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Vacancies and vacancy-oxygen complexes in silicon: Positron annihilation with core electrons
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Various point defects in silicon are studied theoretically from the point view of positron annihilation spec-
troscopy. Properties of a positron trapped at a single vacancy, divacancy, vacancy-oxygen complgkes (VO
and divacancy-oxygen complex are investigated. In addition to the positron lifetime and positron binding
energy to defects, we also calculate the momentum distribution of annihilation ph@d4@%P) for high
momenta, which has been recently shown to be a useful quantity for defect identification in semiconductors.
The influence of atomic relaxations around defects on positron properties is also examined. Mutual differences
among the high momentum parts of the MDAP for various defects studied are mostly considerable, which can
be used for the experimental defect determinati@?163-182608)03039-2

I. INTRODUCTION complex is needed. The kinetics of processes mentioned
above depend on the oxygen concentration and can thus be
Silicon is nowadays widely used for the fabrication of substantially different in Cz and FZ silicon samples.
electronic devices. Their electrical behavior can be signifi- Positron annihilation spectroscopy is a well-established
cantly affected by vacancylike defects existing in the matetool to probe defects in solidsThis technique is especially
rial as these defects can introduce energy levels in the bargbnvenient for vacancies and vacancy-related defects as they
gap in addition to energy levels introduced by doping. Nu-act as positron traps. We should mention, however, that pos-
merous types of point defects have been found and studied ifron lifetime spectroscopyPLS), often used for defect stud-
Si. Their role is not yet fully understood and their further jes, fails to distinguish among positron traps if there are sev-
investigation is, therefore, highly desirable. eral ones with similar characteristic positron lifetimes. On
Si crystals are usually produced by the Czochral€ki)  the other hand, even if these defects have similar lifetimes,
growth process or float-zongZ2) technique. In the former the momentum distribution of annihilation photofdDAP)
crystals oxygen atoms exist in a higher amount and a typicaan differ significantly. Namely, the MDAP for small values
concentration is about 3¥cm™3, whereas the oxygen con- of momenta corresponds mainly to positron annihilation with
tentin FZ Si is typically two orders of magnitude lower. Due valence electrons. On the contrary, annihilation with core
to a relatively high concentration of oxygen in Cz Si, electrons results in a much broader momentum distribution.
oxygen-related defects in Si have attracted appreciabl§he configuration of core electrons is characteristic for each
attention® atom and in this way distinct defects may be identified as
If Si crystals are irradiated by electrons at room temperathey have different atomic environments. This is the basic
ture, vacancies, divacanciew clusters of vacancigsand Si  idea of the paper published recently by Alatatcal® In this
interstitials are created The single vacancy is not stable  work the InP system is taken as an example and the differ-
at room temperature and either recombines, forms\®e  ence of the high momentum regions of the Doppler broad-
defect(i.e., vacancy-oxygen complex #rcentej by captur-  ened annihilation line is clearly seen for In and P vacancies.
ing an interstitial oxygen atom,;Qor joins further vacancies A theoretical model for calculations of the high momentum
to create vacancy aggregates. A further annealing of samplggrts(HMP’s) of the MDAP is also presented in Ref. 8. This
with VO defects causesamong other processes VO  model has been further developethd a very good quanti-
—VO, transition and probablyVO,—VO; at higher tative agreement with experiment has been achigvéth
temperature$>® Concerning the divacancy/,, Trauwaert the exception of transition metals; see also Rej. 10
et al® have recently found that this defect is probably trans- Let us note, however, that HMP'’s, as considered in this
formed into the divacancy-oxygen comple¥,0O) upon a work, are not identical with so-called high momentum com-
low-temperature anneal. Due to indirect experimentaponents(HMC's) of the MDAP originating from valence
evidencé a further verification of the existence of thgO  electrons. Such HMC'’s arise due to the presence of images
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of the electron bands within the central Brillouin zone in the To obtain the electron density needed for the construction
extended zone schemtThe HMC'’s are usually assumed to of the positron potential, we have chosen two distinct theo-
decrease very strongly with increasing momentisee also retical approaches. First is the atomic superposition
below). In the following our HMP’s mean solely the core method!® which makes use of electron densities of free at-
electron contribution to the MDAP. oms to construct the electron density of the whole crystal.
To our knowledge there have been a few experimenta§econd, we employ the linear muffin-tin orbitdlMTO)
works™~'® where the technique of HMP measurement hasmethod within the atomic-sphere approximafioASA) so
been applied to Si. As there was no theoretical study examnat we can determine the electron distribution self-
ining the HMP behavior for defects in $partially except  onsistently. Another difference between these two methods
Ref. 17 published recentlywe decided to perform such cal- g that the ATSUP one does not impose any shape restriction
culations for some of the frequently studied defects to allow,, he positron potential and density in contrast to the
for an interpretation of experimental data. In our previous; p1o ASA, within which the density and potential are
papet® we have pres_e_nted results of calculations based OBpherically averagetfor both positrons and electrons
the atomic superpqsméﬁ.(A"I'SUP) method ’and we have " the coulomb potential for positrons is just the Coulomb
determined the positron lifetimes and HMP's of the MDAP ,qtantial for electrons with the opposite sign and one can

