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PHYSICAL REVIEW B VOLUME 54, NUMBER 23 15 DECEMBER 1996-I

Ab initio study of oxygen point defects in GaAs, GaN, and AIN

T. Mattila* and R. M. Niemineh
Laboratory of Physics, Helsinki University of Technology, 02150 Espoo, Finland
(Received 15 July 1996

We have studied oxygen point defects with the plane-wave pseudopotential method in GaAs, GaN, and AIN.
The calculations demonstrate a qualitatively different behavior of oxygen impurities in these mateggais. O
GaAs acts as a deep center with an off-center displacement and negative-U behavior, in agreement with the
experimental data. Qin GaN is found to be a shallow donor with a low formation energy, and is suggested to
act as a partial source for the unintentionalype conductivity commonly observed in GaN. O in AIN is also
found to easily substitute for N, which is consistent with the experimentally observed large oxygen concen-
trations in AIN. However, Q in AIN is shown to be a deep center due to the wide band gap, in contrast with
Oy in GaN. Our calculations thus predict that isolated oxygen actsz¥-#ype center in AlGa, _,N alloys.

Results for other oxygen point defect configurations and for the dominant native defects are also presented.
[S0163-182696)01047-9

I. INTRODUCTION provides a realistic description of the oxygen behavior. This
being established, we proceed to study oxygen in GaN and
Oxygen is a common impurity in many semiconductor AIN. Our calculations demonstrate clearly that oxygen be-
materials and has provided a longstanding challenge for inhaves as a shallow donor in GaN, which is qualitatively dif-
vestigators in trying to capture the relevant details of its verferent from the oxygen behavior in GaAs. This difference
satile role. The extent of the oxygen incorporation depend§an be largely explained in simple terms concerning basic
strongly on the growth method and the material in questionphysical properties such as the small difference between the
Czhochralski-grown GaAs is generally known to containionic radius of O and N compared with the case between O
10'° 1/cn? oxygen! The degree of oxygen content in GaN and As. The same argument can be applied to the behavior of
is not yet well documented, but recent secondary ion-mas@ in AN, but in this case the very wide band gap is shown
spectroscopy(SIMS) measurements indicate that GaN canto induce a deep-center character of the substitutional oxy-
contain oxygen at least in the range!®@10” 1/cnf.? Fi-  gen. More importantly, a comparison of results in GaN and
nally, AIN seems to present an extreme case in this respechIN reveals that oxygen should act as[@X center in
because of the possibility of several percent oxygerlxGa —xN alloys.
incorporatior® The formation energy analysis shows that oxygen should
The theoretical modeling of oxygen in semiconductor ma-be easily incorporated in both GaN and AIN into the substi-
terials has remained a challenge for the computational fieldutional position. In additionVg,’~ in GaN andV,®~ in
This is due to the chemical character of oxydery., bond- AIN are found to be energetically very favorable defects,
ing properties, large electronegativityhich is difficult to ~ suggesting that positively charged substitutional oxygen can
describe truthfully with conventional empirical or semi- bind to these negatively charged vacancies, as proposed ear-
empirical methodsAb initio studies have been rare due to lier for AIN.?
the sharp character of the oxygen electronic wave functions,
which are computationally costly to expand properly_, espe- II. METHODS
cially with the plane-wave basis. However, continuous
progress in the computer capacity as well as development in Our calculations are performed using the plane-wave
computational metho8save recently enabled the modeling pseudopotential method. The Kohn-Sham equations, based
of oxygen with realistic first-principles simulations. on density-functional theory(DFT), are solved self-
Whereas literature foab initio studies of O in GaAs re- consistently using the local-density approximatibBA ) for
mains rather limited, the experimental characterization othe exchange-correlation terfirifor Ga, As, and Al, we use
oxygen in GaAs is well established. For instance, local vi-standard norm-conserving pseudopoterftiafish the nonlin-
brational mode(LVM ) measurement$ have given unam- ear core valence exchange-correlation schefflee s com-
biguous information even about the local atomic structure oponent is used as the local one for the Ga, As, and Al
oxygen point defects in GaAs. Similar studies have not beepseudopotentials. Also using these pseudopotentials for N
reported, to the best of our knowledge, for oxygen in GaN orand O would necessitate a huge number of plane waves in
AIN. properly converged calculations. The reason for this is the
Our aim in this paper is to study the atomic and electronicsharp character of the nitrogen and oxygem @ectronic
structures of oxygen point defects in a systematic way withwave functions. Therefore, we employ Vanderbilt-type non-
ab initio simulations in three 11I-V compounds: GaAs, GaN, norm-conserving pseudopotentfafer N and O. We expand
and AIN. We start with Q; and Q in GaAs, and use the our plane-wave basis up to a 25-Ry kinetic-energy cutoff.
extensive experimental data to verify that our method indeedests indicate that our results are very well converged with

