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First-principles simulation of Se and Te adsorbed on GaAs„001…

S. Gundel* and W. Faschinger
Physikalisches Institut der Universita¨t Würzburg, EP III, Am Hubland, D-97074 Wu¨rzburg, Germany

~Received 13 May 1998; revised manuscript received 9 September 1998!

We have studied the adsorption of Se and Te on GaAs~001! using first-principles simulations. For each
chalcogen species, 11 structures exhibiting 231 reconstruction with varying surface stoichiometry were simu-
lated using a density functional formalism and pseudopotentials, thus yielding absolute surface energies and
detailed information about the atomic positions. Our results are discussed in terms of a simple model for
heteropolar surfaces and compared to experimental results for these surfaces available from the literature.
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I. INTRODUCTION

Experimental results concerning the GaAs~001! surface
modified by adsorption of group VI atoms have been u
extensively in recent years to establish a microscopic pic
of this surface. Structural models proposed to date have b
based mainly on scanning tunneling microscopy and ph
emission spectroscopy data. The available experimental
concerning the most extensively investigated 231 recon-
struction formed by chalcogen adsorption on the GaAs~001!
surface are used as a starting point for calculations ba
upon density functional theory which were carried out
determine the energetically favorable structures.

It is evident that the microscopic structure of th
adsorbate-covered surface depends strongly upon the sa
preparation. The experimental investigations to be review
in further detail below agree upon the observation of t
distinct bonding sites for both Se and Te on the GaAs~001!
surface, as well as the temperature ranges within which
231 reconstruction is formed with each chalcogen spec
However, there is disagreement concerning the amoun
chalcogen atoms adsorbed on the respective surfaces
also on the microscopic structure of the surface, one of
main issues being whether or not chalcogen dimers
formed in the top atomic layers.

A diagram of surface reconstructions for the case of
GaAs prepared by molecular beam epitaxy has been
vided by Takatani, Kikawa, and Nakazawa.1 It shows that
within a moderate temperature range, a 231 reconstruction
will form on a previously As-rich GaAs surface. At temper
tures above 550 °C first a 233 reconstruction and later a
33 reconstruction are seen. From these the 231 reconstruc-
tion can be obtained by lowering the temperature under
flux. This diagram has been subsequently confirmed in v
ous investigations. Scimecaet al.2 state that after depositin
Se on a previously 234 reconstructed GaAs~001! surface at
room temperature and subsequent annealing at 250 °C
Se atoms are primarily bound to surface As atoms while
deposition at 580 °C leads to the formation of Se—Ga bonds.
Li and Pashley3 found that a deposition of less than 0.2
monoatomic layers of Se causes the creation of holes in
GaAs surface while further Se deposition leads to the form
tion of 231 reconstructed islands and finally to a smoo
and well ordered surface. Chambers and Sundaram4 report
results from sample preparation by metalorganic chem
PRB 590163-1829/99/59~8!/5602~10!/$15.00
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vapor deposition and state that depositing H2Se at 425 °C
and annealing at 550 °C yields a sharp 231 electron diffrac-
tion @low energy electron diffraction~LEED!# pattern for the
surface.

In the case of Te adsorption on GaAs, a diagram sim
to that in Ref. 1 has been provided by Gobilet al.5 The 2
31 reconstruction is formed either from the 234 recon-
structed GaAs surface or via an intermediate 631 recon-
struction from thec (434) reconstruction of GaAs. At tem
peratures above 540 °C another 631 reconstruction and a
A333 reconstruction are observed. These findings w
confirmed afterwards by Etgenset al.6 Sugiyama and
Maeyama7 obtained a 231 reconstruction by evaporating T
onto GaAs at 450 °C.

Quantitative information about the amount of Se or
being adsorbed on the 231 reconstructed GaAs surface h
been derived mainly from photoemission spectroscopy. B
gelsenet al.8 state that after the formation of the 231 recon-
struction, one atomic layer of Se has replaced a sim
amount of As while the Ga signal remains nearly constant
the case of Te about half an atomic layer is adsorbed, acc
panied by a similar loss of As. In addition Spahnet al.9 have
found that about half of the initially adsorbed atomic layer
Se is replaced by Te during subsequent exposure of the
GaAs sample to a Te molecular beam, and have conclu
that Se atoms are adsorbed at two nonequivalent bon
sites. A different coverage was found by Scimecaet al.2 who
suggest that about two atomic layers are adsorbed in
vicinity of the GaAs surface, but agree about different bon
ing sites of Se atoms at and beneath the surface. The in
tigation by Takatani, Kikawa, and Nakazawa1 confirms these
results. A similar splitting of the Te 3d5/2 peak is reported by
Gobil et al.5 for the case of Te adsorbed on GaAs. From t
peak shifts they conclude that Te atoms are bound to A
well as to other Te atoms. Further quantitative measurem
were made by Chambers and Sundaram,4 who fitted data
from x-ray photoelectron diffraction to scattering theory c
culations and derived fractional occupation values of the fi
atomic layers with Se and Te. They state that the occupa
values for Se on GaAs are about 0.75, 0.5, and 0.25 for
first, third, and fifth layer, respectively. For Te on GaAs th
report occupation values of 1.0, 0.1, and 0 for the same
ers.

