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Lifetimes of positrons trapped at Si vacancies
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We present first-principles calculations on positron lifetimes at various vacancies in Si. Lattice relaxation
and electron redistribution caused by the vacaaagt by the positron are included using the two-component
density-functional theory. The calculated lifetimes are in agreement with the experimental data for the mono-
vacancies and the divacancies and provide a new assignment of the longer lifetimes measured previously to
stable multivacancies.

I. INTRODUCTION times is still full of ambiguity. Although a calculatidf of
the lifetimes for multivacancies has been performed, the
Vacancies are fundamental defects in materials and hawaethod is rather crude: The electron density is simply as-
crucial effects on various properties of the host materialssumed to be a superposition of free-atom densit&SAD)
The Si vacancy is a paradigm among them and has beetd geometry optimization is not carried out. Self-consistent
studied due to its technological importariceThe vacancy Calculations are imperative to obtain quantitative values of
of various sizes is created by electron or other particle irrathe lifetimes for the Si vacancies.
diation on Si or by dry etching in modern semiconductor In this study, first-principles calculations on positron life-
technology. The small vacancies, i.e., monovacancies and diime are performed based on the two-component density-
vacancies, induce deep levels in the fundamental gap and tfienctional theory for electrons and positrons with the LDA
levels are detected by, for instance, electron paramagnetfér exchange-correlation enerip supercellrepeating large
resonancéEPR experiments. Pioneering studidshave also  unit cell geometry approximation is used to simulate a de-
found some EPR centers related to large vacar(oiestiva- ~ fect accompanied with lattice relaxation in an otherwise per-
cancie$ and assigned them to a pentavacaniey)( tetrava-  fect crystal. The present self-consistent calculations include
cancies ¥,), and the trivacancy\(s), respectively(Fig. 1). ~ Poth electronic and ionic relaxations induced by the positron.
Yet a simple calculation based on the dangling-bond:Recent calculatiors for the positron annihilation at As va-
counting modé! has predicted that the hexavacandg) in ~ cancy in GaAs, which use a similar method to ours, have
the shape of a closed hexagon and the decavacdpejn ~ Successfully obtained the positron lifetime. We find here that
the shape of an adamantine cage are stable. The stability 8¢ calculations provide reliable lifetimes of the positron
the multivacancyV,, with the particular value of (magic trapped at monovacancies, dlyacan0|es, and muluvacanugs
number of multivacanci¢shas been supported by recent @nd hereby offer a firm theoretical framework to study the Si
local-density-approximation (LDA) total-energy calcul- vacancies throu_gh the positron annihilation experiments: In-
ations? TheV,, with n=4m+2 (= 6, 10, 14,..) is actually cIu5|_on of atomic relaxation mqluced by_ th_e positron is es-
found to be stable. Microscopic identification of the Si mul- Séntial to reproduce the experimental lifetimes at monova-
tivacancy has thus become an important issue in both sciené@ncies and divacancies; the calculated lifetimes for
and technology. multivacancies up td/;o are generally shorter than those
Positron annihilation experiments have emerged as Rostulated in the past; a new interpretation on the experimen-
promising tool to provide microscopic information on the tal lifetimes at the multivacancies is then proposed.
vacancy-type defects.” A positron captured by the vacancy
is mainly annihilated with a localized electron, leading to an Il. METHOD
increase of its lifetime compared with the free annihilation '
with an extended Bloch electron. The increase in the lifetime Bororski and Nieminelf (BN) have proposed two calcu-
correlates positively with the vacant space inherent to eaclational schemes of the two-component density-functional
multivacancy. Positron annihilation experiments in the pastheory within the LDA: In one scheme, the electron-positron
indeed observed several lifetimes of the positron, dependingorrelation energy is calculated within the approximation
on irradiation and annealing conditions: 270°p895-325 based on the zero-positron-density limit, whereas in the other
ps8 and longer lifetimes ranging from 320 to 500 %%, all one it is done within the approximation based on the equal
of which are longer than 218 pfRef. 5 observed in densities of electrons and positrons. We choose the zero-
vacancy-free samples. The first two groups are assigned fwositron-density limit, following Gilgieret al'® who have
the monovacancy270 ps and to the divacancy295-325 obtained successful results for the As vacancy in GaAs. The
ps), respectively, based on some calculatiois'*and on  electron-positron correlation energy in the above limit is the
empirical experiences. Yet the assignment of the longer lifeenergy gained when a single positron is put in a homoge-
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of positron annihilation with valence electrons:

N va= 71'r(z)Cf drpval(r)Pp(r)gO(Pval)- N

Here,r is the classical electron radiusthe speed of light,
pva @nd p, are valence electron and positron densities, re-
spectively. The enhancement factRl py.) (>1) originating
from the correlation for electron-positron attractive interac-
tion is deduced from the value of the pair distribution func-
tion at the origin for the case of one positron in a homoge-
neous electron gas. BN have provided this enhancement
factor based on Lantto’s hypernetted chain approximation
calculation’® The rate of the core electron annihilation
(MAcord gives minor contribution to the positron lifetime
(L/m7=Nyat Acore iN the case of Si. We evaluate this rate by
using the frozen core electron density obtained from the free-
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© atom calculation within the LDA and the enhancement fac-
tor, which is the same as ifl). In the calculation for Si
vacancies, the neutral charge state is assumed for the vacan-
cies because of rather high temperatures in experimental situ-
ations. For some vacancies with high symmetry, we have

(d)

(e g g

clarified that Jahn-Telletsymmetry-lowering distortions
occur. Yet we have found from 10-Ry cutoff energy calcula-
tions that the lifetimes vary by only 1-2 ps due to the Jahn-
Teller effect forV andV,.2® We thus neglect the effect in the
present calculations.

The used parameter&ell size, cutoff energy for the
plane-wave basis set, and samplingointy have been ex-
amined in previous studies on monovacancis and divacancies
without positrongl?2 We further examine the accuracy of
the present calculation on vacancies capturing positrons. We
first check whether the used cutoff energy provides the con-
verged positron lifetime for a given geometry of vacancies.
The monovacancy is chosen in this examination since the
wave function in this vacancy is the most localized among
the Si vacancies. The lifetime calculated with the 12-Ry cut-
off energy agrees within 1 ps with those in the cases of the
16- and 20-Ry cutoff energies, indicating that the 16-Ry cut-
neous electron gas. This energy is calculated by Arponen araff energy, which is used throughout the present calculations,
Pajanné’ and is interpolated by BN As for the electron- gives the converged value. Next we examine whether the
electron exchange correlation energy, we use the results catutoff energy is sufficient to obtain a reliable optimized ge-
culated for the homogeneous electron gas model by Ceperleymetry. The calculated displacement of the nearest atoms in
and Alder'® We employ the norm-conservifitpseudopoten- the case of 12 Ry is found to deviate by 0.06 A compared
tial for valence electrons and a local pseudopotefitfar a  with that in the case of 16 Ry. However, the latter value
positron to simulate the ion cores, the 64-site supercell, ondeviates by only 0.02 A from that in the case of 20 Ry. This
k point for the Brillouin zone integration, and the 16-Ry small deviation in the displacement corresponds to that of 2
cutoff energy for the plane-wave basis set. In the geometrys in the positron lifetime. The preseuntl geometry optimi-
optimization, wefully relaxed atoms, i.e., all the atoms in the zation displaces the boundary atoms in the unit cell by less
supercell are relaxed in order to take the medium range ahan 0.05 A for the vacancies up to hexavacancy. The super-
relaxation. The force acting on each atom is less than 0.00dell approximation in this study is thus expected to be suffi-
Ry/a.u. in the optimized geometry as in previous studies omient to describe atomic relaxation for the vacancies. Yet the
Si vacancies without positro$>?Minimization of the to-  present supercell is slightly insufficient for describing deca-
tal energy over the degrees of freedom in positron and vavacancy(Fig. 1): the largest distance between the vacant
lence electron densities and atomic positions is performedites(two sites are on BL0Q] line) is half of the lattice length
using the conjugate-gradient technique, which is one of thef the present cubic cell of 64 sites. The present enhance-
iterative minimization techniqué initiated by Car and ment factor based on the homogeneous electron gas model
Parrinello®® Details of application of the conjugate-gradient does not include th@mperfectscreening due to finite band
technique to the study of Si vacancies were reportedjap in semiconductors. Yet, since the calculated lifeti#i&b
previously??12?After the electron and positron densities are ps) for the bulk (the positron is in its lowest Bloch statis
determined for the optimized geometry, we evaluate the ratelose to the experimental val§218 ps(Ref. 5], we apply

FIG. 1. Configuration of vacant sites in multivacanciés:with
a zigzag chair(@) and a trigonal pyramidb), Vs with a nonplanar
shape(c), Vg with a closed hexagofd), andV,y with an adaman-
tine cage(e).
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the above-mentioned enhancement factor to the Si case. The
same enhancement factor was applied to the GaAs system by
Gilgien et al'® Puska proposed @ducedenhancement fac-

tor that includes the finite gap effectThe linear-muffin-tin-
orbital (LMTO) atomic-sphere-approximatiofhSA) calcu-
lation with this enhancement factor gives the lifetime of 221
ps for the bulk, which is only slightly longer than the present
value.

