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Structural properties and energetics of oxygen impurities in GaAs
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We investigate the structural properties, formation energies, and electronic structure of oxygen impurities in
GaAs using first-principles total-energy calculations. Five charge states of oxygen occupying an arsenic site
(Ons) and various interstitial sites (Pwere considered. For the,Qdefect in negative charge states we find
off-center configurations witl,, symmetry as reported experimentally. Our results for the formation energies
reveal a negativé} behavior for the @ defect, in which the paramagnetic-2charge states is never stable.

For the Q defect, we find three equilibrium configurations for the O atom, which are present in all the charge
states investigated. The stable configuration for the neutral defect shows the O atom between an As-Ga pair
forming the As-O-Ga structure. However, for the negative charge states, the stable configuration shows the O
atom exactly at the tetrahedral interstitial site, bonding with four gallium first neighbors. Further, we find that
the 1— charge state is never stable, suggesting that the interstitial defect also exhibits a nédagivavior.

Based on our results, we suggest that the B’, and B bands of the local-vibrational-mode absorption
spectrum of oxygen in GaAs are due to the off-centgy @fect. Also we show that this spectrum cannot be
associated with an interstitial-oxygen configuration as previously proposed.

I. INTRODUCTION There exist a few theoretical studies related to the oxygen
impurity in GaAs. The Qs defect has been studied by Jones
Oxygen in GaAs has been the subject of intense resear@nd berg® using a local-density-functional cluster method.
for decades. The interest in this impurity was initially moti- In this work, they report an off-center displacement of the O
vated by the semi-insulating behavior related to oxygenatom along th¢001] direction from 1- to 3— charge states,
doped GaAs and more recently by its incorporation as anndicating a negativé) behavior. Based on these results,
important contaminant during growth process. Although thethey suggest that the off-center substitutional oxygen, usu-
experimental characterization of oxygen in GaAs appears tally termed asVs-O, would be similar to theA center in
be well established, recent theoretical studies have suggestsificon® More recent first-principles calculations by Mattila
new interpretations for the experimental data. and Nieminert® employing the plane-wave pseudopotential
Local vibrational mode(LVM) spectroscopy” has re- method with a 32-atom supercell, have reported the same
vealed the presence of two oxygen-related defects in GaAsiff-center displacement for substitutional oxygen as found
interstitial (Q) and substitutional at the arsenic site,(0 by Jones and Berg. The new findings in this work are two
For the substitutional defect, the vibrational mode measurednstable charge states, the neutral and doubly negative, sug-
ments suggest that the O atom moves off-center from thgesting two negativé&} behaviors for the ¢, defect. For the
arsenic site toward two neighboring Ga atoms, forming theD; defect they found an As-O-Ga structure, in agreement
Ga-O-Ga structure. A set of three triplets of the LVM ab- with experimental results, which would only exists in neutral
sorption lines, located at around 730.7, 714.2, andcharge state. However, very recett initio calculations by
714.9 cm!, have been reported so faihese triplets, la- Taguchi and Kageshimd, using the same plane-wave
beled asA, B’, andB, respectively, have been attributed to method and supercell size employed by Mattila and Niem-
the vibrational frequencies of oxygen bonding with two gal-inen, have reported different results for both oxygen centers.
lium isotopes f°Ga and "'Ga), in three different charge They conclude that an interstitial oxygen configuration,
states. Detailed experiments also show that the middléorming the Ga-O-Ga structure, would be responsible for the
charge state, associated with Beband, is unstable, reveal- negativet) behavior experimentally observed. They also find
ing a negatived behavior for this centet.Furthermore, re- the off-center configuration for the substitutional oxygen in
cent optically detected electron-paramagnetic-resonanaeegative charge states, but at variance with previous theoret-
studie§'’ have identified the unstable state as paramagnetidgal results, their calculations suggest that the-O struc-
suggesting that it would be the neutral charge state. On theure is stable from the & to the 3— charge states, with no
other hand, LVM measurements associated with the interstinstable charge state or negatllesystem being observed.
tial defecf suggest that the O atom breaks the bond between The controversy on the nature of the negativéehavior
an As-Ga pair, bonding with each atom in an As-O-Gaand the atomic structure of the oxygen center in GaAs,
bridge configuration. Two sharp lines of the LVM spectrum among recent theoretical calculations, shows that various as-
located at around 845 cm are associated with the stretch- pects relate to this defect are not fully understood. In the
ing mode the As-O-Ga structure. present work, we perform exhaustive calculations on the
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equilibrium geometry, formation energy, and electronicGa (As) atoms in the supercell. The Fermi leyel is mea-
structure for the substitutional and interstitial oxygen impu-sured relative to the top of the valence bdfd The atomic
rities in GaAs, employing first-principles total-energy calcu-chemical potentials can vary over a range given by the heat
lations. Our results for the Q defect in positive and neutral of formation of GaAs, defined abl;=Egauit Eas(buik)
charge states show an on-site configuration Wigtsymme-  —Egaasbuy- We obtain H;=0.61 eV. Additionally, the
try, and for negative charge states an off-center configuratioatomic chemical potential are constrained by the equilibrium
with C,, symmetry. In addition, the singly negative defect condition ugat uas= tcaas(buiy:- Upper bounds fogg, and
exhibits two slightly degenerate equilibrium configurations,u,s are given by their respective bulk phasegg,
with T4 and C,, symmetries. Our results for the formation < uga(puiy and pas<aspuiy- 1O €stablish an upper limit
energies reveal that the paramagnetie Zharge state is for the chemical potential of the oxygen impurity, we con-
never stable, suggesting a negativesehavior for the off- sider the formation of gallium oxide (G@;). An upper
center Qg defect. For the interstitial defect we find three bound for ug is then obtained from the relationu,
equilibrium positions for the O atom in the lattice. In the +3ugo= M Gay0s-