0163-1829/96/53)/166767)/$10.00 54 16 676 © 1996 The American Physical Society



54 AB INITIO STUDY OF OXYGEN POINT DEFECTS IN ... 16 677

this basis set. This clearly demonstrates the advantages of 21t 3po= Ga0;- ®)
using the Vanderbilt pseudopotentials for the first-row ele-

ments; usually with the norm-conserving pseudopotentials a We present all our results in Ga-rigil-rich for AIN)
comparable convergence can be achieved only with at leastgdnditions, which are typical of the growth of the two ni-
60-Ry basis. For the electronic structure minimization Wetrides. Thus we fixug, (s in the case of AIN to the
employ damped second-order dynarfammbined with the  calculated elemental value, and derivg (ua in the case of
Williams-Solet! algorithm. GaAs and u from Egs.(2) and (3).

For the defect calculations we used 32-atom supercells, The electron chemical potentiahe Fermi-level position
which are found to give a good convergence with respect tgn the gap affects the formation energy for the charged de-
the system size provided that a profepoint set is used in  fects. This effect becomes extremely important in the case of
the calculations®*?In our case, a X 2x 2 k-point mesh®  wide-band-gap materials, such as GaN and AIN. We use the
is found adequate. When calculating the elemental bulk enexperimental band-gap values in calculating the formation
ergies(see below, proper speciak-point sets are also used energies and ionization level® because of the well-known
in each case. Full atomic relaxations without symmetry contendency for gap underestimation in DFT/LDA calculations.
straints are allowed. The defect calculations are performed ifhe experimental band-gap value for GaAs is 1.5%&¥or
the cubic(zinc-blendg phase for all three compounds: GaAs, zinc-blende GaN the experimental gap is about 3.3°%V.
GaN, and AIN. The two nitride materials also exist in the However, for zinc-blende AIN the gap is indirect, and the
hexagonal wurtzite structur@ However, the zinc-blende and experimental value is not well established. Therefore we use
wurtzite structures are both tedrahedrally coordinated, whiclin  approximate value of 5.0 eV based o6W
means that the nearest-neighbor shells are equivalent in bogalculationé®?”. We emphasize that we use the band-gap
cases. Therefore, we believe that our results for O in thgalues reported for zinc-blende structures for consistency,
cubic phase also describe the situation well in the hexagonaind that if the experimental gap values for the wurtzite phase
case. This is further corroborated by earliab initio [w-GaN 3.4 eV andv-AIN 6.2 eV (Ref. 25] were used in
studies;>*"which show that, e.g., the formation energies andour defect charging analysis, the results would remain essen-
electronic structures for native point defects are very similatjally unaltered.
in both cases. Due to the finite size of the supercell, the spurious defect-

The defect formation energies and ionization levels wergjefect interactions shift the reference effective potential
estimated using the conventional meti8d”For clarity, be-  |evel. This fact has been accounted for by comparing the
low we illustrate the method only in the case of GaN, but theaverage potential at the atom site farthest from the defect
analysis can be simply applied for GaAs by replacing N bycenter with the corresponding site in the bulk
As, and similarly for AIN by replacing Ga with Al. The calculation?!'°??The difference in the two average potential
formation energy of a defect in charge stgtés defined as  values is then taken into account in the formation energy

analysis.

