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We report a first-principles study of the structure and energetics of the simple and split divacancies in silicon.
The formation energies are estimated to be 4.63 and 5.90 eV, respectively. In both cases, relaxation proceeds
inwards, and clearly is important, even though the relaxation energies amount to less than about 10% of the
unrelaxed formation energies, enough to change the symmetry of the local structure. The binding energy of the
divacancy is close to 2 eV. For the simple divacancy, we find the relaxed structure to be of the resonant-bond
Jahn-Teller type. We also find, for both the divacancy and the split divacancy, the highest occupied states to lie
close to the valence band maximum.

I. INTRODUCTION carried out detailed first-principles calculations of the struc-
ture and energetics of neutral divacancies in silicon, rigor-

The structure and energetics of native defects in semicorpusly and self-consistently taking into account the relaxation
ductors have been the subject of much experimental an@f the host lattice. We consider here the divacancy in both
theoretical research effort over the yeécs., for instance, first-nearest-neighbor (“simple”) and second-nearest-
Ref. 1. In spite of this, a definite picture of even the simplestneighbor(*split” ) configurations, and also examine, for ref-
defects (vacancies, interstitials, and small complexes oférence purposes, the monovacancy. A related study was
them, such as divacanclesn the prototype semiconductor given recently by Song and co-workérasing a semiempir-
material (silicor), has not yet emerged. For example, in theical tight-binding (TB) modef coupled with molecular dy-
case of interstitials in Si, the empirical Stillinger-Weber Namics(MD). In spite of the success of TB models, in de-
modef predicts that the hexagonal interstitial will relax into Scribing the structural properties of various syste@isand
the tetrahedral positiofi.e., there is no energy barrier be- GaAs among others; see, for instance, Refs. 9-1i%
tween the two positions whereas first-principles calcula- Method has its limitations and it is important to assess its
tions yield the opposite result. Clearly, the energies of thé’a“d'ty-_ .
two sites are similar and precise calculations are necessary in We find the relaxed structure and formation energy of the
order to resolve such discrepancies. Likewise, detailednonovacancy to be in agreement with other first-principles
knowledge of formation energies is required for determiningcalculations. For the divacancies, the relaxed structures are
the relative population of defects in equilibrium, as well asonly in fair agreement with the calculations of Soegal:
for the accurate interpretation of calorimetric data. we find the TB model to overestimate somewtiat a frac-

The case of divacancies is of considerable interest: thefjon of an eVj the formation energies; in addition, our first-
are expected to be created in a relatively large number upoRfinciples calculations yield somewhat smaller relaxation
the irradiation of silicon by electrons, neutrons, or idfts, displacements and energies than the TB model. The structure
and, therefore, to play a role in the kinetics of relaxation ofthat we observe for the simple divacancy is of the resonant-
the irradiated material. The structure of the defect, howevei0nd type, as proposed by Saito and Oshiyama for the nega-
remains controversial: Recently, Saito and Oshiyamdively charged divacancy. We find also that the divacancy is
proposed, on the basis of first-principles calculations, a newrelatively tightly bound compared to independent vacancies,
Jahn-Teller distortion for the negatively charged divacancyby almost 2 eV. Concerning the electronic structure of the
which the authors refer to as “resonant bond”; the positivelydefects, we observe, for both the divacancy and the split
charged divacancy exhibits the usual pairing configurationdivacancy, the highest occupied states to lie close to the va-
The existence of the resonant-bond distortion has beelgnce band maximum.