neutral charge state we find a stable configuration with oxy- For pulk GaAs we find an equilibrium lattice constant
gen bonding with both As and Ga atoms, forming an As-5 —5607 A, and a bulk moduluB=0.80 Mbar?? which
O-Ga bridge structure. However, for the negative charggye in good agreement with the experimental valuag (
states we find a stable configuration with oxygen located at 5 g53 A andB=0.77 Mbar)2 For the band structure we
the tetrahedral interstitial site, bonding with four gallium first yp5i3in a direct band gap of 1.30 eV. Bulk arsenic and gal-
neighbors. Further, we find that the singly negative charg¢,m have been studied previously in detail lap initio
state is never stable, suggesting that the interstitial defecty|cylation2224 We have used the same procedure to find

also forms a negative- system. the equilibrium parameters as described in these works, con-
sidering a larger cutoff energy of 48 Ry to ensure the total-
Il. THEORETICAL METHODS energy convergence. For the calculation of bulk Ga we use

72 speciak points® in the irreducible part of the Brillouin

thecgryqz (zz[i)lgyrl)atilr?rj[ﬁei:)eca??jziiitona thfox?rigzgﬁg%“ona one. Our results for the equilibrium lattice constant and in-
y app . _ternal parameters for the orthorhombic unit cell aae

We use the form for the exchange-correlation functional
. : =4.432 A (4511 A, u=0.1556(0.1525, and v =0.0785
given by Ceperley and Aldér as parametrized by Perdew (0.0821 (vvith tﬁ)e experime(ntal ?/aluesv given in

4 - 1 -
and Zunger* The Kohn Sham equations are solved employr%arenthese%‘? For the calculation of bulk As we use 48 spe-
ing the molecular dynamics scheme suggested by Car a

. 18 g . . . _
Parrinello’® together with the norm-conserving soft clal k points:® The equilibrium lattice constant and the in

Troullier-Martins pseudopotentiaf.We have treated the Ga Iﬁ/rgzzxpaerr?nr? s:]f;lf?/;m:sh%zgf gaé;; |}t&c(2ll7a5ngd At)hzlr:drispec-
3d electrons by the nonlinear core correctibthroughout P o )

this work. We use the supercell approach with a fully relaxed_ 0.2260(0.2278. The GaOs; crystal forms a rhombohedral

32-atom supercell. The wave functions are expanded intgtrgcture that can be represe_r.]te_d by a 10-atom hgxagonal
plane waves up to a kinetic energy cutoff of 60 Ry. Theunlt ceI_I. To calculate its equmbrlum structure, we fix the
convergence of total energy with respect to the plane-wav éafjgrat;% (C‘Vthef_ h((jaxagonal cleg .to |ts| e>_<per|mental value
basis set was checked considering higher cutoff ené8gy 7. A eh' ;]n_ af‘h_eq“(',' ”;m;] attlce_ constiamal

