-H bonds at the stable and saddle

da. db. andd entati dh ¢ that th oint configurations should be added. The vibrational fre-

g' ’da': c.tqnen atlor}sihan gnce_wet r—.:[xpec 'Ilat kequencies certainly decrease in tl@&, state and if we
observed transition out ol these six orientations will ta esuppose a reduction of 50%, we obtain a baroerering of
place forad, bd, andcd. The ionization energy for thad,

. . . about 0.05 eV from the Si-H stretch mode alone. The low
bd, andcd population shifts by—19 meV/GPa while that barrier is consistent with EPR data giving an experimental

for ab, ac, andbc, it shifts by +9 meV/GPa(again ne- \5jue of 0.18 eV.

glecting the shift of the conduction bandrhus the slow The barrier for both O and H reorienting, giving an aver-
component comes from thab, ac, and bc population,  agedT, symmetry, is estimated from the energy of g,
whereas the fast one arises from the other populations. Th@rycture when O and H lie on[a11] axis. This is only 0.14
relative splitting of the two levels will correspond to ev for VOH®, implying an ease for reorientation at low
~28 meV/GPa, in reasonable agreement with the observe@mperatures, and consistent with the lack of any stress split-

value of 36 meV/GPa. . . ting of the E,+0.26 eV donor level associated with the de-
We now consider the amplitudes of the DLTS lines for thefect at 135 K(see Fig. 6. For VOH?, the barrier is 0.42 eV,
neutral defect. Here, the combined populationaal, bd,  jn good agreement with the 0.56-eV barrier obtained from

andcd defects, together witda, db, anddc, and respon- the stress-alignment experiments, while the barrier for
sible for the fast transition, equals the populatiorabf ac,  VOH™ is larger, consistent with the difficulty of obtaining
and bc responsible for the slow transition. Thus, in agree-defect alignment in the negative charge state.

ment with the observations for random orientations, we get We now consider the effect of stress on the reorientation
an intensity ratio of 1:1. For alignment, we expect the popu-barrier of the O atom. Here we made two assumptiofs—
lation responsible for the slow transition to increase withthe saddle point is th&€;, configuration, and(ii) during
stress at the expense of the other populations. This is ireorientation the volume of the crystal does not change. This
qualitative agreement with Fig. 8, however, the calculatedmplies that theB tensor of the saddle point has a nonzero
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trace, and this was calculated using a supercell with a lattic¢ OH responds t¢100), (111), and(110) stresses as a de-
parameter corresponding to the volume-relaxed cell containfect with an apparernt,, symmetry, while the donor level at
ing the C,p, form. A saddle-point alignment is labeled here g +0.26 eV is insensitive to stress, suggestinfyaymme-
with the character corresponding to the Si atom bonded t@ry. The theory indicates that these are dynamic symmetries
the H atom. For example, undgt1l] compressive stress, arising as a consequence of a rapid jump rate of the impuri-
transformationsad—ac or ad—ab occur through a com-  ties within the vacancy cage. The true symmetry bedag,
mon saddle poina possessing a $H unit along[111] (see  as indeed found in the low-temperature EPR stu@panti-
Fig. 10. tatively, the effect 0§ 100) stress is completely understood:
The stress tensor components for thalignment of the the calculations of both the magnitude of the stress splitting
C,, form are given in the rightmost column of Table Il. We of the DLTS acceptor level into two components and the
note that TrB) >0, meaning that it is a tensile state, and anymagnitude of the intensities of the DLTS lines both before
(1000 compressive stress will lower its energy. The off- and after reorientation of the defect agree well with experi-
diagonal components are negative, and whered4d1d] ment.
stress will increase the energy of thetate, it will lower the For (111) and(110 stresses, only two levels are found,
energy of thea, b, andc configurations The calculated strain whereas three and four are expected theoretically. However,
coefficients for theCy, form are a23=+21 meV/GPa, the rapid H reorientation reduces the number of distinct lev-
a?%,= +53 meV/GPa, and{%,= — 74 meV/GPa. In practi- €ls by one and the coincidence in the strain coefficients for
cal terms, this means that the barrier mediating #®  two of the distinct orientations o¥OH under(110 stress
—ac® reorientation will change at a rate @f29— a3 reduces the number of resolvable transitions further. Quali-
- +85 meV/GPa unde[rlOO] stress. This is fairly close to tatively, the effect of(111) and (110) stresses is in agree-

the measured'® — a0 = + 106 meV/GPa. Fo[rlll] stress ment with the data but the magnitude of the alignment frac-
100~ 300~ ado tion for (111) stress is not reproduced.

we predict an overall barrier change o&29,— a3 . .

=+61 meV/GPa. This is almost one-third of the measured Finally, we also report using DLTS a stress effect on the

value. This discrepancy is in line with that found for StreSSreorlentatlon barrier of the defect. Compressive stress re-

alianment. We also note that a similar softening of the reori. duces the barrier. This effect has been confirmed by the the-

engtJatlon barrier under stress was found ¥®° 1% Accord- oretical calculation and is due to the closer separation of the

ingly, under(100 stress, the barrier was found to decreaseSaddle and initial configurations.

by 84 meV/GPa, suggesting a similar bonding character of
the O atom in both defects. ACKNOWLEDGMENTS
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