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Influence of hydrostatic pressure on cation vacancies in GaN, AIN, and GaAs
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The effects of hydrostatic pressure on the formation energy and electronic level positions of cation vacancies
in GaN, AIN, and GaAs are examined by meansadf 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 IlI-V nitrides it is rather weak.
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[. INTRODUCTION cies and the arsenic antisite, taking into account different
charge states of the considered defects, is madabhipitio
The electronic quality of a semiconductor is largely deter-supercell calculations using the full-potential linear-muffin-
mined by the nature and number of its native defects. In th&n-orbital (LMTO) method. The effects of lattice relaxation
present paper we Study the cation vacancies that are the md;gar the defects and their inﬂuenlce on the defect level pOS.i-
stable native defects of technological interest in some tetraions in the energy gap are also discussed. Although the main
hedral semiconductors oftype® The main goal of the paper features of cation vacanci¢iormation energies and energy-
is to find the pressure and defect charge dependence of thevel positions are similar in all three compounds, we find
formation energies of the studied defects. Proper understangUbstantial differences when comparing the pressure re-
ing of the formation of defects allows for tuning the material SPonse of these defects in the nitride compounds on one hand
properties by controlling the doping. The work was also mo-2nd in GaAs on the other. This difference, however, is
tivated by the study performed by Bonapasta and Gianfozzimainly due to the difference in rigidity of the GaAs and
on the Ga vacancy and As-antisite defects in GaAs and InPitride lattices. _ _ _ _
GaAs. They showed that the formation of vacancies and an- In Sec. Il, the calculational method is described, and in
tisites is related to fine interplaybetween changes of lattice Sec._ Il results fqr the sglected native defects are presented.
constant, strain, and charges on the defect, and that in the€ction IV contains a brief summary.
case of GaAs or InGaAs their results have applications in the
defect engineeringvhere doping characteristics are tuned by Il. METHOD
application of pressure. The present work examines whether '
the strong effects of pressure and defect charge on formation To study the lattice relaxation effects in the neighborhood
energies found for GaAs are also present in the IlI-V nitridesof defects, the full nonspherical shapes of potentials and
The nitrides exhibit unique properties such as large bandharge distributions are taken into account. We do this by
gaps, strong bonds, and high thermal conductivity, renderingombining the supercell approach with the full-potential
these compounds very interesting from the point of view ofversiort of the linear-muffin-tin-orbital methof.Calcula-
application. The “unusual” behavior of the nitrides have ear-tions were performed using 32-atom supercells, and we have
lier been mentioned in Refs. 3 and 4, and references giveansed the LMTO basis sets including partial wavessop,
therein. In the present work we compare the formation enerand d character on each atomic site, giving a total of 44
gies, the electronic energy levels, and the behavior unddtMTO orbitals per formula unit. Thé& space integrations
pressure of the cation vacancies in GaAs, which is an exused 51X points in the Brillouin zone and convergence tests
ample of a well-studied 1lI-V compound semiconductor, towere made with 1728 points. All (nonoverlappingmuffin-
the same quantities in the nitrides AIN and GaN. To showtin spheres are chosen to have the same size. As usual, in
more clearly which features are typical for Ga vacancies, wepen structures, empty sphergsuffin-tin spheres without
perform similar calculations for the arsenic antisite in GaAs,nuclear chargewere inserted in the interstitial regions to
which is a complementary defect to the cation vacancy. Catimprove the packing fractiohThe local-density approxima-
ion vacancies are deep acceptors while the As antisite is ion (LDA) (Ref. 8 to the density-functional theory was
deep donor. Furthermore, both cation vacancies and As antirsed, and we applied the Perdew-Zurigerametrization of
site are favored by the presence of an excess of As atomthe Ceperley-Alder exchange-correlation.
i.e., under As-rich growth conditions. The finite size of the supercell implies that the impurity
The analysis of the effects of hydrostatic pressure on thatates appear as bands of nonzero widths. We can estimate
level positions and the formation energies of cation vacanthe impurity levels in the band gap as the center of gravity of
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the impurity band. This is determined by means of the TABLE I. Defect geometries as a function of charge state for
density-of-state§DOY) functions. The large number & cation vacancies in AIN, GaN, and GaAs, and for the As antisite in
points is, in particular, necessary to obtain accurate DO$aAs. Displacements of the nearest-neighbor atoms are expressed
functions. As an alternative method we used the total-energs @ percentage of the ideal bulk bond length. Positive values rep-
calculations to derive the defect levels as the Fermi energig§sent displacements away from the defect center and negative val-
where the defect charges change by one unit. The defeties towards |t._In parentheses are given the values of displacements
calculations were performed for the cubizinc-blendg ~ for @ hydrostatic pressure equal to 10 GPa.