Ry). The difference with respect to the 60-Ry results is foundzlg%% » which is within 1% of the experimental value
to be 0.18 eV. The Brillouin-zone sampling is performed( ' '
with two and four specigk points® Fourk points were used

to describe equilibrium geometries involving off-center dis-

tortions and low-symmetry configurations. The difference in A. Substitutional oxygen in GaAs
total energy between calculations using two and féur
points is found to be less than 0.05 eV. The structural opti
mization is performed by calculating the Hellmann-Feynma

forces on the ions. The atomic positions are considered re- : : ) .
laxed when these forces are less than 0.05 eV/A. A detailegg(‘;Jl r2d f;e;trgggurtellzﬁztg)&r{:retr%r(]; te;] gO:Sd_ (Iae; %t:nlj Ifg#gt?\ tgf
description of the computa_tional met_hod is givgn in Ref. 19'bquIGaAs,(2.43 A), while the bond length between the first-
To calculate the fprmauon energies of tr%%élmpunty SYS"and second-neighbor atoms-s 2% longer. This relaxation
tems, we use a widely established _method. In- this ._[s accompanied by an energy gain of 1.1 eV. According to
method, the parameters are the atomic chemical potennalﬁJr LDA calculation, the electronic structure of theyd
(Kea: mas, anduo) and, for charged systems, the electron yotect(Fig. 1) shows an electrically active defect with ap
chemical potential or I_:erml_le\(elu@. Thus, the formation singlet state located in the lower part of the band gap occu-
energy of Fhe oxygen impurity in GaAs in the charge state pied by a single electron. Therefore, it suggests that this de-
can be written as fect acts as a deep acceptor. Additionally, an empty singlet
state is found as a resonance in the bottom of the conduction
band. We find that the gap state has an antibonditige
character where the corresponding bonding state is found
whereE; is the total energy of the impurity system derived hyperdeep in the valence band, about 20 eV below the gap
from the supercell calculation amg;, (nas) is the number of  state.

Ill. RESULTS AND DISCUSSION

Our results for oxygen occupying an arsenic site in GaAs,
in neutral charge state, show an on-site defect Vijtsym-
etry with the first-neighbor Ga atoms exhibing a large in-

Ef(q) =E(d) —Ngattca— Nasttas— Mot d(uetEy),
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FIG. 1. Schematic representation of one-electron levels in the 3 8
band gap induced by the oxygen impurity in GaAs in neutral charge P S

state, occupying an arsenic site 4§ and at the stable interstitial 0.0 0.5 1.0 1.5
site (Q). The filled dots indicate electrons and the open dots indi- u, [eV]
cate holes.
FIG. 2. Formation energy as a function of the Fermi leyel)(

For the 1 charge state, we find two nearly degeneratefor oxygen occupying an arsenic site in GaAs under a gallium-rich

P . . condition, uga= tgacbuly. The slopes of the line segments repre-

feoquur:I(Ijb\:\lliL:fr?oE):/Zgr?Tii;(:)rlat(r:]: dct))ya(t)o;nZ' ;?reorsnt?f?leea?soes:ilgr;itlz sent the charge states of the systems and the dots indicate the tran-
: 'sition states.

along the[001] direction, and the metastable position at the
arsenic site. We find that the metastable position is 0.09 eV ) . _
higher in energy than the stable position. The height of the We now dISCUSS_ the ene_rgetlc (_)f the substitutional defect
barrier that separates the two equilibrium positions is calcul GaAs for a Ga-rich condition. Figure 2 shows the forma-
lated in 0.2 eV. For the 2 and 3 charge states we find a tion energies for @ in dlffer(_ant_charge states as a func_tlon
VO structure, where the O atom moves off-center from®f the Fermi level fi¢). In thls figure the slopes of the line
the arsenic site along t801] direction by 0.67 and 0.61 A, segments corre§pond to dn‘fqent charge states of the Sys-
respectively, forming strong Ga-O-Ga bonds as well as lems. Changes in the slopes indicate transition states, which
weaker Ga-éa bond. are represented by dots. The range of variation /dgris

