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Diffusion and stability of oxygen in GaAs and AlAs
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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 negatlyarature, 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 pronoupdsgpen
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 explainediS0163-18209)06531-3

[. INTRODUCTION the center’ The characteristic properties of the other O cen-
ters in GaAs are little known. There have been no reports of
Oxygen(O) is one of the most common contaminants of LVM experiments for O in AlAs, so the stable atomic con-
lI-V semiconductors. Its high reactivity to other elementsfiguration of O in AlAs has not yet been clarified.
results in the formation of complex defects that reduce crys- To clarify the basic properties of O in GaAs and AlAs, we
tal quality. O forms deep carrier traps in the band gaps ofnvestigated their stable sites, their charge-state dependence
GaAs and AlAs-? Because these features are not favorablen the Fermi level, their diffusion properties, and their rela-
for fabricating electronic devices, O is carefully removedtive stability between the two hosts by using first-principles
during the processes for epitaxiai growth and device fabricapseudopotential Calcula:tions. In the ne.Xt Section, the calcula-
tion. However, in a combined system of GaAs and AlAs, thetion method we used is briefly explained. In Sec. Ill, we
AlAs layers were selectively oxidized and this is very usefuldiscuss the stable sites and the stable charge state consider-
feature for fabricating vertical-cavity surface-emitting ing their Fermi level effect. The difference in O reactivity to
|aser§: Whiie the number Of papers on Selective oxidationGa and to Al will a|SO be dISCUSSGd. Based on the 0bta|ned
has increasetiand the oxidation properties have been dis-Stable states, we estimated the diffusion paths and diffusion
Cussed in a phenomenoiogicai man]r’]me microscopic Oxi_ bar“er he|ghts. To estimate the reIaUVe Stablllty of O in
dation mechanism is not clear yet. GaAs and AlAs, we calculated the energy relating to the O
The selective-oxidation property clearly shows that O hag:ncorporation_into the host. We found that O is more stable
a higher reactivity to Al than to Ga. Another phenomenonin AlAs than in GaAs.
that shows this higher reactivity can be seen in GaAs/AlAs
superlattices. When such sup_erlattices are grown, the con- Il CALCULATION METHOD
centration of O is much higher in the AlAs layers than in the
GaAs layer$ This has been attributed to the incorporation of  The calculations were carried out within the local-density
O atoms at the surface, but the diffusion properties have tfunctional approximation. For Ga, Al, and As, soft pseudo-
also be considered, because diffusion modifies the spatial Potentials of the form proposed by Troullier and Martin were
distribution. The nature of this diffusion, however, has beerused'*? Details of the pseudopotentials for Ga and As have
little studied or discussed for GaAs either or AlAs. already been publishéd. The pseudopotential for Al was
To understand the selective oxidation and diffusion prop-checked by calculating the AlAs bulk properti€sThe cal-
erties of O, it is necessary to understand the stable atomiculated lattice constant and bulk modulus show good agree-
configuration, its charge-state dependence, and its relativ@ent with the experimentally obtained ones. The calculated
stability in GaAs and AlAs. Local-vibrational-mod&éVM) lattice constant is only 0.3% smaller than the experimental
absorption measurement is a powerful method for investigatvalue. For O, the ultrasoft-pseudopotential developed by
ing the atomic configurations. For O in GaAs, LVM mea- Vanderbilt* was used. This pseudopotential was previously
surements have been carried out, and several atomic configapplied to the Si systeln and the GaAs systefi. The
rations have been proposed. Two atomic configurations ipseudo—wave function was expanded by using a plane-wave
particular, Ga-O-Ga and Ga-O-As, have been identffied-  basis set. A 32-atom supercell was used, and the lattice
cause the Ga-O-Ga configuration shows a negdfivexture, around the O atom was optimized. We used foyoints to
it has been studied in detdif. It had been thought that the O carry out thek-space integration. The kinetic-energy cutoff
atom at the As site is the negatilleeenter, but recent first- was taken to be 20.25 Ry. The convergence of the differ-
principles calculations showed that the interstitial O atom isences in the total energy between the different states was
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FIG. 1. Interstitial sites of GaAs and AlAs used to determine FIG. 2. Formation energy ofan O impurity in GaAs as a func-
stable sites of O atoms. TH&10 plane is shown. “TdIl)" de-  tion of the Fermi level for the neutral andl2 charge states. The
notes the tetrahedral interstitial site surrounded by group-Ill atomsgermi energy is measured by the calculated band gap of GaAs, and
H is the hexagonal site, BC is the bond-center site, and AB is thgs taken to be zero at the top of the valence band. The energy for the
antibonding site. C is the center of the rhombus formed by threerd(Ga) site in the neutral-charge state was taken as the energy
adjacent lattice atoms and the nearest Td site. Since the M sitggference.
which is defined as the middle position between neighborit&sC
and Qlll) sites, is not located on thel10 plane, its projected a5 fixed at each site, except for the BC site, and then the
position on the plane is shown. positions of the surrounding atoms were optimized. For the

