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Theory of boron-vacancy complexes in silicon
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The substitutional boron-vacancy\Bcomplex in silicon is investigated using the local density functional
theory. These theoretical results give an explanation of the experimentally reported, well established metasta-
bility of the boron-related defect observedprtype silicon irradiated at low temperature and of the two hole
transitions that are observed to be associated with one of the configurations of the metastable défsct. B
found to have several stable configurations, depending on charge state. In the positive charge state the second
nearest neighbor configuration witB; symmetry is almost degenerate with the second nearest neighbor
configuration that ha€y;, symmetry since the bond reconstruction is weakened by the removal of electrons
from the center. A third nearest neighbor configuration gf Bas the lowest energy in the negative charge
state. An assignment of the three energy levels associated withisBmade. The experimentally observed
E,+0.31 eV andE,+0.37 eV levels are related to the donor levels of second nearest neighbuwiith C, and
C,, symmetry respectively. The observeg+0.11 eV level is assigned to the vertical donor level of the third
nearest neighbor configuration. The boron-divacancy compld% B also studied and is found to be stable
with a binding energy between,Vand B of around 0.2 eV. Its energy levels lie close to those of the V
However, the defect is likely to be an important defect only in heavily doped material.
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I. INTRODUCTION visible in EPR only under photoillumination, and is detected
directly in heavily irradiated material only when the Fermi
In recent years there has been much interest in the defedgvel moves deeper into the gap. The center is unique among
formed by the interaction with dopants of self-interstitials, vacancy-impurity centers, owing to its triclinic symmetry
one of the primary damage products of electron irradiatior®nd having a structure where the boron atom lies outside the
and ion implantation. In the case of boron this interest ha¥acancy cage. It anneals around 266 ®he hyperfine struc-
stemmed largely from the need to explain and model thdure m_GlO demonstrapes t_hat 55% of the spin dgnsnyhgs on
phenomena of transient enhanced diffusion where the diffu®"® Si atom labeled in Fig. 1 with a substantial fraction
sion of boron is increased due to the supersaturation of self7%9 of p component. There is an alternative reconstruction

interstitials and electrically inactive boron-interstitial clusterspOSSIble between atons and d which would result in an

' equivalent defect. At low temperatures, the defect is trapped
are formed. This has meant that, to our knowledge, no Oth(?rin one of these states but between 30 and 80 K it is able to

ab Initio studies have been undertaken that cpn3|der the "Switch to the other electronic configuration, surmounting a
teraction of the dopant boron with the other primary damage,, rier of 0.044 V2. Deep level transient spectroscopic

product, namely the vacancy. Although the substitutional-(DLTS) studies one-irradiated boron-doped Si which has
boron-vacancy, B/, center is unstable at room temperattire, been annealed to 150—200 K when vacancies become mo-
we will show here that BY complexes enjoy greater pje, reveal three levels aE,+0.31, E,+0.37, andE,
stability. +0.11 eV thought to be associated witQVB*~° From pub-

Vacancies are readily introduced into boron-doped Si byjished dat;” we assess the hole-capture cross sections to be
irradiation and become mobile around 180 K. They themabout 6-10< 106 cm?, 1-5x101cn? and about 4

complex primarily with boron. The boron-vacan@®,V) de-  x 1076 cn? for the E,+0.31, E,+0.37, andE,+0.11 eV
fect in silicon was first investigated using electron paramagievels, respectively.

netic resonancdEPR and assigned to the &40 EPR The large cross-section value for tlie+0.31 eV level
center? Later, further information on the hyperfine interac- might indicate that this is 4-/0) level in contrast with a
tions with surrounding shells of silicon atoms was obtained0/+) transition assigned td,+0.37 eV. However, this
by electron-nuclear double resonafE&NDOR).2 The model  would imply a negatived behavior and an unstable neutral
deduced from EPR studies is shown in Figi)1where a defect. Clearly, this is inconsistent with the observation of a
reconstruction occurs between the dangling bonds of onstable SiG10 EPR spin-1/2 center in heavily irradiated
pair of silicon atoms, labelellandc, lowering the symmetry material> We thus conclude that botlE,+0.31 andE,

to C,. For lightly irradiatedp-type material, the complex is +0.37 are(0/+) donor levels.
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est supercells which are discussed later. Electrical levels
were calculated from a comparison of the ionization energies
or electron affinities,E(+)—E(0), with similar quantities
found for a suitable marker having experimentally known
electrical levels. This procedure is described in more detail in
Ref. 13. We compare the calculated ionization energies and
electron affinities of the two defects and then predict the