phase for three compounds: GaAs, GaN, and AIN. The two
nitride materials also exist in the hexagonal wurtzite struc-

Charge AIN GaN GaAs GaAs

ture. However, the zinc-blende and wurtzite structures are St Vai Vea Vea Aca
both tetrahedrally coordinated, which means that the nearest- _3 9(7) 6 (4) —8 (—10)
neighbor shells are equivalent in both cases. Therefore, we _; 10(7.5 7 (4) —6 (—9)
believe that our results for the cubic phase also describe the _ 10.5(8) 8 (5) —4 (-8)
situation quite _weII in _the hexggogal phase. This is also sup- 10.5(8) 8.2(6.7) ~3(=7) 4(4)
ported by earliemb initio studies that show that the for- 3(3)
mation energies and electronic structures of defects are very 2(2)

similar in the two phases, and the energy-level positions
were practically the same.

To check the stability of defects created under pressuréy the nearest-neighbor atoms of the defect with respect to
we calculated the formation energies for different values ofne ynrelaxed positions is given as a percentage of the ideal
the hydrostatic pressure. For clar_|ty, we |IlustraFe the methogy g length. Positive values represent displacement away
for the case of GaN below, but it can be straightforwardly,om the defect center. In parentheses are given values of the

applied to AIN by replacing Ga with Al, and to GaAs by gisplacements obtained for a compression corresponding to a
replacing N by As. The formation energy of a defect in hydrostatic pressure of 10 GPa.

charge state is defined as The Ga vacancy in GaAs introduces a void in the lattice,
Ef g =E _E. 4 N _ _ which causes the nearest-neighbor As atoms to dispitace
(9)=Etor(q) ~ Enostt Neartca™ NN~ Nukt q'“e’(l) wards the vacancy. In contrast, for the cation vacancies in

AIN and GaN, just the opposite behavior is observed: the
whereE,,, is the total energy of the defect supercl,;is nearest-neighbor N atoms mowgvay fromthe defect. This

the total energy of the host supercell, ang, andny are the  reflects that the nitrides have “small atoms and strong
numbers of Ga and N atoms substituted by the defegt,  bonds.” In addition, the dependence of the lattice relaxation
anduy being their chemical potentials. Similarlyy anduy 0N the charge state of the defect is differéstrongey for

are the number of defect atoms and their chemical potentiaGaAs than for the nitrides. The displacements of the atoms
respectively. Finallyu, corresponds to the electron chemical under hydrostatic pressure are systematically smaller than at
potential, i.e., the Fermi-level position in the gap. Reference&€ro pressure. Again, in the case of the cation vacancy in
4 contains a detailed description of the method, the result&aAs, the dependence of the lattice relaxation on pressure
for neutral defects in the nitrides, as well as the values use8éems to be more pronounced.

for the chemical potentials. These were also used in the For the As antisite in GaAs being rather small, outward
present work, and we assumed that the pressure dependeriigplacements of the neighboring atoms are observed, caused
of the » values could be neglected. For example, the presby the antibonding interactions of the antisite with the neigh-
sure variation ofua, under N-rich conditions can be esti- boring As atoms! No dependence on pressure is found.
mated in the following way: Withuy = (1/2)E(N,) assumed Due to the band-gap underestimation in density-functional

to be independent of pressure, the Ga chemical potential igheory or LDA calculations the experimental band-gap val-
ues were used in the analysis of ionization levels and forma-

1V tion energy(to extend the range of the chemical potential
red P)=E(GaN —un=5 5 P?+ uc40), (2 The experimental band-gap value for GaAs is 1.5 eV and for
zinc-blende GaN about 3.3 eV. However, for zinc-blende
whereV=22.78 A&/f.u. is the specific volume anB=200 AIN the gap is indirect, and the experimental value is not
GPa is the bulk moduluSAt a pressureP=10 GPa, this well established. Therefore we used an approximate value of

gives ugA P) — ugi0)=0.035 eV. 5 eV based orGW calculations:?
In Fig. 1 the defect-induced Kohn-Sham levels are shown
IIl. RESULTS schematically for the cation vacancies in AIN, GaN, and