E+(d) =Eo(d) —Ngatca— "nN—Noso— A(He T E,),

1) IIl. RESULTS AND DISCUSSION

where E,; is the total energy of the defect supercell. A. Oxygen in GaAs
Nean,0denotes the number of each atom type involved in the Oxygen in GaAs is experimentally known to exist in sev-

calculation, antuca,n oS the atomic chemical potential for a1 noint defect configuratiorfisMost experimental interest
each speciesu corresponds to the electron chemical poten-,55 heen directed toward O substituting for As,{Oand
tial (the Fermi-level position in the gap reIatn{e to the va- isolated O interstitials ((.5¢ LVM experiments have
lence bany '.Ev denot_es the valence—band maximum. clearly revealed that Q can exist in three charge states, of
The atomic Che”.“ca' potentials of_the major constituent nicy the middle one is not stable. The atomic structure of
species are constrained by the equation the defect is characterized by O bonding to two Ga neigh-
bulk bors. This means that O substituting for As occupies an off-
MGat MN= MGaN- 2 center position in th¢100] direction, and therefore can be
alternatively described as\g,s+ O; complex. Figure 1 illus-
The effect of growth conditions is taken into account bytrates this off-center atomic configuration and the notation
calculating the chemical potentials of the elemental reserused in describing the oxygen position with respect to the
voirs, which are considered to be orthorhombic-Ga, fcc-Al.four nearest-neighbor Ga atoms.
rhombohedral-As, and Mdimer?® For instance, ifug, is The calculated relaxed atomic positions for each charge
fixed to the calculated elemental value, ang is derived state of Q. are collected in Table® The results are in good
from Eq. (2), this gives an estimate of nonstoichiometric agreement with experiment, as well as earlier cluster
growth occuring in Ga-rich conditions. In principlesg  calculations?® and reveal that @, Oxs?~, and Q™ move
could be associated with the elemental valug @mern. to an off-center position along tHa 00| direction due to a
However, our calculations show that a more strict criterionsymmetry-lowering relaxation. The displacement from the
for the oxygen chemical potential is set by the formation ofsubstitutional site is seen to increase slightly as a function of
the oxides with the group-lll elements, i.e., 82 and the number of excess electrons. The neutral and singly posi-
Al,O5. Thereforeuq, for the maximum oxygen concentra- tive charge states are found to stay on-site accompanied with
tion, has to be determined in the example case of GaN frorover 10% inward relaxation of the neighbouring Ga atoms.
the relation In agreement with the study by Jones ande@?° we also
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6.0 . .

4.0 1

E,; (eV)

Ga-rich

FIG. 1. The Q, defect in the off-center position in GaAs. The _2'00_0 015 1.0 15

dark spheres denote Ga atoms, and the lighter one the O atom. The 1. (eV)
bond lengths and angles for different charge states of the defect are -
listed in Table I.

FIG. 2. The formation energies for,Qand Q in GaAs in dif-

find tastabl ition for the sinal fi h t tferent charge states as a function of the electron chemical potential
Ind a metastable position for the Singly Negative charge Stalg . pang gap. The situation corresponds to the Ga-rich case, and

at the substitutional site, which_lies gbout 0.2 eV higher iny, experimental band-gap val(@5 eV) is used to give the upper
energy than the off-center configuration. The only apparenfyit for the electron chemical potential. The dashed lines corre-

discrepancy with respect to the cluster calculatidns the spond to the unstable neutral and doubly negative charge states of
behavior of the Ga-O-Ga bond anglé,. In our study the the ,, defect.

bond angle is seen to increase in the off-center configuration
with increasing charge state, while Jones an@® found ey ation of instability of the middle one of the three charge

the opposite behavior. states. Furthermore, the assignment is in nice agreement with

Figure 2 shows the formation energies and ionization levy, yocent experimenit,in which the unstable state is found to

els obtained for G from our calculations. The ionization . paramagnetic, which indeed is the case fg?Q
levels clearly demonstrate the deep-level character Qfit® Isolated Qhas been experimentally found to bond to a Ga

