' Aalto University Aaltodoc

Author(s):  Puska, M. J. & Poykkd, S. & Pesola, M. & Nieminen, Risto M.

Title: Convergence of supercell calculations for point defects in
semiconductors: Vacancy in silicon

Year: 1998

Version: Final published version

Please cite the original version:

Rights:

Puska, M. J. & POykkd, S. & Pesola, M. & Nieminen, Risto M. 1998. Convergence of
supercell calculations for point defects in semiconductors: Vacancy in silicon. Physical
Review B. Volume 58, Issue 3. 1318-1325. ISSN 1550-235X (electronic). DOI:
10.1103/physrevb.58.1318.

© 1998 American Physical Society (APS). This is the accepted version of the following article: Puska, M. J. &
Poykko, S. & Pesola, M. & Nieminen, Risto M. 1998. Convergence of supercell calculations for point defects
in semiconductors: Vacancy in silicon. Physical Review B. Volume 58, Issue 3. 1318-1325. ISSN 1550-235X
(electronic). DOI: 10.1103/physrevb.58.1318, which has been published in final form at
http://journals.aps.org/prb/abstract/10.1103/PhysRevB.58.1318.

All material supplied via Aaltodoc is protected by copyright and other intellectual property rights, and
duplication or sale of all or part of any of the repository collections is not permitted, except that material may
be duplicated by you for your research use or educational purposes in electronic or print form. You must
obtain permission for any other use. Electronic or print copies may not be offered, whether for sale or
otherwise to anyone who is not an authorised user.


http://www.aalto.fi/en/
http://aaltodoc.aalto.fi
http://www.tcpdf.org

PHYSICAL REVIEW B VOLUME 58, NUMBER 3 15 JULY 1998-I

Convergence of supercell calculations for point defects in semiconductors: Vacancy in silicon

M. J. Puska, S. Bdko, M. Pesola, and R. M. Nieminen
Laboratory of Physics, Helsinki University of Technology, P.O. Box 1100, FIN-02015 HUT, Finland
(Received 10 February 1998

The convergence of first-principles supercell calculations for defects in semiconductors is studied with the
vacancy in bulk Si as a test case. The ionic relaxations, defect formation energies, and ionization levels are
calculated for supercell sizes of up to 216 atomic sites using sekgsalnt meshes in the Brillouin-zone
integrations. The energy dispersion, inherent for the deep defect states in the supercell approximation, and the
long range of the ionic relaxations are shown to postpone the convergence so that conclusive results for the
physical properties cannot be obtained before the supercell size is of the order of 128-216 atomic sites.
[S0163-182¢08)05627-6