GaAs, and for the As antisite in GaAs. The energies are
In Table |, the change in defect geometry with chargeobtained from the DOS functions as the centers of gravity of
state and with hydrostatic pressure is reported for the catiothe impurity bands. The energies are given in eV above the
vacancies in the three compounds studied. Additionally, thealence-band maximurvVBM). Their pressure coefficients
arsenic antisite in GaAs is considered and compared with thare given in units of meV/GPa in parentheses. In all three
vacancies. In all cases, a symmetric outward or inward reeompounds th¥/ ., creates a set of states in the lower part of
laxation around the defect atom is found. The displacementhe band gap; the neutral state is occupied by three electrons
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FIG. 1. Schematic representation of the defect-induced elec- F!G- 2. Formation energies as a function of the Fermi level for
tronic states in zinc blende AIN, GaN, and GaAs. EnergieV) the Al vacancy in AIN under nitrogen-rich condition for two values
of the levels above the VBM were obtained from the centers of°f the hydrostatic pressure, 0 and 10 GBa=0 corresponds to the
gravity of the impurity density-of-states functions. The numbers inValénce-band maximum. The vertical lines represent transition lev-
parantheses are the calculated pressure coefficigntaeV/GPa els_, i.e., Fermi energies where the defect charge changes by one
for the level energies. Filled and open circles denote electrons andt
holes, respectively. . . .

larly seen for GaAs. The width of the impurity band for Ga

and the higher, negatively charged states are filled with up t§2cancy in GaAs is about 0.7 eV. To check how our results
three more electrond/.,;, being a triple acceptor and lying depend on the size of the supercell we performed .the calcu-
low in the band gap, is made up of states that have valencéations for a 64-atom cell for two cases: GaA¢(Ga) in the
band character. We therefore expect that the corrections fseutral and in the £1) charge state. Comparing with the
the LDA band gap will not significantly affect the positions results obtained for a 32-atom pell, we found in the case of
of these levels. the 64-atom cell an upward shift of th&Ga) defect level

For the substitutional arsenic antisite in GaAs, the impu0sitions in both charge states of up to 0.1 eV as calculated
rity level in the gap for the neutral charge state is doublyfrom DOS, and a positive shift of tr_\e{l/O) transition level
occupied. It lies~0.5 eV above the VBM. The positively as.calculated from the total energies of about 0.03 ev only.
charged states (Asand A2") lie slightly below. This Iea}ds to a better agreement between the two I_<|nds of

The properties of vacancies in GaAs and the nitrides difc@lculations (DOS and “total energyj. The calculations
fer mainly with respect to their pressure dependence. In AINVEre performed with 21& point in the BZ. Using only 64
and GaN, all the pressure coefficients of the energy levels afints the (-1/0) transition level was found to lie
small and negative without special dependence on the levér 0-07 eV higher. Thus, in this case the numbek oints
position/charge state. In contrast, in GaAs the pressure coef- ,
ficients of the cation vacancy states are positive and it ap- B
pears to be a rule that for states lying higher in the gap the ]
pressure coefficients also have higher values. The energy
level positions for the As antisite and Ga vacancy in GaAs _
are very similar, but the pressure coefficients for the antisiteg;
levels are larger. The charge dependence follows the ruleg
mentioned above.

Figures 2—5 show the calculated defect formation ener-o
gies of the cation vacancies and the As antisite defect assuns
ing the most favorable growth conditions for these defects,g 5]
i.e., the anion-rich limit. The formation energies are plotted 5
as a function of the Fermi energy, for two values of the
hydrostatic pressureP=0 and 10 GPA. The changes in
slope of the lines represent changes in the charge state of tr
defect, while the corresponding transition levels are marked oo o5 10 15 20 25 30
with vertical lines. The differences between these energy lev-
els and those of Fig. 1 are mainly due to the uncertainty in
location of the level in the density of impurity states used FIG. 3. Same as Fig. 2, but for the Ga vacancy in GaN under
for the data in Fig. 1 Pronounced differences are particu- nitrogen-rich conditions.

