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Saddle point for oxygen reorientation in the vicinity of a silicon vacancy
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A piezospectroscopic analysis of the vacancy-oxygen complex in silicon has enabled us to demonstrate that
this defect in the unstable configuration of the saddle point on the reconfiguration trajectory has a trigonal
symmetry. This unstable defect configuration may be considered as the precursor for an oxygen diffusion
process where the migrating oxygen atom is accompanied by a vacancy. The trigonal saddle point configura-
tion results in a strong electrical polarization of the pair which can aid the jumping to a neighboring unit cell.
This scenario is very plausible to explain how vacancies can drag oxygen atoms through the crystal to form
larger oxygen aggregates.
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I. INTRODUCTION For the case of the interstitial oxygen in silicon different
reorientation scenarios have been proposed to explain a bar-
Silicon crystals grown by the Czochralski method containrier of 2.5 eV for a single oxygen jump between neighboring
approximately 18 cm~3 atoms of oxygen. This oxygen af- bridging positions: Basically, either adiabatic processes,
fects the electrical and mechanical properties of the crystalghere during the reconfiguration of oxygen all surrounding
very significantly. During thermal processing the oxygenatoms are fully relaxed, or nonadiabatic ones allowing for
may aggregate forming a family of defects known as thermatlynamic effects, were considered. In the former case a defect
donors! The microscopic processes leading to oxygen aggrein the saddle point should have a meaningfiiligh-
gation are still debated, as the energy barrier for the processymmetry configuration, whereas in the latter case the
is much smaller than the barrier for the hopping of an iso-saddle point looses its meaning to the extent that it results
lated interstitial oxygen atom. This means that oxygen diffrom averaging over momentarily nonequilibrium distribu-
fuses as a part of a defect complex. There is evidence indiions of atoms. The difference between these two approaches
cating that this complex is an oxygen dimérHowever, is basically a question of the degree of departure of moving
there is also the possibility that the vacancy-oxy@g®®)  atoms from adiabatic trajectories during the reorientation
complex could be an alternative oxygen aggregation vehiclggrocess. Thus keeping this averaging in mind the application
in particular, when vacancies are able to trap oxygen atomsf the adiabatic approach still allows some temporary atom
effectively?~® Further thermal processing of samples con-displacements. Similar averaged atom positions are consid-
taining VO complexes leads to a gradual appearance of VOered when a fixed orthorhombic atom symmetry of VO is
complexes resulting from the diffusing VO pairs being concluded from the piezospectroscopic analysis of the ex-
trapped by the interstitial oxygen atorh®:* Eventually, perimental data. See, e.g., Refs. 14 and 15 for a discussion of
larger oxygen aggregations may form assisted by vacanciethe interstitial oxygen reconfiguration trajectory in silicon
Lattice thermal vibrations result in the defect complexesand consequences of the adiabatic versus nonadiabatic ap-
reconfiguring within the unit cell of the crystal. We showed proach to the defect reorientation process.
recently that in some cases this reconfiguration sets in at The vacancy-oxygen pair is the main radiation defect in
temperatures similar to, or slightly lower than the tempera-oxygen-rich crystals but can also be generated during the
tures at which long-range diffusion or dissociation of theCzochralski growth proces§.The stable microscopic struc-
defect occurd? Consequently, in such cases the defect reture of the complex has been determined by Watkins and
configuration may be considered a precursor to diffusion beCorbett’ and confirmed by theoretical modelif . It is
cause the microscopic mechanism of both processes is simiow well-established experimentally that VO has orthorhom-
lar. In order to take up an alternative equivalent position inbic C,, symmetry(Fig. 1) and when the defect is in the
the crystal unit cell a defect complex has to overcome ameutral charge state the effective barrier for reconfiguration
energy barrier. Usually very little is known about the struc-of the oxygen atom is 0.38 €V:>>This barrier has also been
ture of this barrier because although the reconfiguration traealculated and found to be equal to 0247.5° 0.32° and
jectory of a defect can be modeled, it is extremely difficult to0.26 e\?! In the first of these references it was concluded
confirm this trajectory experimentally. However, the barrierthat saddle point for oxygen reconfiguration is in {160
for the reconfiguration process can be measured and repréRef. 26 direction from the substitutional site, whereas in
sents the energy difference between the stable defect cothe next three references it has been postulated that the
figuration and the saddle point of the reconfiguration trajecsaddle point configuration has trigonal symmetry. Pegbla
tory. al. 2 further found an alternative saddle point&f symme-
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[001] B, can be described within the piezospectroscopic theory, in
4 " which the stress potential energy may be expressefiEas
A ‘ =2Bjjej; , Wheres;; are components of the strain tensor and
B Y Bi; are components of the corresponding piezospectroscopic
1 = tenso*?® Symmetry considerations allow us to choose the
defect characteristic reference systé@fg. 1) in which the
[010] piezospectroscopi8 tensor is diagonal and then calculate
the energy shifts from TEe) with the silicon strain tensag
__L_f transformed from its standard cubic-axes reference system to
B — B the principal system oB.
3 The reconstructed Si-Si borfdlong the(110) direction in
Fig. 1) can have six equivalent orientations in the unit cell.
> The stress applied along one of the principal axes of silicon
[100] partially lifts this sixfold spatial degeneracy and shifts the
defect total energy differently for, what are now, nonequiva-
lent defect orientations. For thel00) stress direction four
configurations of the reconstructed bond are affected by the
stress in the same way and different from the other (sez
Ref. 17 for details of the piezospectroscopic anajysitie

