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Influence of hydrostatic pressure on cation vacancies in GaN, AlN, and GaAs
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The effects of hydrostatic pressure on the formation energy and electronic level positions of cation vacancies
in GaN, AlN, and GaAs are examined by means ofab initio calculations using a supercell approach in
connection with the full-potential linear-muffin-tin-orbital method. Atomic relaxations are fully taken into
account. Substantial differences are revealed in the pressure behavior of the defect level positions and forma-
tion energies for the cation vacancies in the nitride compounds and in GaAs. Additionally, the arsenic antisite
in GaAs is examined, also exhibiting pressure response different from that of the vacancies. The pressure effect
is strong for the vacancy and the antisite in GaAs, but for similar defects in the III-V nitrides it is rather weak.
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I. INTRODUCTION

The electronic quality of a semiconductor is largely det
mined by the nature and number of its native defects. In
present paper we study the cation vacancies that are the
stable native defects of technological interest in some te
hedral semiconductors ofn type.1 The main goal of the pape
is to find the pressure and defect charge dependence o
formation energies of the studied defects. Proper underst
ing of the formation of defects allows for tuning the mater
properties by controlling the doping. The work was also m
tivated by the study performed by Bonapasta and Gianno2

on the Ga vacancy and As-antisite defects in GaAs and
GaAs. They showed that the formation of vacancies and
tisites is related to afine interplaybetween changes of lattic
constant, strain, and charges on the defect, and that in
case of GaAs or InGaAs their results have applications in
defect engineering, where doping characteristics are tuned
application of pressure. The present work examines whe
the strong effects of pressure and defect charge on forma
energies found for GaAs are also present in the III-V nitrid
The nitrides exhibit unique properties such as large b
gaps, strong bonds, and high thermal conductivity, rende
these compounds very interesting from the point of view
application. The ‘‘unusual’’ behavior of the nitrides have e
lier been mentioned in Refs. 3 and 4, and references g
therein. In the present work we compare the formation en
gies, the electronic energy levels, and the behavior un
pressure of the cation vacancies in GaAs, which is an
ample of a well-studied III-V compound semiconductor,
the same quantities in the nitrides AlN and GaN. To sh
more clearly which features are typical for Ga vacancies,
perform similar calculations for the arsenic antisite in GaA
which is a complementary defect to the cation vacancy. C
ion vacancies are deep acceptors while the As antisite
deep donor. Furthermore, both cation vacancies and As
site are favored by the presence of an excess of As ato
i.e., under As-rich growth conditions.

The analysis of the effects of hydrostatic pressure on
level positions and the formation energies of cation vac
0163-1829/2002/66~7!/075210~5!/$20.00 66 0752
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cies and the arsenic antisite, taking into account differ
charge states of the considered defects, is made byab initio
supercell calculations using the full-potential linear-muffi
tin-orbital ~LMTO! method. The effects of lattice relaxatio
near the defects and their influence on the defect level p
tions in the energy gap are also discussed. Although the m
features of cation vacancies~formation energies and energy
level positions! are similar in all three compounds, we fin
substantial differences when comparing the pressure
sponse of these defects in the nitride compounds on one h
and in GaAs on the other. This difference, however,
mainly due to the difference in rigidity of the GaAs an
nitride lattices.

In Sec. II, the calculational method is described, and
Sec. III results for the selected native defects are presen
Section IV contains a brief summary.

II. METHOD

To study the lattice relaxation effects in the neighborho
of defects, the full nonspherical shapes of potentials a
charge distributions are taken into account. We do this
combining the supercell approach with the full-potent
version5 of the linear-muffin-tin-orbital method.6 Calcula-
tions were performed using 32-atom supercells, and we h
used the LMTO basis sets including partial waves ofs, p,
and d character on each atomic site, giving a total of
LMTO orbitals per formula unit. Thek space integrations
used 512k points in the Brillouin zone and convergence te
were made with 1728k points. All ~nonoverlapping! muffin-
tin spheres are chosen to have the same size. As usua
open structures, empty spheres~muffin-tin spheres without
nuclear charge! were inserted in the interstitial regions t
improve the packing fraction.7 The local-density approxima
tion ~LDA ! ~Ref. 8! to the density-functional theory wa
used, and we applied the Perdew-Zunger9 parametrization of
the Ceperley-Alder exchange-correlation.10

