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Piezoscopic deep-level transient spectroscopy studies of the silicon divacancy
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It is shown that the divacancy in silicon in the diamagnetic doubly negative charge state has a static trigonal
symmetry with inward breathing mode lattice relaxation. There is no measurable Jahn-Teller effect, unlike
other charge states of the defect. This conclusion has been drawn from an analysis of the piezoscopic charac-
teristics of the complex derived from high-resolution~Laplace! deep-level transient spectroscopy.
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Divacancy is one of the most commonly observed rad
tion defects in silicon. The defect exists in four charge sta
V2

1 , V2
0, V2

2 , andV2
22 resulting in the observation of thre

different energy levels in the band gap using carrier emiss
experiments such as deep-level transient spectrosc
~DLTS!: V2(0/1), V2(2/0), andV2(22/2). Watkins and
Corbett1 showed that the local symmetry of the divacancy
theV2

1 andV2
2 charge states is reduced from trigonalD3d to

monoclinicC2h , i.e., from the symmetry of two empty site
surrounded by six substitutional atoms to a symmetry wit
mirror plane parallel to the axis joining two empty sites.1 The
driving force for this symmetry-lowering Jahn-Teller~JT!
distortion comes from partially filled molecular orbita
forming reconstructed bonds between two neighboring s
con atoms. At temperatures above;40 K this reconstructed
bond can switch to another pair of atoms~there are three
equivalent pairs as shown in Fig. 1!. These equivalent JT
configurations are separated by a barrier of around 60 m1

Details of the Jahn-Teller effect, especially for theV2
2 state,

are still disputed~see the discussion onpairing1–4 versus
resonant bond5–7 models of the JT distortion for theV2

2

state!.
It would seem that the nature of the lattice relaxation

the V2
22 state is more certain. In this charge state theeu

orbital is fully occupied resulting in a symmetric charge de
sity with respect to theD3d point-symmetry group. This
should give no driving force for a JT distortion and the trig
nal symmetry should be maintained~see Refs. 6–9 for de
tails!. This general picture has been confirmed by a num
of theoretical calculations which also found that the inwa
breathing mode dominates the relaxation.4,6 However, an al-
ternative model predicts that two different structures ofV2

22

can coexist. In this model7,8 the fourth electron, instead o
filling up theeu term, prefers to go to theeg term, which, as
is the case for the other charge states, results in
symmetry-loweringD3d→C2h and the JT effect.

Although there are a number of electron-paramagne
resonance~EPR! measurements for paramagneticV2

1 and
V2

2 states of the divacancy and a variety of different theo
ical analyses, the details of the structures ofV2

1 andV2
2 are

still debated.2–8,10 For the diamagnetic stateV2
22 no struc-
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tural data are available as these would have to come f
electrical measurements, which in general are insensitiv
the local structure of defects. In the present work we ov
come this structural insensitivity by the combination of hig
resolution DLTS @Laplace DLTS ~Ref. 11!# and uniaxial
stress. This shows that the symmetry of divacancy in theV2

22

state is trigonal with an inward relaxation along the trigon
axis.

In order to demonstrate this we have determined the
fluence of uniaxial stress on the thermal emission of el
trons from the double acceptor stateV2(22/2) to the con-
duction band which has an activation energy of;0.23 eV.12

The stress has been applied along three major crysta
graphic directions~^100&, ^110&, and ^111&! of suitably cut
samples. For some directions the stress lifts the spatial
generacy of the defect which results in a characteristic sp
ting pattern of the defect electronic level. As discussed be
the number of split lines and their amplitudes reveal the
fect symmetry, whereas the stress-induced energy shifts
lyzed within the piezoscopic theory13,14 allow us to obtain
more detailed information about the defect-lattice relaxati
If the coordinate system for the piezoscopic tensor is cho
in such a way that it is aligned with the defect characteris
directions then the corresponding component of the ten

FIG. 1. Components of the piezoscopic tensor for the mo

clinic symmetry of divacancy@the mirror plane is (1̄10)]. The gray
line represents one out of three possible configurations of the re
structed Si-Si bond. The dashed arrow shows the component fo
trigonal symmetry of the defect.
©2002 The American Physical Society03-1
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describes how the total energy of the defect changes w
the defect is stressed along this particular direction. A po
tive value of the piezoscopic tensor component shows
the compressing stress~conventionally compressive stres
has a negative value! applied along the corresponding dire
tion lowers the defect energy. This means that the de
relaxation along this direction is inward.