From scanning tunneling microscopy data, Pashley
5602 ©1999 The American Physical Society
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Li10 have concluded that Se dimers are formed on top o
231 reconstructed Se-adsorbed GaAs surface. They b
their conclusion on the height modulation of the tip along

@11̄0# direction. Starting from this observation and assum
Pashley’s electron counting rule11 to be valid for the Se-
adsorbed surface they proposed a structural model which
sumes two atomic layers of Se to be adsorbed at As site
the first and third atomic layers while the additional electro
introduced by the Se atoms require a Ga vacancy at e
second site in the fourth layer in order for the electron cou
ing rule to remain valid. Biegelsenet al.8 report rows of
dimer-like features along the@011# direction. A recent inves-
tigation of Te on GaAs employing x-ray standing wa
analysis7 states that Te atoms also occupy two nonequiva
bonding sites at the GaAs surface while they are situa
close to As positions. The authors give detailed informat
about the locations of these Te atoms and propose a s
tural model in which the Te atoms in the top layers remain
ideal bridge positions between two Ga atoms and do
form dimers.

At this point ab initio calculations can be employed t
investigate in detail the stability of the proposed structur
An early first-principles study of group VI atoms on GaA
was done by Ohno.12 He studied the behavior of one sing
atom of S, Se, or Te on a 131 GaAs surface cell, thus
assuming coverage of one atomic layer and neglecting e
tron counting considerations and possible reconstructio
From his simulations he concluded that chalcogen atoms
sorb preferentially at the bridge site between either two Ga
two As atoms, while the chalcogen—Ga bond appears to b
stronger than the chalcogen—As bond. The adsorption en
ergy decreases with increasing mass number of the adso
chalcogen atom as expected, but while the adsorption en
for Se in the bridge site is only about 0.4 eV lower than
S, the energies for Se and Te at the same site differ by a
1.2 eV. Ohno suggested further that the nearly filled cha
gen dangling bonds would render the surface resistant to
ditional adsorption.

The intention of the present work is to report on firs
principles pseudopotential calculations which are similar
those of Ohno12 but take into account the experimental
observed 231 reconstruction and strictly adhere to Pas
ley’s electron counting rule for the structures considered
this work. The validity of this latter restriction in the prese
work is demonstrated by Fig. 1 which depicts on the rig
hand side the atomics andp levels of Ga and As as well a
the levels formed bysp3 hybridization and the valence an
conduction band edges of GaAs. On the left-hand side
respective levels for Se and Te are depicted, the data b
taken from Harrison.13 Since thesp3 hybrid energy levels for
both Se and Te are clearly beneath the valence band ed
GaAs, the enforcement of the electron counting rule appe
to be justified from the argument presented by Pashley.11

Following this line of reasoning, the structure models p
sented in Refs. 8 and 10 along with the experimental res
presented earlier in this Introduction have been used a
guideline in a proposal of 11 structural models of Se and
adsorbed on the GaAs~001! surface which were subsequent
studied byab initio simulations. From the resulting total en
ergies of the supercells, absolute surface energies have
calculated. These surface energies are shown in diagram
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functions of the chemical potentials of As and the adsorb
chalcogen species, which is either Se or Te.

The paper is organized as follows. In Sec. II the se
consistent calculations that were employed to obtain the t
energies of the structures considered are briefly outlined.
equations that allow us to calculate surface energies a
function of two chemical potentials are also presented.
Sec. III the results of our simulations are presented and
cussed with an emphasis on their relation to the experime
results summarized in the Introduction. The paper is c
cluded by a brief summary in Sec. IV.

II. METHOD OF THE CALCULATIONS

The structure models which have been considered in
paper are shown in Fig. 2. As already stated in the Introd
tion, all of them obey Pashley’s electron counting rule wh
being electrically neutral. No excess charges have been
sidered in the simulations presented in this paper.

The total energy for each of these structures was ca
lated in a self-consistent simulation using pseudopotential
simulate the potential from the ion cores and a density fu

FIG. 1. Atomic and hybrid energy levels of Ga, As, Se, and T
The data are taken from Harrison.