disputed®
The study of Sa_lto and_Oshlyama is, to our knowlt_adgg, Il. COMPUTATIONAL DETAILS
the only one for divacancies where structural relaxation is
fully taken into accounab initio. It is now well established, The present calculations were carried out within the

e.g., from first-principles calculations of simple point de- framework of density-functional theofDFT) in the local-
fects, that relaxation plays a significant role and cannot belensity approximationLDA). We use a nonlocal, norm-
ignored. Saito and Oshiyama have considered only theonserving pseudopotentifi;this potential iss local, and
simple, nearest neighbor, divacancy in the negative and posp andd nonlocal, with a core radius of 1.8 A. The electron
tive charge states, and have not examined in detail the reexchange-correlation energy is given by the Ceperley-Alder
laxed configuration or the formation energies, including theform.> Models of the relaxed defects were constructed as
effect of relaxation. In view of this, and in need of the accu-follows: Starting with an ideal 64-atom crystal of @attice
rate defect formation energies mentioned above, we havearametea= 5.395 A), atoms at appropriate positions were
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as starting point, the relaxed configuration from the TB cal-
culation of Songet al, and a configuration with pairing-
mode symmetry, in order to test the robustness of our
resonant-bond ground state. As we will see below, we find, in
both cases, the same final configuration as when starting
from the ideal-crystal structure. Only tHé point was used
for reciprocal-space sampling. The wave functions were ex-
panded in a plane-wave basis, with an energy clEgfof 8

Ry; in the case of the simple divacancy, a 10-Ry cutoff was
also consideredsee below. All defects were taken to be in
their neutral charge state.

[Il. RESULTS AND DISCUSSION

A. Relaxed configurations

We present, in Fig. 1, the fully relaxed geometries of the
three defects considered here and give, in Tables | and II,
details of the relaxation patterns of the neighbors. Concern-
ing the divacancy, we show only the results obtained with the
8-Ry energy cutoff: we find the relaxed geometry not to de-
pend significantly orE. — displacements are the same to
within about 0.02 A for the two values &g considered —
in agreement with Smargiassi’s findif§gor the monova-
cancy. The relaxation vectors of the atoms, Table I, are ex-

FIG. 1. Relaxed structure af) the monovacancyempty site  pressed here in terms of the usual breathing and pairing
labeled 5, (b) the simple divacancyempty sites labeled 7 and,8 modes' In the case of divacancies, we assume the defects to
and(c) the split divacancyempty sites labeled 8 and.9 consist each of two tetrahedra centered on the two vacant

lattice sites and calculate the breathing and pairing modes of
removed to simulate the various defects. The models wereach atom with respect to the nearest-neighbor vacancy.
then relaxed at zero temperature, using the conjugateFhus, for the simple divacancy, we have in total six-nearest
gradient program CASTERCAmbridge Serial Total Energy neighbors, as depicted in Fig(d). For the split divacancy,
Packagg In the case of the simple divacancy, we also usedthere are seven-nearest neighbors, but one gaimeled “4”

TABLE |. Relaxation properties of the atoms neighboring the defects. Atoms are labeled as illustrated in
Fig. 1; “Vac.” is the label of the nearest vacant site. Note that atom number 4 in the case of the split
divacancy is common to the two tetrahedra. All distances are iMAV,=(V—V,)/V, is the relative
volume change of a defect upon relaxing from the ideal configuration, the volume of which is denoted
V,. For the breathing mode and the volume,and — refer to outward and inward relaxation, respectively.

System AVIV,y (%) Atom Vac. Breathing Pairing 1l Pairing 2 Displacement
Monovacancy —-35 1 5 —0.30 —-0.14 —-0.24 0.41
2 5 -0.29 -0.14 -0.24 0.40
3 5 -0.29 -0.14 -0.24 0.40
4 5 -0.30 -0.14 -0.24 0.41
Simple divacancy -17 1 7 -0.27 +0.05 —-0.10 0.29
5 7 -0.11 +0.12 -0.01 0.17
6 7 -0.11 —0.05 -0.11 0.17
2 8 -0.11 +0.12 +0.01 0.17
3 8 -0.11 —0.06 +0.11 0.17
4 8 —-0.27 +0.06 +0.10 0.29
Split divacancy —28 1 8 —-0.11 —0.02 —0.10 0.15
2 8 —-0.05 -0.02 -0.09 0.10
3 8 -0.31 —-0.05 -0.20 0.37
4 8 -0.40 —0.09 -0.71 0.82
4 9 —0.40 +0.66 -0.27 0.82
5 9 —-0.05 +0.09 —-0.02 0.10
6 9 -0.31 +0.20 —0.05 0.37
7 9 -0.11 +0.10 -0.03 0.15
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TABLE II. Distances(in A) between the atoms neighboring the volume decreases by about 17%, as can be seen in Table I.
defects, which are second-nearest neighbors in the ideal crystahgain here, all atoms move inwards, and the pairing-mode
Atoms are labeled as illustrated in Fig. 1; “Vac.” is the label of the gjstortions are rather small, although significant enough to
nearest vacant site. In the perfect crystal, all distances are equal Yow the symmetry-lowering Jahn-Teller distortion from