try (substitutional position of oxyger®.6 eV above the equi- total energies of these two groups of configurations separate

FIG. 1. The structure of the VO complex after Ref. 17. The
arrows indicate principal axes of KaplyanskiiRef. 24 piezospec-
troscopic tensor for orthorhombic-I symmetry. The labBls B,
andB; denote the corresponding eigenvalues.

In this article we report an extensive piezospectroscopic N
analysis of the vacancy-oxygen complex in silicon and dem- @(100=7(S11~S12)[ (B2~ B3) =2(B,~B4)], @

gnfstratﬁ(in the fraTework of an aﬁiabatic Lr;aatm}elcmat the  \vhere the components for the silicon elastic compliance ten-
efect has trigonal symmetry in the unstable configuration of ™~ 5re . 7.68¢10°2 GPal  and s, —2.14

the saddle point. We further suggest that the saddle poing 102 GPa L. For the(110) stress direction there are three

configuration of VO can be considered to be the first step Yroups of the reconstructed bond configurations so one can
an oxygen diffusion process assisted by vacancies. have two different stress coefficients

I EXPERIMENTAL RESULTS a{119= (S11~ 519 (B2~ B3) ~2(B,~ Byl + i8u(B2 ~ Bo)
We have applied high-resolution deep level transient spec- )
troscopy[Laplace DLTS(Ref. 27] combined with uniaxial  for the Si-Si bond oriented alon§110] with s,,=12.6
stress to obtain a complete description of how the total ens¢19-3 gpg ! and, e.g.[011] direction, and
ergy of the vacancy-oxygen pair in the neutral or negative
charge states responds to stress. We used samples cut from ay10= 2544(By—B3) 3)
Czochralski n-type 20Q cm silicon shaped as 2 (192

X7 mm stress bars. A series of samples were cut from thegyr the Si-Si bond oriented alorig.10] and[ 110] directions.
same(110 wafer with the longest sample edge aldii®0,  Finally, for the (111) stress direction there are two equal

(110, or (111), respectively. All samples were furnished groups of configurations separating with the stress coefficient
with evaporated Au Schottky diodes. The VO pairs were pro-