FIG. 2. Schematic ball and stick models of the structures c
sidered in this work.
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5604 PRB 59S. GUNDEL AND W. FASCHINGER
tional theory14 ~DFT! scheme to model the valence electron
The wave functions of the valence electrons were expan
in a series of plane waves with kinetic energies up to 15
Exchange and correlation contributions to the energy of
electrons were introduced by the local density approxima
~LDA ! in the parametrization of Perdew and Zunger af
results from Ceperley and Alder.15 The pseudopotential
used in this work were generated following the prescript
of Hamann16 with thed component always being taken as t
local potential and the separable approximation of Kleinm
and Bylander17 being applied. The integration of the charg
density in reciprocal space was performed using a se
specialk points generated by the scheme of Monkhorst a
Pack.18 Sixteen such points were used in the full recipro
supercell. The calculations were performed with the simu
tion packagefhi96mdwhich is described in more detail i
Ref. 19.

Test calculations were undertaken in order to estimate
accuracy of our parameter set. We found that upon incre
ing the number ofk points from 16 to 36 the differences i
total energies for different structures changed by less t
0.05 eV per 231 surface cell. Comparable changes we
observed for different structures with equal stoichiometry
a plane wave cutoff energy of 18 Ry. In order to assert
quality of our pseudopotentials further we calculated str
tural properties of orthorhombicb-Ga2Se3 . Its equilibrium
lattice constant was found to be 5.37 Å, in good agreem
with another theoretical study20 and experimental data. Als
the atomic displacements within the Ga2Se3 unit cell are
similar to those shown in Ref. 20.

The supercell approach with periodic boundary conditio
necessitates the simulation of a slab of atoms with vacu
between adjacent slabs whose width is sufficiently large
make interactions negligible. In our simulations one s
consisted of about ten atomic layers and the spacing of a
the same thickness. Following a suggestion of Shiraishi,21 an
asymmetric slab geometry was used, the lower side bein
As-terminated, unreconstructed GaAs~001! surface where the
dangling bonds are passivated by hydrogenlike pseudoa
with a nuclear charge ofZ50.75 and a corresponding va
lence charge. This configuration removes the dangling b
states from the band gap of GaAs bulk, making the low
surface of the slab similar to bulk material. The top side
the slab exhibits the reconstructed surface with a vary
amount of adsorbed Se or Te. In order to compensate for
dipole moment of the asymmetric slab an artificial dipo
layer was simulated in the vacuum region between two
jacent slabs, its dipole moment being adjusted s
consistently in order to match that of the slab.

The initial atomic positions in the bulk region of the sla
were chosen to be those of GaAs bulk while for dimers at
surface they were taken from Ref. 8. During the simulatio
the forces on all atoms save those in the lowermost G
layer were computed using the Hellmann-Feynm
theorem22 and adjusted until the force on each atom h
decreased beneath 0.02 eV/Å. The atoms in the lowerm
layers were not allowed to move from their bulk position

Since the amount of adsorbed chalcogen atoms per 231
surface cell varies in the successive calculations, it is ne
sary to account for the effects of varying stoichiometry
the surface energy correctly. The adsorbate-covered surf
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are assumed to be in thermal equilibrium, being able to
change individual atoms of their constituents from approp
ate reservoirs. Following an argument of Qian, Martin, a
Chadi23 the surface energyG is expressed as follows:

G5Etot2(
i

m i Ni , ~1!

whereEtot denotes the total energy for one supercell as
tained in a simulation andm i andNi the chemical potentia
and number of atoms of constituenti, respectively, within the
supercell. While all chemical potentials are previously u
known, certain boundary conditions apply. First, the chem
cal potential of each constituent cannot surpass that o
most stable elemental bulk phase. Second, the chemica
tential at the surface is equal to the value for the bulk
neath, since both are in thermodynamic equilibrium. T
relates the chemical potential of Ga with As via the expr
sion

mGa1mAs5mGaAs
bulk 5mGa

bulk1mAs
bulk2DH f

0 ~GaAs!, ~2!

where DH f
0 (GaAs) represents the heat of formation f

GaAs bulk. Substituting the left-hand side of Eq.~2! into Eq.
~1! leads to the expression

G5Etot2mGaAs
bulk NGa2mAs

bulk~NAs2NGa!2mSe,Te
bulk NSe,Te

2~mAs2mAs
bulk!~NAs2NGa!2~mSe,Te2mSe,Te

bulk !NSe,Te.

~3!