for a few types of vacancylike defects in Si. Namely, Wetaye the electron Coulomb potential obtained from the com-

have studied/, V,, VO, (n=1, 2, and 3, andV,0 defects.  ,iation of the electron structure of the system studied. For
The differences found in calculated HMP curves indicate tha he correlation part we use the parametrization of Arponen

the defects could be experimentally well distinguishable. We, g Pajanne® results given by Borcski and Nieminen
have also shown preliminary HMP measurements carried o bN).” Due to the incomplete screening of positrons in
on irradiated and defect-free Cz and FZ Si samples. Here W&emiconductors, a correcth (based on the notion of
substantially extend this study giving important computa-gcreening in dielectric materialdas to be applied; we will
tional details not specified in Ref. 18 and employing also & ther refer to this case as to BN calculations or schésee
self-consistentab initio technique. Moreover, we compare also Sec. Il B. For comparison, we also apply the formula
positron properties_obtained Wit_hin two different approache%cenﬂy introduced by Barbiellinét al?° based on the gen-
to the electron-positron correlations. _ _ eralized gradient approximatiqGA) for electron-positron
Relaxations of atoms surrounding a defect in semiconduceqre|ations(referred to in the following as GGA calcula-
tors represent a very important point. For instance, an inwargions or scheme Once the positron potential is known, a
relaxation around a vacancy decreases the free volume @chr"cdinger-like equatiofi?*is solved to find the positron
trap positrons. Consequently, the positron lifetime decreasegsround state and energy.
and the HMP's increase as the overlap of positron wave' a gignificant theoretical effort has been devoted to the
function with nearest atomgore statesalso increases. But yetermination of various properties of points defects in Si.
if one considers that a positron is trapped in this defeCtype gingle vacancy and divacancy in the neutral charge state
relaxations chandé*”due to the electrostatic interaction of belong to the simplest defects and their electron structure and
the trapped positron with neighboring atofiens). The pos- geometry have been thoroughly studidd®-*#In our calcu-
itron characteristics then change too. In our calculations We ions we use the atomic positions of relaxedand V,
consider the first type of relaxation only, i.e., relaxationsyefects taken from the geometry relaxation performed by
caused by the introduction of a defect itself. We do not COM5e0ng and Lewi€ who have utilized a pseudopotential ap-
pute them, but take known relaxations from the literaturenoach together with the supercell technique. In the present
(see Sec. Il A Furthermore, we restrict ourselves to the neu- o e take into account only the relaxations of the first
tral charge states of defects considered. nearest neighbors of the single vacancy and divacancy. The

The paper is organized as follows. In Sec. Il we explain, acancy-oxygen complexes have been studied theoretically
our theoretical approach, especially how the electron angy Chad?® and very recently by Ewelst al® In the latter

positron states in the systems studied are determiBed. hydrogen-terminated clusters are relaxed using a
I A) and the way of _HMP calc_ulaﬂon@ec. I1B. Resul_ts conjugate-gradient method. Our study\#®, (n=1, 2, and
are pre_sented and discussed in Sec. lll. The paper is con; andV,0 complexes is based on relaxed geometries deter-
cluded in Sec. IV. mined in Ref. 5.
In our calculations, we utilize the supercell approach to
Il. COMPUTATIONAL METHOD model point defects and choose the lattice constant of Si to
be 10.2768 a.t® It is desirable that the supercells are as
large as possible to avoid interactions among defects. In the
In the following we adopt the so-called zero positron den-case of the ATSUP method, we use supercells based on the
sity limit?®>?4 to study positron properties in solids. Within 216-atom supercell of perfect Si, whereas 64-atom-based su-
this limit a positron feels the potential that is a sum of twopercells are used with the LMTO method as this technique is
parts. The first part is the Coulomb potential produced by theubstantially more demanding than the ATSUP one. To ob-
charge distribution of surrounding electrons and nuclei whileain the supercell corresponding to a defect, we remove Si
the second part originates from the electron-positron correlaatorm(s) [and add O atofs)]; eventually atoms are moved to
tions. The electron potential is considered not to be influthe relaxed positions. Concerning the LMTO calculations,
enced by the presence of positrons. The positron potentiale includes, p, andd states into the basigvith d states
specified above depends only on the electron defsity on  treated as downfoldéd). The same basis is considered for
positions and charges of nuclei, of course positrons and an iterative scheme for finding the pivotal en-

