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%e have studied the atomic geometries of the GaAs(001) As-terminated surfaces covered with

sulfur overlayers by performing total-energy calculations within an empirical tight-binding model.
A number of possible geometries are examined, and several geometries with low total energy are
found to be free of surface states in the midgap. The surface band structures and local density of
states for some of these geometries are calculated and the surface states are identified. Our results

show that by forming a 2X 1 reconstruction of sulfur overlayers in several dift'erent ways, good elec-

tronic properties of the GaAs surfaces can be obtained. This lends theoretical support to recent ex-

perimental studies in which the GaAs surface was treated with sulfur-related solutions.

I. INTRODUCTION

It is well known that untreated GaAs surfaces have
poor electronic properties due to the formation of oxides
on the surface. The oxidized surface typically contains
many unsaturated bonds which result in a large density of
surface states with energies near the middle of the bulk
band gap. In the past there has been a considerable effort
to improve the electronic properties of such surfaces, but
with limited success. Recently, it has been demonstrated
that a simple chemical treatment of the GaAs surfaces
with sulfur-related solutions can lead to dramatic im-
provement of the electronic properties of the surface. '

For example, a single passivation step of sulfide treatment
can increase the current gain of a transistor from 30 to
2000, ' a sulfide film deposited on GaAs epilayers at room
temperature can increase the photoluminescence intensi-
ty by a factor of 2800 relative to the untreated ones, and
an Al, Gaz As/GaAs heterostructure bipolar transistor
can have near-ideal transport characteristics after such a
treatment. Within the last year, a great deal of experi-
mental studies on the passivation of GaAs surfaces have
been reported. ' The results of these studies provide
strong evidence that the sulfur termination of the GaAs
surface is crucial in obtaining good electronic properties
by dramatically reducing the number of electronically ac-
tive surface states. These facts call for a detailed theoret-
ical study of the atomic geometry as well as the electronic
properties of (001) GaAs surfaces covered with sulfur
overlayers.

We performed theoretical calculations on the As-
terminated GaAs(001) surface covered with sulfur over-
layers for a number of possible atomic geometries. %'e
calculated their electronic structures and total energies
by using an empirical tight-binding model with five orbit-
als (sp s*) per atom. ' For each possible geometry, the
atoms on the top two layers of the surface are re1axed and
their most stable positions are determined by minimizing
their total energies. Then, the surface band structures
and the loca1 density of states for these geometries are

calculated, and the origins of surface states are identified.
Our results indicate that by forming a 2 X 1 reconstruc-
tion with every pair of surface As atoms bridged by either
a sulfur atom or a disulfur molecule, or substituting one
of the two As atoms which form the As dimer at the sur-
face by a sulfur atom, desired electronic properties can be
obtained, namely no surface states near the midgap. Our
theoretical studies lend support to the experimental
findings for sulfur-treated (001) GaAs surfaces.

This paper is organized as follows. In Sec. II we give a
brief review of the total-energy calculation within an
empirical tight-binding model and its application to sur-
face prob1ems. In Sec. III this procedure is applied to
identify the stable atomic geometries of As-terminated
GaAs(001) surfaces covered with sulfur overlayers. In
Sec. IV we present surface band structures and local den-
sities of states of several favorable (2X1) geometries.
Section V concludes the paper with a discussion.

II. THE TOTAL-ENERGY APPROACH

Ess E„,+2E, , (3)

Note that electron-electron interaction in E„zis counted
twice.

The total energy E„,of an electron-ion system can be
expressed as

tot e-e + e-1' +Ei-I

where E, „E,„and E, , denote the electron-electron,
electron-ion, and ion-ion interaction energies. In a one-
electron band theory, one can calculate the sum of one-
particle energies up to the Fermi level, denoted E&s,

Eiis =2 g E„(k),
n, k

where the sum is over occupied single-particle states with
wave vector k and band index n. The factor 2 takes into
accoont the spin degeneracy. EBs is related to the
electron-ion and electron-electron interactions by
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As it is not possible to calculate U within the empirical
tight-binding model, we resort to an approximation
scheme due to Chadi. ' ' This approach was used in
the past to determine the atomic geometries of several
III-U compound and group-IV elemental semiconductor
surfaces with considerable success. ' ' In this scheme,
U is written as the sum of contributions from individual
bonds,