GaAs, consistent with the experiments,Ois seen 0 be 54 4 As ator.Our calculations are again in good agree-

the most favorable charge states for a wide range of Fermis,ont \yith this observation. The bond length between O and
level positions around the midgap. Two negative-U effectsyq nearest GAS) atom was found to be 0.78.73 in units

are seen which cause the neutral and doubly negative charge i,o phond length of ideal GaAs. The Ga-O-As bond angle
states to be unstable. This effect can be associated with the,5 134 There are two inequivalent interstitial sites in the
electron pairing effect: the uppermost electron level of theéinc—blende lattice, in which O occupies a bridge position

neutral doubly negative charge states is singly occupied,nging to Ga and As atoms. These were found to be ener-
(paramagnetic When another electron is added to this Ievelgetically nearly degeneratevithin 0.01 eV} in our calcula-

(turning the charge state to singly or triply negative, reSPECtions. This can be motivated by the fact that the nearest

tively) the gain in electronic pairing energy causes the doueighnors are identical in both cases, and that bonding with
bly occupied state to be lower in energy. L these two atoms dominates in the total energy, and therefore
Becau;e experlmentally the off-qenter behavior is seen he differences in the second-nearest-neighbor shell should
characten_ze substitutional oxygen in a!l three cf;arge state§iot jead to large differences in energy. The formation energy
we associate these chargzei states withy © Oas” ', and o 5 s plotted in Fig. 2, and the defect is found to exist
Oas™ in our calculations. @~ fulfills the experimental ob- )y i the neutral charge state for all Fermi-level positions,
which suggests that;&hould be electrically inactive. This

TABLE |. Detalls of the atomic configuration of Qin GaAs  ohqaration is in perfect agreement with the experinient.

for different charge statesl; denotes the bond length between the . : . .
oxygen atom and the nearest-neighbor Ga atoms,gatite corre- The formation energy is comparable with Qin accordance

sponding bond angles, illustrated in Fig. 1. The bond-length valuec%v(_:"ﬂ,;l tthe Cqmr(r;gr'&éexperlmental detection of both oxygen de-
are given in units of the nearest-neighbor distance of the perfe cttypes in :

lattice.
B. Oxygen in GaN

Defect 4 o2 4 da b b2 At present there exist few experimental studies of oxygen
Ops’ 088 088 0.88 088 1095 1095 in GaN. Chung and GershenZdndemonstrated that the
Ons 0.87 087 087 0.87 109.5 109.5 amount of oxygen in the growth process has a strong influ-
Ons™ 076 076 107 1.06 1315 61.3 ence on the carrier concentration, suggesting that oxygen
Ops2™ 075 075 109 107 1363 607 should act as a shallow donor in GaN. Figure 3 presents the
Opsd™ 0.75 0.75 1.09 1.08 141.0 605 results of our calculations for @in GaN. The immediate

observation is that O substituting for N is singly positively
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GaN Figure 3 also presents the formation energy fqri®
GaN, which can be seen to be several eV higher than for
On, thus excluding its presence in large concentrations in
near-equilibrium growth conditions. In our calculations the
neutral charge state of,@ seen to dominate a wide range of
Fermi-level positions in the gap, showing that the oxygen in
the interstitial configuration is not electrically very active.
Zolperet al*2 found a very low activation efficiency for im-
planted oxygen to be ionized, and proposed as one explana-
tion that the implanted oxygen as a light element is unable to
substitute for the nitrogen, i.e., to create first empty nitrogen
sites to be occupied. Therefore, if a significant portion of the
implanted oxygen remains in the interstitial position, it
should remain electrically inactive based on our results, and
this could explain the low activation efficiency. On the other
-2.0 ‘ 20 3.0 hand, as pointed out by Zolpet al.? oxygen defect com-

u, (eV) plexes cannot be ruled out as a source of the inactivation.