BC site, the position of the O atom was optimized on the
checked by calculations using a larger kinetic-energy cutoff110 plane, because the ideal BC site was found to be un-
of 36 Ry. The ambiguity in the relative total energy amongstable and to give much higher energy than the relaxed BC
the different states was estimated to be less than 0.15 e\gite.
based on the calculated total energy difference between O

and & at the tetrahedral interstitial site. The conjugate- lIl. RESULTS AND DISCUSSION
gradient technique was used to optimize both the electronic
structure and the atomic configuratibhNo symmetry was A. Stable site and stable-charge state

assumed in the optimization of the atomic configuration.
To determine the stable site of an O atom in GaAs and
AlAs, we calculated the total energies at the various intersti- For GaAs, we found that O takes four charged states,
tial sites shown in Fig. 1. The H denotes the hexagonal infrom +1 to —2. Figure 2 shows the formation energy as a
terstitial site, and Td denotes the tetrahedral interstitial sitefunction of the Fermi level for the neutral and2 charge
There are two kinds of Td sites in a zinc-blende structure, thetates in GaAs. The energies for thd charge state are not
one that exists depends on the kind of atoms at the neareshown because our previous calculations showed that this
neighbor sites. The nearest neighbor atom is indicated in thstate is not the most stable at any Fermi Ié9éfhe energy
parentheses. The Ill represents Ga on Al, depending ofor the TdGa) site in the neutral-charge state was taken as
whether the lattice is GaAs or AlAs. The C site is the centerthe reference energy. The Fermi energy was measured by
of the rhombus composed by three adjacent lattice atoms arwhlculating the bandgap of the GaAs. The top of the valence
the nearest Td site. Because there are two kinds of C siteband was set at zero.
the atom at the nearest neighbor is shown in the parentheses. In the neutral-charge state, the most stable site is BC. At
The BC denotes the bond center site. The M denotes thiéne BC site, an O atom forms bonds with adjacent Ga and As
middle between the neighboring(&s) and GlIl) sites, but atoms, resulting in a Ga-O-As structure. The next most stable
these sites are not on the saéd0) plane. Considering the site is M, and its energy is very close to that of BC. The M
C(As) site in the figure, the neares{(IC) site is not on the site is close to the BC site, and the O atom also takes the
(110 plane shown, but it is abovéor below the plane. Ga-O-As structure. These two sites would practically be the
Hence, the M site is not on th&10) plane shown, either. In same. Since the lattice was relaxed under the limited condi-
the figure, its projected position is shown. tions in the present calculatiofthe O atom position was
Because O can take several charge states, we considerfked in the calculation for the M site, and for the BC site the
several positive and negative charge states. The Fermi-lev€l atom position was relaxed within ti&10 plang, if the
effect was also taken into account by calculating the formaatomic configurations including the position of the O atom
tion energy!’ In the calculations, the position of the O atom were fully optimized, the two optimized configurations from

1. In GaAs
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. . o FIG. 4. Formation energy as a function of Fermi level for the
~ FIG. 3. Formation energy of an O impurity in GaAs as a func- most stable sites of charge states frer to —2. The energy of the
tion of the Fermi level for the+1 charge state. For the neutral- Td(Al) in the neutral-charge state was taken as the reference en-
charge state, the energy of the most stable site of BC is shown. T'E‘fgy. The Fermi energy was taken as zero at the top of the valence
reference energy is the same as that in Fig. 2. band and measured by calculating the AlAs bandgap.