U=g b, U(d;), (5)

where d; denotes the bond length of bond i. It is further
assumed that the Taylor expansion of b, U(d) can be trun-
cated at second order

EU(d) = Uo+ U, [(d —do)/do)+ U2[(d —do)/dii]

(6)

where do is the equilibrium bond length for the bulk ma-
terial. The coefficients Uo and U~ are related to the ex-
perimental values for the cohesive energy and the bulk
modulus. Since the total energy for the bulk crystal
should be a minimum at do, U, should exactly cancel the
derivative of Ezs with respect to d at do.

The coeScients Ui and U2 for a number of bulk semi-
conductors determined within the sp s' nearest-neighbor
tight-binding model' are listed in Table I, together with
the bond length and bulk modulus' used in the deter-
mination. Here a 1/d dependence for the nearest-
neighbor interaction parameters is assumed in the calcu-
lation of the derivative of Ezs with respect to d. In per-
forming the summation over k in (2), we have chosen ap-
propriate sets of special points for the bulk ' and for the
surface.

The coefficient Uo is independent of the relaxation of
atoms in the system, but is important here since we wish
to compare the total energies of systems with different
number of chemical bonds. For later use, we calculated
Uo of the S—S and As—S bonds.

To calculate Uo, we use the following relation:

EBs + U +Ecoh Efree

where Ezs is defined in (2), the sum of one-particle band-
structure energies of the crystal system, U is defined by
(5) and (6),E„„„is the total energy of all free atoms which
form the crystal, and E„his the total cohesive energy.

The difference of the total energy, E„„andthe band-
structure energy, EB&, is defined as U, and we have

(4)

We use the simplified slab model of Ref. 23 to calculate
E&s of As2S3, and use the ring coordinates of Ref. 24 to
calculate the molecular energy of S&. In these calcula-
tions we take the on-site energies of As in As2S3 as the
on-site energies of As in GaAs, and determine the on-site
energies of S by their differences in atomic-orbital ener-
gies from those of As. The nearest-neighbor interaction
parameters are taken as those of GaAs scaled be 1/d .
The cohesive energy of sulfur is taken as 2.85 eV/bond,
and the cohesive energy of the As—S bond is estimated
as 2.93 eV/bond. When we estimate the cohesive energy
of the As—S bond, we assume that the difference of the
cohesive energies between the As—S and As—As bonds
is the same as the difference of the bond strengths of their
diatomic molecules. In this way, the Uo of the As—S
bond is calculated as 6.31 eV/bond, and the Uo of the
S S bond is calculated as 9.04 eV/bond. To be sure that
our results make sense, we also calculated the S—S bond
energy by using a diatomic model and its bond strength.
The calculated Uo of S—S bond is 9.43 eV/bond, which
is quite close to that calculated from the ring structure.
We also calculated Uo of the S—As bond in As2S3 by us-
ing the parameters given in Ref. 24, and the difference
from the previous calculation is less than 0.5 eV. So,
later on, when we compare the total energy of different
surface structures, we took Uo of the surface S- -S and
As—S bonds to be 9.04 and 6.31 eV/bond, respectively,
which are calculated by using the same parameters as in
the surface calculations. For comparison, we also calcu-
lated Uo of bulk Si and Ge in the sp s* model. The re-
sults are 5.85 and 5.41 eV/bond, respectively.

We calculated U& and U2 of the As—As and As—S
bonds at the surface, which are needed when we consider
the change of the bond length. The tight-binding param-
eters of the As—As bond are taken from Larsen et al. ,
and the bulk modulus is taken to be the same as for bulk
GaAs. The relative change in bond length of AszS3 under
pressure along an in-plane direction is used to deter-
mine U, and U2 of the As—S bond at the surface.

