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Segregation effects at vacancies in AlxGa12xN and SixGe12x alloys
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It is shown by quantum molecular-dynamics calculations that the formation energies of vacancies in semi-
conductor alloys strongly depend on the chemical identities of their nearest-neighbor atoms. For example, in
Al xGa12xN alloys the Ga-terminated vacancy is lower in energy than the Al-terminated one by 2.8 eV, while
the corresponding difference in SixGe12x is 1 eV. This leads to unexpectedly strong preferences for vacancy
termination in semiconductor alloys. The results also predict that local segregation will occur at grain bound-
aries and dislocations.@S0163-1829~99!03103-3#
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I. INTRODUCTION

In a tetrahedrally coordinated semiconductor, e.g., Si o
III-V compound, bonds between atoms are formed ofsp3

orbitals, which have a well-defined directional charact
When one of the nearest neighbors of a given atom is m
ing, the relevant bond is not formed, and is referred to a
dangling bond. In bulk, dangling bonds exist in the neig
borhood of a vacancy; the four dangling bonds of the nea
neighbors determine its electronic structure and energe
The second common location of dangling bonds is the s
face. Here, due to possible reconstructions, the coordina
of atoms that terminate a solid may be somewhat differ
than in bulk, but surface states, surface energetics, and
reconstruction itself are largely determined by the proper
of dangling bonds~DB!. Unlike the concept of bonds, DB’
are defined only in a qualitative way, due to, e.g., atom
relaxations and/or charge-transfer effects. However, as
will show below, the concept of DB can be used to expla
the properties of vacancies in semiconductor alloys, and
link them to surface energetics.

The main system considered here is the nitrogen vaca
(VN) in Al xGa12xN alloys. In GaN,VN is a shallow donor,1

and may be responsible for the observedn-type conductivity
in samples grown under appropriate conditions.2–4 VN can
also be the dominant compensating native donor, lowe
the efficiency of thep-type doping.2,5 The importance ofVN
suggests an extension of the calculations to AlN a
Al xGa12xN. The vacancy-induced electronic states are
general strongly localized on the neighboring atoms, si
they are built up of dangling bonds. Consequently, as we
show, the total energy ofVN depends on the chemical iden
tity of the nearest neighbors and varies by as much as 2.8
We will then examine implications of this finding for th
statistics ofVN in random AlxGa12xN alloys. The studied
effects have a universal character, which is demonstrate
analyzing vacancies in the SixGe12x alloy. In this case, the
lowest energy corresponds to the vacancy with four Ge n
est neighbors. Furthermore, the same effect occurs at
~001! surface of SixGe12x alloy: there is an energetic prefe
PRB 590163-1829/99/59~3!/1567~4!/$15.00
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ence for termination by Ge atoms, which leads to surfa
segregation.6–8

The calculations were performed using quantum mole
lar dynamics9 with atomic structures optimized using th
‘‘fast relaxation’’ procedure.10 For AlxGa12xN, the wurtzite
structure was assumed. The plane-wave cutoff was 65
Thed electrons of Al and Ga were treated as core states,
the nonlocal core corrections11 were taken into account. Thi
approximation leads to errors of about 0.2 eV in the ba
gap and 0.3 eV in the cohesive energy of zinc-blende GaN12

For SixGe12x , we used the standard pseudopotential for S13

and generated a pseudopotential for Ge according to Ref
The cutoff energy was 12 Ry, and the alloy lattice consta
were chosen according to Vegard’s law. Vacancies
Al xGa12xN (SixGe12x) were placed in the supercells corr
sponding to 72~64! atoms in the perfect crystals. Due to siz
of the cells, the summations over the Brillouin Zone we
approximated by onek point (G). As is well known, the use
of density-functional theory leads to a substantial undere
mate of the band gap. However, the relative positions of
energy levels, in particular when referred to the relev
band edges, are still reliable.

