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Stable adsorption sites and potential-energy surface of a Ga adatom on a Galdl ) A surface

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

Tomonori Ito
NTT System Electronics Laboratories, 3-1 Morinosato-Wakamiya, Atsugi-shi, Kanagawa 243-0198, Japan
(Received 25 January 1999

We theoretically investigated the stable adsorption sites and potential-energy surface of Ga adatoms on a
GaAs(111A surface. Although Ga-vacancy sites on the surface were expected to be the most stable for Ga
adatoms, the first-principles calculation results contradict this. Comparing the results with those obtained by
the empirical interatomic potential calculations, we found that electronic contributions, such as valence elec-
tron redistribution, are crucial for stabilizing Ga adatoms on a GaAs@%lface. Based on the energies at
several sites, a potential-energy surface was also obtained and the diffusion barrier height of a Ga adatom was
estimated. The estimated height was 0.4 eV, which is much lower than that calculated for(@@assrface.

This is consistent with the experimentally observed results. The present calculation results further suggest that
mechanisms of Ga-vacancy-site stabilization, such as the self-surfactant effect, play an important role in
epitaxial growth processegS0163-18209)07939-4

GaAs(N11)A (N=1-4) surfaces are currently receiving tional MBE growth conditions. The formation energy calcu-
considerable attention, because Si-doped GaAs layers growation result§ are consistent with the experimental results
on these surfaces by molecular beam epittBE) show  that the Ga-vacancy structure is the most stable reconstructed
bothn- andp-type conductivity depending on growth condi- structure except for when the surface is close to equilibrium
tions, such as the substrate temperature and the A® the As bulk. Therefore, the Ga-vacancy structure may be
overpressuré This amphoteric nature of Si is very attractive, the most stable surface structure in the wide range of MBE
because by using Si as the only dopant) junctions could growth conditions.
be manufactured. TheN(L1)A surfaces are also attractive for  In the present theoretical investigations, we assumed the
investigating the epitaxial growth mechanism, since the am&Ga-vacancy structure is the reconstructed surface structure.
photeric nature indicates that the impurity incorporationAlthough the surface primitive cell has aX2) periodicity,
mechanism is very different from that on(801) surface, the larger unit cell of (4 4) was used in the calculations to
which is widely and conventionally used. Recently, it hasavoid the interaction between the neighboring Ga adatoms.
also been reported that highly mismatched InAs layers caifhe top view of the Ga-vacancy structure is shown in Fig. 1.
be grown two-dimensionally on a GaAs(1Bl)surface’  In the figure, the ideal zinc-blende lattice sites of Ga atoms at
which clearly shows that the growth mechanism of thethe top atomic layer and those of As atoms at the second
(111)A surface is very different from that of th@01) sur-  atomic layers are shown. Some of the adsorption sites con-
face. For a GaA®01) surface, which has been widely used sidered in this study are also indicated.
as the growth substrate, the physical properties and micro- We used the first-principles pseudopotential method based
scopic growth mechanisms have been extensively studiedn the local density functional formalism. Conventional re-
both experimentalfjand theoretically.For GaAs(N11) sur-  peated slab geometry was used to simulate the surface. The
faces, however, the study of the growth mechanism has nalab comprised seven atomic layers. The surface not of in-
been advanced. In this paper, we report calculations of stabkerest was terminated by fictitious H atoms that have nonin-
adsorption sites and potential energy surface of Ga adatonisger electrons and noninteger nuclear cha?g#'s. adopted
on a GaAs(111A surface, which are the basic properties Kleinman-Bylander-type separable pseudopotentfaishe
determining the growth processes and the impurity incorpobasis was expanded by plane waves. The potential cut-off
ration processes. radius was carefully chosen in order to prevent ghost

