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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-resolutidraplace deep-level transient spectroscopy.
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Divacancy is one of the most commonly observed radiatural data are available as these would have to come from
tion defects in silicon. The defect exists in four charge stateselectrical measurements, which in general are insensitive to
V3, V9, V, , andV3~ resulting in the observation of three the local structure of defects. In the present work we over-
different energy levels in the band gap using carrier emissiof0ome this structural insensitivity by the combination of high-
experiments such as deep-level transient spectroscogsolution DLTS[Laplace DLTS (Ref. 11] and uniaxial
(DLTS): V,(0/+), Vo(—/0), andV,(2—/—). Watkins and ~ SIress. Th_|s shows_, that the symmetry qf divacancy m@e
Corbett showed that the local symmetry of the divacancy inState is trigonal with an inward relaxation along the trigonal
theVJ andV, charge states is reduced from trigoBajy to XIS _ _ _
monozclinicczh i egfrom the symmetry of two gmﬁ;af; sites N order to demonstrate this we have determined the in-
surrounded by six substitutional atoms to a symmetry with e{luence of uniaxial stress on the thermal emission of elec-

: R : trons from the double acceptor statg(2—/—) to the con-
mirror plane parallel to the axis joining two empty siteBhe ; . L 12
driving force for this symmetry-lowering Jahn-TellédT) duction band which has an activation energy~.23 eV.

distortion comes from partially filled molecular orbitals The stress h‘f‘S been applied along three major crystallo-
forming reconstructed bonds between two neighboring sili9raphic directions(100, (110, and(111)) of suitably cut

con atoms. At temperatures abov&0 K this reconstructed samples. For some dlrect!ons the stress lifts the s_pgual Qe—
bond can switch to another pair of atorftsere are three generacy of the defect which res.ults ina charactensuc split-

equivalent pairs as shown in Fig). IThese equivalent JT ting pattern of the.de_fect electron!c IeveI:As discussed below

configurations are separated by a barrier of around 60 neViN€ number of split lines and their amplitudes reveal the de-

Details of the Jahn-Teller effect, especially for g state, fect symmetry, whereas the stress-induced energy shifts ana-

. . . . 4 .
are il disputedisee the discussion opating: * versus - E5d WL e pERceetec MR Son 1B 0 URE
resonant bond’ models of the JT distortion for th¥/, '

tate If the coordinate system for the piezoscopic tensor is chosen
S alt ’ Id that th ¢ f the latti laxation f in such a way that it is aligned with the defect characteristic
V\Z/c_)u seem that the nature of the fattice refaxation 107y e ctions then the corresponding component of the tensor

the V5~ state is more certain. In this charge state #je

orbital is fully occupied resulting in a symmetric charge den-

sity with respect to theDzy point-symmetry group. This Bs 2B, R/

should give no driving force for a JT distortion and the trigo- ’

nal symmetry should be maintainésee Refs. 6-9 for de- A -5

tails). This general picture has been confirmed by a number B, —

of theoretical calculations which also found that the inward 2

breathing mode dominates the relaxatférHowever, an al- ot

ternative model predicts that two different structured/6f ;

can coexist. In this modef the fourth electron, instead of 4 >

filling up the e, term, prefers to go to they term, which, as 4.2

is the case for the other charge states, results in the .:' B,

symmetry-loweringD 34— C,p, and the JT effect.
Although there are a number of electron-par.amagnetlc- FIG. 1. Components of the piezoscopic tensor for the mono-

re:c,onance(EPR) measuremems for _paramagne\!g* and clinic symmetry of divacancfthe mirror plane is (10)]. The gray

V, states of the divacancy and a variety of different theoretying represents one out of three possible configurations of the recon-

ical analyses, the details of the structures/gf andV, are  structed Si-Si bond. The dashed arrow shows the component for the
still debated?~81° For the diamagnetic staté3™ no struc-  trigonal symmetry of the defect.
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sis of the rate equation shows that a splitting of the initial

state into two components results in the appearance of two
different ionization rateqthe Laplace DLTS line splils
while a similar splitting of the final state only changes the