I. INTRODUCTION electron-nuclear double resonan@&NDOR), and the deep-
level transient spectroscoppLTS).* EPR and ENDOR give
First-principles electronic structure calculations based orthe symmetries and spatial distributions of the highest un-
the density-functional theory within the local-density ap- paired localized electron state. DLTS and EPR give informa-
proximation (LDA) for the electron exchange-correlation tion about the ionization levels, i.e., about the values of the
energy are often used to study low-concentration deféofs  electron chemical potential at which the defect changes its
the order of one defect per million lattice sités semicon- charge state. Positron lifetime measurements have given in-
ductors, metals, and insulators. Typically, the aim of the calformation about the open volume changes for the vacancy-
culations is to describe isolated defects in an otherwise pephosphorus pair in Si when the charge state of the defect
fect crystal lattice. In principle, the Green's-function change$.Also DLTS has been used for this purpdse.
method$ treat this limit exactly, but are not very practical ~ Watkins has described the electronic and ionic structure
for the large embedded clusters necessary to incorporate tioé the vacancy in Si on the basis of the linear combination of
long-range ionic relaxations. In the popular supercell apatomic orbitalSLCAO) model? When a Si atom is removed
proximation one repeats periodically a finite unit cell con-from the lattice, four dangling bonds, directed towards the
taining the defect desired plus neighboring host atoms. Theenter of the vacancy, are formed. These dangling bonds
periodicity of the ensuing superlattice enables the use offiybridize so that their totally symmetric combination, an
powerful calculation methods designed originally for perfects-type state, lies in energy within the bulk valence band.
bulk lattices. One of them is the pseudopotential plane-wavdhree different combinations with nodal planes @reype
method® which also enables an accurate calculation of theand they form deep levels in the energy gap. In the doubly
forces affecting the ions and thereby the optimization of thepositive charge state of the defect the deep levels are empty
ionic structure around the defect. The supercell approximaand the ionic relaxation preserves thig-point symmetry of
tion has obvious drawbacks in terms of the interactions bethe perfect lattice. In the singly positive and neutral charge
tween the defect and its periodic replicas. If the defect-defecstates one of the deep levels is occupied by one and two
distance is not large enough the electronic structure of aerlectrons, respectively. The Jahn-Teller effect lowers the
isolated defect is distorted because the deep levels in thgoint symmetry toD,y and breaks the degeneracy of the
band gap form energy bands with a finite dispersion and thdeep levels. This symmetry is deduced from the EPR
localization of the deep level wave functions may changemeasurementActually, the introduction of the second elec-
considerably. In the worst case the deep level may erff@up tron to the deep level results in a strong ionic relaxation and
least for somek points in the superlattice Brillouin zone a lowering of the total energy, overcoming the Coulombic
(BZ)] in the region of the bulk energy bands resulting inrepulsion between the localized electrons. Therefore, it is
strong hybridization. The size of the supercell restricts als@nergetically favorable that the charge state changes directly
the ionic relaxation. The relaxation pattern is truncated midfrom the doubly positive to the neutral one. This is the fa-
way between a defect and its nearest periodic replica. In thenous negative-effectivel effect first predicted for the Si
case of long-range ionic relaxations this cutoff may be rewvacancy by Barafet al® and experimentally confirmed by
flected dramatically close to the defect, as will be demonWatkins and Troxef. For the negative and doubly negative
strated below. charge states the symmetry is further lowered and the point
The vacancy in bulk Si can be considered as the simplestymmetry derived from the EPRRef. 5 and ENDOR(REef.
example of a point defect in a semiconductor lattice. Vacani10) measurements i§,,, .
cies in Si play an important role, e.g., in self- and impurity  In spite of its obvious simplicity, the vacancy in Si is a
diffusion and therefore the knowledge of their ionic and elec-most challenging application for first-principles electronic
tronic structures is of utmost importance. Experimentally,structure calculations, although this fact has not always been
vacancies in Si have successfully been monitored using thieilly appreciated. Sugino and Oshiyathaealized the diffi-
electron paramagnetic resonance techniqiePR, the culties of the supercell calculations when describing the
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highest occupied electronic state of the Si vacancy in the TABLE I. Details of the supercells used. The size of the super-
negative charge state. Difficulties arise especially when oneell (N), the type of the superlattice, and the smallest distabge (
searches for the ionic positions around the defect without anffom & site in a supercell to its periodic image are given.

(point) symmetry restrictions. The electronic and ionic struc-

tures are strongly coupled together, which is most clearly _ D
. . o . Super- (in units of the

seen in a spectrum of different ionic relaxation patterns ob- : .

. . . . N lattice superlattice constarat)
tained as the approximations of the calculation vary. The
early Green’s-function calculatiotfspredicted that the ions 32 bce 1.732
surrounding the vacancy in the neutral charge state mi#x 64 sc 2.000
wards from the center of the vacancy. The physics behind 128 fcc 2.828
this kind of pattern was explained to be the creation of 216 sc 3.000

