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Diffusion and stability of oxygen in GaAs and AlAs

Akihito Taguchi and Hiroyuki Kageshima
NTT Basic Research Laboratories, 3-1 Morinosato-Wakamiya, Atsugi-shi, Kanagawa, 243-0198, Japan

~Received 12 March 1999!

We investigated various basic properties of oxygen in GaAs and AlAs by using first-principles calculations
and considering the charge states and Fermi-level effect. For GaAs, the obtained stable atomic configurations
and their stability showed good agreement with experimentally obtained results. We found that many features,
such as a stable site, a negative-U nature, a charge-state-dependent diffusion path, and a rather high diffusion
barrier height in the negatively charge state, are similar between GaAs and AlAs. Some features, however,
were dependent on the host. We found that an asymmetry effect during the diffusion is pronounced inp-type
host in both GaAs and AlAs, but the effect shows different characters depending on the host. O is more stable
in AlAs than in GaAs. All of the obtained basic properties can be explained by three characteristics: the large
electron negativity of oxygen, the strong O-Al bond, and the large polarization of AlAs hosts. From our
theoretical study, the experimentally observed higher O concentration for AlAs layers in GaAs/AlAs systems
can be clearly explained.@S0163-1829~99!06531-5#
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I. INTRODUCTION

Oxygen~O! is one of the most common contaminants
III-V semiconductors. Its high reactivity to other elemen
results in the formation of complex defects that reduce cr
tal quality. O forms deep carrier traps in the band gaps
GaAs and AlAs.1,2 Because these features are not favora
for fabricating electronic devices, O is carefully remov
during the processes for epitaxial growth and device fabr
tion. However, in a combined system of GaAs and AlAs, t
AlAs layers were selectively oxidized and this is very use
feature for fabricating vertical-cavity surface-emittin
lasers.3 While the number of papers on selective oxidati
has increased,4 and the oxidation properties have been d
cussed in a phenomenological manner,5 the microscopic oxi-
dation mechanism is not clear yet.

The selective-oxidation property clearly shows that O h
a higher reactivity to Al than to Ga. Another phenomen
that shows this higher reactivity can be seen in GaAs/A
superlattices. When such superlattices are grown, the
centration of O is much higher in the AlAs layers than in t
GaAs layers.6 This has been attributed to the incorporation
O atoms at the surface, but the diffusion properties hav
also be considered, because diffusion modifies the spati
distribution. The nature of this diffusion, however, has be
little studied or discussed for GaAs either or AlAs.

To understand the selective oxidation and diffusion pr
erties of O, it is necessary to understand the stable ato
configuration, its charge-state dependence, and its rela
stability in GaAs and AlAs. Local-vibrational-mode~LVM !
absorption measurement is a powerful method for investi
ing the atomic configurations. For O in GaAs, LVM me
surements have been carried out, and several atomic con
rations have been proposed. Two atomic configurations
particular, Ga-O-Ga and Ga-O-As, have been identified.7 Be-
cause the Ga-O-Ga configuration shows a negative-U nature,
it has been studied in detail.8,9 It had been thought that the O
atom at the As site is the negative-U center, but recent first
principles calculations showed that the interstitial O atom
PRB 600163-1829/99/60~8!/5383~9!/$15.00
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the center.10 The characteristic properties of the other O ce
ters in GaAs are little known. There have been no reports
LVM experiments for O in AlAs, so the stable atomic co
figuration of O in AlAs has not yet been clarified.

To clarify the basic properties of O in GaAs and AlAs, w
investigated their stable sites, their charge-state depend
on the Fermi level, their diffusion properties, and their re
tive stability between the two hosts by using first-principl
pseudopotential calculations. In the next section, the calc
tion method we used is briefly explained. In Sec. III, w
discuss the stable sites and the stable charge state con
ing their Fermi level effect. The difference in O reactivity
Ga and to Al will also be discussed. Based on the obtai
stable states, we estimated the diffusion paths and diffus
barrier heights. To estimate the relative stability of O
GaAs and AlAs, we calculated the energy relating to the
incorporation into the host. We found that O is more sta
in AlAs than in GaAs.