Indeed, as shown in Fig. 3 the formation energy for the triply

negative Ga vacancy imtype conditions is found to be very

FIG. 3. The formation energies and ionization levels for the 3— + .
studied defects in GaN for the Ga-rich case. The experimentallow' ThusVea' and Q" in GaN are likely to form defect

. . L clusters in a similar way as proposed in AiN.
band-gap valug3.3 e\) is used to give the upper limit for the . . L .
electron chemical potential. We also investigated the possibility ofsQ defects in

GaN, as speculated in our earlier stddyOur calculations
indeed show that the negatively charged oxygen defects at
charged for nearly all positions of the Fermi level in the bandihe gallium site experience large spontaneous atomic dis-
gap. The transition to the neutral charge state occurs close fflacements from the substitutional site due to the Jahn-Teller
the conduction-band minimum: experimentally the ionizationeffect, in close agreement with the behavior of the negatively
energy is found to be about 30 mé¥? However, the delo- charged nitrogen antisité&}” However, the formation en-
calized nature of the uppermost electronic state of the neutrargy of the @, in all charge states is found to be several eV
charge state makes an accurate computational estimate loigher than for Q. The lowest formation energy is reached
this ionization level impossible with the supercell calcula-for Ogs>~ in n-type conditions, but even then this defect type
tions employed here. remains clearly unfavorable, as can be seen from Fig. 3. Our
Thus our calculation indeed shows tha} @cts as a shal- calculations thus predict that nearly all isolated oxygen
low donor in GaN, which is in clear contrast with the caseshould occupy nitrogen sites in a growth process close to
above, where @ in GaAs was found to be a deep off-site thermal equilibrium.
center. The formation energy for,® is very low, as a mat- _
ter of fact about 2 eV lower than fory ™, also depicted in C. Oxygen in AN
Fig. 3. This suggests that large oxygen concentrations are AIN differs from GaN by the fact that generally it is
likely to occur in GaN, which is in agreement with the recentfound to be insulating. This has been related to defect levels
SIMS measurements revealing large @s well as Si  which reside deep in the band g&pFigure 4 shows the
contaminatiorf. Our results are fully consistent with thely  formation energy and ionization levels for,@nd Q based
initio calculations by Neugebauer and Van de Wailehich  on our calculations for AIN. Q is again found to be ener-
also predict Q* to be energetically clearly favorable com- getically a very favorable defect, similarly to the case for
pared withVy*. We therefore support the suggestion by GaN. Figure 4 also reveals a clear distinction betwegnrnO
Neugebauer and Van de Waltehat Q is likely to act as ~ AIN and GaN: two ionization levels appear well below the
one of the dominant donors in GaN, causing the uninteneonduction-band edge in AIN. The calculations predict two
tional n-type conductivity in as-grown samples, in agreementegative-U effects: the first one between the singly positive
with the experimental observatiofs?? and singly negative and the second one between the singly
The singly positively charged O is isoelectronic with N, negative and triply negative charge states. Thus the neutral
and this provides a simple explanation of why O is easilyand doubly negative charge states are predicted to be un-
incorporated into the N site. The ionic radius of O is muchstable.
smaller than that of As, which explains the qualitative differ-  The low formation energy for Qis in agreement with the
ence with GaAs, together with the larger lattice constant oexperimental observation of an easy oxygen contamination
GaAs(5.5 A) compared with GaN4.5 A). This argument is  of AIN.3 Furthermore, the deep character of & AIN ex-
in agreement with the observed relaxed atomic positions iplains the fact that even a large oxygen concentration does
our calculations: Q" in GaN is found to stay on-site, with not lead ton-type conductivity, and that AIN remains insu-
about a 3% outward relaxation of the neighboring Ga atomdating with a high activation energfpver 2.0 eV necessary
while the Ga atoms around,g and Qs in GaAs(see Table for electrical conductivity**
I) are found to relax considerably inwards to adjust them- The positive and neutral charge states qf i@ AIN are
selves to the “too small” oxygen atom occupying the As found to stay on site, as shown in Table Il. The negative
site. charge states move to off-center position, similarly to the

E, (eV)
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AIN of the high activation energies needed for electrical
conductivity®* The triply negative Al vacancy is seen to be
easily created when the Fermi level is around midgap or
higher. ThusV, 3~ and Q" are seen to be the most favor-
able oppositely charged defects to be formed when the Fermi
level is somewhat above the midgap. This clearly indicates
the possibility for formation o/, 3~ —=3 x Oy defect com-
plexes as suggested by Youngman and Harris.