The finite size of the supercell implies that the impur
states appear as bands of nonzero widths. We can esti
the impurity levels in the band gap as the center of gravity
©2002 The American Physical Society10-1
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the impurity band. This is determined by means of t
density-of-states~DOS! functions. The large number ofk
points is, in particular, necessary to obtain accurate D
functions. As an alternative method we used the total-ene
calculations to derive the defect levels as the Fermi ener
where the defect charges change by one unit. The de
calculations were performed for the cubic~zinc-blende!
phase for three compounds: GaAs, GaN, and AlN. The
nitride materials also exist in the hexagonal wurtzite str
ture. However, the zinc-blende and wurtzite structures
both tetrahedrally coordinated, which means that the nea
neighbor shells are equivalent in both cases. Therefore
believe that our results for the cubic phase also describe
situation quite well in the hexagonal phase. This is also s
ported by earlierab initio studies1,3 that show that the for-
mation energies and electronic structures of defects are
similar in the two phases, and the energy-level positio
were practically the same.

To check the stability of defects created under press
we calculated the formation energies for different values
the hydrostatic pressure. For clarity, we illustrate the met
for the case of GaN below, but it can be straightforward
applied to AlN by replacing Ga with Al, and to GaAs b
replacing N by As. The formation energy of a defect
charge stateq is defined as

Ef~q!5Etot~q!2Ehost1nGamGa1nNmN2ndmd2qme ,
~1!

whereEtot is the total energy of the defect supercell,Ehost is
the total energy of the host supercell, andnGa andnN are the
numbers of Ga and N atoms substituted by the defect,mGa
andmN being their chemical potentials. Similarly,nd andmd
are the number of defect atoms and their chemical poten
respectively. Finally,me corresponds to the electron chemic
potential, i.e., the Fermi-level position in the gap. Referen
4 contains a detailed description of the method, the res
for neutral defects in the nitrides, as well as the values u
for the chemical potentials. These were also used in
present work, and we assumed that the pressure depend
of the m values could be neglected. For example, the pr
sure variation ofmGa under N-rich conditions can be est
mated in the following way: WithmN5(1/2)E(N2) assumed
to be independent of pressure, the Ga chemical potentia

mGa~P!5E~GaN!2mN.
1

2

V

B
P21mGa~0!, ~2!

whereV522.78 Å3/f.u. is the specific volume andB5200
GPa is the bulk modulus.3 At a pressureP510 GPa, this
givesmGa(P)2mGa(0).0.035 eV.

III. RESULTS

In Table I, the change in defect geometry with char
state and with hydrostatic pressure is reported for the ca
vacancies in the three compounds studied. Additionally,
arsenic antisite in GaAs is considered and compared with
vacancies. In all cases, a symmetric outward or inward
laxation around the defect atom is found. The displacem
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of the nearest-neighbor atoms of the defect with respec
the unrelaxed positions is given as a percentage of the i
bond length. Positive values represent displacement a
from the defect center. In parentheses are given values o
displacements obtained for a compression corresponding
hydrostatic pressure of 10 GPa.

The Ga vacancy in GaAs introduces a void in the latti
which causes the nearest-neighbor As atoms to displaceto-
wards the vacancy. In contrast, for the cation vacancies
AlN and GaN, just the opposite behavior is observed:
nearest-neighbor N atoms moveaway fromthe defect. This
reflects that the nitrides have ‘‘small atoms and stro
bonds.’’ In addition, the dependence of the lattice relaxat
on the charge state of the defect is different~stronger! for
GaAs than for the nitrides. The displacements of the ato
under hydrostatic pressure are systematically smaller tha
zero pressure. Again, in the case of the cation vacanc
GaAs, the dependence of the lattice relaxation on pres
seems to be more pronounced.

For the As antisite in GaAs being rather small, outwa
displacements of the neighboring atoms are observed, ca
by the antibonding interactions of the antisite with the neig
boring As atoms.11 No dependence on pressure is found.