In this expression the differences between the chem
potential of As and Se and their respective bulk values
taken to be the variables for the graphic representation of
surface energies in Figs. 3 and 4. The lower limit ofmAs is
fixed by the heat of formation for GaAs which was found
be 0.725 eV from self-consistent simulations. This value is
good agreement with the experimental value of 0.736 eV24

For the chemical potentials of Se and Te, the upper limits
given by the values of their respective bulk phases wher
for the lower limits the heat of formation for an appropria
compound has to be employed. In the case of Se the he
formation for the compound Ga2Se was used since its heat
formation per Se atom is higher than that of GaSe
Ga2Se3 . Its experimentally determined value is 1.90 eV25

The same value was also used for the Te/GaAs system.
emphasize here that this choice is unlikely to affect
physical content of the results presented here since the m
stable structure remains the same over a considerable v
tion of the lower limit formTe, as can be seen from Fig. 5

The chemical potentials of Ga, As, Se, and Te were a
determined from self-consistent calculations. For Ga
orthorhombic base centered structure~A11! was assumed
for As the A7 structure as described in Ref. 26 was assum
and for Se and Te chain structures with hexagonal symm
were assumed. The lattice constants corresponding to
minima of the total energies for these elements deviated f
those cited in the literature by less than 8% for Se and by
than 4% for all others.
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FIG. 3. Surface energies per 231 surface cell of the Se-adsorbed GaAs surface for the structures shown in Fig. 1. The inset
schematic representation of the surface energyG as a function of two chemical potentials.
he

re-
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III. RESULTS

As can be seen from Eq.~3!, the surface energyG is a
linear function of two chemical potentials which takes t
shape of a plane tilted away from the ‘‘G ’’ axis by some
angle which is determined by the stoichiometry of the cor
sponding surface. The lines in Figs. 3 and 4 show the ed
of these planes at the upper or lower limit of one chemi
FIG. 4. Surface energies per 231 surface cell of the Te-adsorbed GaAs surface for the structures shown in Fig. 1.
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5606 PRB 59S. GUNDEL AND W. FASCHINGER
potential whose value appears above each graph. Each
line appears thus as a function of the remaining chem
potential. We note that in Fig. 4 the heat of formation f
Ga2Se is used to determine the lower limit of the chemi
potential of Te; this is not only due to the lack of an expe
mental value for a suitable Ga-Te compound in the literat
but also facilitates direct comparison of the two figures. T
values of the involved chemical potentials over which t
respective structures with minimal surface energies ext
are depicted in Fig. 5.

A. The Se-adsorbed surfaces

Figure 3 shows the absolute surface energies per 231
surface cell computed according to Eq.~3!. It can be seen
that at the upper and lower limits of the As chemical pote
tial the most stable structures remain the same while only
respective ranges ofmSe differ in which they are energeti
cally most favorable. This indicates that a variation ofmAs
has much less effect on the structure and amount of adso
Se than a variation ofmSe. Structure 6A, with three adsorbe
monoatomic layers of Se, exhibits the largest variation of
surface energy since the effect of a change inmSe on G is
multiplied by the number of Se atoms per 231 surface cell
which is six in this case. By the same token this variation
least for the structures 1A, 1B, and 1C, which exhibit half
a monoatomic layer coverage of Se.

When only one Se atom per 231 surface cell is adsorbed
structure 1A turns out to be more stable than 1B and 1C.
preferential adsorption of one single Se atom by formation
a mixed As-Se dimer cannot be understood from kinetic
pects of the adsorption process since each surface wa
sumed to be in thermal equilibrium in the simulations. A
suming the strength of the Ga—Se bond to be higher tha
that of the As—Se bond, the Se atom should be adsorb
preferentially beneath the surface where it would be boun
four Ga atoms, instead of being bound at the surface wh
only two Ga— Se bonds and one As—Se bond are formed
However, adsorption beneath the top layer requires one e

FIG. 5. The structures for Se and Te on GaAs with minim
surface energies within their respective regies of the chemical
tentials of As and Se/Te.
ut-
al

l
-
e
e

d

-
e

ed

e

s
f

e
f

s-
as-
-

d
to
re

c-

tron to be transferred from the adsorption site to the surf
in order to fill all dangling bonds completely. This charg
transfer can be observed for structures 1A and 1B in Fig

According to an argument of Harrison,27 this charge trans-
fer results in an enhanced surface dipole moment whic
energetically unfavorable. We have estimated the magnit
of the dipole layers for the different structures in the follow
ing way: all atoms were assumed to carry a positive cha
equivalent to their respective valence while electrons in
covalent bonds were distributed according to an assum
bond polarity ofap50.5,27 i.e., of the two electrons tha
form a bond between Ga and As, 1.5 electrons were att
uted to the As atom and 0.5 electrons to the Ga atom.
distinction was made between As and Se or Te, therefo
bond between either of these was assumed to be unpolar
The charges were averaged in the atomic layers paralle
the surface in order to yield a one-dimensional charge dis
bution. Furthermore, relaxation of the lattice planes was
sumed to be negligible. Considering the electrostatic inter
tion between the charged lattice planes to be screened b
dielectric constant of GaAs, which is 10.9, one obtains
potential drop of about 0.74 eV resulting from a charge d
sity of one electron per 231 surface cell. From these as
sumptions the potential offset induced by the dipole laye
the surface of structures 1B and 1C is about 1.85 eV pe
31 cell while the corresponding offset for structure 1A
0.37 eV. Apparently the difference between these two en
gies accounts for the stability of the Se adsorption site wit
the mixed dimer.