8.0

E, (eV)

D. DX-type behavior of oxygen in ALGa;_,N

The point defect formation energies found in our calcula-
tions share many common features in GaN and AIN. This
can be principally explained by the similar lattice constant
. J ‘ and bonding character in these materials. However, the clear
0.0 1.0 2.0 3.0 4.0 5.0 distinction between the two materials is the value of the band

u, (eV) gap, which directly influences the formation energies of
charged defects. As was seen above, whilgi® GaN is

FIG. 4. The formation energies and ionization levels for thefound to be a shallow donor, in AIN the same defect is a
studied defects in AIN. The situation corresponds to the Al-richdeep center with ionization levels well below the conduction
case, and an estimated experimental band gap valoeV) is used ~ band edge.
to give the limit for the electron chemical potential. Dashed lines With an increasing Al concentration in the ,&a_,N
correspond to unstable charge states. For clarity, the dashed linedloy, the band gap opens and can be tuned between the GaN
for the unstable 7~ andV,?~ are omitted. value (3.4 eV for w-GaN) and the AIN value(6.2 eV for

w-AlIN). However, as our calculations demonstrate, the oxy-
case for GaAgsee Table)l However, for the triply negative gen electronic levels simultaneuously reside deeper in the
charge state an additional symmetry-lowering relaxation igjap, and the singly positive substitutional oxygen can cap-
observed, which distorts the pairing symmetry observed inure two more electrons and change from a shallow donor to
GaAs. For negative charge states the magnitude of the ofta deep electron trap. Thus the situation is very similar to the
center displacement is smaller in AIN than in GaAs, as awell-knownDX centers in AlGa _,As.3® When the Al con-
comparison between Tables | and Il reveals. Similarly tocentration exceeds 22% in /&a,_,As, the shallow Si do-
GaAs, we find a metastable on-site configuration for the sinnors are known to transform to deep donors, resulting in
gly negative charge state in AllWwith about 4% symmetric  freeze-out in the-type carriers. This is explained in a model
outward relaxation of the nearest-neighbour Al atpmkich by Chadi and Chantf where the Si donor moves from the
has 0.16 eV higher total energy than the displaced configusubstitutional site along thEL11] direction to a displaced
ration. The energy barrier separating these two relaxe@osition, accompanied by a change in the charge state to the
atomic positions is found to be very small. singly negative one. On the other hariziX behavior is re-

The formation energies for;@nd Qy in AIN are found to  ported also to exist with column-VI dopants, as demonstrated
be clearly higher than for (9 suggesting that oxygen should for S in Al,Ga,_,As by the same authofé However, in that
prefer the substitutional nitrogen site to all other configura-case the large atomic relaxation is associated with the dis-
tionS, very Similarly to the case in GaN. Furthermore, Flg 4p|acement of a nearest-neighbor Ga atom.
shows that the formation of Qis energetically clearly fa- Our results thus clearly predict thataX-type behavior
vored overVy, as was the case in GaN. In contrast to theshould also characterize oxygen in, &k _,N. As can be
casein GaNVN in AIN exhibits ionization levels well below seen from Table I, the oxygen atom can find an off-center
the conduction-band edge. This resembles the observed bgquilibrium position in negative charge states in AIN. We
havior for Qy, and agrees with the experimental observationhave also investigated the possibility for the displacement of

) ) _ ) _ the nearest-neighbor Al, with O remaining at the substitu-
_ TABLE II. Details of the atomic configuration of @n AIN for  tjona) site. Our calculations verify that this kind of configu-
different charge stated; denotes the bond length between the oxy- ration in the singly negative charge state is indéeta-
gen atom and the nearest-neighbor Al atoms, @rttie correspond- stable. The nearest-neighbor Al in tieL1] direction finds
ing bond angles, similarly to GaAs illustrated in Fig. 1. The bond- n equilibrium position with a 30% increase in the bond
length values are given in units of the nearest-neighbor distance (ﬁength to the oxygen atom. The remaining three Al atoms
the perfect lattice. . o - Lo
relax slightly (1%) outwards. This configuration is found to