BC and M would possibly be the same.

The next stable site is(@s). More detailed calculations ztoms to one surrounded by As atoms. As a result, the
including the optimization of the O atom position around 1¢(Gg) site is more stable than the [) site. The reason
C(As) site showed that at a slightly different position from o energies for the BC and(Ga) sites are rather high can
C(As) is the local minimun® The O atom moved along the o nderstood in the same manner.

(100 direction to form a Ga-O-Ga structure. This structure Figure 2 shows that the Ga-O-As configurati®C and

E?S%V&'zge d%lonegatlvb} nature, and has already been M) is more stable in the neutral charge state than in the
' negatively charged state at any Fermi level, indicating that

Other sites, such as(Ga), Td(Ga), H, and TdAs), are . )
not metastable states, judging from the calculated forceéhe C-;a-O-As.cer}ter QOes -not-capture glectrons. Th|§ resglt IS
onsistent with light illumination experiments. The light il-

Moreover, because an energy barrier was found between t oo : : .
Ga-O-As configuratiofM and BO and the Ga-O-Ga con- umination is a widely used miexperlm(.—:‘nts to change the
figuration[near GAs)], the present calculations suggest thatcharge state. Alth?ug.h the 715 CFT.L.VM signal (due to the
these two configurations are achieved in GaAs in the neutrafJeg<"‘“V_elU centef 9 is very sensitive to illumination, 1t8he
charge state. Such two stable configurations were observéft> cm = LVM signal (due to the Ga-O-As centeis not:
in LVM experiments conducted on O-doped semi-insulatingThis clearly indicates that an O center taking the Ga-O-As
GaAs sampleé.The two sets of LVM signals were observed configuration does not capture electrons, being consistent
at around 715 and 845 ¢, and they were attributed to the With our calculation results.
Ga-O-Ga and Ga-0-As structure®Because the O atom is Figure 3 shows the formation energies as a function of the
expected to be neutral in such semi-insulating samples, théermi level for the neutral an¢t1 charge states in GaAs. For
stable sites calculated are consistent with the experimentéthe neutral-charge state, only the result for the most stable
observations. site of BC is shown to avoid complexity. When the Fermi
As the Fermi level rises from the top of the valence bandevel is at the top of the valence band, the energy for the BC
to the bottom of the conduction band, the most stable chargsite in the+1 charge state is slightly lower than that in the
state changes from 0 te2. Figure 2 clearly shows that O neutral-charge state. It can be said that the capability of the O
forms a deep level in the GaAs bandgap, which is qualitacenter for capturing a hole is small in GaAs.
tively consistent with the experimental observatibns.the
—2 charge state, the T@a site is the most stable. More
detailed calculations have shown that the most stable site is
slightly different from the TdGa) site and takes a Ga-O-Ga  For O in AlAs, we carried out similar calculations. The
structure(the negatived centey.'° results indicate that O takes five charge states, ranging from
The energy for the other Td site, T&b), is larger than +2 to —2 in AlAs. Different sites become the most stable
that for TdGa). This can qualitatively be understood by con- depending on the charge state. For th2 charge state, the
sidering electron negativity. Because the electron negativitfC(As) site is the most stable. The M site is the most stable
of Ga is smaller than that of As, when O, which has thefor the +1 and neutral-charge states. For thd and —2
largest electron negativity among these three elements, beharge states, the TAl) site is the most stable.
comes negatively charged, it prefers a site surrounded by Ga Figure 4 shows the formation energies of the most stable

2. In AlAs
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sites for each charge state. The Fermi level was measured by (a)
calculating the AlAs band gap. The energy for the(Ald 6.0 T T T T
site in the neutral-charge state was taken as the reference [ MZ AlAs:O |
energy. Although O may take five charge states in AlAs, the 2. (0&2-) |
+1 and —1 charge states are not stable at any Fermi level. J
The figure clearly shows that thel charge state is the meta- >, BC*
stable state. Oxygen shows a negativerature in AlAs
when its charge states are changed amongl),and—2. In
the charge-state change amon@, +1, and 0, the O may
also show a negative- nature, but it is not so obvious be-
cause the energies near the cross points of these three states
are quite close. 0.0 AN =,