To calculate hU at the surface, we need to know the
value of do in (6). We always take do as the ideal bond
length, which is defined as the sum of covalent radii of
the two atoms connected by the bond. The covalent radii
used for Ga, As, and S are 1.26, 1.19, and 1.02 A, respec-
tively.

III. GaAs-SURFACE CALCULATIONS

We first calculate the total energy of a 2 X 1 reconstruc-
tion of the (001) GaAs surface. This reconstruction is ob-
tained by forming an As dimer along the [110]direction

TABLE I. Ul and U, of some semiconductor bonds determined within the sp s* nearest-neighbor
tight-binding model, together with their bond length do and bulk modulus 8 used in the determination.

Si Ge Gap GaAs GaSb InSb ZnSe

U, (eV)
U2 (eV)
do (A)
g (10' ergs/cm )

—51.60 —20.29
114.80 61.65

1.54 2.35
4.42 0.988

—18.86
57.44
2.45
0.750

—18.50
64.41
2.36
1.127

—17.74
55.13
2.45
0.747

—15.58
51.15
2.64
0.561

—13.13 —17.83
46.10 49.41

2.81 2.45
0.456 0.595
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from an ideal As-terminated (001) GaAs surface within
each 2X1 unit cell. We will take the total energy of this
surface as a reference level for describing the total ener-
gies for sulfur-treated GaAs surfaces. By eliminating one
out every four rows of dimers in the 2 X 1 reconstructed
surface, one obtains a 2 X4 reconstruction which is be-
lieved to be the most stable surface geometry for the As-
terminated (001) GaAs surface in vacuum. ' Based on
simple electron-counting arguments, one can show that
the 2 X 1 reconstruction would cause a charge-imbalance
problem, whereas the 2X4 reconstruction would not. In
each Ga—As bond —electrons come from the Ga atom
and —,

' electrons come from the As atom. In the 2X1
reconstructed surface, each As atom contributes —elec-
trons to the two backbonds, gives one electron to the As
dimer bond, and leaves —,

' electrons for the lone pair.
Thus, each 2X1 cell is one electron deficient. Since the
lone-pair surface states lie below the Fermi level, elec-
trons will Aow from inside the semi-infinite slab to the
surface, giving rise to a charged surface. By eliminating
one out every four rows of dimers to form the 2X4
reconstruction, we create four Ga dangling bonds in each
2X4 unit cell ~ It can be shown that the energies of Ga
dangling-bond surface states are higher than the Fermi
level. Thus, the three excess electrons ( —,

' from each dan-

gling bond) can replenish the lone-pair states of the
remaining three As dimers in the unit cell, and provide
charge balance for the 2 X4 reconstruction.

We perform calculations for a slab which consists of
five (2X1) diatomic layers of GaAs normal to the [001]
direction with one surface terminated by Ga atoms and
the other by As atoms. A hydrogen atom is attached to
each Ga atom at the Ga surface to passivate one Ga dan-
gling bond, leaving the other dangling bond unoccupied.
By doing this, we artificially get one excess electron per
2 X 1 cell from the Ga surface and use that electron to
completely fill the lone-pair surface states of the dimer-
ized As surface. Thus, our calculation for As dimers in
the 2X1 reconstruction closely resembles that for As di-
mers in the 2 X4 reconstruction, in which all As lone-pair
states are completely filled. At the As surface, As dimers
are formed along the [110] direction. Every As atom at
the surface is threefold bonded with one dangling bond
fully occupied (lone pair). The atomic positions of the
surface As atoms are allowed to relax to minimize the to-
tal energy.

Our calculations show that when the total energy is
minimized, As dimer atoms will relax outward (about
0.09 A) from the ideal As dimer positions. The ideal di-
mer positions are defined such that the bond lengths be-
tween any two neighboring surface atoms are the sum of
their covalent radii. For comparison, we also calculated
the Ga-terminated surface with Ga-Ga dimers, which

0
showed an inward (about 0.11 A) relaxation from the
ideal dimer positions. This result is in qualitative agree-
ment with those of the first-principles calculations per-
formed by Qian et al. ' We found that the calculated
total energy of the 2X1 GaAs surface with an As dimer
is lower than that for the ideal GaAs surface by 4.25 eV
—Uo (As—As bond) per 2X1 unit cell. Since the result
predicted by the first-principles calculation is 0.7 eV,

„
fI Io)

~ $

~ As

FIG. 1. Top view of four 2X1 geometries of GaAs(001) sur-

faces treated with sulfur-related solutions.

the Uo per As—As bond at this surface is estimated to be
3.55 eV/bond.