A. Positron states and electron structure
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ergy parametersH,'s) is employed® Empty spheres have position andy is a “standard” electron enhancement factor
to be included into the supercell to describe properly thefescribing the pileup of electrons at the positron $1t&€.The
charge distribution in open structures like diamond. subscript IPM in they'"' ratio means that the corresponding
To examine the adequacy of our method of self-consisteripartial annihilation rate was calculated within the indepen-
electron structure calculations, we studied the density oflent particle modé? (IPM), i.e., y=1, whereas\ ¢, is cal-
stategDOS) for ideal and relaxed, defects(with 16-atom-  culated using either Borshi-Niemineri”® or generalized
based supercells onlyThe DOS curves obtained have fea- gradient approximatidii enhancement factor. The dielectric
tures similar to those found in Refs. 32 and 33. However, theonstant enters the expressidfor ygy and we use the value
positions of particular energy levels, which correspond toe=12. In the case of GGA the adjustable parameter
defects, differ. This demonstrates the sensitivity of electror=0.22 (Ref. 29 is applied. The same values efand a are
structure studies of defects in semiconductors to computdaken into account when calculating the positron correlation

tional techniques employed. potential(see Sec. Il A
The resulting HMP’s of the MDAP corresponding to the
B. Momentum distribution one-dimensional momentum distribution, measured, e.g., by

, Doppler broadening spectroscopy of the annihilation line, are

The approach used here to calculate the HMP's of the,en given by the sum over all atomic sites and correspond-
MDAP is based on the notion of the state-dependent eng . .qre shell®
hancement factor, The idea of state-dependent enhancemen?
was introduced by &°*"*for valence electrons id metals -
and their intermetallic compounds. It was used subsequently p(p)=z J p""M(p")p'dp’. 4
for the analysis of the positron annihilation spectra in various tnl Jp
metallic systems containing electrons’®~** Average core e recall again that the above formula applies for annihila-
enhancement factors were found in Refs. 44 and 45 and thejion with core electrons only. In the work of Hakala, Puska,
momentum dependence was discussed by Daetu**"  ang Niemine both valence and core electron contributions
Recently, it has been shown that the concept of stateg the MDAP are given for the bulk Si. On the basis of this
dependent enhancement factor can be justified by applyingaper one can conclude that the comparison of calculated
the Jastrow approximatidhto the problem of the correla- and measured dependencies is meaningful for momenta
tions of an electron-positron pajsee Refs. 9 and 49 for a =15x 10 3mc. In the following we use preferably mrad

detailed discussion units for momentum; X 10 3m.c corresponds to 1 mrad
Thus, the contribution'(p) to the MDAP of an electron  geviation from the antiparallel directions of annihilatign
statej described by the wave functiopl_ reads rays(and to a Doppler shift of 0.26 kaV
2 A few points concerning numerics require a discussion.

f exp(—ip-N) ¢ (N, (ndr| , (1) First, to obtainR', (r) functions within the ATSUP scheme, a
64-point 3D-interpolation functiofl on the 3D mesh is used.
wherer , is the classical radius of electron,is the speed of Furthermore, &', (r) function is not unambiguous and de-
light, ¥/ stands for the enhancement factor of the statend  pends on the direction chosen for expansion. We have found
¢, denotes the positron wave function. small differences among HMP results obtained using expan-
In the case of annihilation with core electrons, Ek).can  sions in different directions and we have decided to make
be simplified considerably. In principle, all core states of allrather a spherical average of the positron wave function.
atoms in the system contribute to the HMP’s of the MDAP  Second, we have not put any explicit upper limit in the
and the contribution from thigh atom and a shell character- integral in Eq.(2). Its choice depends on the system consid-
ized by principal @) and orbital {) quantum numbers is ered(i.e., extension of outermost core shglls the case of
given by the following formuld Si (and O we have found that 5 a.u. is already enough to get
results that do not change when this parameter is increased.
i Nl Oscillations that could appear when the integration is cut at a
f RI(DRM(n)ji(pryredr] short distance from nuclei do not appear. Our way of calcu-
(2 lating the integral in Eq(2) differs from that used in Ref. 9
In this equatiorN"" denotes the number of electrons in the in one respect, _Namely, we prefer to use the ppsitron wave
function determined for the system under consideration in-