Figure 5a) shows the formation energy of the various Td(A ?/ .\\\\ \\ N
sites for the neutral-charge state and tH&charge state. The 0 /" Mo
results for the—1 charge state are not shown, since the CAN 7t
charge state is a metastable state, as shown in Fig. 4. In the 20 c(As), BC®
neutral charge state, the M(A&s), and BC sites have quite
close formation energies. If the lattice was fully relaxed, the

4.0

20

Formation energy (eV)

Td(A*

optimized atomic configurations from these three sites might 4.0 L L L L
have been the same. As the Fermi level rises,tRecharge 00 02 04 06 08 10
state becomes the most stable. This clearly shows that an Al VB Fermi energy (units of Eg) CB
atom forms a deep level in AlAs, which was suggested by
the experimental resulfs. (b)

The most stable site in the-2 charge state is TAl), 6.0 T T T

while the other Td site of T@s) has the much higher en-
ergy. This tendency is the same as that observed for GaAs
(Fig. 2 and can also be qualitatively understood in the same

AlAs:O
2+ &0)

way by considering the electron negativity. The relative S 40
magnitude of the electron negativity is that>@s>Al. 2 i
Therefore, the O atom favors a site surrounded by Al atoms 3 -
than a site surrounded by As atoms. The reason the energies E;: H2* Td(AI)z" ]
for M, C(Al), and BC are rather high can also be qualita- “C’ 2.0 C(A‘I)g+ ) 57
tively explains in the same manner. ks C(As) 1
Figure 8b) shows the formation energy for the neutral- g BCZ M2+ T
charge state and the2 charge state. The results for thel 5
L

charge states are not shown, since tHfecharge state is not
stable, as shown in Fig. 4. For the neutral-charge state, only
the result for the M site is shown for simplicity. Except for

o
o

5 =
the TdAs) site, the energies are close to each other. The 5 M .
rather stable sites are BC, M, andAS); they are in the 20 1 i L i

spatial region where the valence electron density is rather 00 02 04 06 08 1.0
high. This is quite natural because due to the large electron VB Eermi energy (units of Eg) CB

negativity, an O atom prefers the high valence-electron-
density region to compensate for the electron shortage in the FIG. 5. Formation energy of an O impurity in AlAs as a func-
+2 charge state. tion of Fermi level for(a) the neutral and-2 charge states, ar(t)

Our investigation of the stable sites of an O atom indi-the neutral and+2 charge states. The Fermi energy was measured
cated that the most stable site and its dependence on tipy calculating the band gap of AlAs and was taken to be zero at the
charge state are similar for GaAs and AlAs. However, otop of the valence band. The (A) site in the neutral-charge state
tends more to couple with Al than with Ga. This nature can"Vas taken as the energy reference(ly) the energies of some sites
be observed when the bonding nature is examined in detaif® N0t shown to simplify the figure.

For the neutral-charge state, the BC site is rather stable in . . ] .

both GaAs and AlAs. At the BC site, O takes the (G- O-Al in AlAs is 2.02 A, while that of O-Ga in GaAs is 2.10
O-As configuration. In GaAs, the estimated bond lengths OA

O-Ga and O-As were the samik 78 A), while, in AlAs, the

estimated bond lengths of O-Al and O-As are different. The B. Diffusion path and diffusion barrier height

O-Al bond length of 1.64 A is shorter than the O-As bond e :