We then perform total-energy calculations for a series
of possible geometries for GaAs(001) As-terminated sur-
faces covered with a sulfur overlayer. We first considered
the simplest 1 X 1 geometry, with one sulfur atom per
unit cell on the top layer (occupying a Ga site) bonded to
two As atoms on the second layer. We have also con-
sidered another 1 X 1 geometry with each sulfur atom in
the above replaced by a sulfur dimer, which is allowed to
rotate about an axis normal to the surface to minimize
the total energy. It is found that both of these surface
geometries give rise to surface states in the midgap which
are partially filled. Since these 1X1 surface geometries
are unfavorable, we proceed to examine the possible 2 X 1

reconstructions.
We first examined three different 2X1 geometries as

shown in Figs. 1(a)—l(c). For each geometry, we allow
atoms on the first two layers to relax, and choose the one
with the lowest total energy as the final stable structure.
In Figs. 1(a) and 1(c) the surface has a 2 X 1 unit cell with
two As surface atoms in the cell bridged by either a sulfur
atom or a sulfur dimer. In Fig. 1(b) the surface has a
c (2 X 2) unit cell which has similar a local-bonding
configuration to Fig. 1I,'a). In this structure chain charac-
ter is shown by the As—S bond and by the As—Ga bond
in the next layer, which is very similar to the layered
structure of AszS3. For clarity, the side view of each
unit cell in Figs. 1(a)—l(c) are shown in Fig. 2, where Fig.
2(a) corresponds to the unit cell of Figs. 1(a) and 1(b), and
Fig. 2(b) corresponds to the unit cell of Fig. 1(c). All
these geometries will have the charge-imbalance problem
similar to that for the As dimer surface, i.e., each 2X1
unit cell is one electron deficient. This problem can be
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FIG. 2. Side view of geometries in Fig. 1, where (a) corre-

sponds to Fig. 1(a) and 1(b), (b) corresponds to Fig. 1(c), and (c)
corresponds to Fig. 1(d).

remedied, for example, by removing one As—S—As
(As—S—S—As) unit in every four As—S—As (As—S-
S—As) units to form a 2X4 reconstruction. Here, we
study only the 2 X 1 reconstructed surfaces, and we
artificially fill the lone-pair surface states by taking elec-
trons from the other end of the slab, similar to what we
have done for the As dimer surface. We expect the re-
sults for electronic structures obtained this way to resem-
ble those for the more realistic 2 X4 reconstructed sur-
faces.

We again perform calculations for a slab which con-
sists of five (2 X 1) diatomic layers of GaAs normal to the
[001] direction with one surface terminated by Ga atoms
and the other by As atoms. A hydrogen atom is attached
to each Ga atom at the Ga surface to passivate one Ga
dangling bond, leaving the other dangling bond unoccu-
pied, and a sulfur atom (or molecule) bridges the two As
atoms within the unit cell at the As surface. In calcula-

tions of the first geometry and the reference surface with
an As dimer, our results indicate that the bond-length
changes in such relaxations are very small (less than 1%)
when compared to the bond-angle changes. So, in the
calculations for other surfaces, we keep the bond lengths
the same as their ideal lengths and only consider the re-
laxations of bond angles.

We vary the vertical distance between the top sulfur
layer and the next As layer, h~, until the total energy for
the surface is minimized. A schematic sketch which
defines hz is given in Fig. 2 and numerical values of hz at
which the total energy is minimized for geometries shown
in Figs. 1(a)—1(c) are listed in Table II.