The samples used for this study were cut in a shape
13237 mm blocks from either Czochralski or float-zon
grown n-type silicon. The samples in each series were p
pared from the same wafer with a~110! surface orientation
and then cut in different directions so as to have the long
sample edge along one of the major crystallographic dir
tions. The divacancies were produced by either proton
plantation with an energy of 525 keV and a dose of;5
3109 cm22 or electron irradiation with an energy of 2 Me
and a dose of;631013 cm22. Figure 2 shows the Laplac
DLTS spectra for electron emission from theV2(22/2)
double acceptor level taken with no stress and with str
applied along the three major crystallographic directions.
the stress orientation along the^100& direction no line split-
ting is observed, while for stress in the^110& and ^111& di-
rections the Laplace DLTS peak splits into two compone
with the amplitude ratios 1:1 and 3:1, respectively. The m
nitudes of the split lines sum to the value for the unstres
sample. In the Laplace DLTS experiment the emission rat
measured at a fixed temperature and is proportional to
termse3exp(2Et /kT), wherese is the carrier capture cros
section andEt is the activation energy for the emission. D
rect measurements of the electron-capture process for
defect under stress showed that the influence of the stres
the capture cross section is negligible and the changes in
spectra are due to the effect of the stress on the defect en
level.

The observed pattern of splittings is characteristic fo
defect of trigonal symmetry. The DLTS technique measu
the rate of theV2

22→V2
21ec

2 process. The stress can affe
both the initial and final states of the defect. A simple ana

FIG. 2. Laplace DLTS spectra of theV2(22/2) level taken
with no stress, and the stress applied along three major cryst
graphic directions of the sample.
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sis of the rate equation shows that a splitting of the init
state into two components results in the appearance of
different ionization rates~the Laplace DLTS line splits!,
while a similar splitting of the final state only changes t
ionization rate to the sum of the ionization rates to bo
components of the final state15 ~there is an additional shift o
the Laplace DLTS line!. In the present case, the observ
pattern of splittings, as shown in Fig. 2, reflects the true~or
apparent! trigonal symmetry of the initial state (V2

22) of the
process. The symmetry of the final state and, conseque
its response to the stress will contribute to the overall eff
of stress on the rates of theV2

22→V2
21ec

2 process. If the
energy of the JT configurations of the final state (V2

2) splits
by DEJT then the higher final state contributes to the to
changes of the emission rate by a factor of exp(2DEJT/kT)
less then the lower one. The piezoscopic tensor for the fi
state (V2

2) has been evaluated in Ref. 1 and this allows us
determine values ofDEJT at the lowest stress where a spl
ting of the Laplace DLTS line is observed~around 0.2 GPa!.
For the^111& and ^110& stress directions the contribution o
the higher final level to the total stress coefficient is 4% a
2%, respectively, and so is negligible for higher stresses

In order to connect the results with a specific model of
defect we note that there are two possible cases that w
lead to the observation of trigonal symmetry of theV2

22 ini-
tial state in uniaxial stress DLTS:~i! The symmetry of the
divacancy in theV2

22 charge state is a true static trigon
symmetry.~ii ! The observed trigonal symmetry is appare
and results from an efficient thermal averaging of the mo
clinic C2h symmetry; a similar situation applies to EPR
V2

2 at high temperatures.1 Hence, the observation of a trigo
nal pattern does not determine the structure of the de
unambiguously. In order to do this we must examine
magnitude of stress-induced level shifts~see Fig. 3! for the
various stress directions. We find that these shifts dev
from those predicted by the piezoscopic theory for a sim
trigonal defect.14 This observation can be used to distingui
between the cases where~i! the deviation is caused by th
change in the symmetry of the defect from trigonal to mon
clinic during the ionization process, and~ii ! the deviation is
caused by the thermal averaging of the initial state.