00 | -
VN ’VAl

Al-rich

lie 0.1 eV higher in energy than the case where the oxygen
Defect d o % da i i atom is dispglaced alongg}[/f{dOO] direction. On the othe?lrg
oy* 1.03 1.03 1.03 1.03 109.5 109.5 hand, when compared with the on-site configuration with all
On 1.03 1.03 103 1.03 1095 109.5 four Al atoms symmetrically surrounding the O atdsee
On~ 0.99 099 1.07 1.07 118.6 86.1 the discussion in Sec. )ll the total energy is found to be
o 099 099 1.07 1.07 120.0 86.5 0.06 eV lower. Again, a very small energy barrier is found to
o 1.03 0.94 1.11 1.03 124.2 86.2 Separate these two atomic configurations. However, these

small energy differences between the different configurations
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approach the accuracy of our calculations, and therefore we When applied to @ in AIN, our calculations reveal that
are not willing to make a definite conclusion regarding thealthough the positive and neutral defects behave nearly iden-
stablemost oxygen position. tically in GaN and AIN, the wide band gap of AIN allows the

In our calculations the position of an observed ionizationformation of ionization levels deep in the gap below the
level from the singly positive to singly negative charge stateconduction-band minimum. As a consequence, the same phe-
(negative U is approximately 4.0 eV above the valence-bandnomenon is likely to occur in AGa, 4N alloys with suffi-
maximum, which means th&@ X-type behavior should not  ¢ient Al concentrations. The transition from singly positive
be present in pure GaN of either zinc-blende or wurtzitey, singly negative charge states involves a negative-U effect,
structure. When the band gap exceeds a value of about 49, iy the negative charge state the oxygen atom is displaced

eV, the singly negative charge state of thg @efect be- i1 yhe off.center position in thigl 00] direction, similarly to

comes stable. Thus if we make an approximation that th?he case of @ in GaAs. However, the competing structural

band gap increases linearly as a function of the AI. ConcenFelaxation, in which one of the neighboring cations moves to
tration, D X-type centers due to oxygen should begin to ap-

= S ; a displaced position along th&11] direction, was found to
pear at roughlyx=0.4 Al concentration in the zinc-blende b ticall ble with th displ £
structure, well below the estimated direct-indirect gap tran-the efg(r)gs.lcat.y co_rrnpara e wl tr? oxygt()an 'SFt)_ acemlen lm
sition occurring at ovex=0.53" If we extrapolate our re- e[100] direction. To summarize, these observations clearly

sults for wurtzite A}JGa N, the critical Al-concentration demonstrate that oxygen should act asDX center in

estimate decreases to approximatety0.2. Al Ga _,N. . _
AlL,Ga, _,N alloys are potential materials for blue-UV-
V. CONCLUSIONS emitting applications. Therefore, the appearance of oxygen-

induced deep levels in the band gap with increasing Al con-
With our first-principles calculations, we investigated the centration should be kept carefully in mind. The deep levels
behavior of oxygen point defects in GaAs, GaN, and AIN.reduce then-type carrier concentration as well as serve as
We demonstrated a clear qualitative difference in the behanarasitic gap levels disturbing the optical performance.
ior of substitutional oxygen in these materials. The negatively charged cation vacancidg €~ in GaN
Ons in GaAs acts as a deep-level defect with an off-centeng v/, 3~ in AIN) were found to be energetically very fa-
atomic configuration and negative-U behavior in the negativg,qrgple compensating defects. Thus the formation of
charge states, while ;On GaAs is found to be electrically oxygen-cation vacancy complexes is suggested to occur in

inactive. The results for both defect types are in good agregyoth GaN and AIN. Further investigation of these defect
ment with the wide experimental data, thus verifying thecomplexes is underway.

reliability of our theoretical method.

Our calculations show thatdn GaN acts as a dominant
shallow donor, in clear contrast to the deep center character
in GaAs. This gives support to recent suggestions that oxy-
gen in GaN contributes as one of the dominant sources to the We are grateful for discussions with K. Laasonen, A. P.
unintentional n-type carrier concentration in as-grown Seitsonen, K. Saarinen, and S.yRko. This research was
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