381 A D34 to C,,. This is in qualitative agreement with the TB
System Vac. Par d Vac. Pair  d cqlculations of Songpt gl., who also observe inyvard .relax-
ation for all atoms; their model, however, predicts displace-
Monovacancy 5 1-2 353 ments in the range 0.45-0.60 A, roughly twice as large as
5 1-3 353 those observed in the TB relaxation of the monovacancy. The
5 1-4 3.00 relaxed configuration of the divacancy, shown in Figh) Lis
5 2-3 3.03 characterized by atom-atom distances in the range 3.40-3.71
5 24 353 A (cf. Table 1)), i.e., a bit smaller than in the perfect struc-
5 3-4 3.53 ture; bond angles are narrowly distributed about the ideal
Simple divacancy 7  1-5 340 8 2-3 371 tetrahedral angle.

In order to make sure that the relaxed configuration of the
1-6 3.40 8 2-4  3.40 . . . . L=

56 371 8 3.4 340 divacancy shown in Fig. 1 is not a local minimum of the
o B ' B ' total-energy surface, we have repeated the structural relax-
Split divacancy 8 1-2 358 9 4-5 3.85 ation using, as starting point, the TB-relaxed configuration of

8 1-3 353 9 4-6 278 Songetal’ We found exactly the same configuration as
8 1-4 3.85 9 4-7 3.61 when starting from the ideal crystal, indicating that, indeed,
8 2-3 3.66 9 5-6 3.66 the geometry that we obtain corresponds to the ground state
8 2-4 361 9 5-7 3.58 of the defect.