In Table I, we summarize the equilibrium geometries for10Sen to be the value of the experimental gap of G/
the substitutional oxygen in different charge states. In addi€)-~ We observe that substitutional oxygen can exists in
tion, we include the relaxation energies in order to examindOUr charge states (#,0,1—-,3—), where the 2- charge
the stability of the defects. These energies are calculated L}fat€ iS never stable, showing a negativéehavior for this
the difference in total energy between the relaxed and th@efect. From the ionization energies ?2}2?;(&72)729?
unrelaxed structures. We find that the positive defect has the? —/3~) transition states we finty =E"""=—E*""
lowest relaxation energy0.78 eV} and the largest O-Ga ~—0.3 eV. The error bars for the ionization energies are
bond lengths among the systems under study. This becau§§timated to be about 0.1 eV. In Fig. 2 we observe low
Oxl* is an isoelectronic defect with unoccupied dang"ngformatlon energies for the off-center configuration in semi-
bonds. For neutral and singly negative charge states, one affgfulating anch-type GaAs(Fermi level in the middle of the
two electrons occupy the antibonding gap state, respectivel@@P and close to the bottom of the conduction band, respec-
The equilibrium geometry of the defect in these charge state@vely)- This is because the empty singlet state, which is reso-
show an increase in the relaxation energy and a decrease i@t in the bottom of the conduction band for the neutral
the O-Ga bond lengths, suggesting that the O-Ga bonds paefect, enters.mto Fhe gap for the negative defects induced by
come stronger with the addition of electrons. This behaviorthe oxygen distortion. Thus, thé,-O defect can become
also observed in previous calculatidig!should not be ex- negatively charged, lowering considerably its formation en-

pected because the antibonding character of the gap state 9y and consequently incregsing the likelihood of its occur-
rence. Fomp-type GaAs(Fermi level close to the top of the

. ) ] _ valence bang the on-site substitutional defect can exist in
_ TABLE I. Stable configurations of oxygen occupying an arsenicpqsitive charge state. However, the neutral defect is unlikely
site in GaAs in various charge statésis the Ga-O-Ga angle antl 1, oceyr due to its relatively high formation energy and the
is the_ 0O-Ga b(_)nd lengtte, represents the energy gain due to the narrow range of the Fermi level where it exists.
atomic relaxation. According to our results, we can assign the B’, andB
bands of the LVM absorption spectrum to the 1 2—, and

Charge Symmetry 6 (deg) d (A) B (eV) 3— charge states of thé,-O defect, respectively, as previ-
1+ Ty 109.5 2.14 0.78 ously proposed by the Mattila and Nieminen calculatiths.
0 Ty 109.6 212 1.10 Two arguments support that this charge-state assignment is
1- C,, 129.5 1.89 1.37 consistent. The first is the negatiebehavior suggested by
2— Co, 128.3 1.91 1.66 our calculations, where the unstable- Zharge state corre-
3— Cy, 126.7 1.92 211 sponds to a paramagnetic state of the defect, in agreement

with the experimental observation of tBé band’ The sec-
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FIG. 3. Total electronic charge density through {ti&0 plane FIG. 4. Total electronic charge density through (t&0 plane
for the neutral @ defect in GaAs in its stable configuration, the for the neutral @ defect in GaAs in the lowest-energy metastable
As-O-Ga structure. configuration, the Ga0,-Ga, structure.

ond argument is the similarity to the O-Ga bond lengths | . .
observed in theV,-O defect for the 2 and 3— charge nelghbo_rlng As_ atoms is ob_served. The,A3-As, structure
states. These bond lengths exhibit variations by about 0.0 the highest in energy with respect to the other two con-
A, suggesting that the corresponding vibrational frequenciegguranons described above in all the charge states investi-
might be nearby, which is indeed observed for Bieand B gated. The smallest difference in the total energies between
bands. However, recent theoretical calculations by TaguchiS2-Oi-As, and the following lower-energy structure is
and Kageshima have suggested that the ¢harge state of found for the neutral charge state. This difference is calcu-
the VO defect would be stabfé, but in a very narrow lated to be~0.7 eV thus, we will analyze only the two
range of the Fermi level. Nevertheless, the imprecision of thédower-energy configurations.
calculated ionization energies due to the supercell approach For the neutral charge state the minimum-energy configu-
prevent a more accurate prediction for ¥ig-O negatived ration is the As-@Ga structure. We find Ga-O and O-As
term. bond distances of 1.83 and 1.76 A, respectively, and a Ga-
O-As angle of 131°. The metastable configuration in the neu-
B. Interstitial oxygen in GaAs tral charge state is the G&;-Ga, structure. In this geom-