Due to the band-gap underestimation in density-functio
theory or LDA calculations the experimental band-gap v
ues were used in the analysis of ionization levels and form
tion energy~to extend the range of the chemical potentia!.
The experimental band-gap value for GaAs is 1.5 eV and
zinc-blende GaN about 3.3 eV. However, for zinc-blen
AlN the gap is indirect, and the experimental value is n
well established. Therefore we used an approximate valu
5 eV based onGW calculations.12

In Fig. 1 the defect-induced Kohn-Sham levels are sho
schematically for the cation vacancies in AlN, GaN, a
GaAs, and for the As antisite in GaAs. The energies
obtained from the DOS functions as the centers of gravity
the impurity bands. The energies are given in eV above
valence-band maximum~VBM !. Their pressure coefficient
are given in units of meV/GPa in parentheses. In all th
compounds theVcat creates a set of states in the lower part
the band gap; the neutral state is occupied by three elect

TABLE I. Defect geometries as a function of charge state
cation vacancies in AlN, GaN, and GaAs, and for the As antisite
GaAs. Displacements of the nearest-neighbor atoms are expre
as a percentage of the ideal bulk bond length. Positive values
resent displacements away from the defect center and negative
ues towards it. In parentheses are given the values of displacem
for a hydrostatic pressure equal to 10 GPa.

Charge AlN GaN GaAs GaAs
state VAl VGa VGa AGa

23 9 ~7! 6 ~4! 28 (210)
22 10 ~7.5! 7 ~4! 26 (29)
21 10.5~8! 8 ~5! 24 (28)

0 10.5~8! 8.2 ~6.7! 23 (27) 4 ~4!

1 3 ~3!

2 2 ~2!
0-2
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and the higher, negatively charged states are filled with u
three more electrons.Vcat , being a triple acceptor and lyin
low in the band gap, is made up of states that have vale
band character. We therefore expect that the correction
the LDA band gap will not significantly affect the position
of these levels.

For the substitutional arsenic antisite in GaAs, the imp
rity level in the gap for the neutral charge state is dou
occupied. It lies'0.5 eV above the VBM. The positively
charged states (As1 and As21) lie slightly below.

The properties of vacancies in GaAs and the nitrides
fer mainly with respect to their pressure dependence. In A
and GaN, all the pressure coefficients of the energy levels
small and negative without special dependence on the l
position/charge state. In contrast, in GaAs the pressure c
ficients of the cation vacancy states are positive and it
pears to be a rule that for states lying higher in the gap
pressure coefficients also have higher values. The ene
level positions for the As antisite and Ga vacancy in Ga
are very similar, but the pressure coefficients for the anti
levels are larger. The charge dependence follows the
mentioned above.

Figures 2–5 show the calculated defect formation en
gies of the cation vacancies and the As antisite defect ass
ing the most favorable growth conditions for these defe
i.e., the anion-rich limit. The formation energies are plott
as a function of the Fermi energy, for two values of t
hydrostatic pressure,P50 and 10 GPA. The changes i
slope of the lines represent changes in the charge state o
defect, while the corresponding transition levels are mar
with vertical lines. The differences between these energy
els and those of Fig. 1 are mainly due to the uncertainty
location of the level in the density of impurity states~as used
for the data in Fig. 1!. Pronounced differences are partic

FIG. 1. Schematic representation of the defect-induced e
tronic states in zinc blende AlN, GaN, and GaAs. Energies~in eV!
of the levels above the VBM were obtained from the centers
gravity of the impurity density-of-states functions. The numbers
parantheses are the calculated pressure coefficients~in meV/GPa!
for the level energies. Filled and open circles denote electrons
holes, respectively.
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larly seen for GaAs. The width of the impurity band for G
vacancy in GaAs is about 0.7 eV. To check how our resu
depend on the size of the supercell we performed the ca
lations for a 64-atom cell for two cases: GaAs :V(Ga) in the
neutral and in the (21) charge state. Comparing with th
results obtained for a 32-atom cell, we found in the case
the 64-atom cell an upward shift of theV(Ga) defect level
positions in both charge states of up to 0.1 eV as calcula
from DOS, and a positive shift of the (21/0) transition level
as calculated from the total energies of about 0.03 eV o
This leads to a better agreement between the two kind
calculations ~DOS and ‘‘total energy’’!. The calculations
were performed with 216k point in the BZ. Using only 64k
points the (21/0) transition level was found to lie
'0.07 eV higher. Thus, in this case the number ofk points

c-

f

nd

FIG. 2. Formation energies as a function of the Fermi level
the Al vacancy in AlN under nitrogen-rich condition for two value
of the hydrostatic pressure, 0 and 10 GPa.EF50 corresponds to the
valence-band maximum. The vertical lines represent transition
els, i.e., Fermi energies where the defect charge changes by
unit.