sp?-type hybridization for the ions surrounding the vacancy.
Later calculations employing the supercell approximation
within the plane-wavE* or tight-bindind® schemes con- by the supercell of 64 atomic sites. The calculations indicate
verged with aninward relaxation (of nearest-neighbor at- that changes up to 1% in the lattice constant do not signifi-
oms, having a component lowering the symmetry frdm  cantly affect the results. Therefore we have used, for simplic-
to the pairing-typeD,q4 point symmetry. This was the result ity, the same lattice constant of 5.39 A in all of our subse-
also in a recent cluster calculation for the Si vacatfdgow-  quent calculations.
ever, the results can be sensitive to the computational details The organization of the paper is as follows: In Sec. Il a
and also more complicated relaxation patterns have beesurvey of the approximations used in the Brillouin-zone
found!’ Besides the ionic relaxations, also the calculatedsummations is given. In Secs. Il and IV we discuss the
vacancy formation energy and the ionization levels show reresults, and compare them with both experiment and the
markably scattered results between different works. most recent theoretical calculations. Section V summarizes
In this work we study systematically the convergence ofthe results and gives the main conclusions.
the LDA supercell calculations in the case of the vacancy in
silicon. Supercell sizes of up to 216 atomic sites are em- II. BRILLOUIN-ZONE SAMPLING
ployed and the Brillouin zone is sampled using sevéral
point sets. These kinds of calculations have become feasible For a perfect lattice the convergence of the electronic
only during the last years with the massively parallel superproperties can be achieved by increasing the numbéds of
computers and electronic-structure codes especially designgubints in the Brillouin zone, or, alternatively, the product of
for them!®19For Si we have used separabléirst-principles  the number of atoms in the calculational unit cell and the
norm-conserving pseudopotentidl$? The nonlinear core- number ofk points. In conventional electronic-structure cal-
valence correctior!$ are used to account for the overlap of culations the increase of the number lofpoints is much
the core and the valence-electron charges. The pseudopotenere economical than the increase of the number of atoms:
tial has been carefully tested, in particular it has been conthe CPU time needed scales linearly with the former but is
firmed to be free of unphysical ghost stafassing the analy-  proportional to the cube of the latter number. In the supercell
sis by Gonzeet al?® The valence electron structures have calculations for defects one would also like to use as small
been solved within the LDARef. 26 and the plane-wave supercells as possible but now the convergence is a more
basis set with a high cutoff energy of 15 Ry. Using the unitsubtle question due to the spurious defect-defect interactions
cell of two atoms and increasing the numbetkagboints the  in the superlattice. Although the description of the properties
equilibrium lattice constant of bulk Si converges to 5.39 A.of the underlying perfect lattice can be improved just by
This is slightly less than the experimental value of 5.43 A.increasing the number &f points, isolated defect properties
The discrepancy is typical for LDA calculations. Our calcu- cannot be obtained until the unit cell is large enough. For
lation gives for the energy band gap the value of 0.47 eVdefects in metals already quite small supercells may give
The underestimation with respect to the experimental valugvell converged results if the number &f points is large
of ~1.2 eV is also typical for LDA calculations. The super- enougl?’ For defects in semiconductors the situation is more
cells used for the vacancy calculations and the geometridifficult. This is because the defects in semiconductors in-
properties of the corresponding superlattices are given inolve localized states and the description of these states, as
Table I. will be shown below, is not straightforwardly improved as
In all our defect calculations, unless otherwise stated, althe number ok points increases, i.e., the detailed choice of
the atoms in the supercell have been allowed to move withthe k-point sampling for the BZ integration may strongly
out any symmetry restrictions. In the beginning of each re-affect the convergence. However, in most defect calculations
laxation atomic positions have been slightly randomized inrBZ-sampling methods developed to describe bulk lattices are
order to remove any spurious symmetries. In order to avoidised.
artificial stresses the lattice constant for a defect calculation The simplest scheme to sample the BZ in supercell calcu-
should be obtained from a bulk calculation using the samdations is to use thd" point only. When the size of the
density ofk points as in the defect calculation. The typical supercell increases the wave functions calculated correspond
variations of the lattice constant are in our calculations smallto severalk points of the underlying perfect bulk lattice so
of the order of 0.2%. The ensuing variations in ionic relax-that the perfect lattick space is evenly sampled. This
ation patterns and in total energies are not significant. Thischeme offers also saving in computer resources because the
we have tested with the doubly positive vacancy describegvave functions are purely real. In order to improve the de-
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scription of the wave functions, especially that of the delo- a2 32 64 128 216

calized bulklike states, and the description of the electron | 2! : i 1
density, it is beneficial to us& points other than thd as | ! ! ! ]
point.28 Thereby also components with wavelengths longer a6 | i 3 d ]
than the supercell lattice constant are included in the plane- 54 | E 2 2,
wave expansions of the density and wave functions. This > g0 [T—————— === T i
idea leads to the so-called specialpoint scheme&®~32 30| by ]
which are widely used to sample the BZ also in defect cal- 4 i ]

E 32} P i

= ] ]

Dogf — ™/ : |
culations. g 26 f E i i 1
Recently, Makowet al 23 introduced a scheme to chodse c 24l : i i 1
points for the supercell defect calculations so that the defect- 2 2.2 | i i i -
defect interactions are minimized in the total defect energy. g 20 } E E i ]
They justified the different choices by a tight-binding model. E 18 | ' ' ' T
For example, the&k-point set minimizing the defect-defect 16 | i : i ]
interactions between the nearest-neighbor cells in the case of 14 | E i i .
a simple cubic superlattice without any symmetry in the su- 12f 1 ' ' ! ]
percell consists of thé' and theL points[L is the corner ;-g [ E i i ]

point (3,%,3)(2w/a) of the BZ of the superlattice with the
lattice constant@a]. At the L point the wave functions are FIG. 1. Formation energy of the neutral vacancy in Si. The
purely real as in thd™ point, but they change sign between supercell size used is given on the top of each panel anki-fient

the adjacent cells. The use of these tkvpoints was recom- set used to sample the Brillouin zone is indicated as numbers; 1
mended also by Korhonegt al®*in the context of localized =T, 2=23, 3=33 4=(%,1,}), and 5=T+L.

positron states at lattice defects. Korhorral. justified the

recommendation by real-space arguments. Recently, aldbis way some systematic errors, especially those arising
Chadiet al3® have used these twh points in defect calcu- from bulk components, cancel out in the calculated energy
lations. differences.