(n,1) shell,j, is the spherical Bessel function, aRi4"" and . : ;

R are. respectively. electron and positron radial wave f nC_stead of using a model function with several parameters
T » TeSpectively, ) posi al wave TUnCo ng by a fitting procedure applied to the wave function
tions. We suppose that the positron wave function is pre

domi v ofs ch Th h tacton | determined for the corresponding monoatomic systeee
ominantly ofs ¢ ia,ﬂacﬁr,' € en .ar|1cement aclor’ is et g for detailg. In the case of the LMTO method, we keep
equal to the ratio\g,y/ N 5y, WhereN"" stands for the par- j

al hilati di h ‘ the positron radial wave function at the valRg (w;) for r
tial annihilation rate corresponding to the,{) core state of " \herew, is the radius of théth atomic sphere. Empty
theith atom determined using the expression

spheres are assumed not to contribute to the HMP’s of the
MDAP.
A= wrgcf [ (D) 2" ([r=r ) y[n_(r)]dr. (3 Third, the radial core electron densiti@""s, are calcu-
. lated by the well-known Desclaux’s atomic céend used
Heren"" denotes théper one electronradial core electron both in ATSUP and LMTO schemes. This makes the com-
density of the ,l) orbitals of theith atom (placed atr; parison of the HMP results obtained with these two tech-

pl(p)=mricy

2
pi,nl(p) =47TZI’§CNi’nI’yi’nI
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TABLE I. Positron lifetimes ), core annihilation rates\(), and binding energied(,) calculated using
the ATSUP method. Experimental lifetimes,(,) taken from the work of Saito and OshiyartRef. 22 are
also shown. Numbers in parentheses in the colwpmive the relative core annihilation rata %) with
respect to the total rate. Both BN and GGA schemes have been used.

ATSUP-BN ATSUP-GGA
System 7 (PS) Ae (ns1) (%) Ep (eV) 7 (pS) Ae (NS (%) Ep (€V)  Texp (PS)
Bulk 218 0.143(3.1) 208 0.093(1.9) 218
V ideal 252 0.0952.4) 0.36 242 0.0631.5) 0.32
V relaxed 225 0.1373.1) +0.00 215 0.0891.9) ~0.01 270
VO relaxed 225 0.1783.9) 0.06 217 0.1082.3) 0.01
VO, relaxed 222 0.2315.1) 0.10 218 0.1262.7) 0.01
VO, relaxed 218 0.2204.9) 0.03 214 0.12042.6) ~0.05
V, ideal 302 0.0541.6) 1.22 302 0.0351.1) 1.09
V, relaxed 286 0.0641.9) 0.93 280 0.0431.2) 0.83 295-325
V,0 relaxed 297 0.1063.1) 1.24 304 0.0672.0 1.05