Ill. RESULTS AND DISCUSSION

At monovacancyY), the calculated wave function of the
positron in the ground state is found to have the maximum
amplitude at the vacancy site. One of the important results is
that this vacancy is accompanied with large atomic relax-
ation due to capture of the positron. In the optimized geom-
etry, we find that the nearest-neighbor Si atoms are dlsplacepne former[latter] densities are represented by thikin] lines

outwards(away from the vacancy sitédy 0.24 A and the and their values are 0.02, 0.01, and 0€05.u)®[—2.0,— 1.0, and
angle @) of the nearest atom back bonds thus becomesLO.Se/(a'u)a]_

larger (114.4°) than the tetrahedral angl#09.5°) of the
ideal vacancy without relaxation. This prominent outward
displacement is in sharp contrast with the previously rejdeal trivacancy, indicating that the lattice relaxation effect
ported inward displacement when the positron is noton the positron lifetime is small compared with the cases of
captured! The inward displacement of the vacancy withoutV and V,. As for the eight threefold-coordinated atoms
the positron is due to the energy gain by the hybridiza- aroundVj, the two atoms along the zigzag chain of the
tion in the dangling bond: the decreasefbfrom the tetra- vacancy sites are displaced outwards by 0.14 A
hedral angle increases teeomponent in the dangling bond (6=112.8°) while the other six atoms are displaced by only
and lowers the total enerd$.On the other hand, the outward 0.02—0.06 A. Plural configurations of the vacant sites exist
displacement in the case of positron capturing increases thghen the multivacancy is larger thafy. We here choose a
energy with less component in the dangling bond but de- zigzag chain and a nonplanar configurations Wgrand Vs
creases the energy by reducing Coulomb repulsion betweelfrig. 1), respectively(These configurations are assigned to
the positron and nearest ion cores: since the positron wavée EPR centers labeled B8 andP1, respectively in early
function has the maximum amplitude at the vacancy site, théxperiments) The calculated lifetimes for th¥/, (325 p3
outward displacement prolongs the distance from the maxiand theVs (345 p3g are found to be very close to thog226
mum point to the nearest atoms. It is emphasized that thignd 347 ps, respectivelyor the unrelaxed counterparts. In-
outward displacement of the nearest atoms considerably preleed the displacement of threefold-coordinated atoms is
longs the lifetime, since the overlap between the electron angmall (0.05-0.06 A inV, and 0.06-0.14 A foNs). We
positron densities becomes small. Actually the calculatedlso studyV, with a trigonal pyramid(Fig. 1), which is
lifetime (279 p3 for the relaxed geometry is much longer assigned to the EPR centdB in the past The calculated
than that(256 ps for the ideal vacancy. The value for the lifetime for relaxed(idea) geometry is 337338 ps. This
relaxed case is in good agreement with the experimentalalue is longer by 12 ps than that with the zigzag chain. We
value (270 p3.° next study two defects that are expected to be particularly
At divacancy I/,), we find that the maximum amplitude stable in samples from previous total-energy calculatidhs,
of the positron wave function is located in the middle of thei.e., Vg and V4, (Fig. 1. In our optimized geometry o/,
two vacant sitegFig. 2). The six nearest-neighbor atoms are the nearest atoms of the two types are displaced inwards by
found to be displaced outwards in contrast with the previ-0.22 and 0.20 A ¢ =108.0° and 106.1°). This inward dis-
ously reported inward displacement in the divacancy withouplacement, in contrast with the outward displacemenYin
the positrorf? This outward displacement induced by posi- andV,, prominentlyreducesthe lifetime(348 p3 by 13 ps.
tron capturing is similar to that in the monovacancy case buAs was mentioned in Sec. Il, the present cell size is slightly
is relatively small. The displacement is 0.09[A=111.9° insufficient to describ®, (Fig. 1). We, however, tentatively
(Ref. 29]. As a result, the lattice relaxation effect W, perform calculations for this large vacancy. The calculated
prolongs the lifetime by 11 ps, which is small compared withlifetime of the ideal vacancy is 394 ps and that for the re-
the value of 23 ps V. Experimental lifetimes foiv, re- laxed vacancy is 386 ps.
ported by several groupsre in the range of 295-325 ps.  Figure 3 summarizes the lattice relaxation effect on the
The lifetime from the present calculation is 309 ps, whichlifetimes for vacancies. In small vacancieg &ndV,), the
agrees with the experimental values. positron capturing enlarges the open volume of the defects
The present method reproduces experimental positrohy displacing the nearest atoms outwards and thus prolongs
lifetimes for bulk,V, andV, (Table |). This manifests its the lifetimes. As the vacancy becomes large, the above in-
capability of predicting the lifetimes for large vacancies fromcrease of the volume due to the positron capturing is sup-
trivacancy ;) to decavacancy\(;o). The calculated life- pressed. Thus, in the large vacancy\f, the open volume
time (320 ps for V5 is longer by only 3 ps than that of the is decreased by the inward displacement of the nearest at-

FIG. 2. Positron and electron densitiesMp on the(lf)) plane.
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TABLE |. Positron lifetimes in Si\ .. and\ represent annihilation rates for the core and total electron
charges, respectively.