In our calculations we have employed sevérgdoint sets The neutral vacancy formation energies obtained with dif-
to sample the BZ in order to systematically test the effects oferent supercell sizes adpoint samplings after relaxing all
the sampling. The simplest one uses khpoint only. The 2 the ions without any symmetry restriction are given in Fig. 1.
k-point meshes are those by Monkhorst and R&tR) (Ref.  The vacancy formation energies calculated usingltigoint
31) (eight points in the BZ In the case of the supercell with sampling increase strongly and systematically as the size of
64 atomic sites we have also employed theM8P k-point  the supercell increases. Thepoint sampling contains the
mesh(27 points in the BZ The 3 MP mesh contains thE (electronig¢ interactions between neighboring defects in the
point whereas the 2MP mesh samples the Brillouin zone superlattice as discussed by Makeval3 In the T'-point
ignoring thel’ point. Thek-point meshes recommended by sampling these interactions aatiractiveand they decay off
Makov et al® have been used for supercells with Rthe ~ as the size of the supercell increases. Th&/2 mesh gives
k-point, ¢, 1)(2m/a)] and 64(theT andL points atomic in the case of small supercells formation ener_gies that are
sites. larger than the best converged value reflectmegulsive

components of the defect-defect interactions. However, this
sampling seems to lead to a faster convergence tham’ the
IIl. NEUTRAL Si VACANCY point, indicating that some of the nearest-neighbor defect-
defect interactions are canceled. Finally, it is interesting to
) S see that the calculations using tkepoint samplings recom-

The formation energy of a vacancy in Si in the chargemended by Makowet al. seem to result in a fast convergence
stateQ is calculated in the supercell approximation as of the formation energy. This happens in spite of the fact that
the relaxation pattern of the vacancy has not yet converged.
Thus, from the energetical point of view the minimization of
the (electronig¢ defect-defect interactions seems to be more
important than the detailed positions of the ions.
whereEN is the total energy of the perfect lattice supercell In order to get an idea of the energy surfaces in the space
with N atoms andEg’1 is the total energy of the supercell spanned by the position coordinates of the ions we have
containing one vacancy. The electron chemical potepijal taken the ionic positions in the supercell with 64 atomic sites
in Eq. (3.1) gives the position of the Fermi level in the band calculated using a givek-point sampling and repeated the
gap relative to the top of the valence bakg. Average calculation with otherk-point samplings, keeping the ionic
potential correction has been employed in the calculation opositions fixed. The total-energy differences relative to the
the position of the valence-band maximum in the defectbriginal calculation with self-consistently relaxed ionic posi-
supercel?®~3 We use a neutralizing uniform background tions are given in Table Il. Firstly, the matrix formed shows
charge in order to avoid long-range Coulomb interactionghat the self-consistent ionic positions always give the small-
between the supercells. When applying E211) we use in  est total energy supporting our contention that we have found
the defect and perfect lattice calculations supercells of thén each self-consistent calculation the global energy mini-
same volume and we also use the s&apwint samplings. In  mum with respect to the ionic positions. Secondly, it is

A. Vacancy formation energy

- N—1
ome)=Eq "+QluetE) - ——EY (B
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TABLE Il. Calculated total-energy differences between the symmetry groups are deduced from the nearest-neighbor dis-
most stable structures for a neutral vacancy in Si and the structuragnces. In many cases, there is a small numerical noise com-
obtained using differerk-point sets. In these calculations a super- ponent in the distances and an ensuing slight indefiniteness
cell of 64 atomic sites has been employed. Energies are given in e\h the symmetry group. The flatness of the total-energy sur-
face in the space of ionic coordinatesse Table Il explains

loni k-poi . . . .
onie point set 3 3 this noise and partly the scatter in the relaxation patterns
structure r r+L 2 3 . .
between different calculationsee Table II).
r 0.00 0.18 0.88 0.75 If the vacancy conserves thE;-point symmetry of the
r+L 0.13 0.00 0.13 0.03 ideal vacancy, all the six lengths in Table IIl are equal. The
28 0.34 0.27 0.00 ~0.00 D,g4-point symmetry is signaled by four equal, longer dis-
38 0.18 0.04 0.06 0.00 tances and two equal, shorter distances. If four of the dis-