niques more explicit. ArR"" function is taken to be the ~ The positron lifetime, labeled further as is the inverse
square root of the corresponding radial density"(). of the total annihilation rate, which can be determined using
Fourth, even if one uses a quite large number of grideq. (3) wheren"" is replaced by the total electron density
points in the 3D mesh within the ATSUP method, there apn_. Recently, Korhoneret al®® have shown that the posi-
pear oscillations of the(p) function for a givenp with  tron lifetime depends on the supercell size when the super-
respect to the number of mesh points. In the HMP resultgell is not large enough. They have also suggested how to
shown below we use the average of results obtained usingvercome this problem. The basic idea consists in determin-
97® (i.e., 97x97x97), 98, 99, and 108 mesh points, ing the positron state for moiepoints in the Brillouin zone
which attenuates the oscillations mentioned considerably. litnot only inT" point) and making ak-space average of the
general, the positron wave function needs to be determinegositron density before the lifetime is calculated. We adopt
very accurately in the region close to nuclei, in contrast tothis scheme in the present work.
lifetime calculations where this region is not so important.
Further improvements of the interpolation formula have no
effect. An adaptive 3D meshcould significantly decrease Ill. RESULTS AND DISCUSSION
the number of mesh points needed in the ATSUP method to
achieve the precision required and thereby to reduce total
computational time. Calculated positron lifetimes corresponding to the bulk Si
Finally, to simulate a finite resolution of the experimentaland defects studied are shown in TablgATSUP results
detecting system, the convolution with a Gaussian functiorand Il (LMTO result9 together with experimental data avail-
with the full width at half maximum(FWHM) of 4.2 mrad able. In the case of the LMTO method, we examine three
(i.e., 1.1 keV is performed for all calculated HMP spectra. selected defects only as calculations with large supercells are
The FWHM selected corresponds to the resolution of theather time expensive. The influence of thespace
experimental apparatus used in Ref. 18. The final normalizaintegratiort® of the positron density on the positron lifetime
tion of p(p) distribution is chosehso that the areas under (see Sec. Il B has been found to be quite small in our cal-
calculated spectra are equalX@/\; (A and\y are, re-  culations. The maximum increase due to the integration oc-
spectively, the core and total annihilation rate§o make curs for the relaxed single vacancy and is 3 (B SUP
comparison with measurements meaningful, the areas undegsuld. In the tables we also give the core annihilation rates,
experimental spectra have to be normalized to unity. i.e., the sum of al\;"'s over all atoms in the supercell and
There is an important question about how to choose theorresponding orbitals. Finally, we specify the positron bind-
core states for the HMP calculations. Concerning Si it hasng energies to defecigalculated as the difference between
been showhthat if one takes into accounts12s, and »  the positron levels in the perfect and defected system
orbitals, a good agreement with experiment is achieved. We first discuss the LMTO calculations. We have found
Moreover, checking the energies of these statesing the that the choice of the LMTO basis for positrons is important
atomic programt) leads to a maximum value ef3.5 Ry for  when calculating the positron properties for defects. This be-
2p orbital, which can be considered as a well localized stateomes clear if one inspects differences between the results
(corresponding quantum-mechanical mean radius is 0.5dbtained with thes basis only and with ths, p, d basis in
a.u). In the case of oxygen we have decided to include 1 Table Il. The lifetimes are systematically higher when calcu-
and X orbitals into core states.. The energy of thed?bital  lated withs basis only. This is quite surprising as it is usually
lies at about—0.9 Ry below the vacuum level and its mean assumed that the positron wave function has a predomgant
radius is 1.15 a.u. We suppose that tisdedel is sufficiently  character and adding further types of orbitals into basis
low not to be significantly influenced if an O atom is placedshould not have any significant influence. The origin of the
in solids. effect noted above can be traced back to the different distri-

A. Basic positron properties
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TABLE Il. Comparison of results obtained using the BN and GGA computational schemes. Positron
lifetimes (7), core annihilation rates\(.), and binding energies,) are calculated using the LMTO method.
Numbers in parentheses in the columpngive the relative core annihilation rate, i.&4/\o; (in %).

LMTO-BN LMTO-GGA
System Basis 7 (ps) A (ns) (%) E, (eV) 7 (ps) Ac (ns1) (%) E, (eV)
bulk spd 220 0.161(3.5 211 0.108(2.3
s 217 0.170(3.7) 209 0.114(2.4)
V ideal spd 258 0.091(2.3 0.65 246 0.0601.5 0.69
] 274 0.073(2.0 0.91 262 0.0471.2 0.97
V, ideal spd 299 0.045(1.3 1.71 287 0.0300.9 1.74
S 313 0.039(1.2 1.83 301 0.0250.8 1.89
V5,0 relaxed spd 286 0.077(2.2 1.03 274 0.0531.5 1.10
S 306 0.063(1.9 1.20 293 0.0431.3 1.29

butions of a positron among spheres in the supercell wheous conclusion about the GGA scheme. In the case of imper-
using different bases. We have also examined the partial ofect systems, it is more difficult to assess the adequacy of an
bital occupancies of positrons in atonfand empty spheres enhancement factofand corresponding positron potential

for the V,0O defect finding thes occupancies to be in the when comparing calculated and measured quantities because
range 70—100% of the total oned ¢ontributions being up of relaxations(and zero positron density approach used

to 5%). Henceforth, here we will consider the results ob- For a single vacancy thénward) relaxations are rather
tained with thes, p, d basis only. big®>3% and the positron-related relaxations are also large,