duced by either proton implantation with an energy of 525
keV and a dose of~5x10° cm 2 or electron irradiation
with an energy of 2 MeV and a dose of6x 10" cm™2.
Results from three different types of experiments have
been obtained and form the basis of our analy&s Split- In this experiment the samples were kept at constant tem-
ting of Laplace DLTS emission peaks: this kind of measureperature and the influence of stress on the Laplace DLTS
ments records the influence of stress on the ionization prospectra was observed. Figure 2 shows the effect of the stress
cess VO —VOP%+e_ and contains information that depends on the Laplace DLTS peak. The pattern of split peaks agrees
on both charge states of the defect simultaneouis)yStress  with the orthorhombic defect symmetry as found by Watkins
induced alignment: here the total energy shifts for differentand Corbett’ with the use of magnetic resonance techniques.
orientations of the defect resulting from alignment underFor the(100) stress direction the Laplace DLTS peak of VO
stress for the VO and V@ charge states are obtained. This splits in to two peaks with the amplitude ratio 2:4. For the
type of measurement provides information on the strain ten¢110) stress direction the energy level of an orthorhombic
sor for individual charge statefc) Defect reorientation ki- defect should split with amplitudes in the ratios 1:4:1, how-
netics: these measurements provide the stress-inducewer, in this case the first two lines at low stress are not
changes in the defect reorientation barriers which relate toesolved, thus only two peaks with a 5:1 amplitude ratio are
saddle-point symmetry. observed. Finally, for th€111) stress direction the peak
For a defect of given symmetry the response to the stressplits into two equally intense peak3:3).

@(11=3544(B2— Bg). (4)

A. Laplace DLTS peak splitting
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FIG. 3. Stress-induced Laplace DLTS peak shifts for the stress
L L R T T 1171 oriented along three major crystallographic directions. The energy
1 10 shift is assumed to be proportional to the terkT
o -1 XIn[e,(P)/e,(P=0)], wheree, is the peak frequency at a given
Emission rate (s ) stressP and T is the measurement temperature.

FIG. 2. Laplace DLTS spectra for the VO complex taken with- duced and information on the piezospectroscopic tensor ob-
out stress and with stress applied along three major crystallographi@ined from the Eqg1)—(4). Because the defect is embedded
directions. The amplitudes of the stress-split peaks sum up to thgy the space charge region of a Schottky diode its charge
value observed without the stress. Note the small stress valuegate can be controlled during the alignment process by vary-
needed to observe the Laplace DLTS peak splitting. ing the sample bias. Hence, one can assure that the VO de-

fect species are all in the neutral charge stéie sample is

A similar pattern of splitting has been observed also withreverse biasedr all in the negative charge statbe bias is
a use of the conventional DLTS method with a much loweroff). We find that VO reorients much slower in its negative
energy resolutio>?°In our experience a use of the conven- charge state than in its neutral charge state. As a result, align-
tional DLTS temperature-scan technique combined with thenent experiments are easily performed for the latter case as
uniaxial stress complicates data interpretations in the presenémoval of the bias practically stops the alignment. Hence,
case due to a fact that VO begins to reorient at temperaturdsias removal after aligning under reverse bias allow us to
only slightly higher than those where the DLTS signal iscool the sample with frozen-in aligned populations of the
observed, which means the shape of a partly resolved stressenequivalent spatial orientations of the VO center. For the
split signal may be affected. negative charge state the alignment process is so slow that it

Figure 3 shows the stress-induced Laplace DLTS peals difficult to achieve full alignment at an allowed tempera-
shifts. The frequency scale of the emission spectra has beeure, i.e., one at which the Fermi level is above the VO level.
converted to an energy scale of the splitting assuming thefurthermore, no freeze-in is possible. Consequently, some
the pre-exponential factor of the emission forniflis unaf-  change in the alignment could occur during cooling; either
fected by the stress. All peak positions converge towards thalignment recovery or further alignment depending on reori-
zero-stress value and move linearly with the stress with thentation barrier heights for the various stress orientations.
exception of the low-frequenc§l00) branch, which reveals Hence, despite the special care taken to align for sufficient
a very clear and reproducible stress nonlinearity. long period of time and cool as fast as possible we may not
have avoided completely that the alignment data obtained for
the negative charge state could include some systematic er-
rors.