II. CALCULATION METHOD

The calculations were carried out within the local-dens
functional approximation. For Ga, Al, and As, soft pseud
potentials of the form proposed by Troullier and Martin we
used.11,12Details of the pseudopotentials for Ga and As ha
already been published.12 The pseudopotential for Al was
checked by calculating the AlAs bulk properties.13 The cal-
culated lattice constant and bulk modulus show good ag
ment with the experimentally obtained ones. The calcula
lattice constant is only 0.3% smaller than the experimen
value. For O, the ultrasoft-pseudopotential developed
Vanderbilt14 was used. This pseudopotential was previou
applied to the Si system15 and the GaAs system.10 The
pseudo–wave function was expanded by using a plane-w
basis set. A 32-atom supercell was used, and the la
around the O atom was optimized. We used fourk points to
carry out thek-space integration. The kinetic-energy cuto
was taken to be 20.25 Ry. The convergence of the dif
ences in the total energy between the different states
5383 ©1999 The American Physical Society
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5384 PRB 60AKIHITO TAGUCHI AND HIROYUKI KAGESHIMA
checked by calculations using a larger kinetic-energy cu
of 36 Ry. The ambiguity in the relative total energy amo
the different states was estimated to be less than 0.15
based on the calculated total energy difference between0

and O22 at the tetrahedral interstitial site. The conjuga
gradient technique was used to optimize both the electro
structure and the atomic configuration.16 No symmetry was
assumed in the optimization of the atomic configuration.

To determine the stable site of an O atom in GaAs a
AlAs, we calculated the total energies at the various inter
tial sites shown in Fig. 1. The H denotes the hexagonal
terstitial site, and Td denotes the tetrahedral interstitial s
There are two kinds of Td sites in a zinc-blende structure,
one that exists depends on the kind of atoms at the nea
neighbor sites. The nearest neighbor atom is indicated in
parentheses. The III represents Ga on Al, depending
whether the lattice is GaAs or AlAs. The C site is the cen
of the rhombus composed by three adjacent lattice atoms
the nearest Td site. Because there are two kinds of C s
the atom at the nearest neighbor is shown in the parenthe
The BC denotes the bond center site. The M denotes
middle between the neighboring C~As! and C~III ! sites, but
these sites are not on the same~110! plane. Considering the
C~As! site in the figure, the nearest C~III ! site is not on the
~110! plane shown, but it is above~or below! the plane.
Hence, the M site is not on the~110! plane shown, either. In
the figure, its projected position is shown.

Because O can take several charge states, we consid
several positive and negative charge states. The Fermi-l
effect was also taken into account by calculating the form
tion energy.17 In the calculations, the position of the O ato

FIG. 1. Interstitial sites of GaAs and AlAs used to determi
stable sites of O atoms. The~110! plane is shown. ‘‘Td~III !’’ de-
notes the tetrahedral interstitial site surrounded by group-III ato
H is the hexagonal site, BC is the bond-center site, and AB is
antibonding site. C is the center of the rhombus formed by th
adjacent lattice atoms and the nearest Td site. Since the M
which is defined as the middle position between neighboring C~As!
and C~III ! sites, is not located on the~110! plane, its projected
position on the plane is shown.
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was fixed at each site, except for the BC site, and then
positions of the surrounding atoms were optimized. For
BC site, the position of the O atom was optimized on t
~110! plane, because the ideal BC site was found to be
stable and to give much higher energy than the relaxed
site.

III. RESULTS AND DISCUSSION

A. Stable site and stable-charge state

1. In GaAs

For GaAs, we found that O takes four charged sta
from 11 to 22. Figure 2 shows the formation energy as
function of the Fermi level for the neutral and22 charge
states in GaAs. The energies for the21 charge state are no
shown because our previous calculations showed that
state is not the most stable at any Fermi level.10 The energy
for the Td~Ga! site in the neutral-charge state was taken
the reference energy. The Fermi energy was measured
calculating the bandgap of the GaAs. The top of the vale
band was set at zero.