In Table II we also include the total energies of five
geometries„ i.e., the ideal As-terminated (001) surface, the
As dimer 2X 1 reconstruction, and the three geometries
shown in Figs. 1(a)—1(c). All these total energies are
measured with respect to the As dimer 2X1 reconstruc-
tion. The total energy of one or two free sulfur atoms
(
—28.9 eV/atom in our model) are subtracted when there

is one or two sulfur atoms in each unit cell. The constant
energy Uo for the S—As and S—S bonds are included in
the calculations. These results show that the ideal sur-
face has the highest total energy, and the three
geometries Figs. 1(a)—1(c) have similar total energies,
which are substantially lower than the As dimer 2X1
reconstruction.

There is another possible 2X1 reconstruction which
does not have the charge-imbalance problem. In this sur-
face geometry one of the two As atoms in the As 2X 1

surface is replaced by a sulfur atom [see Fig. 1(d)]. Based
on the electron-counting argument given above, each sur-
face As atom needs 0.5 electron to completely fill the
lone-pair state. Since the sulfur atom has one more elec-
tron than the As atom, the substitution of one As atom
by a S atom will lead to 0.5 excess electron, which exactly
compensates for the other As atom in the unit cell. It is
therefore interesting to examine the total energy and elec-
tronic structures of this reconstruction.

To calculate the total energy of this reconstruction, we
again use a slab consisting of five GaAs diatomic layers.
However, we do not need to pull electrons from one end
of the slab to the other, since there is no charge imbal-
ance in the present case. Thus, instead of attaching one
hydrogen atom to each Ga atom on the Ga-terminated
side of the slab, we add one more hydrogen atom to one
of the two Ga atoms in the 2X1 unit cell. Namely, in
each 2 X 1 unit cell one Ga atom is bonded to a hydrogen
atom, and the other is bonded to two hydrogen atoms. In
this way, charge will be balanced on both sides of the

TABLE II. Structure parameter h& (see Fig. 2) and the total energy Et„tper (2X 1) unit cell for five

geometries of GaAs(100) surfaces. The five geometries are the ideal As-terminated surface, the 2X1
reconstruction with an As dimer, and the three geometries shown in Figs. 1(a)—1(c). The energy refer-
ence level is the total energy per unit cell of As dimer reconstruction, the second geometry here.

hs (A)

Etot

Ideal As surface

0.70

(2 X 1) As dimer Fig. 1(a)

0.965
—6.09

Fig. 1(b)

1.062
—6.00

Fig. 1(c)

1.697
—7.69
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slab. To find the equilibrium atomic positions for this
reconstruction, we fix the bond lengths and allow the sur-
face As and S atoms to relax by changing the bond angles
until the total energy reaches a minimum. Since the S
atom plays the role of an As atom here, we take the
nearest-neighbor parameters for S—As and S—Ga bonds
to be those for As—As (Ref. 27) and Ga—As bonds, re-
spectively, scaled by I /d . Our results show that in equi-
librium the angle between the S—Ga bond and the
second-layer Ga plane (a) is approximately 48.5' and the
angle between the surface As—Ga bond and the second-
layer Ga plane (P) is approximately 61.0' [see Fig. 2(c)].
For comparison, in the reference As dimer surface the
angle between the surface As—Ga bond and the second-
layer Ga plane is approximately 55.0'.

However, it is not meaningful to compare the total en-

ergy of this structure with the 2 X 1 As dimer reconstruc-
tion, as we did for the previous three 2X1 geometries
shown in Figs. 1(a)—1(c). The present 2X1 surface is
charge neutral, whereas the As dimer surface is not. A
more meaningful comparison would be between this sur-
face and the As 2X4 reconstruction. This would require
much larger computational effort, and we shall leave it
for future investigations. Here we simply assume that the
surface is more stable than the As 2X4 reconstruction
and proceed to calculate its surface band structures.

IU. SURFACE STATES
OF FOUR STABLE (2X 1) GEOMETRIES

As mentioned above, by performing the total-energy-
minimization calculations, we found four possible (2 X 1)
geometries of As-terminated GaAs(001) surfaces covered
with sulfur overlayers as shown in Figs. 1(a)—1(d). The
surface band structures and local density of states of
these surfaces are presented below.