length of 1.76 A. The shorter bond length of O-Al may be 1. Diffusion in n-type hosts (negatively charged state)
deduced from the rather strong coupling of O with Al. Inthe  The calculation results presented in the previous section
—2 charge state, this strong coupling was seen in the atomiadicate that O takes a2 charge state im-type hosts for
configuration for the Tdll) site as the shorter distance be- both GaAs and AlAs. In the negatively charged state, the
tween O and Al than that between O and Ga. The distance @fites in the low valence-electron-density region are rather
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FIG. 6. Obtained O atom diffusion paths in GaAs and AlAs for Atom position in <110> direction (a )
—2 charge state. The solid line is the path in GaAs, and the dotted 0
line is that in AlAs. The open circles are ideal lattice sites and some 4.0 | | | — |
high-symmetry sites. The lattice was relaxed, but the relaxed atom )
positions are not shown. (b) ° ®
. . . 3.0 AlA .02' .
stable. Therefore, the diffusion path of an O atom may basi- S:
cally be —Tdlll )—H-TdAs)—H-Td(Il )— in both hosts. The °
diffusion-energy barrier heights were estimated by calculat- S ool 1
ing the total energy along this path. To estimate the diffusion L = ° L)
path and the diffusion barrier height, we moved an O atom Py
within the (110 plane. It was moved from the H site toward E: ®
the Tdlll) and TdAs) sites. We moved it slightly in the wm 1.0 PY 7]
(110 direction and fixed the coordinate in th&10 direc- ®
tion. Then, its position along théd01) direction was opti- ® °®
mized. The positions of the other atoms were fully opti- 00 ®@ 0@ .
mized. Figure 6 shows the estimated diffusion paths in GaAs H Td(A
and AlAs. The O atoms clearly diffuse in the low valence- le(AI) l l (As)
electron-density region. The diffusion paths are quite similar 1.0 —L L L L L
in GaAs and AlAs, as expected. 01 00 01 02 03 04 05

The total energies along the diffusion paths are shown in

Atom position in <110> direction (ao)

Fig. 7(a) for GaAs and Fig. () for AlAs. The arrows in the

figures indicate the positions in thg10 direction of the FIG. 7. Total energies along the diffusion path for the
sites indicated. The lowest energy along the diffusion patitharge state ifa) GaAs and(b) AlAs. In each figure, the lowest
was taken as the reference energy in each host. In Féi8s  energy was taken as the energy reference. Arrows show the posi-
7(a)], the energy monotonically increases when the O atontions in the(110) direction of the sites indicated. The O atom po-
moves from the T@Ga) site toward the TEAs) site. The  sition in the(110 direction was measured using lattice constayt
energy shows a peak near the(A&g) site. Defining the dif- and the position of the Tdl) site was defined as the origin.

fusion barrier height as the energy difference between the

minimum energy and the maximum energy, we obtained 2.0 Although the diffusion paths and the energy profiles are
eV. In AlAs [Fig. 7(b)], the position that gives the minimum similar in GaAs and AlAs, the diffusion barrier in AlAs is
energy is shifted from zero in th€l10 direction, which  much higher. The minimum energy is given neafITd, and
differs from the GaAs case. This may be because an O atotme maximum energy is given near (Ps) in both hosts. As
forms stronger bonds with Al atoms than with Ga atoms. Ascan be seen in Figs. 2 andah the energy difference be-
an O atom approaches the (Rd) site, the energy increases, tween the TdlIl) site and the TEAs) site is larger in AlAs