In the neutral-charge state, the most stable site is BC
the BC site, an O atom forms bonds with adjacent Ga and
atoms, resulting in a Ga-O-As structure. The next most sta
site is M, and its energy is very close to that of BC. The
site is close to the BC site, and the O atom also takes
Ga-O-As structure. These two sites would practically be
same. Since the lattice was relaxed under the limited co
tions in the present calculations@the O atom position was
fixed in the calculation for the M site, and for the BC site t
O atom position was relaxed within the~110! plane#, if the
atomic configurations including the position of the O ato
were fully optimized, the two optimized configurations fro

s.
e
e
te,

FIG. 2. Formation energy of an O impurity in GaAs as a fun
tion of the Fermi level for the neutral and22 charge states. The
Fermi energy is measured by the calculated band gap of GaAs,
is taken to be zero at the top of the valence band. The energy fo
Td~Ga! site in the neutral-charge state was taken as the en
reference.
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PRB 60 5385DIFFUSION AND STABILITY OF OXYGEN IN GaAs . . .
BC and M would possibly be the same.
The next stable site is C~As!. More detailed calculations

including the optimization of the O atom position arou
C~As! site showed that at a slightly different position fro
C~As! is the local minimum.10 The O atom moved along th
^100& direction to form a Ga-O-Ga structure. This structu
showed a negative-U nature, and has already bee
discussed.7,8,10

Other sites, such as C~Ga!, Td~Ga!, H, and Td~As!, are
not metastable states, judging from the calculated for
Moreover, because an energy barrier was found between
Ga-O-As configuration~M and BC! and the Ga-O-Ga con
figuration@near C~As!#, the present calculations suggest th
these two configurations are achieved in GaAs in the neu
charge state. Such two stable configurations were obse
in LVM experiments conducted on O-doped semi-insulat
GaAs samples.7 The two sets of LVM signals were observe
at around 715 and 845 cm23, and they were attributed to th
Ga-O-Ga and Ga-O-As structures.7,8 Because the O atom i
expected to be neutral in such semi-insulating samples,
stable sites calculated are consistent with the experime
observations.

As the Fermi level rises from the top of the valence ba
to the bottom of the conduction band, the most stable cha
state changes from 0 to22. Figure 2 clearly shows that O
forms a deep level in the GaAs bandgap, which is qual
tively consistent with the experimental observations.1 In the
22 charge state, the Td~Ga! site is the most stable. Mor
detailed calculations have shown that the most stable si
slightly different from the Td~Ga! site and takes a Ga-O-G
structure~the negative-U center!.10

The energy for the other Td site, Td~As!, is larger than
that for Td~Ga!. This can qualitatively be understood by co
sidering electron negativity. Because the electron negati
of Ga is smaller than that of As, when O, which has t
largest electron negativity among these three elements,
comes negatively charged, it prefers a site surrounded by

FIG. 3. Formation energy of an O impurity in GaAs as a fun
tion of the Fermi level for the11 charge state. For the neutra
charge state, the energy of the most stable site of BC is shown.
reference energy is the same as that in Fig. 2.
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atoms to one surrounded by As atoms. As a result,
Td~Ga! site is more stable than the Td~As! site. The reason
the energies for the BC and C~Ga! sites are rather high ca
be understood in the same manner.

Figure 2 shows that the Ga-O-As configuration~BC and
M! is more stable in the neutral charge state than in
negatively charged state at any Fermi level, indicating t
the Ga-O-As center does not capture electrons. This resu
consistent with light illumination experiments. The light i
lumination is a widely used in experiments to change
charge state. Although the 715 cm21 LVM signal ~due to the
negative-U center8,10! is very sensitive to illumination, the
845 cm21 LVM signal ~due to the Ga-O-As center! is not.18

This clearly indicates that an O center taking the Ga-O-
configuration does not capture electrons, being consis
with our calculation results.

Figure 3 shows the formation energies as a function of
Fermi level for the neutral and11 charge states in GaAs. Fo
the neutral-charge state, only the result for the most sta
site of BC is shown to avoid complexity. When the Ferm
level is at the top of the valence band, the energy for the
site in the11 charge state is slightly lower than that in th
neutral-charge state. It can be said that the capability of th
center for capturing a hole is small in GaAs.