Divacancy in silicon V2(2-/-) T=140K

)\

<111> at 0.4GPa

ionization rate to the sum of the ionization rates to both
components of the final stafgthere is an additional shift of
the Laplace DLTS ling In the present case, the observed
pattern of splittings, as shown in Fig. 2, reflects the tfoe

/\ apparenttrigonal symmetry of the initial statevé’) of the

<110> at 0.3GPa

process. The symmetry of the final state and, consequently,
its response to the stress will contribute to the overall effect
of stress on the rates of th&~—V, +e_ process. If the
0GPa energy of the JT configurations of the final statg | splits

1(')0 10'00 by AE;t then the higher final state contributes to the total
changes of the emission rate by a factor of exfyE;/kT)
less then the lower one. The piezoscopic tensor for the final
FIG. 2. Laplace DLTS spectra of thé,(2—/—) level taken state {/,) has been evaluated in Ref. 1 and this allows us to
with no stress, and the stress applied along three major crystallgjetermine values ohE ;7 at the lowest stress where a split-
graphic directions of the sample. ting of the Laplace DLTS line is observédround 0.2 GPa
For the(111) and (110 stress directions the contribution of
describes how the total energy of the defect changes whethe higher final level to the total stress coefficient is 4% and
the defect is stressed along this particular direction. A posi2g, respectively, and so is negligible for higher stresses.
tive value of the piezoscopic tensor component shows that |n order to connect the results with a specific model of the
the compressing streggonventionally compressive stress gefect we note that there are two possible cases that would
has a negative valiiepplied along the corresponding direc- |o44 to the observation of trigonal symmetry of Mé, ini-

tion lowers the defect energy. This means that the defec&al state in uniaxial stress DLTSi) The symmetry of the

relaxation along this direction is inward. . ) o . .
) : ivacancy in theV5~ charge state is a true static trigonal
The samples used for this study were cut in a shape 0(fj . . .
symmetry.(ii) The observed trigonal symmetry is apparent

1X2X7 mm blocks from either Czochralski or float-zone- . .
grown n-type silicon. The samples in each series were pref"”d results from an efficient thermal averaging of the mono-

pared from the same wafer with(a10) surface orientation Cclinic Czn symmetry; a similar situation applies to EPR of
and then cut in different directions so as to have the longesY> at high temperaturesHence, the observation of a trigo-
sample edge along one of the major crystallographic direchal pattern does not determine the structure of the defect
tions. The divacancies were produced by either proton imunambiguously. In order to do this we must examine the
plantation with an energy of 525 keV and a dose~e5  magnitude of stress-induced level shifsee Fig. 3 for the
% 10° cm™ 2 or electron irradiation with an energy of 2 MeV various stress directions. We find that these shifts deviate
and a dose of-6x 10" cm 2. Figure 2 shows the Laplace from those predicted by the piezoscopic theory for a simple
DLTS spectra for electron emission from thg(2—/—)  trigonal defect This observation can be used to distinguish
double acceptor level taken with no stress and with stresBetween the cases whefi¢ the deviation is caused by the
applied along the three major crystallographic directions. Foehange in the symmetry of the defect from trigonal to mono-
the stress orientation along tk&00) direction no line split- ~ clinic during the ionization process, aiid) the deviation is
ting is observed, while for stress in th&10) and(111) di-  caused by the thermal averaging of the initial state.
rections the Laplace DLTS peak splits into two components The effect of stress on the defect total energies in both
with the amplitude ratios 1:1 and 3:1, respectively. The magcharge states can be found from the following relatiai
nitudes of the split lines sum to the value for the unstressedr 2 Bjje;j, Wheree;; are components of the strain tensor
sample. In the Laplace DLTS experiment the emission rate iand B;; are components of the corresponding piezoscopic
measured at a fixed temperature and is proportional to thtensor in a given charge state. If, for example, the stress is
term o X exp(—E,/kT), whereo, is the carrier capture cross applied to the sample along tk&l1) direction then there are
section ancE, is the activation energy for the emission. Di- two different configurations of the defect in respect to the
rect measurements of the electron-capture process for trsiress. If the total energies of both configurations of the di-
defect under stress showed that the influence of the stress wacancy in the/, charge state separate B)(_111>>< P (where
the capture cross section is negligible and the changes in tHe is the stressthen the splitting of the/,(2—/—) energy
spectra are due to the effect of the stress on the defect enerfigvel is D 110=D 315~ D<21_11> , whereD<21_1]> is the splitting
level. of the defect total energy in the other charge state. In this
The observed pattern of splittings is characteristic for aapproach the effect of the stress on the band gap cancels out
defect of trigonal symmetry. The DLTS technique measurepecause no selection rules apply for the thermal emission
the rate of thev3~ —V, +e_ process. The stress can affect process leaving the emitted electron at the bottom of the
both the initial and final states of the defect. A simple analy-conduction band for both configurations.