tances are equal and from the remaining two distances one is
longer than the other the point symmetryds, . According
amazing that the energy differences between the ionic corto Table Ill the finalD ,4 -point symmetry, which is in agree-
figuration with a relatively large outward relaxation obtainedment with the present common opinidis obtained consis-
with the self-consistenf -point calculation and those with a tently only for the largest supercell of 216 atomic sites. In
large inward relaxation from the othd-point samplings the case of the supercell with 128 atomic sites Ehpoint
(columns in Table ) are quite small. In the case of the sampling gives th®,4 symmetry whereas for the supercell
I'-point sampling for the electronic structure the energy dif-of 64 atomic sites this symmetry is obtained with the largest
ferences between the ionic structures calculated employing® sampling, which contains thE point. It is striking that
different k-point sets are only a few tenths of dthe first  the simulation with the supercell of 64 sites and theoint
column in Table I). This means a flat energy surface imply- sampling gives a strong outward relaxation of the nearest-
ing that the finding of the energy minimum requires the it-neighbor ions and the point symmetry®$, . The deviation
eration of the forces acting on the ions very close to zerofrom the other calculations illustrates clearly the difficulties
That requires, in turn, a huge amount of iteration steps foencountered in the supercell calculations for the vacancy in
the ionic positions. We have iterated atomic positions untilSi.
the largest remaining force component acting on any ion is Some of the scatter in the results of Table Il can be
less than X107 ° Ry/a,. understood on the basis of the energy dispersion of the
vacancy-induced deep levels. Because the deep-level wave
functions are op type their energy dispersion resembles that
of the top of the valence band: moving away from fthe
We have studied in detail the ionic relaxation patternpoint the possible threefold degeneracy is broken and the
around the neutral vacancy in Si, both the resulting poinenergy eigenvalues are lowered. If the supercell consists of
symmetry and the magnitude of the ionic movements with64 atomic sites our electronic structure calculations give for
respect to the ideal lattice positions. Table Il gives the rethe energy dispersion the estimate of 0.7 eV. For the super-
sults. The distances between the four nearest-neighbor iorll of 216 atomic sites the corresponding estimate is 0.2 eV.
of the vacancy as well as the resulting relaxation volume§hus for the small supercell sizes the energy dispersion is
with respect to the ideal vacancy are given. The pointeven larger than the LDA band gap. This may lead to the

B. lonic relaxation

TABLE lll. Distances between the ions neighboring the neutral vacancy in Si. In the perfect crystal, all
distances are equal to 3.81 A. The relative volume chaiye\(;)/V, and the resulting point symmetry
group when the ions relax from their ideal lattice positions are also gMesmdV, are calculated as the
volumes of the tetrahedra formed by the four nearest-neighbor ions of the relaxed and the ideal vacancy,
respectivelyEY is the vacancy-formation energy defined in Ef. Distances are given in A and energies in
ev.

Distance number
Supercell BZ sampling (1)-(2) (3) 4 5) (6) 100(V—Vy)/Vy, Symmetry FE°

216 2 338 338 336 296 2.90 —41.4 ~Doyyg 3.31
216 r 339 339 339 289 289 —42.4 Doy 3.27
128 2 343 343 341 341 341 -27.6 ~Tq 3.44
128 r 355 355 355 3.09 3.00 -33.2 ~D,y 314
64 3 347 347 347 316 3.15 -32.4 ~D,y  3.67
64 2 340 340 340 3.40 3.40 —-29.0 Tq 3.42
64 r+L 357 357 357 334 296 —29.5 C,, 3.23
64 r 416 407 4.07 4.83 3.06 +11.7 ~Cy, 2.86
32 2 361 361 361 352 352 -17.4 ~Ty 3.98
32 R E) 333 333 320 320 3.20 -37.2 Cs, 2.83
32 r 427 399 3.99 248 247 —44.1 o1, 0.93
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hybridization of the deep-level states with the valence-bandalue as well as the strong outward relaxation, although dif-
states, and the delocalized character of the wave functiorferent in details, are in good agreement with our present
can be strongly enhanced. calculation.

For thel" point the deep-level energy eigenvalue falls into  Seong and Lewi$ calculated the electronic and ionic
the band gap. Therefore, thepoint calculation for the su- structure of the Si vacancy using the supercell of 64 atomic
percell of 128 atomic sites can give the corrBgl; symme-  Sites and thd” point for the BZ sampling. They found the
try. In contrast, the calculations employing the Monkhorst-D2¢-Point symmetry and an inward relaxation so that the

Pack 2 k-point mesh conserve tHE; symmetry up to the relative volume_ change of the vacancy 435%. For the
supercell of 128 atomic sites. In comparison with Ehgoint ~ Vacancy-formation energy they obtained the value of 3.29

calculation for theT --symmetric vacancy, the triply degen- eV. The result contradicts our final fully converged results

. . o for this supercell and BZ sampling with a large outward re-
erate deep state is split at edchpoint into a nondegenerate | : £ th iahbor | H tcul
and a doubly degenerate state. The energy dispersion of t gxation of the ngarest-nelg or 1ons. However, our caicuia-