2. In AlAs

For O in AlAs, we carried out similar calculations. Th
results indicate that O takes five charge states, ranging f
12 to 22 in AlAs. Different sites become the most stab
depending on the charge state. For the12 charge state, the
C~As! site is the most stable. The M site is the most sta
for the 11 and neutral-charge states. For the21 and 22
charge states, the Td~Al ! site is the most stable.

Figure 4 shows the formation energies of the most sta

-

he

FIG. 4. Formation energy as a function of Fermi level for t
most stable sites of charge states from12 to 22. The energy of the
Td~Al ! in the neutral-charge state was taken as the reference
ergy. The Fermi energy was taken as zero at the top of the vale
band and measured by calculating the AlAs bandgap.
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5386 PRB 60AKIHITO TAGUCHI AND HIROYUKI KAGESHIMA
sites for each charge state. The Fermi level was measure
calculating the AlAs band gap. The energy for the Td~Al !
site in the neutral-charge state was taken as the refer
energy. Although O may take five charge states in AlAs,
11 and21 charge states are not stable at any Fermi le
The figure clearly shows that the21 charge state is the meta
stable state. Oxygen shows a negative-U nature in AlAs
when its charge states are changed among 0,21, and22. In
the charge-state change among12, 11, and 0, the O may
also show a negative-U nature, but it is not so obvious be
cause the energies near the cross points of these three
are quite close.

Figure 5~a! shows the formation energy of the variou
sites for the neutral-charge state and the22 charge state. The
results for the21 charge state are not shown, since the21
charge state is a metastable state, as shown in Fig. 4. In
neutral charge state, the M, C~As!, and BC sites have quite
close formation energies. If the lattice was fully relaxed,
optimized atomic configurations from these three sites m
have been the same. As the Fermi level rises, the22 charge
state becomes the most stable. This clearly shows that a
atom forms a deep level in AlAs, which was suggested
the experimental results.2

The most stable site in the22 charge state is Td~Al !,
while the other Td site of Td~As! has the much higher en
ergy. This tendency is the same as that observed for G
~Fig. 2! and can also be qualitatively understood in the sa
way by considering the electron negativity. The relati
magnitude of the electron negativity is that O.As.Al.
Therefore, the O atom favors a site surrounded by Al ato
than a site surrounded by As atoms. The reason the ene
for M, C~Al !, and BC are rather high can also be quali
tively explains in the same manner.

Figure 5~b! shows the formation energy for the neutra
charge state and the12 charge state. The results for the11
charge states are not shown, since the11 charge state is no
stable, as shown in Fig. 4. For the neutral-charge state,
the result for the M site is shown for simplicity. Except fo
the Td~As! site, the energies are close to each other. T
rather stable sites are BC, M, and C~As!; they are in the
spatial region where the valence electron density is ra
high. This is quite natural because due to the large elec
negativity, an O atom prefers the high valence-electr
density region to compensate for the electron shortage in
12 charge state.

Our investigation of the stable sites of an O atom in
cated that the most stable site and its dependence on
charge state are similar for GaAs and AlAs. However,
tends more to couple with Al than with Ga. This nature c
be observed when the bonding nature is examined in de
For the neutral-charge state, the BC site is rather stabl
both GaAs and AlAs. At the BC site, O takes the Ga~Al !-
O-As configuration. In GaAs, the estimated bond lengths
O-Ga and O-As were the same~1.78 Å!, while, in AlAs, the
estimated bond lengths of O-Al and O-As are different. T
O-Al bond length of 1.64 Å is shorter than the O-As bo
length of 1.76 Å. The shorter bond length of O-Al may
deduced from the rather strong coupling of O with Al. In t
22 charge state, this strong coupling was seen in the ato
configuration for the Td~III ! site as the shorter distance b
tween O and Al than that between O and Ga. The distanc
by
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O-Al in AlAs is 2.02 Å, while that of O-Ga in GaAs is 2.10
Å.

