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Ab initio study of atomic geometry, electronic states, and bonding for H2S adsorption
on III-V semiconductor „110…-„131… surfaces

M. Çakmak and G. P. Srivastava
Department of Physics, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom

~Received 10 July 1997!

Ab initio calculations, based on pseudopotentials and the density-functional theory, have been made to
investigate the equilibrium atomic geometry, electronic states, and bonding of the H2S molecule on the
InP~110!, GaAs~110!, and GaP~110! surfaces within a dissociative adsorption model. In general, the adsorption
of H2S on the three semiconductors shows similar behavior. The calculated average distances between the
topmost InP, GaAs, and GaP layer and the sulfur atom are 1.87, 1.67, and 1.65 Å, respectively. In all the cases
studied here, the fundamental band gap is free of surface states, with an occupied surface state close to the
valence-band maximum. The calculated electronic states are in agreement with reported angle-resolved pho-
toemission data.@S0163-1829~98!04208-8#
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I. INTRODUCTION

The determination of the surface atomic structure and
relation to electronic properties plays a significant role
modern surface science and technology. A GaAs surface
posed to air shows poor electronic properties, due to a h
density of surface states pinning the Fermi level in
middle of the band gap. Recently it was shown1–5 that the
electronic properties of the~100!, ~110!, and ~111! surfaces
of GaAs improve significantly upon sulfide treatment.
general three different types of sulfur sources have b
used: treatment with a solution of Na2S•9H2O ~Ref. 6! or
~NH4)2Sx ,4,5,7 treatment with H2S gas,1–3,8–11and using S
from a solid state source in ultrahigh-vacuum conditions.12

The adsorption of H2S on III-V~110! was studied exten
sively using low-energy electron diffraction~LEED!, Auger
electron spectroscopy~AES!, and ultraviolet photoelectron
spectroscopy~UPS!. In early studies using LEED, AES, an
angle-resolved UPS, Williams and co-workers8,13 reported
that exposure to H2S resulted in an ordered overlayer o
InP~110!. They proposed that for low exposures the roo
temperature adsorption of H2S on InP~110! was mostly mo-
lecular, and found that the molecule easily desorbed u
heating the sample. From the AES and UPS studies, K
Ranke, and Finster1 and Ranke and co-workers2,3 concluded
that, at 150 K, H2S is adsorbed on GaAs~110! either as a
molecule or as partially dissociative species like SH2 and
H1 on the anion surface atoms, leaving the surface cat
essentially unaffected.~Their work also concluded that, a
720 K, atomic sulfur is adsorbed which begins to penetr
into the lattice for higher exposures.! However, from the
core-level photoemission results Ranke and co-worke2,3

could not conclude what is the correct form of H2S
adsorption—molecular or dissociative.

Recently the adsorption of H2S on III-V~110! was studied
in detail by Dudzik and co-workers9–11,14 using core-level
x-ray-photoelectron spectroscopy~SXPS!, the normal-
incidence x-ray standing wave~NIXSW!, valence-band
angle-resolved UPS~ARUPS!, and LEED. They reported
that the adsorption of H2S occurs at room temperature o
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InP~110! and GaP~110!, but only at low temperatures~200 K
or below! on GaAs~110!. From studies of all the spectra
changes and temperature effects, they firmly proposed adis-
sociative adsorption modelfor H 2S on the three surfaces
consistent with a (131) LEED pattern. According to their
model, the H2S molecule dissociates into a SH2 radical and
a H1 ion, with H1 bonded to P and SH2 located in the
anion site of the continued-layer structure, bonded to
surface cation. The dissociative molecular model is s
ported by the observation that the reactivities of differe
III-V semiconductors scale with the proton affinity of th
anion dangling bond.11

In the present work we reportab initio theoretical inves-
tigations of the atomic geometry, electronic states, and bo
ing of H2S on III-V~110! using the dissociative molecula
geometry proposed by Dudzik and co-workers. From o
total-energy calculations we propose a slight modification
the orientation of the SH2 radical over the model propose
by Dudzik and co-workers.

II. METHOD

Our calculations are based on the application of theab
initio pseudopotential method.15 We consider an artificially
constructed periodic geometry along the surface normal.
unit cell included an atomic slab with seven layers of III-
substrates and then H2S molecules on each side of the sla
and a vacuum region equivalent of six substrate atomic
ers. The electron-ion interaction was considered in the fo
of ab initio norm-conserving pseudopotentials.16 The
electron-electron interaction was considered within the loc
density approximation~LDA ! of the density-functional
theory, with the correlation scheme of Ceperley and Alde17

The H2S/III-V ~110!-(131) interface was modeled by con
sidering the following structure: the H1 ion located along
the surface anion dangling bond and the SH2 radical located
in the anion site of the continued-layer structure, bonded
the surface cation. However, two different orientations
the H2 ion in the SH2 radical were tried, as shown in Fig.
~referred to as models I and II!.
4486 © 1998 The American Physical Society
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Single-particle wave functions were expanded on a pla
wave basis. Self-consistent solutions to the Kohn-Sh
equations were obtained by employing a set of four specik
points.18 For geometry optimization, plane waves were co
sidered up to a kinetic energy cutoff of 8 Ry. This cutoff w
found to be adequate for structural studies. For exam
when the cutoff energy is increased to 10 Ry the key str
tural parameters, such as In-S bond length and the ver
distance between the overlayer S and the substrate la
change by less than 0.5%. The adequacy of 8-Ry cutoff
also established in a previous paper on a similar syste19

However, once the optimum geometry had been determi
a cutoff of 12 Ry was used to obtain well-converged ba
structure and bonding results.