Biegelsenet al.8 report a first-principles simulation simi
lar to that presented here for structure 1A. They find that
bond length between As and Se in the mixed dimer is ab
2.49 Å while the Se atom is 0.12 Å closer to the bulk th
the As atom. The respective distances from the present w
are 2.50 Å and 0.21 Å. The fact that our structural data
not identical with theirs may be attributed to differences
the parameter sets and the numerical convergence of th
spective simulations.

The vertical separation obtained in the present work c
not be explained from the difference of 0.04 Å between
covalent radii of As and Se alone, but can be explained
considering the difference in the ionic radii, which is 0.2

l
o-

FIG. 6. Valence charge averaged over lattice planes for st
tures 1A and 1B.
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PRB 59 5607FIRST-PRINCIPLES SIMULATION OF Se and Te . . .
Å.28 The charge density contour plot in Fig. 7 confirms th
supposition since it reveals considerable charge transfer f
Ga to As and from As to Se. The use of ionic radii can a
be used to explain the difference in the surface energie
structures 1B and 1C: the compression of the lattice ben
the As dimer is less acute if the smaller Se atom sits ben
it.

None of the two structures with Se coverage of o
atomic layer is energetically favorable compared to the o
ers, as can be seen in Fig. 3. This is presumably due to
less stable Se—As and Se—Se bonds which are features
these structures. Charge density contours including the
most Se atoms are shown in Fig. 8. The presence of Se—As
bonds has been reported by Takatani, Kikawa, a
Nakazawa1 by means of x-ray photoelectron spectrosco
~XPS! measurements of GaAs surfaces on which Se has b
deposited at room temperature, followed by an annea
250 °C. They also state that the adsorbed Se atoms are b
at two nonequivalent sites, which is the case for the 2A a
2B structures. Therefore either of them might occur un
suitably chosen experimental conditions.

3A and 3B are the most stable structures over an inter
diate range of the Se chemical potential, quite irrespectiv

FIG. 8. Charge density contour of structures 2A and 2B.

FIG. 7. Charge density contour of structures 1A and 1B. D
labeled ‘‘1’’ refer to Ga atoms, ‘‘2’’ to As atoms, and ‘‘3’’ to Se
atoms. Larger dots denote atoms that lie in the cut plane.
smaller ones denote atoms above or beneath it. Please note
positions above or beneath the cut plane are equivalent since
31 direction of the surface reconstruction is perpendicular to
cut plane.
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that of As. Both structures feature Se atoms in the top ato
layer which reside in bridge positions and are disconnec
from each other. Since the dangling bonds of the Se ato
are completely filled there is no driving force for dimeriz
tion, as can be conceived from Fig. 9. The enhanced stab
of structure 3B with respect to 3A may be explained fro
two observations. In the first place relaxation of the atoms
the first atomic layers beneath the surface may occur m
easily since the surface atoms are less tightly bound. Sec
an estimation of the potential offset due to a surface dip
layer as described above reveals a difference of about
eV per 231 surface cell in favor of structure 3B. This est
mated difference is already quite close to the actual diff
ence in the surface energies of 0.61 eV between struct
3A and 3B. Therefore the enhanced stability of structure
may be readily explained by the magnitude of the surfa
dipole. Since in both structures the surface is terminated
tirely by completely filled Se dangling bonds it should b
quite resistant to further adsorption of atoms on top of
therefore these structures could explain the thr
dimensional growth mode of ZnSe on a previously S
terminated GaAs~001! surface.29,30

The adsorption of two complete atomic layers of Se
GaAs requires the formation of a Ga vacancy beneath
surface in order to counterbalance the increased numbe
electrons introduced by the Se atoms. Within the 231 re-
construction the vacancies form channels extending in
@110# direction. The electrostatic interaction of the filled da
gling bonds that protrude into these channels will presu
ably raise the surface energies of such structures, thus
dering them less stable. The charge accumulation around
Ga vacancy can be seen in Fig. 10 where two slices of st
ture 4A are plotted such as to provide charge conto
around all atoms situated near the vacancy. The stability
structures with Ga vacancies buried beneath the sur
stems mainly from the superior strength of the Ga—Se bonds
that are formed by incorporation of Se atoms on As sit
The adsorption of four Se atoms per 231 cell requires the
formation of a surface dimer from electron counting cons
erations. This dimer can either be a mixed one or con
entirely of Se atoms; the case of Se incorporation benea
pure As dimer was not considered in this work since
experimental investigations cited in the Introduction ag
with the observation that the Se concentration should
highest at the surface and decrease in the layers benea
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e
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e

FIG. 9. Charge density contour of structures 3A and 3B.
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5608 PRB 59S. GUNDEL AND W. FASCHINGER
addition the estimated surface dipole potential offset of s
a structure surpasses that of structures 4A and 4B by 2.2
per 231 cell.