In the alignment experiment the stress is applied to the Figure 4 shows an example of the alignment effect ob-
sample at a relatively high temperature to assure that thserved on the Laplace DLTS spectra taken(fbt0) stress.
equilibrium distribution between the nonequivalent defectFor this stress direction the initial splitting pattern with am-
orientations is reached. Then the sample is quickly cooled tplitudes in the ratios 1:4:1here observed as 5:Tonverts
the measurement temperatuground 90 K, at which the after the complete alignment proce&fashed ling to the
Laplace DLTS spectra are recorded in order to evaluate ho8:0:3 pattern(here observed as 3:3For the(100) stress
the populations of the nonequivalent defect orientations dedirection the Laplace DLTS peak initial splitting 2:4 after the
viate from their random values for a given defect symmetryalignment changes to 0:6, while for ti{@11) direction the
Assuming that this configuration redistribution is governedinitial splitting is 3:3 with no alignment effect in the neutral
by Boltzman statistics at the alignment temperature the totatharge state. The measured stress coefficients obtained by
energy separation of nonequivalent configurations can be dedignment for both charge states and all three stress direc-

B. Alignment of VO in neutral and negative charge states

195204-3



L. DOBACZEWSKI et al. PHYSICAL REVIEW B 67, 195204 (2003

SiVO(/0) Pli<110> Si-Si bond of thg VO complex. Second, the compr.essive
strain along 001] is larger than for any other stress orienta-
tion. This piezoscopic uniqueness is likely to be the reason
N why significant nonlinearity is found only for thp001]
n Y branch of the stress split pattern of Fig. 3. Our direct mea-
/\/\ surements of the capture process for individual stress-split
/ st 4 Nk components showed that there is a very strong initial de-
10 100 crease of the electron capture cross section for[ @]
' branch. A similar effect has been reported previously for this
H particular branck®3! The pronounced stress dependence of
': the capture rate for thgd01] branch is in contrast in to the
H case of(111) stress where we found the capture rate to be
' '-‘ almost independent of stress. The dramatic decred<¥it
d| e v capture rate can be explained only in terms of a stress-
10 100 induced modification of the relaxation associated with the
emission process. We believe that the same relaxation is
likely to be responsible for the observed nonlinearity and

FIG. 4. Laplace DLTS spectra taken for the VO complex in thethereby for the lack of correspondence between the low-
(110 stress direction beforésolid line) and after(dashed ling  stress splitting and the alignment data for {1®0 stress
complete defect alignment. The inset shows the splitting of the leftdirections.
hand side peak at a much larger stress. To pursue this idea further we notice that a hydrostatic

pressure study of the VO defect has shown that a substantial
tions are summarized in Table I, which also includes théf€crease in the defect volume can be associated with the

coefficients obtained from Laplace DLTS peak Sp“mng_electron emission procedsThis complies with a significant

Note that for the{100) stress direction the bending effect is '€lative lattice relaxation being associated with the two
indicated by including both a low- and high-stress SIO“ttmgcharge_states involved in the VO emission at zero stress. This
elaxation, however, does not result in an electron-capture

coefficient. Due to the fact that the stress-induced shifts OE 4 ble b dard hEh q
the Laplace DLTS peaks reflect the influence of the stress o arrier measurable by standard met §. € Henr_y an
Lang semiclassical mod&ltreats the relaxation and links the

the defect ionization process VO-VO°+e; the values lectron-nhonon ling with henomenoloaical ener.
given in Table | for V@ and splitting should, in principle, glectron-phonon coupling a phenomenological energy
. : barrier of the carrier capture process which obviously is in-
sum up in a row to the value for VOwhere the influence of ) L :
S ._cluded in our measured activation energies. In order to ex-
the stress on the band gap cancels out. Keeping in ming,_. .
plain our results we may then assume that the capture is

gﬁﬁiﬂi Ss){?et,\ir;gyrgc?igcr)\rss;@:e:etzgti}s/ggt%sriIf Orthrinl]ég; stress dependent. It is gratifying then that the measured stress
7 = O 1S ag . Y- .dependence of the capture barrier complies quantitatively
stress direction it is obvious that the high-stress asymptotic ith the bending of thé001] branch

value of the splitting coefficient fits better to the measured” Finally, we note that Watkins and Corbétmeasured the