II. ENERGETICS AND STATISTICS OF NITROGEN
VACANCIES IN Al xGa12xN ALLOYS

We first analyze the energetics of the nitrogen vacan
Due to the localized character of the DB orbitals we find th
the nearest neighbors of the vacancy are the most impor
Consequently, in AlxGa12xN there are five possible variant
of VN , which have n50,1, . . . ,4 Ga ~or, equivalently,
4,3, . . . ,0 Al)neighbors, respectively. The total energies
these variants in the AlxGa12xN alloy with x50.89 are dis-
played by circles in Fig. 1. The possible effects of the exc
strain energy were controlled for,15 and the energy of then
50 Al-terminated vacancy with no Ga neighbors was tak
as the reference energy. This configuration has the hig
energy, and the total energy decreases almost linearly
the increasing number of Ga neighbors. Then54 con-
1567 ©1999 The American Physical Society
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1568 PRB 59BRIEF REPORTS
figuration is the ground state, lower in energy by about
eV than then50 variant.

The results of Fig. 1 depend only weakly on the mo
distant shells. We have verified this by investigating seve
configurations ofVN for x50.5. In this case, the energy di
ference betweenn50 andn54 variants covers the range o
2.0–2.45 eV.15 This is less than forx50.89, for reasons ex
plained below. These results confirm our initial assumpti
and justify the classification of vacancies by the number
Ga nearest neighbors. Further support comes from the
that the energy difference between then50 Al-terminated
andn54 Ga-terminated variants is close to the difference
formation energies ofVN in AlN and GaN in the N-rich
conditions of growth, which is 2.2 eV. Finally, from Fig. 1
follows that an increase of the number of Ga neighbors of
vacancy by one lowers the total energy by about 0.6–0.7
This suggests an interpretation of the results in terms of
properties of the DB’s of nearest neighbors, and a conclus
that the energy of a dangling bond of Ga is lower than tha
Al by 0.6–0.7 eV.

The above results have profound consequences for
relative concentrations of the various variants of the vacan
At a temperatureT, the equilibrium concentration of the var
ant n, @n#, is determined by two factors, the number
nitrogen sites withn Ga neighborsNsite(n), and the forma-
tion energyEf orm(n). They account for the statistics of site
in a random alloy, and the energetics of vacancies, res
tively. The concentration of vacancies is given by

@n#5Nsite~n!exp@2Ef orm~n!/kBT#, ~1!

where

Ef orm~n!5Etot~n!2Etot
0 1mN ~2!

for the N-rich conditions of growth and the neutral char
state.Etot(n) andEtot

0 are total energies of the supercell wi
and without the vacancy, respectively, andmN is the chemi-
cal potential of the source of N atoms. The differences
tween the total energies of the various variants shown in
1 are also the differences between their formation energ
The concentration of sitesNsite(n) depends on the compos
tion x according to

FIG. 1. Total energies of a vacancy in Al0.89Ga0.11N ~circles!
and in Si0.5Ge0.5 ~squares! as a function of the number of Ga~Ge!
neighbors. The zero of energy is taken at then50 case.
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Nsite~n!5N0P~n,x!, ~3!

whereN0 is the density of the nitrogen sites, andP(n,x) is
the probability that a given nitrogen site is surrounded bn
Ga atoms. In a purely random two-component alloy,P(n,x)
is given by the binomial Bernoulli distribution

P~n,x!5S 4

nD x42n~12x!n. ~4!

If the formation energies of all variants were the same, th
relative abundances would be uniquely determined by
alloy composition throughP(n,x). However, according to
Eq. ~1!, the relative concentrations of various variants a
also determined by the ratio of the corresponding Boltzma
factors, i.e., by differences of formation energies. In fact, d
to the strong energetic preference for the Ga-terminated
cancies, the statistical factor is completely dominated by
Boltzmann one. The impact of both factors is illustrated
an example of AlxGa12xN with x50.95. In this case, the
probabilities of finding then50 andn54 sites are given by
P(n50)5x450.81 and P(n54)5(12x)456.2531026,
respectively. Thus, statistics indicates that in this highly A
rich alloy the Al-terminated sites occur more frequently th
the Ga-terminated ones by five orders of magnitude, si
P(n50)/P(n54)51.33105. However, the concentration
of the two corresponding variants ofVN are given by Eq.~1!,
which gives@n50#/@n54#5331025 at a growth tempera-
ture of 1000 °C. Therefore, even in a very Al-ric
Al xGa12xN, practically all nitrogen vacancies should be G
terminated because of their lower formation energy.~Devia-
tions from this result are expected in cases where gro
proceeds under conditions far from thermodynamic equi
rium.! Finally, the preferential occupancy by vacancies
sites with Ga nearest neighbors should lead to their effec
‘‘trapping’’ on such sites, and therefore limit the mobility o
vacancies in alloys.