B. Diffusion path and diffusion barrier height

1. Diffusion in n-type hosts (negatively charged state)

The calculation results presented in the previous sec
indicate that O takes a22 charge state inn-type hosts for
both GaAs and AlAs. In the negatively charged state,
sites in the low valence-electron-density region are rat

FIG. 5. Formation energy of an O impurity in AlAs as a fun
tion of Fermi level for~a! the neutral and22 charge states, and~b!
the neutral and12 charge states. The Fermi energy was measu
by calculating the band gap of AlAs and was taken to be zero at
top of the valence band. The Td~Al ! site in the neutral-charge stat
was taken as the energy reference. In~b!, the energies of some site
are not shown to simplify the figure.
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PRB 60 5387DIFFUSION AND STABILITY OF OXYGEN IN GaAs . . .
stable. Therefore, the diffusion path of an O atom may b
cally be –Td~III !–H–Td~As!–H–Td~III !– in both hosts. The
diffusion-energy barrier heights were estimated by calcu
ing the total energy along this path. To estimate the diffus
path and the diffusion barrier height, we moved an O at
within the ~110! plane. It was moved from the H site towar
the Td~III ! and Td~As! sites. We moved it slightly in the
^110& direction and fixed the coordinate in the^110& direc-
tion. Then, its position along thê001& direction was opti-
mized. The positions of the other atoms were fully op
mized. Figure 6 shows the estimated diffusion paths in Ga
and AlAs. The O atoms clearly diffuse in the low valenc
electron-density region. The diffusion paths are quite sim
in GaAs and AlAs, as expected.

The total energies along the diffusion paths are shown
Fig. 7~a! for GaAs and Fig. 7~b! for AlAs. The arrows in the
figures indicate the positions in thê110& direction of the
sites indicated. The lowest energy along the diffusion p
was taken as the reference energy in each host. In GaAs@Fig.
7~a!#, the energy monotonically increases when the O at
moves from the Td~Ga! site toward the Td~As! site. The
energy shows a peak near the Td~As! site. Defining the dif-
fusion barrier height as the energy difference between
minimum energy and the maximum energy, we obtained
eV. In AlAs @Fig. 7~b!#, the position that gives the minimum
energy is shifted from zero in thê110& direction, which
differs from the GaAs case. This may be because an O a
forms stronger bonds with Al atoms than with Ga atoms.
an O atom approaches the Td~As! site, the energy increase
and the energy maximum is given near the Td~As! site. The
estimated diffusion barrier height was 3.4 eV. Although t
diffusion barrier height of O has not been experimenta
obtained in GaAs and AlAs, it was reported in Si as 2.
eV.19 The estimated barrier height in GaAs is comparable
this value, while that in AlAs is much larger. The O bare
diffuse in AlAs when it takes a22 charge state.

FIG. 6. Obtained O atom diffusion paths in GaAs and AlAs f
22 charge state. The solid line is the path in GaAs, and the do
line is that in AlAs. The open circles are ideal lattice sites and so
high-symmetry sites. The lattice was relaxed, but the relaxed a
positions are not shown.
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Although the diffusion paths and the energy profiles a
similar in GaAs and AlAs, the diffusion barrier in AlAs is
much higher. The minimum energy is given near Td~III !, and
the maximum energy is given near Td~As! in both hosts. As
can be seen in Figs. 2 and 5~a!, the energy difference be
tween the Td~III ! site and the Td~As! site is larger in AlAs
than in GaAs. The higher barrier in AlAs is deduced fro
this nature. When the O atom occupies the Td~As! site and
takes a22 charge state, the distance between the O atom
the nearest neighbor As atoms is 2.42 Å in GaAs and 2.6
in AlAs. In GaAs, the O-As distance is close to the Ga
bond length of the bulk, which is 2.45 Å, while in AlAs th
O-As distance is much larger. In AlAs, a repulsive for

d
e
m

FIG. 7. Total energies along the diffusion path for the22
charge state in~a! GaAs and~b! AlAs. In each figure, the lowes
energy was taken as the energy reference. Arrows show the p
tions in the^110& direction of the sites indicated. The O atom p
sition in the^110& direction was measured using lattice constanta0 ,
and the position of the Td~III ! site was defined as the origin.
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seems to work between the O atom and the neighboring
atoms. This repulsive force may due to the polarization
the host. Because the polarization of the Al-As bond in Al
is larger than that of the Ga-As bond in GaAs, the As ato
are more negative in AlAs than in GaAs. Therefore, the
pulsive force between the As atoms and the negativ
charged O atom is larger in AlAs. As a result, the O-
distance is larger in AlAs, implying a larger strain in AlA
than in GaAs. A larger strain enlarges the energy, resultin
a higher diffusion barrier.