values Ofa?m@ z?md (109 - BElOW we d!SCUSS how this may stress-induced electron redistribution process at low stress
be understood in terms of a corjtrlbunon from stress depenénd that this measurement is equivalent to the Laplace DLTS
dence of the capture cross section. peak splitting measurement provided the stress does not af-
For a defec_t with the orthor_homblc Symmetry there ect the capture process. The redistribution process is gov-
seven nongqu[valgnt stress orientations. Th.e low-frequenc rned by steady state occupancies of different defect configu-
branch, which in F ig. 3 reveals the' non.llneant.y ’ corr'espond§ations and thus any changes in the capture processes are not
to the stress applied along th@01] direction. This particular e redistribution effect observed. We have noticed that at

stress o_rlent_atlon has two unigue feature_s. First, for _th'?ﬂgh stress the capture rate of the low-frequency branch be-

stress d|r§act|on 'the crystal of S'"C.(m Experiences ConSIder(':omes independent of stress and that the high-frequency
able tensile strain along thiel10] direction, i.e., along the 1, onch exhibits only a slight increase. Consequently, the
Laplace DLTS splitting value observed at high stress should

TABLE I. Values (in meV/GPa of the alignment stress coeffi- approach the value obtained by Watkins and Corbett at low

cientsa for VO in both charge states and the Laplace DLTS peakstress from the redistribution process analysis. We conclude
splitting. Note that signs of the peak splitting coefficients have beerhat the splitting and alignment data are fully consistent

chosen so they correspond to the assumed level sequence in tigen the stress dependence of the capture process is taken

0.15GPa 85K 0.65GPa

T ey

Laplace DLTS amplitude (arb. units)

Emission rate (s'1)

alignment experiment. into account.
- — ~ The alignment data experiment allows us to obtain the
Stress direction vé Splitting VO following relations for the components of the piezospectro-
(100 151 —140——56 120 scopic tensor as defined in Fig. 1. For the neutral charge state
(110 93 —78 0 (denoted by the superscripj &ve obtaintz Bg [from the
(111) 0 64 42 value of afy;, and Eq.(4)] and B9—B3=17 eV [from the

averaged values obtained fromffyqq with Eq. (1) and a1,
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TABLE II. Values (in eV) of the piezospectroscopic tensor com-
ponents for VO in both charge states assuming Bwat B,+ B3

PHYSICAL REVIEW B7, 195204 (2003

1.0

P//<100> T=110K

=0.
Tensor component Theofy EPRP Laplace DLTS® 0.8 - + 0.25GPa
’ ¢ 0.30 GPa
BY -9.8 -11.1 -11.4 | ® 0.35GPa
BS 5.5 6.1 5.7 A 0.40GPa
BY 4.5 4.9 5.7 0.6 |
By -6.8 -8.4 -8.0 |
B, 7.8 8.8 9.0 _
By -0.5 -0.4 -1.0 ‘g 0.4
%Reference 21. E 7
PReference 35. g
“This work. 2 0.2 oo
g 0 1000 2000 3000 4000
with Eg. (2)]. Note that allas have been measured for the g P//<110> T=125K
compressivgnegative stress thus for the calculations their 2 10
opposite signs have to be used. For the negative charge state £
we obtainedB, —B; =10 eV[«a(y;, and Eq.(4)] and B, 2 A 0.40 GPa
—B; =17 eV[a;o9 and Eq.(1)] with a typical error of 0.9 - % 0.35GPa
0.5 eV for all values. When the constraint of a traceless ® 0.30 GPa
piezospectroscopic tensdd{+ B,+ B;=0) is imposed then 1 © 0.25 GPa
the values of the tensor components for both charge states 0.8 + 0.20GPa
are consistent with those obtained by the magnetic resonance
measurementd€EPR) and theoretical modelin@ee Table . T
0.7 -
C. Stress-induced variations of the reorientation barrier %
In the third type of the experiment the influence of the
stress on the defect reorientation barrier has been measured. 0.6 — T T T
The alignment process was examined in a sequence of iso- 0 2000 4000 6000 8000 10000

thermal annealing steps. After each step the concentrations of Annealing time (s)
the nonequivalent configurations were obtained. This experi-
ment enables the reorientation kinetics to be quantified, and,
as a result, the stress coefficient of the reorientation barriel ; - .
. eaks(e.g., a gradual transformation of the solid line spectrum in
can be calculated. The experimental data were recorded fou: 4 1o the dashed i It of ies of the isoch |
both the neutral and negative charge states of the VO co 9. 4 to the dashed line one as a result of a series of the isochrona
. . . RN nnealings at a given temperaturgor the(100) direction (a) the
plex. Figure 5 shows the reorientation kinetics for the neutra