and the energy maximum is given near thgAs) site. The than in GaAs. The higher barrier in AlAs is deduced from
estimated diffusion barrier height was 3.4 eV. Although thethis nature. When the O atom occupies thé Agl site and
diffusion barrier height of O has not been experimentallytakes a—2 charge state, the distance between the O atom and
obtained in GaAs and AlAs, it was reported in Si as 2.44the nearest neighbor As atoms is 2.42 A in GaAs and 2.67 A
eV.'® The estimated barrier height in GaAs is comparable tdn AlAs. In GaAs, the O-As distance is close to the GaAs
this value, while that in AlAs is much larger. The O barely bond length of the bulk, which is 2.45 A, while in AlAs the
diffuse in AlAs when it takes a-2 charge state. O-As distance is much larger. In AlAs, a repulsive force
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seems to \_Nork bet\_/veen the O atom and the nelghbor_lng As 0.2 -04 00 01 02 03 04 05
atoms. This repulsive force may due to the polarization of
the host. Because the polarization of the Al-As bond in AlAs Atom position in <110> direction (a 0)
is larger than that of the Ga-As bond in GaAs, the As atoms
are more negative in AlAs than in GaAs. Therefore, the re- FIG. 9. Total energy during diffusion in GaAs forl charge
pulsive force between the As atoms and the negativelyptate. The lowest energy was taken as the energy reference. The BC
charged O atom is larger in AlAs. As a result, the O-Assite denoted by the arrow is the ideal BC site position.
distance is larger in AlAs, implying a larger strain in AlAs
than in GaAs. A larger strain enlarges the energy, resulting insoms cannot hold their original symmetry during the diffu-
a higher diffusion barrier. sion. In O in Si, the theoretical calculations including the
asymmetry effect show good agreement with the experimen-
tally obtained diffusion barrier heigh?. To obtain a reliable
The formation energies shown in Figs. 3 arid)3ndicate  barrier height, the asymmetry effect has to be included. The
that an O takes the positive charge staterdfin GaAs and  estimation method we used includes the asymmetry effect.
+2 in AlAs in p-type hosts. The stable sites are differentAs a result, the potential profile is not symmetric around the
from those inn-type hosty—2 charge stae indicating that C(As) and GGa) sites. The asymmetry effect is not pro-
the diffusion paths are also different. In both hosts, the lownounced in the negatively charged state because the O atoms
energy sites are BC,(8s), and GlIl). Therefore, the migra- diffuse in the low valence-electron-density region, where the
tion path may be basically the same in both hosts, and it maglistances between the O atom and the neighboring atoms are
be —BC-(Qlll)-BC—QAs)—BC-. The procedure for deter- rather large and the O atom does not form bonds with the
mining the diffusion path and the diffusion barrier height lattice atoms. In contrast, in the positively charged state, be-
was the same as that used in thype hosts, but the O atom cause the O atom forms bonds with the lattice atoms and
was moved from the relaxed BC site. Figure 8 shows thesuch bonds have to be broken during diffusion, the asymme-
estimated diffusion paths in GaAs and AlAs when the O istry effect cannot be ignorett. The asymmetry potential pro-
positively charged. The surrounding atom positions were refile around the @Ga and GAs) sites in Fig. 9 clearly shows
laxed, but the ideal lattice sites are shown in the figure. Thehat the effect is important in determining the diffusion bar-
O atoms clearly move via the high valence-electron-densityier height.
region. The diffusion paths are quite similar in both hosts, as To investigate this effect, we plotted the positions of the
expected. nearest neighbor Ga and As atoms during the diffusion. As
Figure 9 shows the calculated energies along the diffusioshown in Fig. 10, the O atom was moved from the relaxed
path for GaAs. The BC site in th@10 direction denoted by BC site, which was the start position and is not shown in the
the arrow corresponds to the ideal BC site. A notable featurégure, to positions 1, 2, and 3. The solid lines between the
is that the energy profile is not symmetric around tHAs}  atoms are guides. At position 1, the O takes the Ga-O-As
and GGa) sites. This is due to an asymmetric effect and will structure. At position 2, the distance to the Ga atom on the
be discussed later. Near the ideal BC site, the potentiaight side(1.87 A) is shorter than to the Ga atom on the left
shows a local peak, indicating that the Ga-As bond acts as side (2.18 A). The O atom seems to form a stronger bond
barrier during the diffusion. The diffusion-energy barrier with the right-side Ga atom than with the left-side Ga atom,
height was estimated as the difference between the minimuralthough the O atom is on the left side of théA8) site. The
and maximum energy, and it is 0.92 eV. As atom position becomes far from the ideal As lattice site.
The diffusion barrier height is conventionally estimated At position 3, a bond exchange occurs. The O breaks its
by comparing the energies at various symmetrical sites, thebond with the right-side Ga atom and forms a bond with the
estimating the barrier height as the energy difference beleft-side Ga atom. The As atom jumps to a position near the
tween two appropriate sites. However, when the impurityideal As lattice site. Among the three configurations shown
atom and the lattice atoms interact with each other, the latticen the figure, the configuration for when the O atom is at

2. Diffusion in p-type hosts (positively charged state)
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oms during diffusion for several O positions nea®) site. Open  POring Al and As atoms near the(&s) site during the diffusion.
circles are the ideal lattice sites and théAg) site. Filled circles ~ OPen circles are the ideal lattice sites and tHAd site. Filled
represent the O atom. Hatched circles represent the relaxed Ga aflicles represent the O atom. Hatched circles represent the relaxed

As atoms. Solid lines are drawn between the corresponding O, Gﬁ" and As atoms. Solid lines are drawn between the corresponding
and As atoms as guides. O, Al, and As atoms as guides.