The surface Brillouin zones for the above geometries
are shown in Fig. 3, where large squares correspond to
the surface Brillouin zone of GaAs with a 1 X 1 unit cell.
The shaded area in Fig. 3(a) corresponds to the Brillouin
zone for 2X1 surfaces as shown in Figs. 1(a), 1(c), and
1(d). The shaded area in Fig. 3(b) corresponds to the

Brillouin zone of the c (2X2) surface shown in Fig. 1(b).
We calculated the band structures of above four
geometries by using slabs of five diatomic layers of GaAs,
with sulfur overlayers on As-terminated surfaces. The
eFects of Ga-terminated surfaces (bonded with hydrogen
atoms) at the other end of the slab are eliminated by re-
moving the Ga-related surface states in the resulting
band structure. Calculations are performed along the
directions shown in Fig. 3. Results are shown in Figs.
4-7. In a11 figures, we also plotted the bulk bands pro-
jected on the corresponding directions, shown as shaded
areas. The origins of the surface states are identified.
The results of the local density of states for two
geometries, i.e., Figs. 1(a) and 1(c), are shown in Figs. 8
and 9. In these figures, solid lines are for the surface
sulfur layer and dashed lines are for the next As layer.

To identify the origin of surface states, we use density-
of-states results and consider possible bonding and anti-
bonding states associated with surface atoms. For exam-
ple, in Fig. 1(a) each (2 X 1) unit cell has one sulfur atom,
two As surface atoms, and then two Ga atoms, and so on.
Each sulfur atom has six electrons and each As atom has
five electrons. In this case, each (2 X 1) unit cell has alto-
gether two sulfur lone pairs, two As lone pairs, two S
As bonding states, and two S—As antibonding states.
Generally speaking, lone-pair states are weakly coupled,
but the bonding and antibonding states involve strong
coupling of atomic orbitals and are far separated in ener-

gy, with the bonding state occupied and the antibonding
state empty. Combining this analysis with density-of-
states results (Fig. 7), we have identified the surface states

,~/~/i~ (~~)r'lllllli')
S-As (anti) ~

ky ky

kx

-IO rg

X1

(b)
pS-As

FIG. 3. Surface Brillouin zones for geometries in Fig. 1,
where the large squares correspond to the surface Brillouin zone
of the 1 X 1 structure, the shaded area in (a) corresponds to the
surface with a 2X 1 unit cell as in Figs. 1(a), 1(c), and 1(d), and
the shaded area in (b) corresponds to the surface with a 2X1
unit cell as in Fig. 1(b).

—16r 2xl 2x I

Wa ve Vector k

"2x1

FIG. 4. Surface states of a sulfur-treated GaAs(001) surface
with the geometry shown in Fig. 1(a) for wave vectors along
symmetry directions shown in Fig. 3(a}.
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-12 -l2

-14-

- l6r
L

2xI K2

Wave Vector k

-l6
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Wave Vector k

J2„l

FIG. 5. Surface states of a sulfur-treated GaAs(001) surface
with the geometry shown in Fig. 1(b) for wave vectors along
symmetry directions shown in Fig. 3(b).

FIG. 7. Surface states of a sulfur-treated GaAs(001) surface
with the substituted dimer as stated in Secs. III and IV for wave

vectors along symmetry directions shown in Fig. 3(a).

as shown in Fig. 4. Similarly, in a disulfur-covered sur-
face, Fig. 1(c), there is one bonding and one antibonding
state between the two sulfur atoms. Comparing this to
the previous case, the disulfur-covered surface has four
more surface states, of which two are associated with the
S—S bond (one bonding and one antibonding) and two

JS-As (anti)

0 ~As ( S) ~ S (5)

are additional sulfur lone pairs. Using density-of-states
results (Fig. 8), we have identified the surface states as
shown in Fig. 6. These results are compared with x-ray-
photoemission-spectroscopy (XPS) data of layered
As2S3, which contains As—S bonds, XPS data of a S8
(Ref. 24) ring structure, which contains S—S bonds, and
XPS data of GaAs(001) surfaces covered with sulfur
overlayers, which show evidence of both As—S and S—S
bonds. ' Our results are consistent with these data.