FIG. 3. Same as Fig. 2, but for the Ga vacancy in GaN un
nitrogen-rich conditions.
0-3
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is more crucial than the size of supercell. Summarizing
follows that the total-energy calculations provide a more
curate~and less cell-size dependent! way of extracting the
transition levels than the method where they are obtai
from the DOS. Also, a 32-atom cell seems to be large eno
to give reasonable positions of the transition levels. The v
ues obtained for theVGa

23 ~0.5 eV and 0.78 eV! and for the
AGa

0 ~0.45 eV and 0.66 eV! by the two described methods
DOS and total energy, are similar to the values reported
the literature ~from 0.57 eV up to 0.7 eV for the
vacancy,13–15 and from 0.40 eV up to 0.81 eV for th
antisite11,16–19!. The low value of 0.40 eV in Ref. 19 for th
neutral state of As antisite was obtained by the DOS meth

The states of neutral defects in Figs. 2–5 are represe
by horizontal lines. With this choice, the correspondi
(11/0) energy level is assigned the value of 0 eV~the
VBM !.

FIG. 4. Same as Fig. 3, but for the Ga vacancy in GaAs un
arsenic-rich conditions.

FIG. 5. Same as Fig. 4, but for the AsGa antisite in GaAs under
arsenic-rich conditions.
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Comparing Figs 2–5 we observe the following:
~1! In n-type materials of all three compounds, where t

Fermi level is positioned high in the band gap, the trip
negatively charged cation vacancy has a low formation
ergy, in particular for AlN and GaAs. The behavior of the A
vacancy in AlN is very similar to that of the Ga vacancy
GaN, but due to the larger band gap of AlN, the formati
energy ofVAl

23 becomes significantly lower than that ofVGa
23

for high values of the Fermi level.
~2! The formation energy decreases with pressure for

the cation vacancies considered. Quantitative differences
seen in the values of the pressure coefficient and in its
pendence on the charge state of the defect. In AlN the
pendence on pressure is very weak, while it is somew
stronger in GaN. In both compounds the pressure effect
different charge states behaves the same way. The pres
coefficients of the formation energies are very small~close to
zero in AlN! for the neutral charge state, but increase w
the charge of the defect. ForVGa

23 , it is 220 meV/GPa. In
GaAs, the dependence of the formation energy of the
vacancy on pressure is much stronger than in the nitri
~reaching290 meV/GPa) but with only small dependen
on the defect charge.

~3! The formation energy under pressure increases for
As antisite in GaAs. The absolute value of the pressure
efficient is about 60 meV/GPa for the neutral charge sta
which is smaller than that of the Ga vacancy in GaAs, b
still large. The characteristic feature is that the pressure
fects are smaller when the As antisite is positively charg
~about 40 meV/GPa!.

~4! The pressure dependence of the formation energie
the As antisite in GaAs is similar to the results obtained
Ref. 2~75 meV/GPa and 35 meV/GPa for the neutral and
charged states, respectively! while we have obtained a muc
stronger pressure dependence for the formation energy o
Ga vacancy ~our values of 270 meV/GPa up to
285 meV/GPa, depending on charge state, in compar
with 215 meV/GPa and250 meV/GPa for neutral and
23 charge states, respectively, as obtained by Bonapasta
Giannozzi2!. It follows from the present calculations tha
contrary to the conclusion in Ref. 2 it is feasible to contr
the formation of vacancies in GaAs because quite small
mation energies may be achieved for these defects u
hydrostatic pressure~see Fig. 4!.

IV. SUMMARY

We have studied the influence of hydrostatic pressure
the formation energies and energy levels of cation vacan
in AlN, GaN, and GaAs as well as the As antisite in GaA
We have found much stronger dependence of the forma
energies and level positions of these defects on pressu
the case of GaAs than in the nitrides, where these dep
dences are rather weak and seem to be of little practical
from the application point of view. However, one has to ke
in mind that the bulk modulus of AlN and GaN~about 200
GPa! is almost three times the value for GaAs~72 GPa!. It
means that if we instead compare the volume dependenc
the formation energy of the cation vacancy in GaAs and

r

0-4
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the nitrides, we still find that it is larger in GaAs, but th
difference is less pronounced.

Contrary to the cation vacancies, the As antisite in Ga
exhibits positive dependence of the formation energy
pressure. Consequently, this defect may be favored by
external tensile strain, a situation that may occur in Ga
thin layers that are lattice matched to an InGaAs substr
The present work confirms the conclusion of Ref. 2 that
un

07521
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plication of strain may allowdefect engineeringin the case
of GaAs, whereas such methods seem less feasible for
III-V nitrides.
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