- . eorientation time constants are 73, 44, 33, 18 mins for the stress
charge state for th¢100) [Fig. 5@)] and (110 [Fig. 5b)] equal 0.25, 0.30, 0.35, and 0.40 GPa, respectively, while for the

stress directions. In the first case the stress speeds up the o girection (b) the reorientation time constants increase with
reorientation process in contrast to the latter case where thfe stress and equal: 17, 26, 39, 60, and 111 min for the stress 0.20,
effect of stress on the process is opposite. We derive from thg.25, 0.30, 0.35, and 0.40 GPa, respectively.

data that the stress in t{&00) direction lowers the barrier
with a stress coefficient of 84+ 8 meV/GPa, while for the (a) Cubic when the oxygen atom in the saddle point con-
(110 stress the barrier increases with a coefficient 10Giguration is in the substitutional position @ symmetry.
+3 meV/GPa. For the zero-stress barrier for@e getthe  The total energy of this configuration can not be split by the
value 388 meV close to the figures obtained previotisfy. application of uniaxial stress along any crystallographic di-
The barrier for VO cannot be measured by analyzing therection. Consequently, the difference in the barrier stress co-
reorientation kinetics in the negative charge state. We fingfficients should be solely due to different stress responses of
that this barrier is so large that it is much faster for the defecthe defect stable configuratigthe bottom of the barrigfor
to reconfigure by losing an electron and reorient in the redifferent stress orientations. With the measured values of the
sultant neutral charge state. piezospectroscopic tens@ssumed to be tracelgsthe bot-
tom of the barrier shifts upwards by 110 and 29 meV/GPa for
the stress orientation along tRd00) and (110), respec-
tively. These values cannot be rescaled by any diife
same for both casg®f the barrier top to explain the ob-

In practice, there are four high-symmetry cases of a posserved values {84 and 100 meV/GPa, respectivelA
sible saddle point configuration. similar conclusion is reached even if a realistic finite trace is

FIG. 5. The VO reorientation kinetics measured as a decrease
r increase of amplitude of one of the stress-split Laplace DLTS

Ill. DISCUSSION AND CONCLUSIONS

A. Saddle point symmetries for adiabatic reorientation process
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allowed for, and, consequently, we can reject a possibilitytrajectory oxygen could have two barriers to overcome one
that the saddle point configuration has a cubic symmetry. by one and thus the effective barrier would have to increase

(b) Orthorhombic when the oxygen atom shifts along thewith stress. In this case we have two alternative barriers thus
C,, axis on the (110) plane, but not as far as the substituthe effective barrier should decrease and this decrease has to
tional point. In this reorientation scenario, the Si-O-Si bridgebe the same for reconfiguration to any of the non-
is stretched along th€,, axis until oxygen reaches the degenerated orientations. This conclusion is in conflict with
saddle point where it detaches from one Si atom, swing§ur observations V\{her_e for this stress directions it has been
towards a neighboring silicon and forms another stretchedeund that the barrier increases with stress.

Si-O-Si bridge which then subsequently relaxes in the new Of the above four cases of possible saddle point symme-
symmetry plane. In this case the symmetry of the stable anHly (8—(d) only the assumption of a trigonal saddle pdicit
saddle point configurations is the same, thus each stable co@llows us to interpret the observed stress-induced shifts of
figuration has its own saddle point for the reconfigurationthe VO stable configurations and measured changes in the
process. Consequently, when the defect reconfigures frofigorientation barriers in a consistent way for all stress direc-
one configuration to another it always has to pass two sadd[#ons.
points®® In general, the effect of uniaxal stress on the energy