2. Diffusion in p-type hosts (positively charged state)

The formation energies shown in Figs. 3 and 5~b! indicate
that an O takes the positive charge state of11 in GaAs and
12 in AlAs in p-type hosts. The stable sites are differe
from those inn-type hosts~22 charge state!, indicating that
the diffusion paths are also different. In both hosts, the l
energy sites are BC, C~As!, and C~III !. Therefore, the migra-
tion path may be basically the same in both hosts, and it m
be –BC–C~III !–BC–C~As!–BC–. The procedure for deter
mining the diffusion path and the diffusion barrier heig
was the same as that used in then-type hosts, but the O atom
was moved from the relaxed BC site. Figure 8 shows
estimated diffusion paths in GaAs and AlAs when the O
positively charged. The surrounding atom positions were
laxed, but the ideal lattice sites are shown in the figure. T
O atoms clearly move via the high valence-electron-den
region. The diffusion paths are quite similar in both hosts
expected.

Figure 9 shows the calculated energies along the diffus
path for GaAs. The BC site in thê110& direction denoted by
the arrow corresponds to the ideal BC site. A notable fea
is that the energy profile is not symmetric around the C~As!
and C~Ga! sites. This is due to an asymmetric effect and w
be discussed later. Near the ideal BC site, the poten
shows a local peak, indicating that the Ga-As bond acts
barrier during the diffusion. The diffusion-energy barri
height was estimated as the difference between the minim
and maximum energy, and it is 0.92 eV.

The diffusion barrier height is conventionally estimat
by comparing the energies at various symmetrical sites, t
estimating the barrier height as the energy difference
tween two appropriate sites. However, when the impu
atom and the lattice atoms interact with each other, the lat

FIG. 8. Obtained O-atom diffusion paths for positively charg
state in GaAs and AlAs. The solid line is the path in GaAs, and
dotted line is that in AlAs. The open circles are the ideal lattice s
and symmetric C sites. The lattice was relaxed, but the rela
positions are not shown.
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atoms cannot hold their original symmetry during the diff
sion. In O in Si, the theoretical calculations including t
asymmetry effect show good agreement with the experim
tally obtained diffusion barrier height.20 To obtain a reliable
barrier height, the asymmetry effect has to be included. T
estimation method we used includes the asymmetry eff
As a result, the potential profile is not symmetric around
C~As! and C~Ga! sites. The asymmetry effect is not pro
nounced in the negatively charged state because the O a
diffuse in the low valence-electron-density region, where
distances between the O atom and the neighboring atom
rather large and the O atom does not form bonds with
lattice atoms. In contrast, in the positively charged state,
cause the O atom forms bonds with the lattice atoms
such bonds have to be broken during diffusion, the asym
try effect cannot be ignored.21 The asymmetry potential pro
file around the C~Ga! and C~As! sites in Fig. 9 clearly shows
that the effect is important in determining the diffusion ba
rier height.

To investigate this effect, we plotted the positions of t
nearest neighbor Ga and As atoms during the diffusion.
shown in Fig. 10, the O atom was moved from the relax
BC site, which was the start position and is not shown in
figure, to positions 1, 2, and 3. The solid lines between
atoms are guides. At position 1, the O takes the Ga-O
structure. At position 2, the distance to the Ga atom on
right side~1.87 Å! is shorter than to the Ga atom on the le
side ~2.18 Å!. The O atom seems to form a stronger bo
with the right-side Ga atom than with the left-side Ga ato
although the O atom is on the left side of the C~As! site. The
As atom position becomes far from the ideal As lattice s
At position 3, a bond exchange occurs. The O breaks
bond with the right-side Ga atom and forms a bond with
left-side Ga atom. The As atom jumps to a position near
ideal As lattice site. Among the three configurations sho
in the figure, the configuration for when the O atom is

e
s
d

FIG. 9. Total energy during diffusion in GaAs for11 charge
state. The lowest energy was taken as the energy reference. Th
site denoted by the arrow is the ideal BC site position.
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position 2 is expected to have the largest strain. Theref
the energy profile is expected to be asymmetric around
C~As! site; an asymmetric nature was actually obtained,
shown in Fig. 9. The similar configuration change was s
around the C~Ga! site. If the asymmetry effect was ignore
and the barrier height was estimated as the energy differe
between the energies at the BC and C~Ga! sites, the barrier
height is 0.84 eV. The asymmetry effect enlarges the bar
height by 0.08 eV.