: ' o ons converged first very close to tBgy symmetry with an
nondegenerate state is so strong that its eigenenergy falls in

i -~ ard relaxation and only several further iterations changed
the val_ence band. The delocalized ch_aracter of the hybr|d|ze\91ery slowly the relaxation to the outward direction and the
states is the_n seen as the conservation offtheymmetry. symmetry toC,, . Our final vacancy-formation energy with
The relative relaxation volumeV(—V)/V, shows a ten-  ne 64 atomic-site supercell and thepoint sampling is 2.86
dency to increase when increasing the size of the supercelly which is lower than 3.29 eV obtained by Seong and
(compare the numbers with the similpoint samplings for | ewis* Using the numbers of Table Il one can estimate that
the supercells of 128 and 216 siteShe tendency is due to our I'-point value with the inward relaxation of the order of
the completion of the long-range ionic relaxation pattern:—359% in volume would be around 3.0-3.2 eV.
when the size of the supercell increases, ions neighboring the Ramamoorthy and Pantelid@scalculated the vacancy-
vacancy can move more from their ideal lattice positionsformation energy using a supercell of 32 atomic sites and
The dependence of the relaxation amplitude on the supercelivo specialk points®® They obtained the value of 3.78 eV,
size can be compared with the results byliOet al'® They  which is not far away from our value of 3.98 eV calculated
solved the electronic and ionic structures of the Si vacancyor this supercell size with the®2MP k-point mesh.
by the cluster method so that the surface Si ions of the clus- Pankratovet al*! used the supercell with 64 atomic sites
ters were fixed at the perfect bulk positions. They found alsand eight speciak-points (£ MP mesh. They obtained the
that the inward relaxation of the nearest-neighbor ions of thgacancy-formation energy of 3.6 eV, which is only slightly
vacancy increases when the size of the cluster increases. Thgjher than our value of 3.42 eV calculated for this supercell
convergence occurred when there were about 100 Si atomgze with the 2 MP mesh.
in the cluster. Zywietz et al*? studied the occurrence of the Jahn-Teller
According to Table il the calculations for the supercells distortion in the neutral Si vacancy by supercells of up to 128
of 32 and 64 atomic sites by employing tkepoints recom-  atomic sites and using sevetalpoint samplings. They re-
mended by Makowet al** do not result in the corredd,q  stricted the relaxations to obey tfig, D,g, or C5, Symme-
symmetry. However, the relaxation of the nearest neighbofry. The formation energies they obtained with fh@oint as
ions is in both calculations into the correct direction, i.e.,We” as with the 2 and 2 meshes are in agreement with our
inwards. values within an accuracy of the order of 0.1 eV. It is also
remarkable that their calculations with a given supercell size
_ _ _ and k-point sampling gave for the vacancies with different
C. Comparison with previous results symmetries nearly the same total energies. This reflects, as
Our results can be Compared with several other recerﬂiSCUSSEd in the context of Table Il, the diffiCU|ty of finding
supercell calculations for the neutral vacancy in silicon. Bethe ground-state ionic configuration.
low we discuss some of them in chronological order. The
comparison is hindered by the different types of pseudopo-
tentials and plane-wave cutoff energies used, but neverthe-
less quantitative trends in the results with respect to the su- We have also made calculations for the charged states of
percell size and th&-point sampling can be seen. the vacancy in Si. The ionic structures of the charged vacan-
Blochl et al3° used the supercell of 64 atomic sites andcies, when using different computational approximations, are
sampled the BZ with up to 2k points (=3%> MP mesh.  given in Table IV. The doubly positive charge state, which
Their rather high value for the formation energy, 4.1 eV, ishas no electrons in the deep levels, shows the expected
consistent with our finding that the* BZ sampling gives the T4-point symmetry. However, the size of the supercell is
highest formation energy of the differektpoint sets used seen to have a remarkable influence. For the supercells with
for the supercell of 64 atomic sites. 128 or less atomic sites the nearest-neighbor ions relax
Virkkunen et all” calculated the electronic and ionic slightly outwards irrespective of thie-point sampling. But
structures of the Si vacancy using the supercell of 64 atomitcreasing the supercell to 216 atomic sites the nearest-
sites and thé" point for the BZ sampling. Using the pseudo- neighbor ions relax suddenly strongly inwards. This change
potential withs and p nonlocality the neutral vacancy re- in the relaxation pattern is in agreement with the results of
laxed according to th€,,-point symmetry so that one of the the recent cluster calculations byg@@ et al*® It reflects the
nearest-neighbor atoms moved strongly to the offell] fact that the vacancy-induced ionic distortions in Si propa-
direction. The formation energy was found to be 2.8 eV. Thisgate preferably in th¢110] zigzag directions® The defect-

IV. CHARGED Si VACANCIES
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TABLE IV. Same as Table Il but for charged vacancies in Si.