of a point of a given symmetry results from a combination of

the hydrostatic and the traceless components of the stress ) o . )
tensor. The traceless components shift the tops of the non- We emphasize that our analysis in this section to deter-
equivalent barriers in opposite directions around a hydromine the saddle point symmetry is based entirely on align-
static shift. Consequently, with a realistic hydrostatic compoJnent and reorientation data obtained for tieutral charge

nent (of any sign the effective reorientation barrier of the State. Hence, the conclusions reached are independent of
orthorhombic symmetry should increase for any direction of?0th peak splitting data and alignment data for the negative-
the applied stress, because the larger one of two barriers wiharge state. The piezospectroscopic analysis of these data
always be measured. Obviously, this is in contradiction to thé'aS been included primarily to show the consistency of the
decrease of the barrier observed for (€0 stress direc- Present work with previous results.

tion. In the case of trigonal symmetry thi®tensor can be de-

(c) Trigonal when oxygen is attached to three silicon at-composed in a hydrostatic compon&jtand traceless com-
oms and is situated on th@,, trigonal axis. In this case Ponents that depend on only one parameter. This parameter
when during reorientation the Si-O-Si bridge stretches twdBt can be obtained directly and independenBgffrom mea-
electrons from the elongated Si-Si bond attach to oxyge§ured stress-energy splits. For trigonal saddle-point symme-
forming a threefold coordinated structure of the saddle pointtry and for the(100) stress direction the total energy of the
Then one of the initial Si-O bonds eventually breaks and darrier top should shift only by the hydrostatic teBp(s;;
new elongated Si-Si bond forms. For this trigonal saddlet 2s12), Whereas for thg110 stress direction the saddle
point symmetry and stress orientation along ¢h60) direc-  Point energy should split into two components according to
tion the top of the barrier should shift the same way for allthe stress ternBp(s;;+2s;) = BS;4/2.
three equivalent100) stress directions. In contrast to this, N Fig. 6 we document and visualize the trigonal symme-
two different values of the saddle point total energy are enlly of the saddle point through the construction of a total
visaged for the(110) direction. This would result in two €nergy diagram for the VO pair stressed along (&0
different energy barriers for the defect reorientation with dif-direction. For this stress direction there are three different
ferent stress dependencies. orientations of the Si-Si bond with respect to the stress, and

(d) Monoclinic when oxygen moves between the initial these orientations are represented by three minima in the
and final configurations following the shortest trajectory.diagram. They are assigned Q O, and Q (fourfold de-
Then the saddle point can be halfway, i.e., somewhere on @eneratefland the corresponding vectors parallel to the Si-Si
(110 symmetry plane between these two positions. It ha®ond for each of them, according to Fig. 1, are given. For a
been observed that for thd10) stress direction the align- saddle point of trigonal symmetry there are two different
ment experiments lead to conversion of the 1:4:1 splittingeN€rgy barriers separating these three minima. They are as-
pattern to the 3:0:3 one. It can be shown that if the saddigigned asT,, and T,z and for each of them there are two
point configuration has a monoclinic symmetry then for thisequivalent configurations of the trigonal axis. The @ini-
stress direction there are two nonequivalent paths for theyum for the neutral state has been chosen as a reference
reorientation from the fourfold degenerated configuration taPoint for the energy scale. From the alignment results we
a nondegenerated one and there are similar two paths for ti§@nclude that the neutral charge state minimg @nd Qg
reorientation to the other nondegenerated configuration aghift equally in respect to the Oreference point ¢y,
well. On each of the paths there is a different energy barrie=0), and from the measurements of the peak splitting we
of the saddle point. As a result, during the alignment processonclude that the energy differences between \édd VO
the defect having two different barriers for the reconfigura-in the G 4 and Q, configurations do not change significantly
tion chooses the lower one and this barrier would be thevith the stress whereas the peak that moves with stress is the
same for the reconfiguration from the fourfold degeneratedne that also increase during alignment as shown in Fig. 4.
configuration to any of the nondegenerated ones. For thAs a result, we ascribe the measured stress-increasing barrier
case(b) we have concluded that on the defect reorientatiorto T,g configuration.