III. ELECTRONIC STRUCTURE OF VN IN Al xGa12xN

We will now discuss the electronic structure of vacanc
in Al xGa12xN, beginning with the pure end compounds.VN
in GaN induces a quasitriplet degenerate with the conduc
bands,2 consisting of a singletSand a doubletD split by the
hexagonal crystal field. Both in GaN and in the other ca
considered here, the doublet is higher in energy by about
eV. The singlet level lies about 0.8 eV above the bottom
the conduction band. The electron that should occupy
level autoionizes to the bottom of the conduction band an
trapped at a shallow effective-mass state. Thus,VN in GaN is
a donor. The electronic structure ofVN in AlN is different,
primarily due to the much wider band gap of AlN. The e
ergies of the vacancy-induced states relative to the top of
valence band are higher in AlN. However,S is located below
the bottom of the conduction band, andVN in AlN is a deep
donor. Finally, the vacancy-induced symmetrica1 (s-like!
state is degenerate with the valence band in GaN; in AlN i
deep state at about 0.4 eV above the top of the valence b
for the neutral vacancy.

The electronic structure ofVN in Al xGa12xN alloy de-
pends on two factors, namely the alloy composition and
actual variant of the nearest neighbor configuration. The r
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of both factors may be seen in Fig. 2, which shows the
cancy levels measured from the top of the valence ban
GaN, AlN, Al0.5Ga0.5N, and Al0.89Ga0.11N for the n50 and
n54 cases. We see that the energy of the Ga-termin
singlet (n54) is lower by about 0.6 eV than of the Al
terminated singlet (n50). In fact, the energies of bothSand
D of the n54 Ga terminated variant are quite close to th
respective values in pure GaN~where obviously all nitrogen
vacancies are Ga terminated!. The analogous result hold
also for the Al-terminatedn50 case, see Fig. 2. Therefor
the energy levels of a given variant are only weakly dep
dent on the alloy composition. However, whether a giv
variant is a shallow or a deep donor is determined by
composition. Forx50.5, for example, theS(n50) level is
degenerate with the conduction band, and this variant
resonant donor. On the other hand, theS(n54) is probably a
deep state in the band gap.17 Based on the total energy ca
culations, we expect the low-energyn54 Ga-terminated
variant to occur much more frequently than then50 one.
Therefore, the doping properties ofVN are determined by the
singlet level of this variant: From Fig. 2 it follows thatVN is
a shallow donor in AlxGa12xN for Al content lower than
about 50%, and is a deep donor for higher compositions.
the other hand, all variants ofVN are compensating donor
for the whole composition range. Finally, we note that t
position of theS state relative to the bottom of the condu
tion band can affect the total energy. This occurs for Al-ri
alloys withx>0.5, whenS is an occupied deep state. In th
case, the difference in total energy betweenn50 andn54
variants includes the change due to the occupation of
bound state. This effect explains the result that we h
pointed out in Sec. II, namely, that the total energy diffe
ence betweenn50 andn54 variants is higher by about 0.
eV for anx50.89 alloy than for anx50.5 alloy.

We now compare our results with the recent theoret
studies2,3,19–22of VN in pure end compounds.VN in GaN was
found to be a resonant donor in Refs. 2,3,19 and 21. In A
VN was found to be a deep donor in Refs. 20 and 21, with
singlet level at about 1 eV below the bottom of the cond
tion band, in agreement with the present results. In contr
Ref. 22 findsVN to be a shallow donor in AlN; the reason fo

FIG. 2. Energy levels ofVN in GaN, AlN, Al0.5Ga0.5N, and
Al0.89Ga0.11N for n50 Al-terminated ~circles! and n54 Ga-
terminated~squares! variants. The dashed line is the linear interp
lation of the theoretical band gap. The dotted lines are only gu
for the eye.
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this discrepancy is unclear. Considering the energy issue
note that in this work we are interested in the differen
between the energies ofn50 andn54 variants, which is
equal to the difference between the formation energies un
the N-rich conditions of growth, see Eq.~2!. Unfortunately, a
precise comparison of our results with these of Refs. 20
22 is not possible, since the published data are for cation-
conditions; the difference ofEf orm between these two limits
is equal to the heat of formation of GaN or AlN,23 but these
were not specified in the quoted papers. In order to enabl
approximate comparison, we thus use the experimental h
of formation: –1.7 and –4.3 eV for GaN and AlN, respe
tively. With these values our results differ by about 1 e
from those of Refs. 19–22, which may be due to the use
the experimental heats of formation in the comparison and
differences in supercell size,k-space sampling, etc.