FIG. 1. The boron-vacancy defect, in the second nearest neigl*gOnor and ac_cepto_r Igvel_s of say\B from those of the
bor configuration withC, symmetry[structure(i)], as proposed by marker. Thus if the ionization energy of®8is 0.1 eV more
Watkins (see Ref. 2 We label this, and the equivalent one where than that of the marker, it means that it requires 0.1 eV more

the reconstructed bond lies between atdmandd, 2nn(C,). The ~ €nergy to ionize the defect than the marker and so the donor
Cyp, form [structure(ii)] labeled 2n(Cy,;,) differs from the 2n(C;) level of the defect is 0.1 eV below that of the marker. The
configuration by having a reconstructed bond between atarsi ~ method works best when a marker is used with levels and
d. The black ball represents the boron atom and atants ¢, and ~ charge density close to those of the defect under consider-
d are the neighbors to the vacancy which is shown as a dashed rirgfion. For BV, VOH was used as a marker while the diva-
to aid the reader. cancy was used as a marker fo\B. It is important to note
that if the barrier between different configurations of a defect
is large, then the defect can be trapped in a metastable con-
TheE,+0.11 eV level is seen by DLTS when the samplefiguration at low temperatures and the level observed by
is heated at 220 K for 30 min under reverse bhias followed byDLTS then corresponds to the energy required to change the
guenching to 80 or 40 K-® The other pair is detected after charge state of the defect in that configuration without relax-
cooling under zero or forward bias and since this pair ofation to a lower energy configuration. This is then a vertical
levels always give the same amplitude ratio, they were attransition on a configuration coordinate diagram and not the
tributed to the same atomic configuratilabeledA).* The  thermodynamic electrical level, or transition, which corre-
third level, atE,+0.11 eV, is due to a different configuration sponds to transitions between global minima in the configu-
labeledB. ConfigurationB can be converted back #eagain  ration energy surfaces of different charge states.
by a second anneal, this time under zero bias. This suggests Initial calculations were performed in 64 atom supercells
a charge-driven bistability between configuraticheand B and these were then embedded into 216 atom supercells, the
where configuratiorA is stable in the more positive charge largest practical size, and rerelaxed. To check convergence
state. Since the S610 EPR center is detected in material with supercell size several calculations were performed in
cooled in the same way as the DLTS experiments, i.e., a12 atom supercells using a minimal basis set. In this case,
zero bias, thé\ configuration must correspond to the positive since a large 512 atom supercell is small in reciprocal space,
charge state which becomes EPR active following photoilluthe Brillouin zone was sampled only at onepoint
mination or when the Fermi level rises abokg+0.31 or  w/4a(111), close to thd’ point. The vacancy in Si is known
E,+0.37 eV. to be a particularly challenging problem for supercell DFT
Chantré introduced boron related centers by quenchingdue to the strong defect-defect interactions between neigh-
laser-annealed silicon doped with boron at 1300 °C. Heboring supercells which can induce a large dispersion of
found two levels, one aE,+0.50 eV (H,) and the other at deep levels and restrict the ionic relaxation. This is coupled
E,+0.36 eV (H,), which were stable to about 300 K. The to the problem that the energy surface in configuration space
levels are associated with a bistable defect in which configuis rather flat and, hence, it is computationally demanding to
ration Q, is stable for the positively charged center &gl find the energy minimum with respect to ionic positions in
stable for the neutral center. These transform into each othéhe supercell. It seems, however, that, for the vacancy, the
around 270 K with activation energies of 0.74—0.92 eV. Hecalculated electrical levels converge rapidly with supercell
suggested that the center was th&/ Blefect. However, the sizel* Hence, we expect a similar trend for the boron-
very different levels of thed and B configurations found in vacancy defect.
e-irradiated material described earlier makes the assignment
unlikely. Thus the defect observed by Chantre is probably
distinct from the BV center discussed here. . RESULTS