Further we compare LMTO and ATSUP results. We canbut, according to recent work of Saito and Oshiy&hthey
see a fair agreement in lifetime values calculated with theare in the opposite direction, so that the final positions of
BN scheme. Concerning the GGA results the lifetimes foratoms lie slightly outwards with respect to the unrelaxed
both V, (idea) and V,O defects are considerably higher (idea) defect. As we consider just the first relaxation effect,
when calculated using the ATSUP method. A possible explaeur calculated lifetimes for a single vacancy are in all cases
nation is that the GGA enhancement factor is more sensitivenuch lower than the experimental value and vaZe9 ps
to the shape of electron densiijue to a factor that depends derived in Ref. 22. The divacancy is not so heavily influ-
on the gradient of the electron density; see Refy 88d enced by relaxatioR$® and our lifetime values are very
thereby to the self-consistency, i.e., to the charge transferlose to the experimental ones even if those are rather scat-
Core annihilation rates depend more on details of positrotiered. To our knowledge, there are no experimental data
density expansion around nuclei and therefore the differavailable forvVO, andV,0O defects.
ences between the ATSUP and LMTO results are slightly A concluding comment concerning the GGA scheme re-
larger than in the lifetime case. The charge redistribution duders to negative binding energies for relaxét and VOy3
to the self-consistency causes a deeper positron potential gefects found with the ATSUP technique. They may indicate
the interstitial regionas the electron density increases heresome shortcomings in the GGA positron correlation potential
in comparison with the superimposed atomic densihich  because plots of the positron density at defect sites and their
also results in higher binding energies. Nevertheless, themeighborhood prove the positron localization. On the other
are a little bit larger deviations for thé,0 defect from the hand, the negative binding energies are very small in magni-
trends foundfor core annihilation rate and binding eneygy tude and comparable with the numerical uncertainties of the
which will be explained in the next section. technigue used.

The comparison of BN and GGA results represents the A few works???%%4-5" have appeared where positron-
next interesting point. The GGA enhancement factor andelated properties of a single vacancy and divacancy in Si
positron potential have been introduced very recently andiave been studied. Our calculated lifetimes and binding en-
they have to be tested carefully even if the treatment of corergies for these two defects treated within the ATSUP and
states is improved considerably with respect to the BN one, LMTO methods agree well with corresponding values pre-
which is manifested in apparently lower calculated values ofented in Refs. 55 and 57. Bulk core annihilation raiN
the core annihilation rates in GGA scheme than in the BNschemg are well comparable with Ref. 56 as well. Our re-
one (see Tables | and )l Furthermore, we can see clearly sults are also in very good accordance with Ref. 29 where
that the GGA lifetimes are systematically below their BN positron properties of bulk Si and ideal vacancy using both
counterparts. The only exceptions are and V,0O defects ATSUP-GGA and LMTO-GGA schemes have been exam-
(ATSUP casg already discussed above. If we look at calcu-ined.
lated and measured bulk positron lifetimes, we can see that At the end of this section we wish to discuss the possi-
the GGA lifetimes slightly underestimate the experiment, butilities of positron lifetime spectroscopy to differentiate
the BN bulk values agree well with the experimental one,among defects studied. According to Table | we have the
which is known with a very good precision. Clearly, one following lifetimes (ATSUP-BN schemg 218 (bulk), 222
comparison only is not sufficient to allow us to make a seri-(VO,), 270 (V; experimental value 302 (V,), and 297
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FIG. 1. HMP’s of the MDAP for bulk Si as well as for the ideal
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ideal and relaxed single vacancy. The latter curve approaches
a line with ratio equal to Xi.e., to the bulk curveand we

can expect that the curve would be further changed by con-
sidering an additional relaxation caused by the presence of a
positron. In the case of thg, defect, the relaxations play a
less important role and HMP curves for the ideal and relaxed
defect are much closer, which is in accordance with discus-
sion in Sec. Il A. The curves corresponding to oxygen-
related defects have qualitatively different shapes. This origi-
nates from the & core orbitals of the O atom, which are

wl T Xz icleald e\ A rather spatially extendetsee also beloy The shapes and
F _—— 5 relaxe s, : . oy . . .
_____ V.0 relaxed N relative positions of ratio curves shown in Figga2and Zb)

5 10 15 20 25 30 35

p [mrad]

suggest the idea that all defects are well distinguishable with
the exception of the group o¥O, defects. Ratio HMP
curves of these defects differ considerably from other types
of defects but not inside this group.