From Fig. 3 it can be seen that structure 4C, which f
tures the pure Se dimer in the top layer, is even less st
than structures 4A and 4B with the mixed dimer on top. T
potential offset estimated from the surface dipole momen
3.3 eV per 231 cell for structure 4C as opposed to 0.37 e
for 4A and 4B. From our simulations we find that the diffe
ence between the surface energies of 4C and 4A~or 4B! is
only about 1 eV. While this inconsistency reveals the sho
comings of our approximation, we believe that the quali
tive information that can be derived from it sufficiently e
plains the inferior stability of structure 4C with respect to 4
and 4B.

Since structure 4C has been proposed explicitly as a st
tural model for the Se-adsorbed GaAs~001! surface from
scanning tunneling microscope~STM! investigations, e.g.
by Pashley and Li,10 the question arises as to how the app
ent instability of this structure can be made congruent w
the experimental evidence presented in Ref. 10. We prop
that structure 3B rather than one of the structures 4A, 4B
4C is the microscopic structure that is realized on
GaAs~001! surface with a moderate amount of Se being
sorbed. While the unperturbed valence charge is strongly
calized around the Se atoms in the top layer of structure
as is shown in Fig. 9, a high sample bias might instead re
in a broadening of the charge around the Se atoms in
vicinity of the tunneling tip. Of course the question of th
real microscopic structure cannot be decided from our sim
lation data alone. Nevertheless, we would like to stress
point that structure 3B is in reasonable agreement with
experimental evidence concerning the amount of adsor
Se and the observation of two nonequivalent bonding site
addition to its surface energy being the lowest of all str
tures considered in this work over an intermediate range
the Se chemical potential.

With the adsorption of three atomic layers of Se on
GaAs~001! surface one gets close to the growth of strain
Ga2Se3 on GaAs. Because of electron counting consid
ations only one structure for three adsorbed layers of Se
be conceived. While 6A appears to be the most stable st
ture at the upper limit of the chemical potential of Se, t

FIG. 10. Charge density contours of structure 4A. The left-ha
plot includes the surface dimer and the two atoms below the
vacancy. The right-hand plot features the cut plane defined by t
atoms that lie outside the plane shown in the left-hand panel~i.e.,
those denoted there by the smaller dots!.
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amount of adsorbed Se surpasses significantly that obse
in the experiments reviewed in the Introduction. The num
of excess electrons introduced by the Se atoms requires
surface Se atoms to reside at bridge positions without
formation of a surface dimer in order to meet Pashley’s el
tron counting rule. The surface is therefore similar to that
structure 3A. Its relative stability is probably also due to t
comparatively small distortion that results from the abse
of a surface dimer. The effect of the massive Se adsorp
results in a surface dipole potential offset of about 2.6
which is only 0.74 eV lower in magnitude than that of stru
ture 4C, as estimated from the model described above. T
charge contours similar to these of structure 4A are show
Fig. 11.

The structures 4A–4C and 6A share a high density of
vacancies just beneath the surface. To our knowledge su
defective structure has not yet been observed on Se-rea
GaAs~001! surfaces. On the other hand, Liet al. have re-
ported transmission electron microsope~TEM! studies of
Ga2Se3 ~Ref. 31! and ZnSe~Ref. 32! grown epitaxially on
GaAs. In both cases a Ga2Se3-like transition structure is ob-
served that contains a large number of vacancies in orde
maintain stoichiometry. In the latter case the thickness
composition of the transition layer proposed in Ref. 32 su
gest structure 3B as the most likely precursor, supposing
no atoms desorb from the surface during the ZnSe gro
start.