A. The boron-vacancy center

Il. METHOD The second nearest neighbor\Bdefect, denoted by

In order to investigate these assignments, calculationgnn(C,), as proposed by Watkirigig. 1(i)], was first stud-
were performed using the spin-polarized density functionaled. Atomsb andc are found to form a weak reconstructed
theory (DFT)? together with Hartwigsen, Goedecker, andbond of length 2.95 A in the paramagnetic neutral charge
Hutter pseudopotentidisand theaiMpPro code which em-  state. This is~25% longer than the calculated bulk silicon
ploys the local density approximation and uses Gaussian b&ond length(2.34 A) but considerably shorter than the cal-
sis set orbitals. Details of the method have been givertulated separation of atoms equivalentbtand c in bulk
previously!* A Monkhorst-Pack(MP) sampling scheme of silicon (3.81 A). A Mulliken population analysis was carried
2x 2% 2 k points? was used for all except for the very larg- out as described in Ref. 15. It revealed that the spin density
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TABLE I. The s andp-Mulliken populations of the highest oc- with the assignment d&10 to the 2in(C;) configuration. In
cupied Kohn-Sham orbital associated with then&,) configura-  the negative charge state, it is therBconfiguration that is
tion of ByV (Fig. 1) compared with experimental EPR and ENDOR found to be the ground state structure by orl§.06 eV. The
results on Sic10 (in parenthesgs(see Refs. 2 and)3The letter  3nn structure is found to be marginally.08 eV} lower in
given in the “atom” column corresponds to the labeling of Fig. 1. Aenergy than dnin the negative charge state, suggesting that

smalld component is not included. 3nn is indeed the ground-state configuration in the negative
charge state. Thus the calculations support the idea of a

slike p-like Degree of boron-vacancy complex assuming different configurations

Tensor Atom  fraction fraction localization (%) for different Fermi-level positions. However, as we shall now

. describe, we believe then®(Cy;,) configuration is actually
Sf'l d  0.143(0.130 0.864(0.870  20.44(54.83 higher in energy than then(C;) configuration but by less
Si-2 blc 0.248(0.28) 0.667(0.719  5.02(5.12 than about 0.03 eV in the positive charge state, and with a
Si-3  c/b  0.254(0.282 0.630(0.718  4.17(4.79 greater energy difference in the neutral charge state. The
closeness of these energies in the positive charge state re-
flects a weaker reconstruction of the bond between atoms
of the neutral defect is localized mainly on atothin  andcin Fig. 2 in that charge state.
Fig. 1(i). This is in agreement with an analysis of the hyper-  we now investigate the vertical electrical levels of the
fine interactions exhibited b@1022We find only 0.59% of defects. These are found as described earlier in 216 atom
the spin density to be located on the boron atom comparedells and given in Table Il. Although all the structures have
with 20.4% on atond. Table | shows reasonable agreementdeep acceptor levels, these lie in the middle of the gap. In
between the calculated and observed spin localizations aratinciple such levels are accessible by minority carrier tran-
s/p-like fractions, thus providing further evidence that the sient spectroscopy but none have been reported, possibly be-
Si-G10 EPR center is indeed due to @VBcomplex in the cause they are very deep. However, then&,) and
configuration proposed by Watkins. The calculated relative2nn(C,;,) configurations have vertical donor levels calculated
populations are not as large as the experimental ones, possi lie atE,+0.21 andE, +0.24 eV, respectively, and close to
bly indicating that the degree of reconstruction between thehe observed levels.
dangling bonds on atoms andb is underestimated by su-  Suppose that under reverse bias the defect is negatively
percell DFT. charged and assumes then3configuration which is main-
The bistability of this center requires other stable configutained when the material is quenched to low temperature at
rations of BV to be studied. Table Il shows the relative that bias. This is then identified with th@ configuration.
stabilities of the configurations of 8 considered here, the After removing the bias at low temperatures, the defect be-
first to fourth nearest neighbor configurations being denotedomes positively charged and has a tendency to move to the
by Innto 4nn. These configurations are described by Fig. 2.2nn(C,) configuration. However, this requires the vacancy to
The Inn configuration of BV is found to be high in energy move closer to boron and the barrier to vacancy motion pre-
in all charge states studietsingle positive, neutral, and vents this from happening at62 K—the temperature at
single negative We suppose this is becausg? bonded bo-  which the E,+0.11 eV level is monitored by DLTS. Thus
ron is a relatively high energy hybridization state comparedhis donor level is identified with a vertical transition of the
with sp® bonded boron. In the positive charge state theznn configuration and is in excellent agreement with the cal-
2nn(C,) configuration was found to be the joint lowest en- culated vertical donor level d,+0.13 eV.
ergy structure with the rih(C,;,) configuration where they Consider now the result of a cool down at zero bias. This
differ only by the pair of atoms sharing a reconstructed bondresults in the defect being positively charged and in the
They are~0.1 eV lower in energy than either therior 3nn  2nn(C;) or 2nn(C;,) configurations identified a#®\. The
configurations. For the neutral case, which corresponds tformer is the same configuration found in EPR studies car-
the paramagnetic form, thenB(C,) configuration is more ried out at 20 K. At the temperature at which the DLTS is
stable than the others but the difference with tme(Z;,) carried out,~140-200 K? the defect would be present in
configuration is very small. Thus the theory is consistentoththe 2nn(C;) and in(C,;,) configurations if the energy

TABLE Il. The relative energies of the configurationant-4nn (see Fig. 2 for BV and their corre-
sponding vertical electrical levels. The formation energies are given relative to the most stable defect in each
charge state. Values in parentheses were calculated in 512 atom supercells while all others are from supercells
of 216 atoms. All energies are given in electron-volts.