8 3-4 2.78 9 6-7 3.53 As mentioned in the Introduction, Saito and Oshiyama

have recently proposed a “resonant-bond,” Jahn-Teller dis-
tortion for the negatively charged divacancy in°3ie posi-
in Fig. 1(c)] is common to the two tetrahedra, and we calcu-tively charged divacancy, in contrast, exhibits the conven-
late its relaxation vectors relative to both vacant sites. As dional pairing pattern, and both have tlg, symmetry. In
measure of the variation in open volume resulting from thethe resonant-bond Jahn-Teller configuration, one of the dis-
relaxation of the defects, we also list, in Table I, the differ-tances between the three atofteken in pairg neighboring
enceAV/Vy=(V—Vy)/V,. For the monovacancy, and either empty lattice sites is longer than the other two, while
V are the volumes of the tetrahedra formed by the four atomghe opposite is true in the pairing distortion. Our calculations
near the vacant site, before and after relaxation, respectivelindicate, as can be seen in Table Il, that the neutral Si diva-
In the case of divacancies, we approximate the total volumeancy also exhibits th€,, resonant-bond distortion. The
V by the sum of the volumes of the two tetrahedra. guestion of whether or not this distortion is relevant to the
The structure of the monovacancy is well understoodjnterpretation of experimental data is under discus&itinis
from both experimentif and theoreticaf viewpoints. In  interesting to note that the resonant-bond distortion has very
particular, its relaxed state has been studied from first prinrecently been observed at the As end of the divacancy in
ciples by Smargiasiand using a TB model by Soreg al”  GaAs®
and Wanget al® Our results agree quite well with both ap-  For the negatively charged divacancy, Saito and
proaches(There seems, however, to be a small disagreemerfdshiyama actually observed, using a very similar computa-
between the two TB calculations, Refs. 7 and 19, which bothional framework, a bistable situation between resonant-bond
use the Goodwin-Skinner-Pettifor TB parametrizafioite ~ and pairing-mode distortionsthe difference in energy be-
configuration found by Songt al. has lower symmetry than tween the two states is very small—2.4 meV, within the ac-
that found by Wanget al. This might be due to the different curacy of the calculation. We looked for this possible bista-
relaxation procedures used. Our relaxed configuration agredality in the case of the neutral divacancy, by starting the
precisely with Wanget al)) All four neighbors move inwards, relaxation process from a pairing-mode-distorted initial con-
i.e., towards the vacancy, by a substantial 0.4 A. The pairindiguration. This was found to be unstable: the system, again,
modes are nonzero, however, i.e., the tetrahedral symmetry islaxed into the resonant-bond configuration, thereby con-
broken, leading to a Jahn-Teller distortion, such that the atfirming the resonant-bond nature of the ground state. Our
oms pair up along thEl10] axis; the resulting configuration calculations indicate, however, that the total-energy surface
hasD,4 symmetry. Atom-atom distances in the relaxed con-between the two states is very flat. It cannot be excluded that
figuration are in the range 3.00-3.53 (&f. Table 1)) and a more accurate model will lead to a small barrier, and there-
“bond” angles (between the vacancy and adjacent atomsfore bistability.
such bonds, of course, are virtpyake in the range 94-118°, The situation is quite different in the case of the split
to be compared to 3.81 A and 109° for the ideal geometrydivacancy D,q symmetry in the ideal configuratiprwhere
The open volume of the vacancy decreases by a very signifsome atoms undergo a large relaxation, as demonstrated in
cant 35% during relaxation. Table I. In particular, atom 4, which is shared by the two
For the divacancy, we find the displacements of the neighvacancies, moves by a sizeable 0.82ahd the 8—4-9 angle
boring atoms from their ideal-crystal positions to be rela-increases to 135°), almost breaking the bond with one of its
tively small compared to the monovacancy case—four atomseriginal neighbors, labeled 10 in Fig. (the relaxed 4-10
move by 0.17 A and the other two by 0.29 A—and the operdistance is 2.78 A; the equilibrium bond length is 2.35 A
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TABLE Ill. Formation energies @, : unrelaxed;(}, : relaxed  to decrease, while increasing the system size does the oppo-
and relaxatjon energieSsQ=Qu—Qr) 0]‘ the defects, all in eV.  site, by roughly the same amount, leading to substantial can-
The relaxation energies are also given, in parentheses, as a perceggllation of errors, we conclude from this that our calcula-

age of the unrelaxed formation energy. tions are close to convergence, with respect to these two
parameters taken together. Smargiassi has found, in addition,

System QO AQ that I'-point-only sampling gives formation energies for the

Monovacancy 365 329 0.380.0% monovacancy converged to better than 10%. It is quite likely,

Simple divacancy £c=8 Ry 487 463 0.234.8% there_fore, that a similar error bar applies to the case of diva-
Simple divacancy -Ec=10 Ry 459 432 0.28.0% canCIes'. . . . .
oo Turning to divacancies, now, we find a relaxed formation
Split divacancy 6.47 590 0.58.9% . - .
energy for the simple divacancy of 4.63 eV, substantially
larger than that for the monovacancy, as expected. We note

Atom 10, in fact, does not rebond: it relaxes by approxi—f[h"’thr _decreases to 4.32 ?V_.(O'Sl eV, or—_6._7°/@, upon
increasingE- to 10 Ry; this, it turns out, is in excellent

mately 0.3 A, and retains one bond dangling. The displace : ; Do
ments from the ideal structure range from 0.10 to 0.82 Addreement with the corresponding variation reported by

(including atom 4, and again here these are substantially>agiassi for the _monovacandy—0.32_ eV discussed
smaller than the values calculated within the TB model by2P0Ve- For the split divacancy, we obtdl= 5.90 eV, quite
Song et al. (0.35 to 1.25 A. Atom-atom distances range a bit more than for the simple divacancy, anq almost t\(wce as
from 2.78 to 3.85 Aagain including atom 4: cf. Table)|lso much as for the monovacancy. The formation energies, for

that, in fact, some second-neighbor atom pairs now aréhe fully relaxed configurations that we obtain, are in fair