III. RESULTS AND DISCUSSIONS

Our calculated equilibrium lattice constants for bulk In
GaAs, and GaP are 5.67, 5.50, and 5.35 Å, respectiv
These values are in agreement with other theoret
studies20 using the pseudopotential method, and were use
performing the surface calculations. Geometry optimizat
is achieved by minimizing the total energy15 with the help of
Hellmann-Feynman forces. The resulting atomic geomet
and band structures will be described and compared with
existing experimental results in the following sections.

The H2S/III-V ~110! interface was modeled by conside
ing two different dissociative molecular geometries with
the continued-layer structure. In both geometries the pro
H 1 is bonded to the surface anion~i.e., P or As! along the
dangling-bond direction, and the SH2 complex is bonded to
the surface cation~i.e., In or Ga!. In model I, while the S
atom lies along the cation dangling-bond direction, the H2

ion is located in the direction suggested by Dudziket al.,11

as shown in Fig. 1~a!. Our energy minimization procedure
starting with this geometry, suggested that the H2 ion would
move in the direction opposite to that suggested by Dud
et al. This led us to consider model II, with the H2 ion

FIG. 1. Schematic side view for the H2S adsorption on III-
V~110!. ~a! Model I was proposed by Dudziket al. ~Ref. 11!. ~b!
Model II is proposed by us.
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located along the dangling-bond direction of the S atom
the continued-layer structure, as shown in Fig. 1~b!. As pos-
sible geometries, we considered a number of different ori
tations of H2 bonded to S. As the orientation is chang
from that for model II toward model I, the total energy of th
system increases. We find that model I is unstable, lying
an energy 1.2 eV higher than model II for H2S/InP~110!.
Similar findings were made for the other two surface
Model II was subsequently used in all the cases studied h

It is well known that the relaxation pattern of clean II
V~110! surfaces is characterized by an outward~inward!
movement of the surface anion~cation!, with a tilt in the
surface layer in the range 27° – 29°.20 Our calculations~for
model II! reveal that upon H2S adsorption all the three sur
faces are derelaxed, acquiring a very small counter re
ation: the surface cation~anion! has moved outward~inward!
by a small amount. Figure 2 shows schematic relaxed
and side views of model II, and indicates the key structu
parameters. The calculated relaxed atomic geometrical
rameters are listed in Table I. We will discuss the three s
faces individually.

A. H 2S deposition on InP„110…

Using the same pseudopotential method as in this wor
was found earlier15 that on InP~110! the top layer tilts by
27.1° and the second layer tilts by23.1° ~the negative sign
indicates tilt in the opposite direction!. Upon H2S adsorp-
tion, the tilt of the top InP~110! layer is changed to27°, and
its vertical buckling (D1,') is reduced to 0.19 Å . These
values are only a little different from those for the seco
layer on the clean InP~110! surface. Thus the adsorption o

FIG. 2. Schematic relaxed atomic geometry for model II of H2S
adsorption on III-V~110!: ~a! side view and~b! top view.
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TABLE I. Structural parameters~in Å! of model II ~cf. Fig. 2! for the H2S adsorption on InP~110!, GaAs~110!, and GaP~110! surfaces.

d12,' d1,' d1,y d2,' d2,y D1,' D1,y f1~deg! f2~deg! v1~deg!

InP 1.87 1.33 0.36 1.00 1.80 0.19 1.54 74.85 29.05 27.03
GaAs 1.67 1.28 0.55 1.14 2.03 0.15 1.37 66.75 29.32 26.37
GaP 1.65 1.29 0.57 1.10 2.05 0.12 1.31 66.20 28.22 25.23
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H2S has practically derelaxed the InP~110! surface. We find
that the perpendicular distance (d2,') between P and H1 is
about 1.00 Å, and thed~P-H1) bond length is the same a
the sum of the corresponding covalent radii, 1.40 Å.21 The
perpendicular distance (d1,') between S and H2 is 1.33 Å,
and the bond length value of 1.38 Å ford~S-H2) is 3%
larger than the sum of the corresponding covalent radii. T
calculated perpendicular average distanced12,' between the
sulfur atom and the topmost InP layer is 1.87 Å. This res
is in good agreement with the value of 1.97 Å determin
from the XSW measurement by Dudziket al.:11 the differ-
ence is at least partly due to the theoretical lattice cons
being 3.5% smaller than the experimental value. It is a
interesting to note that the calculated value ofd12,' for
H2S/InP~110! is very close to the corresponding value for t
S/InP~110! system calculated in a recent theoretical stud19