As shown in Fig. 8, the O diffusion path in AlAs is quit
similar to that in GaAs. The energy profile during the diff
sion was calculated and is shown in Fig. 11. Two featu
were similar to those seen in GaAs: the energy maxim
at a site beyond the C~Al ! site due to the asymmetry effec
and the Al-As bond acts as a diffusion barrier. The poten
profile around the C~As! site, however, is apparently differ
ent from that in GaAs. The C~As! site is at the bottom of the

FIG. 10. Relaxed atom positions of neighboring Ga and As
oms during diffusion for several O positions near C~As! site. Open
circles are the ideal lattice sites and the C~As! site. Filled circles
represent the O atom. Hatched circles represent the relaxed G
As atoms. Solid lines are drawn between the corresponding O,
and As atoms as guides.

FIG. 11. Total energies during diffusion in AlAs for12 charge
state. The lowest energy was taken as the energy reference.
e,
e
s
n

ce

er

s

l

potential well, indicating that the asymmetry effect is we
around this site.

The weak asymmetry effect around the C~As! site is due
to the bonding nature of O to Al. The atomic configuratio
around the C~As! site are shown in Fig. 12. The O atom
seems to form bonds with two neighboring Al atoms.
position 2, which has the same coordinate in the^110& direc-
tion as position 2 in Fig. 10, the distances from the O atom
the two neighboring Al atoms are 1.85 and 1.82 Å, which a
nearly the same. The interactions of the O atom with the t
neighboring Al atoms seem to be almost the same. Mo
over, the Al-O-Al configuration is almost symmetric be
tween positions 1 and 2, as can be seen in the figure. Th
fore, the total energy mainly depends on the O-
configuration and weakly depends on the O-As configu
tion, resulting in the weak asymmetric effect around t
C~Al ! site. The estimated diffusion barrier height in AlAs
0.84 eV. If the asymmetry effect around the C~Al ! site was
neglected and the barrier was estimated to be the en
difference between the C~Al ! and the C~As! sites, the barrier
is 0.64 eV. The asymmetry effect enlarges the barrier he
by 0.2 eV.

The estimated barrier heights in the positively charg
state in GaAs and AlAs are much smaller than those
n-type hosts~22 charge state!. This finding suggests that i
the O takes the positively charged state, it will easily diffu
in the host.

C. Relative stability

O incorporates easier into AlAs than into GaAs. As me
tioned, in GaAs/AlAs superlattices, the O concentration
much higher in the AlAs layers than in the GaAs layers. W
discussed the diffusion in GaAs and AlAs in the previo
section and we showed that in both hosts the22 charge state
is the most stable over a wide range of Fermi levels and
the diffusion barrier is much higher in AlAs than in GaA
The estimated barrier heights seem to be consistent with
concentration profile of O in GaAs/AlAs superlattices b
cause the lower barrier height in GaAs indicates that O ato
diffuse from the GaAs layers to the AlAs layers. However,

t-

and
a,

FIG. 12. Relaxed atomic configurations of an O atom and nei
boring Al and As atoms near the C~As! site during the diffusion.
Open circles are the ideal lattice sites and the C~As! site. Filled
circles represent the O atom. Hatched circles represent the rel
Al and As atoms. Solid lines are drawn between the correspond
O, Al, and As atoms as guides.
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understand the concentration profile, the relative stability
GaAs and AlAs has to be taken into account, because if O
much more stable in GaAs, it remains in GaAs layers.

To investigate the relative stability, we considered the f
lowing incorporation reactions:

Oreservoir1GaAsbulk↔GaAs:O, ~1a!