Kly bonded(e.g, th irs 3—4 and 4)%6The bond Aadreement with the corresponding TB values of Song
weakly bonded(e.g, the pairs and 4%6The bon het al—5.68 and 6.54 eV for the simple and split divacancy,

angles, of course, also are severely distorted and lie in th& : . . ;
range 85—112°. Overall, the volume of this defect decreasd&spectively. Our results, further, differ with the TB values in

by ~28% upon relaxing, which is larger than for the simple °"€ important aspect: relaxation energies, i.e., the energy dif-

divacancy, and almost as large as in the case of the monov!ﬁrence between relaxed and unrelaxed states. While, in the
cancy, as ’could be expected. TB-MD model of Songet al, the relaxation energies amount

to a very large fraction of the unrelaxed energies; in the
. . range 23-27 %, they are much less in our case, certainly no
B. Formation energies more than 10%, consistent with the smaller displacements

The formation energies of the defects, in their unrelaxecd®bserved in our calculations upon relaxing. _
and relaxed states), and Q,, respectively, are listed in  AS a@final point, we note that the energy required to form
Table I1I. The formation energy of a defect is defined as thdWo monovacancies separated by an infinite distairten
difference in total energies of the system with and withoutotherwise perfect crystals 6.58 eV, more than the cost of a
the defect at constant number of particles. Here the numbéplit divacancy5.90 eV or of a simple divacanc{4.63 eV).
of particles varies, but we may write, equivalently, Vacancies, therefo_re_, may Iower thel_r energy, by as much as
Q=Ep[N]—Ng, whereEp[N] is the total energy of the 1.95 eV, py combmlng first mto split d|vacaer|e& 0.58
defective system containiny atoms, andu is the atomic  €V). then into simple divacancies-(1.27 e\). Divacancies,
chemical potential of the host crystal, which we take to begvidently, are quite stable; this is consistent with the fact that
approximately, the total energy per atom of a silicon crystthey are easily formed_ by electron irradiation at room tem-
(u=—107.007 and-107.417 eV, forEc=8 and 10 Ry, re- Perature, and are persistérft.
spectively. We also show in Table Ill the relaxation ener-
gies, i.e., the difference in energies between unrelaxed and
relaxed statesAQ1=Q,—Q,.

As mentioned earlier there is, to our knowledge, only one The band structure of the Si divacancy has been the object
other estimate of the formation energies of divacancies in Sof a lot of debate, ever since the publication of the pioneer-
based on a TB approacHn contrast, there exist many cal- ing work of Watkins and Corbett on this defect in various
culations of the formation energy of the monovacancy. Thestates of chargg?>~*> As discussed above, the negatively
value we obtain—3.29 eV—is consistent with other DFT/charged divacancy has been found by Saito and Oshiyama,
LDA calculations, which are in the range 3.0-5.0%@\je-  on the basis of LDA calculations, to exhibit the resonant-
pending on relaxation and on the particular choice of modebond Jahn-Teller distortionfor which the highest occupied
parameters, especially the energy cutoff: for a model equivastate hasau)zbﬁ symmetry. In contrast, for the conventional
lent to ours, Smargiassi has foufi to decrease from 3.88 pairing mechanism, electron spin resonance measurements
to 3.28 to 2.96 eV, upon increasig: from 6 to 8 to 10 Ry. indicate that the highest occupied stateaig)@ (Refs. 3,8.
Some first-principles models, also, do not allow, or partiallyThe structure we find for the neutral divacancy, as we have
allow for, neighboring-atom relaxation. This leads to higherseen, agrees with the result of Saito and Oshiyama for the
formation energies, which should be compared, rather, witmegative divacancy; since it has one fewer electron, it fol-
Q. Our result for), for the monovacancy is also consistent lows that it must possess()? symmetry. In the following,
with the TB value of 3.67, using a 64-atom superééfithe  we report our results for the position in energy of the levels
energy of the monovacancy is, however, found to convergén the gap.
to about 4.12 eV upon increasing the size of the system to We discuss first the electronic structure of the well-
512 atoms. Since increasitity. causes the formation energy documented monovacancy. In its unrelaxed state, which is of