B. The Te-adsorbed surfaces

In the case of half a monoatomic layer adsorption of
on GaAs the preferred adsorption site is the same as in
case of Se adsorption while the absolute surface energ
about 0.5 eV higher, as can be seen from Fig. 4. We attrib
this increase in the surface energy to the inferior strength
the Ga—Te bond compared to the Ga—Se bond. This ten-
dency has already been predicted, e.g., by Ohno.12 We note
in addition that in the mixed dimer of structure 1A the T
atom sits about 0.02 Å closer to the GaAs bulk than the
atom. The covalent radii of As and Te are insufficient
explain this configuration since the latter is 0.11 Å larg
than the former.28 Considering ionic instead of covalen
atomic radii one finds that the radius of Te is 0.01 Å smal
than that of As. Therefore one may assume the Ga—Te bond
to be considerably polarized. The charge density conto
shown in Fig. 12 confirm this supposition. Furthermore, t

d
a
se

FIG. 11. Charge density contour plots of structure 6A. The
planes were chosen similar to those for the plots of structure 4
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structures 1B and 1C have become almost equal in ene
We attribute this also to the radius of the Te atom; if it
almost equal to that of As there is no longer any distinct
between structures 1B and 1C as far as the lattice distor
in the first planes at the surface is concerned.

For the structures 2A and 2B, the upward shift of t
surface energies is similar to that of structure 1A. Since
same number of Ga— Se bonds are replaced by Ga—Te
bonds in each case, this shift can be readily explained
considering the different strengths of the Ga—chalcogen
bonds.

Similar to the case of Se adsorbed on GaAs, the struct
3A and 3B are those with the lowest surface energies ove
intermediate range of the chemical potential of Te. Co
pared to the former case their energies are shifted by a
1.5 eV towards higher values. Nevertheless, the relative
ference in energies of the two structures 3A and 3B does
change noticeably. This observation can be explained by
suming the difference in bond strength between Ga— Se and
Ga—Te to be about 0.15 eV. If one assumes a similar d
ference for the As—Se and As—Te bonds there is also ove
all agreement with the energy shifts of structures 1A throu
2B; this assumption is supported by the data in Ref. 12
should also be noted that the contour lines around the
most Te atoms in Fig. 13 are less dense than those aroun

FIG. 12. Charge density contours for structures 1A and 1B w
one Te atom per unit cell being adsorbed. Labels ‘‘1,’’ ‘‘2,’’ an
‘‘3’’ refer to Ga, As, and Te atoms, respectively.

FIG. 13. Charge density contours of structures 3A and 3B
the Te-reacted surfaces.
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Se atoms in Fig. 9, due to the lower electronegativity of
with respect to Se.

Recently precise atomic positions for Te-adsorbed Ga
surfaces have been determined in an x-ray standing w
experiment by Sugiyama and Maeyama.7 From their results
they conclude that the Te atoms preferentially occupy
sites and form Te—Ga bonds. Furthermore, they report tw
different separations between the Te atoms and the Ga a
in the lattice planes below. While this vertical spacing
about 1.69 Å for Te atoms in the first position from bo
views along the~111! and (11̄1) diffraction planes, there is
considerable disagreement in their data for the Te atom
the second position, the vertical separations being 2.13 Å
2.45 Å for the~111! and (11̄1) diffraction planes, respec
tively. Comparing these data with the relaxed atomic po
tions obtained from our simulations of structures 3A and 3
we find that the vertical separations between the Te atom
the third lattice planes and the Ga atoms beneath agree
with the reported value of about 1.69 Å, being 1.70 Å a
1.68 Å for structures 3A and 3B, respectively. The respect
separations between Te atoms in the top layers and Ga a
in the second layers are 1.52 Å and 1.58 Å, thus agree
less well with the data from Ref. 7.

We point out that the distances between Te atoms in
top layers and Ga atoms below are generally lower th
those for the Te atoms in the third lattice plane. This circu
stance can be understood in light of the rearrangemen
valence electrons that is required for the surface to ag
with Pashley’s counting rule; the excess electrons from ch
cogen atoms buried in the GaAs bulk have to be transfe
to the surface where they can eventually fill partially emp
dangling bonds. The surface dipole moment thus form
does in all probability attract the surface atoms to the bu
From this argument we see no reason why the Te atom
bridge positions at the surface should be located at a gre
distance from the first Ga lattice plane than the Te atom
the plane below, as is suggested by Sugiyama and Maey
We have performed an additional simulation for a struct
similar to 3B but with the Te atom in the top layer residing
an on-top position above one Ga atom. For this structure
find that the vertical separation between these two atom
about 2.29 Å which is the average of the two distances
ported by Sugiyama and Maeyama. However, the surf
energy of this structure is about 1.76 eV above that of str
ture 6A, thus rendering the adsorption of the Te atom at
on-top site to be energetically extremely unfavorable. T
difference in energies considerably exceeds the value of 1
eV reported by Ohno12. Therefore the origin of the large
vertical separation between some of the Te atoms and
underlying Ga atoms reported in Ref. 7 cannot be determi
here.