Oreservoir1AlAsbulk↔AlAs:O. ~1b!

We assumed a common reservoir for O (Oreservoir). The light-
hand sides of the equations express the states where
atom is incorporated in the host. We did not consider
incorporation process at the surface. Because the diffu
and relative stability mainly determine the concentration p
file after the incorporation of O atoms, the details of t
incorporation process at the surface are not essential to
derstand the profile in the GaAs/AlAs system. The react
energy,ER , was defined as the energy difference betwe
the right-hand and left-hand sides of the reaction:

ER
GaAs[E~GaAs:O!2@E~Oreservoir!1E~GaAsbulk!#,

~2a!

ER
AlAs[E~AlAs:O!2@E~Oreservoir!1E~AlAsbulk!#.

~2b!

Further, the difference between the reaction energies
defined as

DER[ER
GaAs2ER

AlAs5E~GaAs:O!2E~AlAs:O!

2@E~GaAsbulk!2E~AlAsbulk!#.

Because the common reservoir was assumed, this equ
does not contain the O reservoir energy. IfDER is positive,
O is more stable in AlAs than in GaAs.

In the above equations, the charge states are not show
order to make the formulations simple, but the most sta
charge state depends on the Fermi level, as already sh
The most stable sites are also different in GaAs and Al
Therefore,DER was estimated considering these effects
n-type ~22 charge state! and p-type hosts~11 charge state
for GaAs and12 charge state for AlAs!, separately. The
values obtained were11.7 eV for n-type hosts and10.77
eV for p-type hosts, being positive in both conduction typ
Therefore, an O atom is more stable in AlAs than in Ga
regardless of the host conduction type.

Assuming that the potential barrier from the AlAs layer
the GaAs layer can be roughly estimated as the sum ofDER
and the diffusion barrier height, it is 3.7 eV forn-type GaAs/
AlAs systems and 1.7 eV forp-type GaAs/AlAs systems
Considering the very large potential barrier forn-type sys-
tems and the large diffusion barrier inn-AlAs, the O barely
moves from the AlAs layers to the GaAs layers. This
s.
n
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-

O
e
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-

n-
n
n

as

ion

in
le
n.
.
r

.
s

consistent with the experimental observations. Forp-type
systems, however, the potential barrier is not so high
GaAs/AlAs superlattices withp-type conductivity are grown,
the O concentration distribution may be broad.

IV. SUMMARY

We have investigated the basic properties of O in Ga
and AlAs, such as the stable sites, the diffusion propert
and the relative stability, by using first-principles calcul
tions and considering the Fermi-level effect. Our calculatio
suggest two atomic configurations, Ga-O-Ga and Ga-O-
for GaAs. Two such configurations were actually observed
the LVM measurements. They also suggest that O show
negative-U nature also in AlAs, as was experimentally o
served in GaAs.

The diffusion paths and the diffusion barrier heights we
estimated by including the asymmetry effect. The basic d
fusion features, such as the diffusion path and its charge-s
dependence, are the same in GaAs and AlAs. In the ne
tively charged state, the O atom diffuses in the low valen
electron-density region, while in the positively charged sta
it diffuses in the high valence-electron-density region. W
found that the diffusion barrier heights are much lower in t
positively charged state than in the negatively charged s
in both hosts. This means that O diffuses much easie
p-type hosts. By examining the potential profile and t
atomic configuration during diffusion, we found that th
asymmetry effect is more pronounced in the positive
charged state.

We also estimated the relative stability of O in GaAs a
AlAs considering the reaction energy difference. We fou
that an O atom is more stable in AlAs than in GaAs rega
less of the host conduction type. The high potential bar
from AlAs to GaAs forn-type hosts suggests that O atom
barely move to GaAs layers, consistent with experimen
observations. The estimated rather low potential barrier
p-type hosts suggests a broader O-concentration profil
p-type GaAs/AlAs systems.

We found that the basic properties of O in GaAs a
AlAs can be qualitatively understood from three characte
tic features: the large electron negativity of O, the stron
O bond with Al than with Ga, and the larger polarization
AlAs hosts than GaAs hosts.
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