B. Analysis of the reorientation process
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600 the stable configuration. Thus, the negative valueBgf
388+100 means that the effective volume of the unit cell with oxygen
in the saddle point position has increased compared to the
structure with oxygen forming the Si-O-Si bridge. Recently,
De&k has given arguments for that threefold coordinated
oxygen in covalent crystals has to be positively chardd.
accordance with this, to keep the whole defect neutral, an
effective electronic charge has to move from oxygen towards
the dangling bond.

A consequence of the trigonal symmetry of the saddle
point is that the barrier in th€,, point decreases with stress

. \/ proportionally with theB,s,, term. The effect of this barrier

Energy (meV)

-200 — -157+11 -157-93+89 reduction can be only observed at very high stresses where it
.300 -] -157-93+11 !s pogsibl_e to resolve the ;@ anq Q configurations(see
. inset in Fig. 4. At these stresses instead of the expected 1:4
-400 L L L . L splitting (proportional to the number of the;@and Q, con-
_O1A _T2A 04 T2B 013 figurationg, the Q4 configuration has been observed with a
(11io]  [111]  [o11]  [111] [110] much higher concentration than, ®ecause high stress re-
N1y (o] [111] duces theT,, barrier so much that even at the measurement
[101] temperaturg90 K) a partial defect alignmentfrom O, to
[101] O, configuration occurs. This partial alignment during

easurement at high stress has been confirmed by aligning at
along the[ 110] direction. Below each minimum the corresponding igher temperatures. As can be seen from the dashed line in

vectors parallel to the Si-Si bond, according to Fig. 1, are given. Fthe inset in Fig. 4 all centers remaining in thg Enfigura-

the maxima the vectors indicate orientations of the trigonal axeslion can be converted to@.

Numbers of the vectors are degeneracies of particular extrema. All 1 ne VO comglex diffuses via single jump events with the
values of energies are given referred to the energy ofthgoint ~ darrier of 2 eV2® From comparison of reconfiguration and
for VO° and have errors of few meV. The numbers in a bold fontdiffusion rates it can be shown that at 300 °C one diffusion
are for the zero stress, in italic are values obtained from the aligniump occurs per 1% reorientation events. As discussed
ment experiments and calculated for 1 GPa, the underlined valuegbove, the saddle point configuration may result in a very
are obtained from Laplace DLTS peak splitting. The increase of thestrong internal electrical polarization of the complex, which
barrier of theT,g point has been measured directly, the decrease inmay create a significant attractive force towards the vacancy
T,4 is estimated. which we may associate with the silicon atom not attached to

Unfortunately, absolute shifts of the top of the barrier and>Y9en- Consequently, the saddle point configuration of the

) . . .“complex can rtin int for the vacancy movin
the stable configuration cannot be derived from the data |nCO plex can be a starting point for the vacancy moving to

dependently of the hydrostatic components because both e silicon atom towards the vacancy occasionally is fol-

th‘?m have to be known._ For the purpose of estimating th(?owed by an immediate oxygen jump. This seems to be a
shift of theT,, saddle point we assumed that the pIeZOSpeCblausible rationalization of how vacancies can drag oxygen

troscopic tensor of the stable configuration is tracel®sS ( aroms through the crystal to form larger oxygen aggregates.
+B,+B3;=0) and ascribe a hydrostatic stress component
solely to the saddle point configuration. On this basis from
the decrease of the reconfiguration barrier observed in the
(100 direction we can now estimate this “relative” hydro-
static component to bB,,=—9 eV. Accordingly, from the Discussions with R. C. Newman, R. Jones, J. Coutinho,
observed increase of the reconfiguration barrier for fti) and S. K. Estreicher are acknowledged. This work has been
direction we can estimate the parameBr=—16 eV and supported in part by the State Committee for Scientific Re-
thereby obtain a value for thg,, saddle energy. search Grant No. 4T11B02123 in Poland, the Danish Na-

The hydrostatic component of the piezospectroscopic tertional Research Foundation through the Aarhus Center for
sor for the saddle point configuration describes the change dftomic Physics(ACAP) and in the UK by the Engineering
the defect volume of the saddle-point configuration relativeand Physical Science Research Council.

FIG. 6. The total energy diagram for the VO complex stresse

the neighboring unit cell in the event that a local vibration of
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