A GaAs(111A reconstructed surface has ax2) struc-  bands'! The conjugate-gradient technique was used to opti-
ture. A Ga-vacancy structure has been proposed by analyzingize both the electronic structure and atomic
low-energy electron diffraction measuremehtS&canning configurations? The position of the Ga adatom in th&11]
tunneling microscopéSTM) measurements have confirmed direction was optimized, while the positions in the plane per-
the structuré’ In this structure, one of the four Ga atoms in pendicular to th¢111] direction were fixed. The positions of
the (2x2) surface unit cell is missing. A different the substrate atoms were fully optimized. The validity of the
(2% 2)-reconstructed surface structure, which is called artalculation conditions used was carefully checked by larger
As-trimer structure, was also observed by STMecause calculations'?
this structure was observed under very limited conditions, In order to qualitatively discuss the stabilization mecha-
such as a very high As pressure, the structure is thought to biism of Ga adatoms, we also carried out energy calculations
less stable than the Ga-vacancy structure under the conveby using the energy formul&=Egqt+ AEpeng.* Here,
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4x4 unit cell . striking feature is tha€ andD sites have lower energy than
5 used in the calculations the Vg, site, although the energies fd, B, and E sites,
A E}A} o /& e ; which are the sites above the substrate atoms, are much
\:;D ‘ch ‘J & ,‘ ‘v/ larger than the energy for thés, site, as e_xpected._
Vg LT0 == e : It has been shown, based on the studie€6f)-oriented
\/.\w‘wé.\w‘w&mwi\ semiconductor surfacé$;’ that the number of electrons in
e 6 ® 6 6 6 & the dangling bonds can be used as a criterion to explain
stability of the reconstructed surface and to investigate
growth processes. The criterion is called the electron count-
ing model (ECM). According to the ECM, the most stable
structure is one in which the As dangling bonds are filled and
the Ga dangling bonds are empty. Additionally, the first-
principles calculations for théd01) surface have shown that

' 2x2 primitive cell an increase in the number of electrons in the Ga dangling
~ bonds results in an increase in the total enéfgipplying
(111] 107 . Ga atom (top layer) these guiding principles to the (114)surface, the present
(101] @ As atom (2nd layer)

first-principles calculation results can be understood. Before
FIG. 1. Top view of the Ga-acancy structure of the Ga adatoms are adsorbed on the surface, the surface takes the
GaAs(111A surface. Open circles denote the Ga atoms at the tof>@-vacancy structure and satisfies the ECM. When a Ga ada-
atomic layer, and closed circles denote the As atoms at the secot@m is adsorbed at th&g, site, the adatom forms three
atomic layer. The (%4) unit cell, which was used in the calcula- Strong bonds with As atoms at the neighbor#agites. How-
tions, and (2 2) primitive cell are shown. Some of the sites, those ever, the three valence electrons of the Ga adatom do not
at which the total energy was calculated, are indicated/ gy, A, contribute to the bond formation, since the dangling bonds of
B, C, D, andE. The sites were defined in the perpendicular plane tothe As atoms af sites are already filled. The electrons re-
the[111] direction. TheA, B, andE sites are above the ideal lattice main in the Ga dangling bonds, and this enlarges the total
sites of substrate atoms. TR, site is the Ga-vacancy site. T@  energy. On the other hand, when a Ga adatom is adsorbed at
site is the center of a hexagon formed by adjacent tArsges and  the C or D site, the valence electrons of the Ga adatom were
threeB sites. TheD site is the center of another hexagon formed by ;sed in the bond formation with substrate atoms, because the
s?tes that include twa\ sites, twoB sites, oneE site, and oné/g, dangling bonds of the Ga atomsRisites are empty.
site. The number of electrons in the dangling bonds can be
counted by investigating the band structure. Figufe) 2
Eponais @ bond formation energy described in terms of inter-shows the band structures for the Ga-vacancy structure. It is
atomic energies based on the empirical interatomiclearly seen that the structure has a band gap, and the Fermi
potential'® AEpqnq is the energy originating from the elec- |evel is located at the middle of the gap. This confirms that
tronic contribution due to the electrons remaining in the danthe Ga-vacancy structure satisfied the ECM. The band struc-
gllng bonds. Based on the first-principles calculations fOI’tures when a Ga adatom is adsorbed aMBgsite and theC
GaAq001)-B2 surface, it was found th&tE,,,qcan approxi-  site are shown in Figs.(B) and 2c), respectively. It can be
mately be given by 0/4Z|. Here, AZ is the number of seen that the band structure also has the band gap in these
electrons remaining in the dangling bonds on the surfat®. cases. When a Ga adatom is adsorbed aMgesite [Fig.
This energy formula has been successfully applied to invesp(b)], the Fermi level is rather high in the conduction band.
tigate major contributions to the stability of Ga adatoms onThe number of electrons in the conduction band was esti-
the As-stabilized GaA801) surfaces?® In the energy calcu- mated to be three. This confirms the previous consideration
lation procedure, an optimization process similar to that useghat the three valence electrons of the Ga adatom remain in
in the first-principles calculations was employed. the dangling bonds. On the other hand, when a Ga adatom is
For completion of the GaAs zinc-blende lattice during adsorbed at th€ site [Fig. 2c)], the Fermi level is not so
epitaxial growth on a GaAs(11A) surface, Ga-vacancy high in the conduction band. In this case, only one electron
(Vg2 sites should be occupied by Ga atoms. Therefore, it isemains in the conduction band. The band structure when a
naturally expected that g, sites are the most stable for Ga Ga adatom is adsorbed at tBesite is quite similar to that in
adatoms, and thafg, sites are occupied by Ga atoms at theFig. 2(c), and the number of electrons in the conduction band
first stage of epitaxial growth. However, the total energiess one. Therefore, also for a GaAs(1Al3urface, the energy
calculated by the first-principles pseudopotential methods larger when the number of electrons in the Ga dangling
show contradictory results, as can be seen in Table I. Theonds is larger. The number of electrons in the Ga dangling
bonds can be used as a guide to discuss the stability of the
TABLE I. Relative energies obtained by the first-principles cal- Gg adatoms.
culations at several sites shown in Fig. 1. The energy forvige In order to investigate the stabilization mechanism in
site was taken as the reference. more detail, the energies were calculated by the energy for-
- mula based on the empirical interatomic potential. The rela-
Site Vea A B c D E tive energies of interatomic energi€g,,q are 0.0, 1.5, and
Relative energy 0.00 052 0.43 —-0.13 -0.13 0.70 2.0 eV atVg,, C, andD sites, respectively. The bond bend-
(eV) ing energy at thé/, site is lower than that at th€ andD
sites. This clearly shows that electronic interactions, such as
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the redistribution of the valence electrons, are crucial in stamula without theAE;, term has been successfully applied to
bilizing the Ga adatom. The effect of the electrons remainingnvestigations of the As-stabilized Ga@91) surfaces. In