For the GaAs surfaces covered with two atomic layers
Te, one observes a shift towards higher surface energ
compared to the case of Se adsorption, which is about 1.5
for the structures 4A and 4B but only about 1.0 eV for stru
ture 4C. This means that the energy separation betw
structure 4C and structures 4A and 4B decreases. We t
that this behavior can be explained by the lower electro
gativity of Te, as compared to Se, which also results in
lower surface dipole moment, rendering the present struc
4C energetically less unfavorable.
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In the case of three atomic layers of adsorbed Te,
surface energy increases sufficiently to prevent structure
from becoming the energetically most favorable one exc
for a narrow range around the upper limit ofmTe and the
lower limit of mAs . One obvious reason for this is the larg
atomic radius of Te which becomes manifest in the obse
tion that while the Se atoms in the top layer are shifted 0.1
towards the GaAs bulk, the Te atoms in the present case
moved 0.6 Å away from it towards the vacuum. Also t
charge around the Te atoms around the Ga vacancy is
localized than for the same structure with Se instead of
atoms, thus probably raising the electrostatic interaction
tween these bonds. This can be inferred from Fig. 14.
state furthermore that the 3 eV shift of the surface energy
structure 6A may also be explained by the different streng
of the Ga—Se and Ga—Te bonds as outlined above; attrib
uting a difference of 0.15 eV to these bond strengths wo
account for a shift of 2.4 eV of the surface energy for a
31 cell. From this argument it appears that only a min
fraction of the observed total shift may actually be attribu
to the elastic distortion of the first lattice planes at the s
face.

Recently the growth start of ZnSe on a previously T
treated, well-ordered surface has been investigated
Ohtake et al.33,34 Starting from a 631 reconstructed Te
GaAs surface they notice that while layer-by-layer growth
the ZnSe film can be accomplished, an extraordinarily h
density of stacking fault defects occurs. Speculating that
631 surface cell of Te adsorbed on GaAs is proba
formed out of three instances of the energetically most
vorable structures reported in this work, the arguments c
cerning the passivation of the Se-adsorbed GaAs surface
sented above apply here as well and might sufficien
explain the creation of stacking faults. The authors state
thermore that about 1.2 atomic layers of Te remain at
GaAs-ZnSe interface in their growth experiment, forming
thin Ga2Te3-like interface layer. This quantity agrees reaso
ably well, for example, with the amount of Te adsorbed
GaAs in the structures 3A and 3B whereas the observatio
empty sites at the interface would render a structure sim
to 3B the most promising candidate for the initial surfa
composition. Of course a more Te-rich structure such as
could be formed initially, while after the ZnSe growth star
certain amount of Ga and Te desorbs. However, the ave

FIG. 14. Two charge density contours for structure 6A show
the charge distribution around the Ga vacancy.
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coverage of 0.8–1.0 atomic layers reported in the literatur5,6

for the Te-adsorbed GaAs~001! surface renders this alterna
tive less probable.

IV. SUMMARY AND CONCLUSION

The surface energies of various Se- and Te-adsor
GaAs~001! surfaces exhibiting 231 reconstruction have
been determined from first-principles simulations. The str
tures evaluated in these calculations were derived from
available experimental data for these surfaces. The sur
energies were evaluated as functions of the chemical po
tials of the concerned species. Therefore the relative sta
ties of the investigated structures are determined in term
ambient conditions that might typically occur during the fa
rication of samples as summarized in the Introduction.

From our calculations we conclude that chalcogen ato
adsorbed on GaAs~001! show little tendency to form surfac
dimers. Instead, the most stable surface site is the bridge
where the surface chalcogen atom is bound to two Ga at
in the layer beneath. Despite considerable differences in
surface energies for Se and Te the behavior of these
species is qualitatively similar.

Due to strict adherence to the electron counting rule
surface charge accumulation could occur for any of the str
tures investigated in this work. It could be shown that in
absence surface dipole layers are a key feature for the st
ity of adsorbate structures. From integration of Poisso
equation for simple models of the actual structures their
ferences in energies could be asserted in part even quan
tively. Differences in stability between similar structure
upon the exchange between Se and Te could be attrib
mainly to the different strengths of the Ga—Se and Ga—Te
bonds.

The structural information derived from our calculatio
was compared with experimental results. It was found t
the structures that appear to be most stable from our ca
lations agree well with the available experimental da
Bonding sites, surface stoichiometry, and bond lengths
ported in the literature are mainly confirmed by our resu
In addition they offer an explanation for the evolution
highly defective transition structures that appear during
growth of ZnSe on previously chalcogen-expos
GaAs~001! surfaces.

It is beyond the scope of calculations like ours to mod
the highly complex process of adsorbate formation that
viously depends strongly on details of the sample prepara
and ambient conditions. Also surfaces prepared in such w
will be much more complex than our model structures c
account for. We expect that different structures will form
mixture of phases which will be stabilized by the increase
disorder on the surface. The most stable structures prese
in this work may be considered as basic units of which
real surfaces are formed.
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