The same ratio curves calculated using the ATSUP-BN

and relaxedv, andV,0 defects calculated within the ATSUP-BN SCheme have been presented in our previous (&jgs. 1a)

scheme.

and 1b) in Ref. 1§. It is worth mentioning that even if there
are differences between magnitudes of HMP curves obtained

(V,0) ps. In practice one can distinguish lifetime Compo_within the BN and GGA schemes due to appreciably lower

nents in a lifetime spectrum that differs more than 5Qais i . :
the 250-ps level This shows significant limitations of PLS Very similar. For some curves obtained with the ATSUP-BN

in the case of vacancylike defects in Si.

core annihilation rates in the GGA case, the ratio curves are

scheme there is a slight shift to lower values in comparison
with Fig. 2.
Calculating the HMP’s of the MDAP turned out to be

B. Momentum distribution more intricate when using the LMTO method. Calculated

In Fig. 1 we show HMP’s of the MDAP for the bulk Si, ratio curves for selected defedidealV, idealV,, andV,0)
ideal and relaxed®/, defect, and fol,O complex calculated are shown in Fig. 3. The GGA scheme is applied in all these
within the ATSUP-BN scheme. The curve for bulk Si agreescalculations. There is an apparent shift down of HMP ratio
very well with calculations of Alatalet al® The curves for curves for all cases studied with respect to the curves calcu-
both V, cases lie well below the bulk one as expected, thdated by means of the ATSUP method. This can be under-

curve for the relaxed defect being closer to bulk. Howeverstood if we inspect relative core annihilation ratés.,
theV,0 dependence is above the bulk curve for small values . /), ratios; see Sec. |l Bin Table Il and compare them
of momentum but decreases faster with increagirgp that
it is again below the bulk curve fqg=6 mrad.

In the following we will rather show the ratios of type using the LMTO method.

pieec(p)/ pP(p), which visualize better differences among

shapes and magnitudes of HMP curvés.

and GGA enhancement and positron potential ¥orand
V,-related defects are given in Figsa2 and Zb), respec-
tively. One can see an appreciable difference between

with corresponding values in Table I. Namely, thg/\
ratio is higher for the bulk Si and lower for defects examined

In addition, the shape of ratio curves calculated within the

LMTO-BN scheme is nonnegligibly changed in comparison
The HMP ratio curves obtained with the ATSUP methodwith the ATSUP-GGA calculations. The most pronounced
change occurs for th¥/,0 defect. We have already men-
tioned differences between the ATSUP and LMTO calcula-

thgons for this defect(see Sec. Il A. Thus, \. is reduced

0 5 10 15 20 25 30 35 40

p [mrad]

1-3 - Al \\ T L} T L} T T - - W L} T L} T L} T - 1.3
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FIG. 2. Ratio HMP curves fota) vacancy-(b) divacancy-related defects calculated within the ATSUP-GGA scheme.
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12 ' - - ' - - - We do not show the ratio curves calculated within the BN
1k LMTO-GGA scheme ] scheme as they are very similar to those presented in Fig. 3.
Moreover, the correction described above affects the HMP
0 ~ _ ratio curve of the YO complex analogously.
_osf - x'ci’de:e'ﬂ At the end, we briefly resume experimental HMP data
*n o z concerning oxygen-related defects in Si. In the work of Sza-
Loor\ VO relaxed laet al2Z no diff between the HMP's of Si ion irra-
S A\ - V.O corected palaet al."“ no difference between the s of Siion irra
'g o7} 1_.\ - bjlk 1 diated Cz and FZ Si samples has been found. According to
_‘é’ o6 _-T\\\\ | our calculations the spectrum of self-implanted Si shown in
= e T = Ref. 12 does not correspond to the divacaitey bulk +
= ost *\:\_“_,,_._.,;ﬁiﬁ divacancy mixturg but rather to aV, and V,O mixture,
O | though it is difficult to imagine tha¥/,O defects are created
\\\\\\\ in FZ Si samples in a higher concentration. On the contrary,
o3 T TTTT— our HMP measuremerifShave exhibited a clear distinction
02 . s ! ; s . . between FZ and Cz electron irradiated samples, which has
e 5 1 15 2 X N B LD allowed a rough identification of existing defedtee Ref.
p [mrad] 18 for details.