To find the minimum energy configuration for the @e- etry, the four neighboring Ga ator-ns. relax radjglly toward.the
fect in GaAs, we consider various interstitial sites into theQ atom by about 0.3 A from their ideal positions. We find
lattice as a starting positions for the O atom in our moleculaG@-O bond distances of 2.13 A and Ga-O-Ga angles of
dynamic calculation. These sites ab®nding (B), Ga-  109.5°, which are almost the same observed for the’ O
antibonding (ABg,), As-antibonding (AB,J), Ga- defect. This configuration is 1.32 eV higher in energy than
tetrahedral (Tgp), and Astetrahedral (T,g). Additionally,  the minimum-energy configuration.
we consider a site in the middle of two neighboring Ga at- For the Q'" defect we find the same stable and meta-
oms (Gs,). This procedure is necessary in order to find thestable structures as found fof"OHowever, for the negative
stable position for the O atom as well as to identify possiblecharge states (2, 2—, and 3-) we find the opposite situ-
metastable positions, which are frequently found in intersti-ation, i.e., the stable configuration is now the £@,-Ga,
tial defects. structure, while the metastable one is the As3@ structure.

Our results show three equilibrium configurations for then Table Il we summarize our results for the stable geom-
interstitial oxygen in GaAs in neutral charge states. In theetries of the Qdefect in their various charge states, also we
first configuration, oxygen breaks the bond between amave calculated the difference in total energy between the
As-Ga pair forming the As-GGa structure, as shown in Fig. two lower-energy configurations. Here we note that in the
3. This equilibrium position is equally obtained from B, 1— charge state both bonding structures are nearly degener-
ABga, ABjs and G, starting positions. In the second con- ate, with the GaO;-Ga, structure being 0.02 eV higher in
figuration, oxygen is located at thezJsite, bonding with  energy than the As-@3a structure.
four Ga atoms (Ga0;-Gg, structure. In Fig. 4 this configu- The electronic structure of the stable®@efect(Fig. 1)
ration is shown through thél10 plane. Here we observe shows an electrically inactive defect with tway singlet
strong O-Ga bonds with a substantial inward breathing relaXStates into the band gap, one fu||y Occupied close the top of
ation of the neighboring Ga atoms, preserving Tiesym-  the valence band and the other one empty nearby the bottom
metry. A similar bonding structure is found through the of the conduction band. The positions of these energy levels
(110) plane. Finally, in the third equilibrium configuration correspond to the stable As-Ga structure. For the meta-
oxygen is located at the I site, weakly bonded with four stable Ga-O;-Ga structure we find the same energy levels
As atoms (As-O;-As, structure. In contrast to the second and occupancy than the stable one, but with both empty sin-
configuration, in this system no significant distortion of theglet states into the band gap.
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TABLE II. Stable configurations of interstitial oxygen in GaAs configuration of neutral and negative defects. For the neutral
in various charge stated; andd, are the Ga-O and O-As bond charge state, Taguchi and Kageshima found a stable configu-
lengths, respectively, an@lis the angle between bondSE, repre-  ration with oxygen bonding, almost in line, with two neigh-
sents the difference in total energy between the two Iower-energboring Ga atoms. In contrast, our results show that the ge-
configurations, defined aSE;=E(G&-0,-Ga) —E(As-O-Ga).  ometry with oxygen located at the middle of two neighboring
The bond lengths are in A and the energies in eV. Ga atomslour Cg, starting point is a non-equilibrium posi-
tion in all the charge states investigated.