ner

Fermi energy (eV)
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T Comparing Figs 2—5 we observe the following:
1 GaA 1 (1) In n-type materials of all three compounds, where the
44 ans 7 Fermi level is positioned high in the band gap, the triply
1 negatively charged cation vacancy has a low formation en-
ergy, in particular for AIN and GaAs. The behavior of the Al
vacancy in AIN is very similar to that of the Ga vacancy in
GaN, but due to the larger band gap of AIN, the formation
energy ofV, 2 becomes significantly lower than that 6§ 2
for high values of the Fermi level.
(2) The formation energy decreases with pressure for all

P-0 the cation vacancies considered. Quantitative differences are

B ] seen in the values of the pressure coefficient and in its de-
pendence on the charge state of the defect. In AIN the de-

039 0.52

Formation energy (eV)

P=10 GPa pendence on pressure is very weak, while it is somewhat
'20_0 R stronger in GaN. In both compounds the pressure effect for
. different charge states behaves the same way. The pressure
Fermi energy (eV)

coefficients of the formation energies are very sn@bse to
FIG. 4. Same as Fig. 3, but for the Ga vacancy in GaAs undef€ro in AIN) for the neutral charge state, but increase with
arsenic-rich conditions. the charge of the defect. Faf;2, it is —20 meV/GPa. In
GaAs, the dependence of the formation energy of the Ga

. . . - .vacancy on pressure is much stronger than in the nitrides
is more crucial than the size of supercell. Summarizing, it Y P 9

follows that the total-energy calculations provide a more ac_(reachlng—go meV/GPa) but with only small dependence

curate(and less cell-size dependgntay of extracting the on the defect charge.

to give reasonable positions of the transition levels. The valyhich is smaller than that of the Ga vacancy in GaAs, but
ues obtained for th¥/g3 (0.5 eV and 0.78 eVand for the  still large. The characteristic feature is that the pressure ef-
A2, (0.45 eV and 0.66 eVby the two described methods, fects are smaller when the As antisite is positively charged
DOS and total energy, are similar to the values reported ifabout 40 meV/GPa
the literature (from 0.57 eV up to 0.7 eV for the (4) The pressure dependence of the formation energies of
vacancy>~*® and from 0.40 eV up to 0.81 eV for the the As antisite in GaAs is similar to the results obtained in
antisitd>*®19. The low value of 0.40 eV in Ref. 19 for the Ref. 2(75 meV/GPa and 35 meV/GPa for the neutral and the
neutral state of As antisite was obtained by the DOS methoctharged states, respectiveiyhile we have obtained a much
The states of neutral defects in Figs. 2—5 are representedronger pressure dependence for the formation energy of the
by horizontal lines. With this choice, the correspondingGa vacancy (our values of —70 meV/GPa up to
(+1/0) energy level is assigned the value of 0 éte 385 mMeV/GPa, depending on charge state, in comparison
VBM). with —15 meV/GPa and-50 meV/GPa for neutral and
— 3 charge states, respectively, as obtained by Bonapasta and
GiannozZf). It follows from the present calculations that
L contrary to the conclusion in Ref. 2 it is feasible to control
1 @ ] the formation of vacancies in GaAs because quite small for-
4 aAs . . :
mation energies may be achieved for these defects under
hydrostatic pressurésee Fig. 4.

I P=10 GPa

7 IV. SUMMARY

P=0 ] We have studied the influence of hydrostatic pressure on
the formation energies and energy levels of cation vacancies
in AIN, GaN, and GaAs as well as the As antisite in GaAs.
We have found much stronger dependence of the formation
energies and level positions of these defects on pressure in
the case of GaAs than in the nitrides, where these depen-
» | | dences are rather weak and seem to be of little practical use
00 o5 10 15 from the application point of view. However, one has to keep
Fermi energy (eV) in mind that the bulk modulus of AIN and Gafdibout 200
GP3q is almost three times the value for Gaf& GPa. It
FIG. 5. Same as Fig. 4, but for the &santisite in GaAs under means that if we instead compare the volume dependence of
arsenic-rich conditions. the formation energy of the cation vacancy in GaAs and in

Formation energy (eV)
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the nitrides, we still find that it is larger in GaAs, but the plication of strain may allowdefect engineeringn the case

difference is less pronounced. of GaAs, whereas such methods seem less feasible for the
Contrary to the cation vacancies, the As antisite in GaAdll-V nitrides.

exhibits positive dependence of the formation energy on

pressure. Consequently, this defect may be favored by an ACKNOWLEDGMENTS
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