in the dangling bonds was taken into account by using th@ontrast,AEsp is not zero for a (1114 surface due to the
term of AEpqg. As described, the first-principles calcula- nonsp?-like bond formation. Although\E, cannot be cor-
tions for the(001) surface show that this term can be ex- rectly estimated at present, taking account of A&, term
pressed as 0lAZ|. For the (1117\ surface, we used the would be important and it will be helpful to investigate dy-
number of electrondZ=3, 1, and 1, which were deduced namics of adatoms near kinks and steps on the surfaces.
from the band structures. The relative energies estimated are To examine the surface diffusion of a Ga adatom, we
0.0, 0.7, and 1.2 eV a¥g,, C, andD sites, respectively. calculated the total energies at 20 points in the22primi-
These values indicate that the, site is still more stable for tive cell. The contour plot around thég, site is shown in

Ga adatoms than th€ andD sites are, despite taking into Fig. 3(a). The ideal positions of the substrate atoms and their
the account th Ey,,qterm. The reason for the discrepancy bonds are also indicated. The energy separation of the con-
from the first-principles calculation results can be qualita-tour lines is 0.09 eV. Thé\, B, and E sites correspond to
tively understood by considering the bonding nature. At theocal peaks, whereas the three low-energy skig, C, and

Vga Site, the bonds between the Ga adatom and substrate A5 are local minimum sites. Ga adatoms are expected to dif-
atoms atA sites aresp*-like bonds. The bond length between fuse via these three local minimum sites. Because the poten-
the Ga adatom and the As atom is 2.44 A, which is quitetial barrier between neighboringg, andD sites is very low
close to the Ga-As bond length in the GaAs bulk, 2.45 A. At(about 0.16 eV from th® site to theVg, site), a Ga adatom

C and D sites, however, Ga adatoms cannot fosi-like easily moves among onég, site and the three surrounding
bonds, sinceC and D sites are not zinc-blende lattice sites. D sites. To diffuse on the surface, a Ga adatom atthsite