IV. VACANCIES IN Si xGe12x ALLOYS

To assess the universal character of the above results
have extended this study to the SixGe12x alloy, where, unlike
in the highly ionic AlxGa12xN, the bonds are almost cova
lent. Again, there are five possible variants of a vacan
with n50,1, . . . ,4 Ge~or, 4,3, . . . ,0 Si) neighbors, re-
spectively. The total energies of these variants are displa
in Fig. 1 as squares, at the alloy composition ofx50.50. The
n50 Si-terminated vacancy has the highest energy, and
Ge-terminatedn54 configuration is lower in energy by 1.
eV than then50 variant. The increase of the number of G
neighbors of the vacancy by one lowers the total energy
about 0.25 eV, suggesting that the energy of a dangling b
of Ge is lower than that of Si by about 0.25 eV. The diffe
ence between the total energies of then50 andn54 vari-
ants in SixGe12x is thus smaller than in AlxGa12xN. How-
ever, the implications for the vacancy statistics in SiG
alloys are similar. Considering the Si-rich Si0.95Ge0.05 alloy
we find that as before,P(n50)/P(n54)51.33105, i.e.,
the Si-terminated sites should occur more frequently th
Ge-terminated sites by five orders of magnitude. Howev
the ratio of concentrations of the two corresponding varian
@n50#/@n54#, is 0.05 at a growth temperature of 520 °C
so that the Ge-terminated variant of the vacancy is domin
Finally, the vacancy-induced triplet level is located at abo
0.3 eV above the top of the valence band, and its positio
independent of the variant to within 0.05 eV.

The results obtained for AlxGa12xN and SixGe12x show
that the actual termination of the vacancy influences the t
energy much stronger than the eigenenergies of vaca
induced states. For example, the total energy difference
tween then50 andn54 variants ofVN in Al xGa12xN is 2.4
eV, while the respective difference between the eigenval
is four times less, 0.6 eV. This is due to the fact that t
change of the total charge density is very localized arou
point defects. For example, in the case of both the vacan24

and the self-interstitial25 in Si, which strongly perturb the
crystal by the removal or insertion of an atom, respective
the induced change in the electron density relative to
perfect crystal is very small at distances greater than
bond length. In contrast, wave functions of defect states
more delocalized, and thus are also sensitive to second
more distant coordination shells. The degree of localizat
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is greater in AlxGa12xN than in SixGe12x . Accordingly, in
the former case we find a spread in the eigenvalues of a
0.6 eV, i.e., a severe breakdown of the virtual crystal
proximation, while in SixGe12x this ‘‘alloy splitting’’ is
about 0.1 eV.

V. SUMMARY

In conclusion, we have studied the nitrogen vacancy
wurtzite AlxGa12xN random alloys by quantum molecula
dynamics, and found that its properties are extremely se
tive to the chemical identity of the four nearest cations.
particular, the variants terminated by four Ga and four
neighbors differ in the energy of formation by as much as
eV. The total energy decreases almost linearly with the nu
ber of Ga neighbors, which indicates that a dangling bond
Ga is lower in energy by 0.6–0.7 eV than that of Al. Due
this effect, even in a highly Al-rich AlxGa12xN alloy at ther-
mal equilibrium, practically all vacancies should exist in t
. J
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Ga-terminated configuration. The electronic structure a
depends strongly on the termination, leading to a sprea
the energies of vacancy-induced levels of about 0.6 eV.
general character of these results is confirmed by calculat
for the SixGe12x alloy. For this system the DB energies of S
and Ge differ by about 0.25 eV, for both the vacancies a
the ~001! surface. Based on the above results, we anticip
that local segregation occurs also in the vicinity of oth
defects involving dangling bonds, such as grain bounda
and dislocations. In particular, the local segregation p
dicted here for vacancies and the observed surface seg
tion have the same physical origin.26
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