E(-1) E(0) E(+1) E(0/+) E(-/0)
1nn 0.352 0.180 0.135 E,+0.26 E.-0.45
2nn(Cy) 0.062(0.075 0(0) 0(0) E,+0.21 E.-0.56
2nn(Cyp) 0.220 0.032 00.000 E,+0.24 E.-0.43
3nn 0(0) 0.042(0.089 0.121(0.227 E,+0.13 E.-0.66
4nn 0.083 0.130 0.201 E,+0.14 E.-0.67
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FIG. 2. A piece of silicon showing the vacanégtashed ringy v '_ R ‘u
and the location of the boron atom in the firsoinlto fourth, 4n, X /\‘(
nearest neighbor configurations. The letters correspond to the label- ) \XJ
ing of Fig. 1 for the &an(C,) configuration. Note that the bond 4, . A Vs
reconstruction betweeh and ¢ makes the 8n(C;) and Zn(Cy;,) M )%&L w\-&.{

configurations inequivalent. (b)

difference is around 0.03 eV. The donor level oingC,) is
then identified with the observdg,+0.31 eV level which is
close to that calculated &,+0.21 eV. From Table Il, the
calculated vertical donor level ofn&(C,;,) is seen to be
~0.02 eV higher and in reasonable agreement with the ex-
perimental value oE,+0.37 eV.

We note that this explanation differs from that of Ref. 4 as
now thetwo donor levels of thé configuration are identified
with two different, and almost degenerate, configurations of
the positively charged defect.

B. The boron divacancy BV, center

Three different BV, complexes have been considered
here. These are the firgtnn), second 2nn), and fifth nearest
neighbor(5nn) configurations shown in Fig. 3. These were
chosen somewhat arbitrarily since they are the configurations
formed when substitutional boron and the divacancy are
separated alonl10), but they should demonstrate any trend
in the variation of the electrical levels of B, with
separation.

Of the three configurations it was found that thenZon-

FIG. 3. The three structures of,B, considered. Paifb) is the
1nn configuration,(c) 2nn, and(d) 5nn. Part(a) shows the equiva-
lent piece of bulk material. Vacancies are represented by dashed

fiquration of RV. is the most stable in all charge states rings, black balls are boron and other atoms are silicon. Just as for
ch)nsidered ng 021_0 2 eV. This confiquration is ghown in the divacancy, the dangling bonds left on atomand c and on
Dy~ V. ' . 9 atomsd ande reconstruct as shown in the figures.

Fig. 3(c). The binding energy between boron and the diva-
cancy in BV, can be obtained by separating the two con-
stituents in a large supercell and is given by the energy dif- , .
ference between the ground-state configuration and th@oltzrsnantlss constant, andr is temperature. ForNg
energy asymptotically reached with increasing separatior~ 10'° ¢m™®, the fraction of 4 bound to B is negligible
Such an approach is believed to be more accurate than corlPove about 140 K. Since low temperatergradiation pro-
paring the formation energies of complexes which becoméluces vacancies which become mobilgitype Si only near
charged when separated. Separating substitutional boron aR§0 K, the possibility of creating 3B defects seems lim-

a divacancy in a neutral 216 atom supercell results in affed. On the other hand, for heavily doped material when
increase in total energy of just over 0.2 eV indicating a bind-Ng ~ 10" cmi™®, the equation above shows appreciable con-

ing energy of this magnitude. centrations of BV, defects can exist up to abogt 320 K.
Assuming equilibrium between yand B, with V, being If BV, defegts are created,_then we can estimate Fhe tem-
the minority Speciesy the concentration q.‘BS Comp|exes perature at which they dissociate as follows. The mlgratlon
is expected to be given by energy of \4 is ~1.3 eV and assuming that 8, dissoci-
ates at a rate Bexp(—-EA/KkT) s1, whereE, is the activa-
Nv,Ng (1) tion energy for dissociation given approximately by the sum
1 ' of the binding energy of Band \, and the migration energy
NB*‘ENSi exp(— Ey/kT) of the divacancy, then ®/, is predicted to dissociate at
around 300 °C.
whereNy,, Ng, andNg; are the densities of i/ B, and Si, The calculated levels of the,B, complexes are given in

respectively,E, is the binding energy of Band \,, k is  Table Il along with the experimental levels of the divacancy
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TABLE lll. The relative stabilities and calculated levels of the three configurationg\é$ Btudied. The
experimental levels of the divacancy are also given for compafises Refs. 17-19All energies are given
in electron-volts.