The effect of stress on the defect total energies in b
charge states can be found from the following relation:DE
5( i j Bi j « i j , where« i j are components of the strain tens
and Bi j are components of the corresponding piezosco
tensor in a given charge state. If, for example, the stres
applied to the sample along the^111& direction then there are
two different configurations of the defect in respect to t
stress. If the total energies of both configurations of the
vacancy in theV2

2 charge state separate byD ^111&
2 3P ~where

P is the stress! then the splitting of theV2(22/2) energy
level is D ^111&5D ^111&

2 2D ^111&
22 , whereD ^111&

22 is the splitting
of the defect total energy in the other charge state. In
approach the effect of the stress on the band gap cancel
because no selection rules apply for the thermal emiss
process leaving the emitted electron at the bottom of
conduction band for both configurations.

lo-
3-2
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For a trigonal defect the energy-level splittings a
D ^111&5

4
3 Bts44 andD ^110&5Bts44, where theBt component

is directed along the defect trigonal axis^111& ~a similar
notation to Ref. 14 is used, see dashed arrow in Fig. 1! and
s44 is a component for the silicon elastic compliance ten
s44512.5631023 GPa21. In order to analyze the two mod
els ~i! and ~ii ! presented above the following parameter
introduced:a5 4

3 D ^110&2D ^111& . It demonstrates for a given
model a departure of the energy-level shifts from the c
when the initial and final states of the ionization proce
have a trigonal symmetry~a50!. From the data presented i
Fig. 3 the experimental value ofa54367 meV/GPa is ob-
tained. Another important feature of the data presented
Fig. 3 is that all lines converge in theDEt50, P50 point
~in all cases this point has not been used for the linear
gression analysis!.

For both models~i! and~ii ! the piezoscopic analysis of th
ionization final state is the same. It is assumed~following the
Watkins and Corbett model! that the symmetry of theV2

2

state is monoclinic and due to the fact that the ionizat
process always favors the lowest level from the levels s
by the JT effect this lowest level is taken as the final state
the ionization process. Our experiments do not allow us
obtain more than one value of the piezoscopic tensor c
ponent so it is assumed that for theV2

2 stateB1
2 5 B2

250,
which means that the compression along the Si-Si rec
structed bond defines predominantly the response of the
fect to the stress. When the stress is applied along ei
^111& or ^110& direction the total energy ofV2

2 splits into two
components. The stress-induced splittings between th
components areD ^111&

2 5s44B3
2/3 and D ^110&

2 5(s112s12

1s44)B3
2/4, where other components for the silicon elas

FIG. 3. Laplace DLTS peak shifts$equal to2kT ln@en(P)/en(P
50)#, whereen is the peak emission rate% for two directions of the
stress~slopes of the lines are given in units of meV/GPa!. The fitted
lines converge within experimental error to the plot origin~the ori-
gin point is not used in the linear regression analysis!. The dashed
line shows a hypothetical stress shift of the high-frequency~51.3
meV/GPa! line for the ^110& stress direction~calculated forB3

2

532 eV,1 B3
22522 eV, and a zero shift of the conduction band!, if

the JT reconfiguration process is present for theV2
22 state.
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compliance tensor ares1157.6831023 and s12522.14
31023 GPa21. Watkins and Corbett also assumed thatB1

2

5B2
250 and concluded thatB3

2532 eV.
In case~i!, the static trigonal symmetry ofV2

22 , the initial
state of the ionization process does not contribute toa, thus
according to the above formula,a5(s112s12)B3

2/3 and it
represents only the splitting of the divacancy energy leve
the V2

2 state. Comparing the theoretical and experimen
values ofa we conclude thatB3

251362 eV, which is about
a factor of 2 less than the value obtained by Watkins a
Corbett. The agreement may be considered satisfactory
ing into account the approximations of both analysis.