<100> at 0.4GPa

Laplace DLTS amplitude (arb.units)

Emission rate (3'1)

113203-2



BRIEF REPORTS PHYSICAL REVIEW B 65 113203

T — compliance tensor ares;;=7.68<10"° and s;,= —2.14
{ Divacancy in silicon V,(2+/-) x 1073 GPa 1. Watkins and Corbett also assumed tBat
*7] =B, =0 and concluded tha; =32 eV.

51.3+1.8 In case(i), the static trigonal symmetry 013‘ , the initial
state of the ionization process does not contribute,tthus
according to the above formula;=(sy;—S15)B5/3 and it

represents only the splitting of the divacancy energy level in

20
| ® prj<it0>

| o r<111>

Laplace DLTS peak shift (meV)

10 <597 the V, state. Comparing the theoretical and experimental
values ofa we conclude thaB,; =13+2 eV, which is about
5 AELL | Lo a factor of 2 less than the value obtained by Watkins and

Corbett. The agreement may be considered satisfactory tak
ing into account the approximations of both analysis.
I e e S e S In the case(ii) the apparent trigonal symmetry &
00 01 02 03 04 05 results from the dynamic or static Jahn-Teller effect. Watkins
Uniaxial stress (GPa) and Corbett showed that divacancy in tg state at tem-
: eratures above 40 K reconfigures quickly between equiva-
FIG. 3. Laplace DLTS peak shiftequal to—kT In[e,(P)/e,(P p ) . . .
—0)], wheree, is the peak emission ratéor two directions of the lent JT configurations, which leads to observation of the ap-

stresg(slopes of the lines are given in units of meV/GPEhe fitted parent trigonal instead of monoclinic symmetry. The Laplace

- e - ; - DLTS measurements fof,(2—/—) are carried out typically
lines converge within experimental error to the plot ori¢fime ori- 2 - -
gin point is not used in the linear regression anajysike dashed at around 140 K, where the reconfiguration rate of the JT

- B . _1 . .
line shows a hypothetical stress shift of the high-frequeftd.3 dr:,Stomon IS arou_nd 19 (tge therm.al emﬁ.smn ra.tel at
meV/GPa line for the (110 stress direction(calculated forB; this temperature is around 100,ssee Fig. 2 This possible

=32 eV B2 =22 eV, and a zero shift of the conduction barif averaging process for theﬁ’ state could have an important
the JT reconfiguration process is present for\#3e state. consequence for the observed stress-induced level shifts. For

low stresses, where the level separation is not large, the level
. - averaging process should be very effective. For larger
For a trigonal defect the energy-level splittings arégyresses the lowest level should be predominantly populated
D (11=73BS44 @nd D (119 =BS44, Where theB, component  anq its stress-induced shift will represent the effective level
is directed along the defect trigonal ax($1l) (a similar  change. In a general case, these two regimes, if present, may
notation to Ref. 14 is used, see dashed arrow in Bigntl  result in the level response to the stress appearing twhe
S44 is @ component for the silicon elastic compliance tensolinear. The strongest nonlinear effect for thg~ state could
S44=12.56x10 % GPa . In order to analyze the two mod- be observed in thé110) stress direction for the line having
els (i) and (ii) presented above the following parameter isthe highest-stress dependen@i.3 meV/GPa in Fig. 3
introduced:a:§D<110>—D<lm. It demonstrates for a given This line corresponds to the stress directed perpendicularly
model a departure of the energy-level shifts from the cas¢o theV-V axis(e.g., along th&; component in Fig. L For
when the initial and final states of the ionization processa given stress direction there are always three configurations
have a trigonal symmetr§e=0). From the data presented in of the reconstructed bond. In the above case for one of the
Fig. 3 the experimental value @f=43+7 meV/GPa is ob- configurations the reconstructed bond is parallel to the stress
tained. Another important feature of the data presented i@nd has a stress coefficient proportional(@ssumingB? -