E(-2) E(-1) E(0) E(+1) E(0/+) E(-/0) E(=/-)
BV, 1nn 0.243 0.178 0.130 0.095 FE,+0.18 E,-0.62  E,-0.14
BV, 2nn 0 0 0 0 E,+0.15  E,~0.66  E,~0.20
B.V, 5nn 0.037 0.094 0.198 0.278 FE,+0.07 E,-0.76  E,~0.26
V, Expt. E,+0.19  E,-042  E,~0.23

which was used as the marker defect for their calculationcompares the band structures QB in its ground state 2n
Figure 4 shows the associated band structures including thabnfiguration to the band structure of 8nd V, in the same

of the divacancy. The first thing to note is that the presencsupercell but separated from each other and the band struc-
of nearest neighbor substitutional boron perturbs the levelture of V, alone. Hence, for an infinite separation it is seen
of the divacancy by a small amount. However, this perturbathat the(=/-) level of BV, should be equal to the-/0)

tion increases with increasing boron-divacancy separatiotevel of the divacancy. Similarly the-/0) level of BV, will

due to the fact that the substitutional boron removes an elegend to the(0/ +) level of the divacancy.

tron from the divacancy. This is seen clearly in Fig. 4 which

IV. CONCLUSIONS

In summary, our calculations provide support for the as-
signment of the SG10 EPR center to a second nearest
neighbor configuration of the B defect. We suppose that
this configuration is preferred since boron prefep bond-
ing oversp’ as illustrated in diborane. Furthermore, we have
shown, in agreement with experiment, that other configura-
tions have competitive energies and we suggest that the third
nearest neighbor configuration is stable in the negative
charge state. We assign tBg+0.11 eV level, observed after
reverse bias has been applied to the sample during cool
down, to a vertical transition associated with this configura-
tion labeledB. This configuration is stable in the negative
charge state. It is to be noted that this requires the defect to
have a suitable acceptor level and we find such a level at
about E;—0.6 eV. This level has not been experimentally
detected probably because, since it is so deep, it cannot be
058 e /&\_@Aﬁ% observed below the temperature of about 260 K at which the
(b) k-vector Qefect d|s§00|ates. The second nearest nelghbor configura-
tions, havingC,, and C; symmetry due to different bond
reconstructions, have almost identical calculated energies but
we suggest that the former is actually higher in energy, but
by at most 0.03 eV, than the latter in the positive charge
state. This energy difference would lead to both configura-
tions being present at temperatures around 140 K, where
oF DLTS was carried out, but not at 20 K where EPR studies
were performed. However, we find that a greater energy dif-
ference occurs between those two second nearest neighbor

05 T K L T configurations in the neutral charge state. Assuming a sub-
© k-vector stantial barrier between those configurations, then this im-

FIG. 4. The band structures () B.V, in the 2nn configuration, ~ Plies that at the temperature 6f140 K used to monitor the
(b) B and V, separated within the same supercell, doithe ~ E,*+0.31 andg,+0.37 eV levels, the defect is found in both
divacancy. Solid lines show filled levels, dotted lines are emptyconfigurations that have collectively been labekdboth
levels and the dashed lines show half occupied levels for the neutr®€ing in the positive charge state. Thus the two transitions
defects. As Band \, are separated the levels of\B, tend towards ~ are assigned to the emission of a hole from two different
those of \4 but there is one more electron present for the casesecond nearest neighbor configurations.
of V.. The smaller energy difference between the configurations

Energy (eV)

Energy (V)
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when electrons are removed from the defect is easily undeenergies of the structures with dangling bond reconstructions
stood from the electronic structure of an isolated vacdncy.giving C, andCy;, symmetry is found.

B.,V* has the same electronic configuration as a vacancy- We find that \4 is only weakly bound with Band again
boron pair, V*—B, or a3t3. Since there are no electrons in the favored configuration involves boron at second nearest
thet, manifold, there is no Jahn-Teller distortion resulting in neighbor separation from the divacancy. The weak binding
a pairing distortion. Thus the two different second neighboiimplies that these defects are unlikely to be important in Si
configurations are degenerate. This is not the case, howevervjth low concentrations of Balthough this may not be the
for the neutral and negative charge states whert tineani-  case for heavily doped material. The energy levels ¢§f B
fold becomes occupied and a greater difference in thdie close to those of the divacancy.
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