In the work of Krusemaret al,'®> O ion implanted Cz Si
wafers have been studied. The authors have examined the
changes of the HMP ratio curves with respect to the irradia-
tion dose and annealing temperature. They suppose that large
from 0.067 ns! (ATSUP-GGA to 0.053 ns! (LMTO-  VmOn clusters are created in implanted wafers upon anneal-
GGA). A detailed inspection of partial annihilation rates ing. Even if we have calculated the HMP ratio curves for

(A, unveils that oxygen € electrons are mainly respon- V20 andVO, complexes only, the presence of lar§&£O,
sible for such a big reduction. Corresponding & 2ates  clusters in the curves shown in Ref. 15 seems to be indicated

(state enhancement factprare 0.035 ns! (2.48 and by the char.acteristic min.ima of these curvees at about 20
0.027 ns! (1.92 for the ATSUP-GGA and LMTO-GGA _mrad (;ee Figs. 2'and)3F|na}IIy, Knightset all ha\(e also
scheme, respectively. investigated Cz_ Si samples implanted by oxygen ions. Mea-
A closer look at the geometry of thé,O defect shows sured HMP ratio curves shoyvn there have a minimum at
that there is a Si-O-Si “bridge,” next to divacancy, with roughly_the same position as in .Ref. 15. I-_|owever, a further
very short distancebout 3.3 a.).between O and Si atoms. Comparison of these two works is not stralghtforvyard as the
This means that the radii of corresponding atomic spheres dformalization procedures of measured spectra differ.
Si and O in the supercell describing thigO defect have to
be rather small to keep their overlaps within reasonable
limits.?® We have chosen radii 2.03 and 1.81 a.u. for two Si
atoms and an O one, respectively, which leads to an Si-O We have calculated positron lifetimes, core annihilation
overlap of 17%. For comparison, the radius 2.53 a.u. of States, positron binding energies, and high momentum parts
atomic spheregand empty sphergss used in the bulk Si. of the momentum distribution of annihilation photons for the
We can conclude that the calculation of the partial annihila-perfect and defected Si. The single vacancy, divacancy, three
tion rate for the oxygen 2 orbital, which is spatially more types of vacancy-oxygen complexes, and divacancy-oxygen
extended than Si core orbitalsee Sec. Il B is not precise complex have been examined. The effect of atomic relax-
enough due to a small radius of the O atomic sphere. ations on the calculated positron quantities has been found to
One could perhaps increase the size of the O atomibe the most pronounced for the single vacancy. The charge
sphere, decreasing simultaneously the radii of Si spheres imedistribution due to the self-consistency of the electron
volved. But this process has naturally certain limits and it isstructure (obtained using the LMTO technigueesults in
not clear if the O 2 core annihilation rate would improve larger binding energies of positrons to defects in comparison
considerably. Instead we recalculate the HMP curve for thevith the case when the non-self-consistent ATSUP technique
V,0 defect using the enhancement factor and partial annihiis used. On the contrary, positron lifetimes are influenced by
lation rate of the O 8 state taken from the ATSUP-GGA the charge transfer slightly only and no systematic trend has
calculation. The resulting ratio curve is also plotted in Fig. 3been observed. Regarding the HMP’s of the MDAP, the po-
(dash-dotted curyeNow there is a slightly better agreement sitions and shapes of the ratio HMP curves are changed ap-
with the corresponding curve in Fig(l§. We should note, preciably when the LMTO-ASA technique is employed in-
however, some tendency to oscillations in b&pO ratio  stead of the ATSUP one. It has to be mentioned, however,
curves. This effect probably stems from the inadequate corthat we have encountered problems in finding appropriate
tinuation of the positron wave function beyond the atomicspace filling with atomic and empty spheres in the case of
sphere radiugsee Sec. Il Bin the case when the radius is oxygen-related defects studied using the LMTO-ASA tech-
too small. Furthermore, it is probable that the positron dennique. This indicates the limited applicability of this method
sity in the interstitial space is not well described by emptyfor some defects with complicated geometry.
spheres around thé,O defect as can be deduced from atoo Calculated HMP curves can essentially help in the identi-
low positron binding energy to the defe(tee Table Il and fication of defects studied in measured Doppler broadened
discussion in Sec. Il A spectra of defected Si samples as we have demonstrated in

FIG. 3. Ratio HMP curves for unrelaxed V ang defects, and
divacancy-oxygen complex obtained using the LMTO-GGA
scheme.

IV. CONCLUSIONS



10 482 KURIPLACH, MORALES, DAUWE, SEGERS, AND OB PRB 58

our previous work® However, further experiments are nec- attention. We are indebted to O. K. Andersen and O. Jepsen
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peratures and, therefore, an investigation of these pairs @S0 appreciate discussions with L. J. Lewis concerning the
also needed to have some idea of the behavior of a positrdQtal €nergy minimizations for single vacancy and divacancy
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