Theory (ps) Ncore/ A X 100 Expt.(ps)

Bulk 215 2.37 218Ref. 5
\% 279 0.67 270Ref. 5
Vs, 309 0.50 295—-32%Ref. §
V3 320 0.48

V, (zigzag chain 325 0.46

V, (trigonal pyramid 337 0.43

Ve 345 0.41

Ve 348 0.45

Vo 3862 0.29

&The present cell size is slightly insufficient to describg (see text

oms. (This inward displacement originates from the stabili-for large vacancies are shorter than the values previously
zation of the dangling bonds of the nearest atoms as meneported by Puska and Corfiebased on the SFAD method
tioned above. As a result, the lifetime becomes short (Fig. 3). The lifetime by Puska and Corbel fot, is 354 ps,
compared with the value of the unrelaxed counterpart. Asnuch larger than the present valu826 and 338 psfor the
shown in Table |, the contribution of the core electron anni-ghove-mentioned two configurations  without lattice
hilation to the total annihilation rate is very small and tendsye|axation®

to decrease as the size of the vacancy becomes large. Kawasuscet al.find a peculiar defect characterized by the
Finally, the present lifetimes are compared with those Ofyssitron lifetime of 320 ps with the maximum concentration
previous studies. The positron states in ideal Si vacancieg, e annealing at 175 °&.Although the lifetime of 320

were calt_:ulated using the electron dens.ity obtainc_eﬂdj giqn th‘f)s is usually attributed t¥,,° infrared light absorption mea-
self-consistent manner for the systems without positrotis surement indicates that the defect is different frgm The

or the SFAD'?"%4j.e., all these calculations are based on the ; ) , :
resent calculation provides a successful interpretation on

assumption that the electron density is not affected by the . . . )
localized positron. The used enhancement factors in the is embarrassing experimental result; the defect observed by

calculations are slightlyeducedcompared with the present <awasuscet al.is likely to be Vs or V, having the zigzag
one. The LMTO-ASA Green’s-function methtdgives the chaln:(The calculated lifetimes are 320 ps qnd 325 ps, re-
lifetime of 249-259 ps(Refs. 11 and 1for V and the spectively) Kawgsusoet al. also find the Ilfefumes of 350
simplified SFAD method provides similar values of 250—256and 400 ps at higher temperatures and assign them to those
ps!?14As for V,, the SFAD method gives the lifetime of Of V4 andVe, respectively. Yet, since the lifetime of 350 ps
306—309 ps>3These reported values are comparable withis close to calculated values 9 (345 p3 and Vg (348 ps,

the present values for the unrelaxed cé2%6 ps forvV and  the lifetime is expected to be due Y@ or Vs. We speculate

298 ps forV,). Itis noted, however, that the present lifetimes that the measured lifetime of 400 ps is due to a vacancy that
is larger tharVg. Vo with the calculated lifetime of 386 ps

is a candidate for this vacancy. In earlier experimental works,
a00k T T ] the measured lifetime of 43% 30 ps is attributed to/,.°
Puska and Corbel _..—~ i
ottt Present results suggest, however, that the detected vacancy is
much larger tharvg.

-

e
.~ No relaxation
i -

g 350
g IV. SUMMARY
= We have calculated lifetimes of a positron captured at

300r various Si vacancies, based on the two-component density-

functional theory with the LDA, and clarified the importance
of the lattice relaxation to obtain reliable lifetimes. While the

250F increase of the open volumes in small vacanci¥sand
T S e — V) prolongs the lifetimes, the decrease of the volume in a
Size of vacancy large vacancyVs) shortens the lifetime. We confirm that the

present method successfully reproduces the experimental
FIG. 3. The lifetime of the positron captured at the vacancy oflifetimes for bulk, monovacancies, and divacancies. For large
each size. The solid and dashed lines indicate lifetimes for the revacancies up t&/,q, the calculated lifetimes for each, is
laxed and ideal geometries, respectively. The results in a previougenerally shorter than those obtained from the previous theo-
calculation by Puska and Corb@®ef. 12 are also plotted. As for retical study:® We have then examined the assignments of
V,, we plot the value of our calculation for the zigzag chain con-measured lifetimes in the past and proposed a new assign-
figuration. ment.
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