C. Band structure
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T4 symmetry, we find the highest occupied level of the de-takes placé® For instance, the observed values quoted in
fect to be triply degenerate and to lie 0.61 eV above theRef. 7 correspond to successive ionizations of the divacancy
valence band maximurVBM). Upon relaxing, as we have from + to 2—, not to single-electron states.

seen above, the Jahn-Teller distortion causes the symmetry to For the split divacancy, we find the highest occupied state,
decrease td,q,% and the highest occupied level, now a before relaxation, to be a doublet at 0.37 eV above the VBM.
singlet, occurs at 0.23 eV. This is in qualitative agreemengtructural relaxation pulls down this level very close to the
with the self-consistent field calculations of Lipasi al,2’ ~ VBM, at 0.08 eV. This is only in fair agreement with the TB
which give the highest occupied state as a triplet at 0.7 and sults of Songet al, who also find relaxation to shift the
singlet at 0.3 eV, before and after relaxation, respectively. defect states towards the valence band; in their case, how-

For the unrelaxed simple divacancy now, which is of €Ver, the levels remain deep in the gap. To our knowledge,

Dy symmetry, we find the highest occupied state to be étshere exists no experimental electronic structure data for the

doublet at about 0.1 eV above the VBM. After relaxation, the
symmetry is lowered t&€,, and the highest occupied state IV. CONCLUDING REMARKS

lies just above the VBM, at 0.04 eV. This result is for a cutoff i L

in energy of 8 Ry. If we increase the cutoff to 10 Ry, we find e have presented a first-principles study of the structure
the highest occupied level to lie in the valence band. Thi@"d energetics of divacancies in silicon, within the frame-
agrees, in fact, with a calculation by Lee and Mcgill, basedVOrk of density-functional theory, with emphasis on relax-
of the extended Huckel theory, frequently used to interpre?ﬁ“on and its consequences. We estimate the formation ener-

experimental dat&" In view of the error bar of our calcula- 3> to be 4.63 and 5.90 eV for the simple and split
>XP ' . divacancies, respectively. In both cases, relaxation proceeds
tions (~0.1 eV), therefore, we cannot definitely conclude

hat the di lead levels in th inwards, clearly is significant, and therefore cannot be ig-
that the divacancy Ieads to levels in the gap. nored, even though the relaxation energies amount to less
Yet, other calculations give rather different results: In aihan about 10% of the unrelaxed formation energies. The
self-consistent, parameter-free, Green’s function calculatiorbinding energy of divacancies is close to 2 eV, which indi-

Sugino and Oshiyanfafound the the highest occupied state cates that they are stable, and explains that they are easily
(doubly degenera}do be at 0.31 eV before relaxation; after formed by electron irradiation at room temperatﬁ e.
relaxation with a valence-force model, the level splits into  We observe, for both the divacancy and the split diva-
two levels, 80 meV apart, close to each other, and still in thecancy, the highest occupied states to lie close to the valence
band gap. In contrast, a cluster-method Green’s function caband maximum. For the simple divacancy, we find the re-
culation by Kirtonet al?® yields the highest occupied stde  laxed structure to be of the resonant-bond Jahn-Teller type.
double to lie in the middle of the gap before relaxation and This implies that the highest occupied level hag)¢ sym-

a small Jahn-Teller distortion splits the degenerate states. Imetry, in agreement with recent calculations for the negative
their TB study, Songt al. find, before relaxation, the highest divacancy, at odds with electron spin resonance measure-
occupied state to be a doublet at 0.94 eV above the VBMMents, which suggest that the symmetryas)¢ (Refs. 3,6.

and, after relaxation, one occupied level at 0.46 eV and on&learly, further studies are needed to resolve this contro-
unoccupied level at 1.00 eV. Here also, therefore, the higheMersy:

occupied state moves towards the VBM after relaxation. Evi-
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