Fig. 3 is that all lines converge in th®eE;=0, P=0 point =B§7=0) 2511+ 2515+ 544.1% In the high-stressor low-
(in all cases this point has not been used for the linear retemperature regime, when the JT reorientation stops, this
gression analysjs stress coefficient should define the stress-induced shift of this

For both modelsi) and(ii) the piezoscopic analysis of the Peak. The other tvv_o_configuration_s of the reconstructed bond
ionization final state is the same. It is assunffetiowing the ~ have stress coefficients proportional $¢;+3s;,. In the

Watkins and Corbett modethat the symmetry of the/; Iow-stress_ regir_ne, vyhen thg JT averaging beFvyeen these
state is monoclinic and due to the fact that the ionizationthree configurations is effective, the stress coefficient of the

process always favors the lowest level from the levels sp"f;{veraged energy level should bes{¢+8s,,+5,,)/3. As a

by the JT effect this lowest level is taken as the final state Ofesult, a ransition from the. low- to h|gh-stress regime should
L . increase the stress coefficient of this peak by a factor¥df 3.
the ionization process. Our experiments do not allow us t

) . . I Fig. 3 the dashed line shows a hypothetical stress shift of
obtain more than one value of the piezoscopic tensor comMy o high-frequency51.3 meV/GPaLaplace DLTS line for
ponent so it is assumed that for thlg stateB; = B, =0,

i . 2 the (110 stress directior{calculated forB; =32 eV} B%‘
which means that the compression along the Si-Si recon-. 22 eV, and a zero shift of the conduction baritithe JT

structed bond defines predominantly the response of the d?éconfiguration process is present for Wﬁe’ state. The ob-

fect to the stress. When the stress is applied along eithesrerved shifts of the stress-split energy lev@i. 3, when

(113 or (110 direction the total energy of, splits into two  extrapolated to zero stress within an experimental error, con-
components. The stress-induced splitings between thesgrge to the zero energy point. This lack of the expected
components  areD;;3,=S4B3/3 and D19=(S11—S12  nonlinearity means that only one of the two regimes men-
+544) B3 /4, where other components for the silicon elastictioned above can be observed. For the dynamic JT effect to
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be presentthe low-stress regimethe conditionAE;7<kT  also confirms conclusions of all theoretical analyses of diva-
even at 0.5 GPdin the (110 stress directionhas to be cancy where a substantial shortening of the silicon-silicon
fulfilled. This leads to an unrealistic constraith%‘l bonds around divacancy is reported.

<0.3 eV, which would mean that the divacancy in N’é‘ In summary, we have shown experimental evidence for
state is, unlike theV, state, practically insensitive to the the static trigonal symmetry of the divacancy in silicon when
stress applied along the reconstructed Si-Si bond. The othéris in the doubly negativ&’%‘ charge state. Our results also
regime needs\E;r>kT even at 0.05 GPa, which for the show that during the ionization &f3~ a change of the com-
(111) stress direction leads to another unrealistic constrainplex symmetry occurs. This effect can be additionally sup-
B3~ >130 eV. As a result, the above analysis allowed us tqyorted by the fact that for thé,(2—/—) level a much larger
conclude that the observed shifts of the stress-split energyntropy factor and temperature dependence of the electron-
levels cannot be explained if either static or dynamieno-  capture cross section has been observed than for the

clinic symmetry for thev3 ™~ state is assumed. V,(—/0) levell®
The model of the static trigonal symmetry of tl’vé_ _ . . .
state allows us to obtain directly the value of Bgcompo- Discussions with R. C. Newman, V. P. Markevich, and B.
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