In the case~ii ! the apparent trigonal symmetry ofV2
22

results from the dynamic or static Jahn-Teller effect. Watk
and Corbett showed that divacancy in theV2

2 state at tem-
peratures above 40 K reconfigures quickly between equ
lent JT configurations, which leads to observation of the
parent trigonal instead of monoclinic symmetry. The Lapla
DLTS measurements forV2(22/2) are carried out typically
at around 140 K, where the reconfiguration rate of the
distortion is around 1010 s21 ~the thermal emission rate a
this temperature is around 100 s-1, see Fig. 2!. This possible
averaging process for theV2

22 state could have an importan
consequence for the observed stress-induced level shifts
low stresses, where the level separation is not large, the l
averaging process should be very effective. For lar
stresses the lowest level should be predominantly popul
and its stress-induced shift will represent the effective le
change. In a general case, these two regimes, if present,
result in the level response to the stress appearing to benon-
linear. The strongest nonlinear effect for theV2

22 state could
be observed in thê110& stress direction for the line havin
the highest-stress dependence~51.3 meV/GPa in Fig. 3!.
This line corresponds to the stress directed perpendicul
to theV-V axis ~e.g., along theB3 component in Fig. 1!. For
a given stress direction there are always three configurat
of the reconstructed bond. In the above case for one of
configurations the reconstructed bond is parallel to the st
and has a stress coefficient proportional to~assumingB1

22

5B2
2250) 2s1112s121s44.16 In the high-stress~or low-

temperature! regime, when the JT reorientation stops, th
stress coefficient should define the stress-induced shift of
peak. The other two configurations of the reconstructed b
have stress coefficients proportional tos1113s12. In the
low-stress regime, when the JT averaging between th
three configurations is effective, the stress coefficient of
averaged energy level should be (4s1118s121s44)/3. As a
result, a transition from the low- to high-stress regime sho
increase the stress coefficient of this peak by a factor of17

In Fig. 3 the dashed line shows a hypothetical stress shif
the high-frequency~51.3 meV/GPa! Laplace DLTS line for
the ^110& stress direction~calculated forB3

2532 eV,1 B3
22

522 eV, and a zero shift of the conduction band!, if the JT
reconfiguration process is present for theV2

22 state. The ob-
served shifts of the stress-split energy levels~Fig. 3!, when
extrapolated to zero stress within an experimental error, c
verge to the zero energy point. This lack of the expec
nonlinearity means that only one of the two regimes m
tioned above can be observed. For the dynamic JT effec
3-3
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be present~the low-stress regime! the conditionDEJT!kT
even at 0.5 GPa~in the ^110& stress direction! has to be
fulfilled. This leads to an unrealistic constrain:uB3

22u
,0.3 eV, which would mean that the divacancy in theV2

22

state is, unlike theV2
2 state, practically insensitive to the

stress applied along the reconstructed Si-Si bond. The o
regime needsDEJT.kT even at 0.05 GPa, which for the
^111& stress direction leads to another unrealistic constra
B3

22.130 eV. As a result, the above analysis allowed us
conclude that the observed shifts of the stress-split ene
levels cannot be explained if either static or dynamicmono-
clinic symmetry for theV2

22 state is assumed.
The model of the static trigonal symmetry of theV2

22

state allows us to obtain directly the value of theBt compo-
nent, which describes the lattice relaxation along the def
trigonal axisBt52.060.6 eV. The positive value ofBt could
be expected as one could easily imagine that in the crysta
open volume emptied by two missing atoms must result in
inward collapse of the surrounding lattice. The sign ofBt
.
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also confirms conclusions of all theoretical analyses of d
cancy where a substantial shortening of the silicon-sili
bonds around divacancy is reported.4,6

In summary, we have shown experimental evidence
the static trigonal symmetry of the divacancy in silicon wh
it is in the doubly negativeV2

22 charge state. Our results als
show that during the ionization ofV2

22 a change of the com
plex symmetry occurs. This effect can be additionally s
ported by the fact that for theV2(22/2) level a much larger
entropy factor and temperature dependence of the elec
capture cross section has been observed than for
V2(2/0) level.18
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