Distance number
Charge state Q  Supercell  BZ sampling(1)—(2) 3) (4) (5) (6) 100(V—Vg)/Vy  Symmetry  Ej(ue=0)

2+ 216 r 345 345 345 345 345 -26.1 Tq 3.01
2+ 128 r 389 3.89 389 389 389 6.4 Tq 2.57
2+ 64 3 3.85 385 384 384 384 2.6 ~Tq 3.79
2+ 64 2 385 3.85 384 384 3384 2.6 ~Ty 411
2+ 64 r+L 392 392 392 392 392 8.7 Tq 2.45
2+ 64 r 383 3.83 383 383 383 1.7 Tq 2.01
1+ 216 r 338 339 337 303 298 —39.4 ~Dyyg 3.20
1+ 128 r 376 376 376 368 3.63 -6.9 ~Ty 2.89
1+ 64 3 362 3562 3.62 362 362 -14.3 Tq 3.62
1+ 64 2 362 361 361 361 361 -14.8 Tq 3.72
1+ 64 r+L 379 379 379 373 3.70 -3.8 ~Ty 2.85
1+ 64 r 374 374 374 373 3.69 -6.2 ~Ty 2.51
1- 216 r 349 347 263 262 260 -55.0 ~Dagg 3.88
1- 128 r 356 352 352 341 276 -33.4 ~C,, 3.53
1- 64 3 335 333 333 315 3.06 —-37.9 ~Cy, 4.07
1- 64 2 334 330 329 314 3.14 -37.7 ~Dyy 3.68
1- 64 r+L 352 350 350 359 272 -26.6 ~Cy, 3.85
1- 64 r 351 350 350 294 290 -38.2 ~Dyy 3.56
2— 216 r 347 347 260 260 260 -51.9 Daq 4.29
2— 128 r 356 346 346 3.32 268 -36.8 ~C,p, 4.17
2— 64 3 331  3.07 307 306 3.06 —-445 ~Doyyg 4.60
2— 64 2 331 307 307 306 3.06 —44.5 ~Dyyg 4.01
2— 64 r+L 346 340 339 355 262 -37.7 ~Cy, 452
2— 64 r 349 348 347 279 275 —43.4 ~Dyyg 4.15

defect distance in thgL10] direction is the same in the su- of 216 atomic sites and thB-point sampling for the singly
percells with 64 and 128 atomic sites and the distance is toand doubly negative charge states converge tdthepoint
small to allow an inward relaxation. In going to the supercellsymmetry. In this solution one of the nearest-neighbor ions
of 216 atomic sites the defect-defect distance increases in thef the vacancy has relaxed towards to the center of the va-
[110] direction by the factor of 1.5 and the relaxation patterncancy so that a symmetric “split vacancy” resulisee Fig.
changes. 2). The ion in the middle of the defect is bonded to six
When the charge state of the vacancy is changed fromeighboring ions. In the doubly negative vacancy the highest
doubly positive to singly positive its point symmetry is low- electron state is doubly degenerate and it lies in the band
ered fromT, towardsD,q4 for those supercell sizes akd  gap. The state is fully occupied by four electrons so that
point samplings, that give a low-symmetry structure in thethere is no Jahn-Teller distortion, which would lower the
neutral-charge state. The symmetry patterns obtained are nDt4-point symmetry. The highest occupied level is
as clear as in the neutral-charge state. The very strongrbital resembling the corresponding orbital obtained in the
symmetry-breaking relaxation mode seen in the neutralt CAO model for an ideal divacand.The electron density
charge state when calculating with thepoint sampling and  of the fully occupied level is given in Fig. 2 showing that the
the 64-atomic-site supercell is not seen in the singly positivelensity is localized in the six dangling bonds of the split
charge state. The convergence of the ionic relaxation is simivacancy. For the singly negative charge state a Jahn-Teller
lar to that for the doubly positive charge state: a supercell osymmetry lowering should take place. According to our re-
216 atomic sites is required to describe the long-range relasults in Table IV the amplitude of the symmetry lowering is

ation pattern. Then the point symmetry of the defedjg, small and the result is in disagreement with the ERBf. 5

i.e., the one obtained in the EPR measurements. and ENDOR (Ref. 10 measurements indicating the
For the negative-charge states the convergence of th@,,-point symmetry for the singly negative vacancy.

ionic relaxation with respect to supercell size andkhgoint Sugino and Oshiyamta made supercell calculations for