Charge Stucture 6 (deg)  dy d A& According to our calculations, the stable position of the
1+ As-O-Ga 131.3 183 1.75 1.26 neutral defect forms the As;@sa structure. This structure is

0 As-Q-Ga 131.1 183 176 132  also found by Mattila and Nieminen calculations and agrees
1— Ga-0,-Ga 1095 213 ~002 with the experimental observation by Schneig¢ral.* For

2 Ga-0,-Ga 109.4 212 ~1.00 the negative charge states, our results show that the stable
3- Ga-0,-Ga, 109.5 211 151 position of oxygen is exactly theg], interstitial site. In this

position, the O atom bonds equally with four gallium first
neighbors. These results are different from those reported by

Figure 5 shows our results for the formation energy of the @guchi and Kageshima, which suggest a configuration with
interstitial oxygen in GaAs for both bonding structures. We0Xygen located slightly away from the;Jsite, bonding with
observe that fop-type and semi-insulating GaAs, the neutral two gallium first neighbors. We believe this cpnflguratlon
As-O-Ga structure has the lowest formation energy and¢annot be supported by a two-Ga-atom bonding structure,
therefore, is the energetically most favorable configurationbecf?‘use! apparently, there is no driving force to cause a small
On the other hand, fon-type GaAs, the GaO,-Ga, struc- ~ motion of the O. atom away from theg] site breaklng. two
ture in 2— and 3— charge states is the most favorable. How-O-Ga bonds. It is |mpo_rtant to note that the ele_ctronlc struc-
ever, the singly negative charge state is found energeticalifpire of the G defect, with the O atom at thezJ site, shows
unfavorable in both bonding structures. Our calculations sugSinglet states into the band gap. Therefore, Jahn-Teller dis-
gest that, because of the change in the oxygen stable cofRrtions are not expected in any charge state.
figuration, the @, O, and Q> defects form a negative-

U system. The + unstable charge state, which corresponds IV. SUMMARY

to a paramagnetic state of the interstitial defect, cannot be

associated to thB' band of the LVM spectrum because the =~ We have investigated the structural properties, formation
A, B’, andB bands are due to a combination of two gallium energies, and electronic structure of oxygen at interstitial
isotopes bonding with oxygen. However, the two lower-sites and occupying an arsenic site in GaAs, using pseudo-
energy Configuraﬂons of iO in neutral and negative Charge potential tOtaI-energy calculations. For the substitutional de-
states, show oxygen bonding with one and four Ga atomdect in negative charge states we find off-center oxygen dis-
respectively. tortions. Our results indicate stable positions for the O atom

Although our results for the formation energies of the O With C,, symmetry for the 2- and 3- charge states. How-
defect show some similarity with those reported by TaguchiVer, for the I- charge state we found two equilibrium po-
and Kageshima, the equilibrium configurations of the O atonitions for oxygen, withTy and C,, symmetries, which are
exhibit important discrepancies. The main difference reside¥ery close in energy. The arsenic-site position is 0.09 eV
in the number of Ga atoms bonding with oxygen in the stabldligher in energy than the off-center position. The calculated

formation energies reveal that the off-center substitutional

——— defect forms a negative- system, where the paramagnetic
GaAs:O. ] 2— charge state is never stable.

! For the interstitial defect we find three equilibrium posi-
tions for the O atom(i) between an As-Ga pair bonding with
each atom in a bridge structur@,) at the T, interstitial site
bonding with four Ga atoms andiji) at the the 7} intersti-
tial site bonding with four As atoms. In neutral charge state
the (i) and (ii) equilibrium positions are the stable and the
lowest-energy metastable, respectively. However, fer 2
and 3— charge states the stable position of the O atom is
found in the Tz, interstitial site(ii), while the lowest-energy
metastable position is found between the As-Ga [fBir
Moreover, we find that the 2 charge state is never stable,
P R S suggesting that the ;@lefect also exhibits a negativg-be-

0.0 0.5 1.0 15 havior.
. [eV] Finally, we conclude that the off-center substitutional
© oxygen in 1-, 2— and 3— charge states are the responsible

FIG. 5. Formation energy as a function of the Fermi leyel)(  for the A, B’, and B bands of the LVM absorption spec-
for the interstitial oxygen in GaAs in their two lower-energy con- trum, respectively. For the interstitial oxygen, we find that
figurations. The slopes of the line segments represent charge statdferent stable configurations are formed according to the
of the systems, and the symbols indicate the transition states.  charge state of the system. The As-O-Ga bridge structure in

3 ————

Formation Energy [eV]

—e— As-O-Ga
—s— Ga,-0-Ga,
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