At these sites, the distance from the Ga adatom to the ARas to move to the neighborir@ or D site. The estimated
atom at theA site is much larger than thep® bond length.  potential barrier heights fdd-C andD-D are 0.40 and 0.43
The distances are 4.02 A for ti@site and 3.75 A for th® eV, respectively. Therefore, the dominant surface diffusion
site. Such norsp-like bonds must be weaker than the barrier is represented by a potential hill between neighboring
sp*-like bonds, and the weaker bonds result in the smalleC and D sites. The estimated rather low barrier height is
bond bending energy. The energy of such a apfHike related to the weak nature of the bonds between the Ga ada-
bond formation is not properly estimated by the empiricaltoms and the substrate atoms, because during the diffusion
interatomic potential. In order to include the effect of thethe smaller energy is required to break the bonds due to the
nonsp’-like bonds to the present energy formuB,,,q weaker bonds.

+AEpong, @ correction termAEg,, which expresses the To obtain a clearer image of the diffusion, the three-
bonding nature, must be addeXE, is almost equal to zero dimensional potential-energy surface is drawn in Fig) &

for a (001) surface, because the adsorption atoms basicallp larger area than that of Fig(e. The obtained energy
form sp*-like bonds on the surface. This is because the forpotential surface is rather flat. This reflects the small relative
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directions. Moreover, a Ga adatom can easily change its dif-
fusion direction due to the lower barrier height between the
D and Vg, sites. Therefore, diffusion anisotropy on a
GaAs(111A surface will be small. This is contrast to the
diffusion on a(001) surface. For 4001) surface, two(110)
directions on the surface are not equivalent. Therefore, dif-
fusion anisotropy is expected, and different diffusion barrier
heights have been calculatet?

Comparing the diffusion barrier height for a (1ALpur-
face with that for 4001 surface, the estimated barrier height

(6 for a (111)A surface is much smaller than that for(@01)

~ surface estimated by similar first-principles calculations. For

the (001) surface WEh theBl structure, the reported values

B B — "8
D\\ i @ @ are 0.87 eV for th¢ 110] direction and 1.15 eV for thgl 10]

direction®® For the(001)-32 structure, 1.2 eV for thg110]
O Gaatom direction and 1.5 eV for thf110] direction were reportetf’
® Asatom The low barrier height suggests a longer surface diffusion
length on the (1114 surface than on thé01) surface, and
(b) such a longer diffusion length has actually been reported in
experiments?

As previously shown, th& ¢, site is not the most stable
one for Ga adatoms, although occupation of Yhe, site is
indispensable for complete GaAs growth with the zinc-
blende lattice maintained. Considering the experimental fact
that growing GaAs films on the (11A)surface requires a
larger V/III ratio (high As pressurethan growing them on a
(001 surface does, As atoms at the surface must play an
important role in maintaining the epitaxial growth. Prelimi-
nary total energy calculations for the As-atom adsorption
suggest that th&/ s, site becomes stable by the As-adatom
adsorptior?® The As-adsorption effect and the stabilization
mechanism will be discussed in a future publication.

In conclusion, we investigated the stable sites and diffu-
sion of Ga adatoms on a GaAs(1Al3urface. Although/g,
= sites were supposed to be the most staBlandD sites were

[101] found to have lower energies. It was clearly shown that elec-
tronic contributions, such as valence electron redistribution,

FIG. 3. (a) Contour plot of the total energy around thig, site.  are crucial in stabilizing Ga adatoms on a GaAs(BLs)r-

The ideal positions of the substrate Ga and As atoms are indicate¢ace. Based on the obtained potential-energy surface, the dif-
Dashed lines are the bonds between the substrate atoms. The enefg¥ion barrier height was estimated to be about 0.4 eV. This
separation between the adjacent contour lines is 0.09 eVATEe  ygJye suggests a rapid surface diffusion of Ga atoms and
andE sites corre_spond to the IO(_:a_I peaks. of the poten_tial, while th%nger diffusion length than on €01 surface, which are

Vea, C, andD sites are local minimum site¢b) Potential-energy  cqngjstent with the experimentally observed results. The cal-

Surf?%e di.':fa !arger tireg ttheﬁa). Ttg(;tr:jrge _&tlrroyvstri]ndicate _thel e’;’ culated results further suggest that mechanism stabilizing
pected dimusion paths between hdb sites in three equivalen Vga Sites plays an important role in epitaxial growth pro-

(110 directions. cesses.
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