sampling is slower than for the neutral-charge stéee the singly-negative vacancy in Si. First they obtained the
Tables Il and IVJ. The results can be affected by the too ionic structure by using a supercell of 64 atomic sites and the
narrow band gap of the LDA. The highest defect-induced2® MP k-point mesh. The symmetry was found to @g, .
level can be strongly hybridized with the conduction-bandOur calculation with the same supercell size adngoint
states. The highest-occupied electron states then have sampling gives ionic relaxations similar in magnitude but
wrong character and the ionic relaxation differs from whatdifferent in symmetry. Using the ionic positions obtained
would be obtained with a larger band gap consistent with thavith the small supercell Sugino and Oshiyama then studied
experiments. Our calculations performed with the supercelélectronic structure in a larger supercell of 216 atomic sites.
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defect-induced state with the valence-band states. The
negative-effectivdd level (2+/0) is seen to converge nicely
towards the experimental value when the size of the super-
cell increases. The experimehtindicate that the levels
(0/—) and(—/2—) locate around the midgap and in the upper
part of the gap, respectively. According to our calculations,
the higher ionization levels could be close to or above the
midgap, but the results are uncertain due to the too narrow
LDA band gap of 0.47 eV. ThE'-point calculation with the
64-atomic-site supercell as well as with the largest supercell
of 216 atomic sites give a second negative-effectiveevel
(0/2—), which is against the experimental findings. However,
the relatively good convergence of the formation energies for
the negative charge states in Table IV gives hope that the
ionization levels calculated from them could be used as
semiquantitative estimates. It is also noteworthy that the cal-
culations using more extendédpoint samplings as well as
that with the 128-atomic-site supercell and fhepoint both
give a thermodynamically stable singly negative charge
state.

FIG. 2. Doubly negative Si vacancy. The spheres give the re- V. CONCLUSIONS
laxed positions of the ions with respect to ideal bulk bonds denoted
by sticks. The isosurface of the electron density for the highest deep We have studied the convergence of electronic-structure
level occupied by four electrons is also shown. The electron densitgupercell calculations for defects in semiconductors, with the
for the isosurface is half of its maximum value of 0.087 electrons/vacancy in Si as the test case. The electronic structures have
A3, been described within the density-functional theory in the

local-density approximation using norm-conserving pseudo-

They lowered the cutoff energy to 6 Ry so that the band gappotentials and a plane-wave expansion for the wave func-
opened to 1.1 eV. The density of the unpaired electron watons.
found to be in a good agreement with ENDOR measure- The convergence of the results is shown to be very slow.
ments. This is because the energy dispersion of the localized deep

The vacancy-formation energies defined with respect tdevels may lead for some choices of the Brillouin-zone sam-
the electric-chemical potential at the top of the valence bangling to hybridization of the defect state with the bulk-energy
are also given in Table IV. It can be seen that the variation®ands. If the supercell is not large enough the long-range
in the formation energy are largest for the doubly positiveionic relaxation pattern, especially in th&l0] zigzag direc-
charge state and they become smaller towards the mot®n, may not be properly described. The ensuing solutions
negative charge states. Thus the trend is similar to that in theay then have very different features, e.g., with respect to
convergence of the magnitude of the lattice relaxation. the point symmetry of the defect. The slow convergence of

The ionization levels resulting from the total-energy cal-the supercell calculations should be borne in mind for differ-
culations with different approximations are compared withent defects in semiconductors, although the vacancy in sili-
experiment in Table V. The ionization levels between ther-con may be one of the most difficult cases due to the flathess
modynamically stable states are given in bold whereas thosef the total-energy surface as a function of the ionic coordi-
between a stable and an unstable one are shown in parenthetes.
ses. The dashes mean that positive-charge states have notThe calculations for the neutral vacancy in silicon show
been found due to the hybridization of the highest occupiedhat the defect-formation energy can be estimated using

TABLE V. lonization levels for the silicon vacancy. Numbers in the parentheses correspond to the
transitions between a thermodynamically stable and an unstable charge state. The experimental results for the
levels (2+/+) and(+/0) are from Ref. 4. All the values are in eV.

Size 2+/+) (2+10) (+/0) (0/-) (—12-) (0/2—-)

64 &T (0.50 0.43 (0.35 (0.70 (0.59 0.65
64 & I'+L (0.40 0.39 (0.39 0.62 0.66 (0.64
64 & 28 - - - 0.26 0.33 (0.30
64 & 3° - - 0.05 0.41 0.53 (0.47
128 &T (0.32 0.28 (0.24 0.39 0.52 (0.64)
216 & T 0.19 0.15 (0.1 (0.57 (0.40 0.49

EXPT. (0.13 0.09 (0.05 -
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small supercells with~64 atomic sites, especially i-point ~ doubly positive, singly positive, and the neutral charge state
sets minimizing the effects of the defect-defect interactionsare Ty, D,4, andD,q4, respectively. The nearest-neighbor
are used. To conclude, the existence and position of differerdtoms relax in all these charge states inwards, decreasing the
ionization levels is much more difficult. The too narrow open volume of the defect. The formation energy of the neu-
LDA band gap also contributes to this difficulty. Finally, one tral vacancy is 3.3 eV. The ionization levgl+/0) lies 0.15

has to be aware of the slow convergence when extractingV above the top of the valence band.

structural information, such as the point symmetry to be

compared with EPR data or the open volume of the defect to ACKNOWLEDGMENTS
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