. . . potential well, indicating that the asymmetry effect is weak
position 2 is expected to have the largest strain. Thereforey,qund this site.
the energy profile is expected to be asymmetric around the The weak asymmetry effect around théA®) site is due
C(As) site; an asymmetric nature was actually obtained, agy the bonding nature of O to Al. The atomic configurations
shown in Fig. 9. The similar configuration change was seeyound the CAs) site are shown in Fig. 12. The O atom
around the @Ga) site. If the asymmetry effect was ignored seems to form bonds with two neighboring Al atoms. At
and the barrier height was estimated as the energy differenciﬁ,siﬁon 2, which has the same coordinate in¢h&0 direc-
between the energies at the BC an(3@ sites, the barrier tjon as position 2 in Fig. 10, the distances from the O atom to
height is 0.84 eV. The asymmetry effect enlarges the barriefhe two neighboring Al atoms are 1.85 and 1.82 A, which are
height by 0.08 eV. nearly the same. The interactions of the O atom with the two

As shown in Fig. 8, the O diffusion path in AlAs is quite peighboring Al atoms seem to be almost the same. More-
similar to that in GaAs. The energy profile during the diffu- gver, the AI-O-Al configuration is almost symmetric be-
sion was calculated and is shown in Fig. 11. Two featuregyeen positions 1 and 2, as can be seen in the figure. There-
were similar to those seen in GaAs: the energy maximungre, the total energy mainly depends on the O-Al
at a site beyond the (@) site due to the asymmetry effect configuration and weakly depends on the O-As configura-
and.the Al-As bond acts .a.S a dif‘fusion.bal'l’ier. The pqtentiahon, resumng in the weak asymmetric effect around the
profile around the (As) site, however, is apparently differ- c(al) site. The estimated diffusion barrier height in AlAs is
ent from that in GaAs. The @s) site is at the bottom of the (.84 eV. If the asymmetry effect around th¢AD) site was

neglected and the barrier was estimated to be the energy
1.0 r , r r r difference between the(@l) and the CAs) sites, the barrier

is 0.64 eV. The asymmetry effect enlarges the barrier height
® by 0.2 eV.
081 AlAs:0%* T The estimated barrier heights in the positively charged
state in GaAs and AlAs are much smaller than those in
n-type hosts(—2 charge stafe This finding suggests that if
the O takes the positively charged state, it will easily diffuse
® in the host.
04T 1

oe C. Relative stability

06 ]

Energy (eV)

0.2 O incorporates easier into AlAs than into GaAs. As men-
L tioned, in GaAs/AlAs superlattices, the O concentration is
oo @ - much higher in the AlAs layers than in the GaAs layers. We
discussed the diffusion in GaAs and AlAs in the previous
¢C(As) ¢BC ¢C(AI) section and we showed that in both hosts tiecharge state
-0.2 —_ is the most stable over a wide range of Fermi levels and that
-01 00 01 02 03 04 05 the diffusion barrier is much higher in AlAs than in GaAs.
Atom position in <110> direction (a,) The estimated barrier heights seem to be consistent with the
concentration profile of O in GaAs/AlAs superlattices be-
FIG. 11. Total energies during diffusion in AlAs far2 charge  cause the lower barrier height in GaAs indicates that O atoms
state. The lowest energy was taken as the energy reference. diffuse from the GaAs layers to the AlAs layers. However, to
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understand the concentration profile, the relative stability irconsistent with the experimental observations. Pdype

GaAs and AlAs has to be taken into account, because if O isystems, however, the potential barrier is not so high. If

much more stable in GaAs, it remains in GaAs layers. GaAs/AlAs superlattices with-type conductivity are grown,
To investigate the relative stability, we considered the fol-the O concentration distribution may be broad.

lowing incorporation reactions:

IV. SUMMARY
Oresenvoirt GaAg,—GaAs: O, (13

We have investigated the basic properties of O in GaAs
Oresenvoirm AlAS = AlAS: O. (1b) and AlAs, such as the stable sites, the diffusion properties,
and the relative stability, by using first-principles calcula-