We have also studied the surface atomic positions and
the surface band structures of GaAs(001) surfaces
covered with a selenium overlayer with similar geome-
tries. We found that the surface band structures of
selenium-covered surfaces are similar to those of the
sulfur-covered surfaces.

& -6
4P

e) -8-
4J LAs-G V. DISCUSSION

-lo

-12

As-GaI

pS-As

-l 4—
pS-S

I

"2,i

Wave Vector k

I

2xl

FIG. 6. Surface states of a sulfur-treated GaAs(001) surface
with the geometry shown in Fig. 1(c) for wave vectors along
symmetry directions shown in Fig. 3(a).

One common feature of the results in Figs. 4—7 is that
they all have a band gap of at least 1.45 eV and are free of
midgap surface states. This important feature explains
the much improved electronic properties of a GaAs(001)
surface covered with sulfur overlayers, and gives
definitive correlation between the surface structures and
their electronic properties. In Figs. 5 —7 there are some
surface states with energies very close to the top of
valence band. These surface states could be moved below
the top of the valence band with some small adjustment
of the interaction parameters among the surface atoms.
Given the uncertainty of the tight-binding model, these
surface states can be viewed essentially as the same as
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FIG. 8. Local density of states for geometry in Fig. 1(a). Here solid lines are results of surface sulfur layers and dashed lines are
results of the next As layers. This figure corresponds to the surface states in Fig. 4,
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FIG. 9. Local density of states for geometry in Fig. 1(cj. Here solid lines are results of surface sulfur layers, and dashed lines are
results of the next As layers. This figure corresponds to the surface states in Fig. 6.
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those inside, but near the top of,. the valence band.
As we can see in Table II, the three structures of Figs.

1(a)—1(c) have a lower total energy than the As dimer
reconstruction. We have difhculty in determining the to-
tal energy of the structure shown in Fig. 1(d) with respect
to the As dimer reconstruction. It is possible that this
structure may be more stable than the As 2X4 recon-
struction. All these reconstructions are quite likely to
form after chemical treatment by sulfur-related solutions.
There is some evidence that the Ga—S bond exists for
some sulfur-treated GaAs surfaces, which may be ex-
plained by the formation of the structure shown in Fig.
1(d). The surface structure of the geometry in Fig. 1(c) is
very similar to the layered structure of As2S3, which is
stable and has glass-forming properties. Sandroff' et al'.

mentioned that in their experimental results the bonds
between As and S atoms are strong, "even after a
thorough water rinse roughly —,

' monolayer of sulfur

could be detected on the surfaces. "' Cowans et al. also
obtained approximately 0.6 monolayer of sulfur. " It is
possible that such a fraction of a monolayer of sulfur cor-
responds to combinations of the above four geometries.
The calculated good electronic properties of these struc-
tures thus provide a theoretical explanation of the much
improved measured electronic properties of the treated
surfaces. These calculated results are consistent with the
experimental observations, and they provide a better un-
dertstanding of the aspects of S passivation of the As-
terminated GaAs surfaces.

In summary, we have calculated the total energies and
the electronic states of several GaAs(001) surfaces
covered with sulfur overlayers. We found several 2X1
structures and a c (2 X 2) structure which have lower total
energy than the As-terminated (2X1) surface and desir-
able electronic properties. These findings agree with the
experimental observations. The real experimental situa-
tion is apparently much more complicated than the mod-
els considered here. For example, the sulfur overlayer
could also be bonded to other chemical species such as
oxygen (0) or hydroxyl (—OH), and the chemically treat-
ed surface is not necessarily an ordered surface, and it
may have more complicated reconstructions. On the oth-
er hand, our calculations provide a profound connection
between surface-electronic properties and local chemical
bonding, and give a microscopic understanding of why
these chemical treatments are so effective at reducing the
GaAs surface states.
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