. . tians and considering the Fermi-level effect. Our calculations
hand sides of the equations express the states where an . ' X

o . ) . stggest two atomic configurations, Ga-O-Ga and Ga-O-As,
atom is incorporated in the host. We did not consider th

. . e S or Gaas. Two such configurations were actually observed in
incorporation process at the surface. Because the dlfoSIO{he LVM measurements. Thev also sudaest that O shows a
and relative stability mainly determine the concentration pro- : y 99

file after the incorporation of O atoms, the details of thegggvaet:jv?r?g':;usre also in AlAs, as was experimentally ob-
incorporation process at the surface are not essential to un- The diffusion.paths and the diffusion barrier heights were

derstand the profile in the GaAs/AlAs system. The reactlonestimated by including the asymmetry effect. The basic dif-

tehnee:?yﬁfﬁénvga:ngﬁg?fﬁaﬁz ;?;egr:;r?hye drgfaegsgrcf bGtWeer?usion features, such as the diffusion path and its charge-state
9 ' dependence, are the same in GaAs and AlAs. In the nega-
EgaASE E(GaAs:O —[E(O,ecervop + E(GaAS, 1)1, tively charged_ state, the O atom d|ffuse_s_|n the low valence-
(29 glegtron-dgnsﬂy region, while in the posmvely_chargt_'-:d state,
it diffuses in the high valence-electron-density region. We
EglASEE(AIAS:O)_[E(Oreservoi) +E(AlAS, 0 ] founql that the diffusion barrler_helghts are _much lower in the
(2b) positively charged state than in the negatively charged state
in both hosts. This means that O diffuses much easier in
a[?—type hosts. By examining the potential profile and the

We assumed a common reservoir for Qd&\oin- The light-

Further, the difference between the reaction energies w

defined as atomic configuration during diffusion, we found that the

AER=EC™s_ EARS_ E£(GaAs:0 — E(AlAs:O) asymmetry effect is more pronounced in the positively
ROTR R charged state.

—[E(GaAsui) — E(AIAS 10 1 We also estimated the relative stability of O in GaAs and

. . .AlAs considering the reaction energy difference. We found

Because the common reservoir was assumed, this equatiogs an O atom is more stable in AlAs than in GaAs regard-
does not contE\:n the IO reﬁervglr energyAER is positive,  |ass of the host conduction type. The high potential barrier
Ols rr;}ore bsta €in A.AS ¢ %n thaAS‘ h from AlAs to GaAs forn-type hosts suggests that O atoms
In the above equations, the charge states are not shown i, .oy move to GaAs layers, consistent with experimental

order to make the formulations simple, but the most stablggeryations. The estimated rather low potential barrier for

cr;]arge state dlepepds on th? Fer?i level, as already Shlowﬁ-‘[ype hosts suggests a broader O-concentration profile in
The most stable sites are also different in GaAs and AAsp_type GaAs/AlAs systems.

Therefore, AER was estimated considering these effects for  \ya found that the basic properties of O in GaAs and

n-type (—2 charge stateand p-type hosts(+1 charge state  a|ag can be qualitatively understood from three characteris-
for GaAs and+2 charge state for AlAs separately. The e teayres: the large electron negativity of O, the stronger

values obtained were 1.7 eV forn-type hosts andf0.77 o ponqg with Al than with Ga, and the larger polarization of
eV for p-type hosts, being positive in both conduction types.A|AS hosts than GaAs hosts.

Therefore, an O atom is more stable in AlAs than in GaAs
regardless of the host conduction type.

Assuming that the potential barrier from the AlAs layer to
the GaAs layer can be roughly estimated as the suhEX The authors would like to thank to Dr. Kenji Shiraishi,
and the diffusion barrier height, it is 3.7 eV fortype GaAs/  Dr. Kazumi Wada, and Dr. Chikara Amano for their fruitful
AlAs systems and 1.7 eV fop-type GaAs/AlAs systems. discussions. They also thank Dr. Takahisa Ohno for his dis-
Considering the very large potential barrier fotype sys-  cussions on the pseudopotential of Al and the bulk properties
tems and the large diffusion barrier mAIAs, the O barely  of AlAs. They acknowledge the critical reading of the manu-
moves from the AlAs layers to the GaAs layers. This isscript by Dr. Yoshiro Hirayama.
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