~1.98 Å!, and determined from XSW measurements~1.95
Å!.12 The calculated bond lengthd~In-S! is 2.61 Å, approxi-
mately 5% larger than the sum of the covalent radii of In a
S.21

From NIXSW studies Dudziket al.11 determined the off-
sets of the S atom from the ideal continued-layer phospho
site. They found that these shifts are 0.026 0.08 Å, 20.04
6 0.05 Å, and20.106 0.06 in the@ 1̄10#, @001#, and@110#
directions, respectively. Our calculated offsets are somew
different from these values. We find that the sulfur ato
shifts by 20.37 Å in the@001# direction, and by 0.02 Å in
the @110# direction from the ideal continued-layer structu
phosphorus site. There is no shift in the@ 1̄10# due to the
symmetry present on the (131) surface. The calculated shi
along @001# agrees in sign but is larger than the NIXS
value. Neither the sign nor the magnitude of the calcula
shift in the surface-normal direction@110# agrees with the
NIXSW determination.

The ARUPS data obtained by Dudziket al.14 indicated up
to six surface-related bands in the binding-energy range
eV. Three of these, labeleda,b, and g, were identified as
adsorbate related. While not making a clear identificati
Dudzik et al.’s work seemed to indicate that the feature
beled b is a SH line, following the investigation o
H2S/Si~100! by Schröder-Gergen and Ranke.22 A fourth
band, labeledX3, is considered to originate from th
adsorption-enhanced bulk density of states. However, the
thors were uncertain about the orbital nature of these sta

We identify a total of five occupied electronic states,
shown in Fig. 3. Also shown in that figure are the ARUP
data obtained by Dudziket al.14 The experimental spectr
were rigidly shifted upwards by 0.5 eV to show a maximu
level of correspondence with theory. The electronic to
charge-density plots in vertical planes containing the P-1

and S-H2 bonds are shown in Figs. 4~a! and 4~b!, respec-
tively. The orbital features of the individual states at theM̄
e

lt
d

nt
o

d

us

at

d

7

,
-

u-
s.

s

l

point are shown in Fig. 5. As seen in Fig. 4~a!, the In-P
bonding at the interface is partly covalent and partly ion
similar to that in bulk InP. The In-S bonding is also part
covalent and partly ionic, but is stronger than the In-P bo
ing. The P-H1 and S-H2 bondings show some covalenc
and pronounced ionic character.

The occupied stateS1 lies below the bulk valence-ban
continuum. This state shows covalent bonding between ths
orbital of the H2 ion and thes orbital of the surface S atom
as shown in Fig. 5~a!. In the binding energy range 2–6 eV
we obtain three states, labeledS2, S3, and S4, which are
clearly seen in the stomach gap region. While the ARU
data14 indicates the bandg almost resonant with bulk at th
upper end of the ionic gap, we do not find any surface sta
in that region. From Figs. 3 and 5~b! we note that the stateS2
is resonant with bulk, and has a pronounced contribut
from the second-layer In atoms, as found on the cle
InP~110! surface, but also has some contribution from t
surface PH1 and SH2 complexes. Therefore, this state is
surface state modified by the dissociative adsorption of H2S.
This state can be compared to the band labeledX3 in the
ARUPS studies by Dudziket al.14 In the middle of the stom-
ach gap we identified two closely lying bands, labeledS3 and

FIG. 3. Electronic band structure of the InP~110!-H2S interface.
The projected bulk spectrum is shown by hatched regions.
calculated electronic states are shown by thick curves and the
perimental results of Dudziket al. ~Ref. 14! are indicated by open
symbols. The experimental data have been rigidly shifted upwa
by 0.5 eV, as discussed in the text.
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S4. The energy location and dispersion of the experiment
measured bandb matches with both these bands, in partic
lar theS3 band. However, we do not agree with the descr
tion of the orbital nature of the experimental bandb for-
warded by Dudziket al. We find that the stateS3 is made of
the back bond orbital of the surface S atoms and thes orbital
of the hydrogen ion in the vertical plane containing the S-H2

bond, as shown in Fig. 5~c!. StateS4 is a P-H1 bonding
state, made of the dangling bond of the P atom and ths
orbital of H1, as shown in Fig. 5~d!. The experimentally
measured banda can be matched with our stateS4 around
the X̄’ point. The highest occupied state lies very close to
edge of the bulk region in the fundamental gap, labeledS5,
due to thep orbital of the S atoms, shown in Fig. 5~e!. It is
interesting to note that this adsorbate state lies roughly a
same energy position as the P-derived dangling-bond s
on the clean InP~110! surface. This is not surprising, as in th
dissociative model the SH2 complex plays the role of anion
on the clean surface. In the experimental ARUPS data th
are features which can be matched with ourS5 state alongḠ -
X̄’- M̄ . We do not find any unoccupied electronic states in
fundamental band gap, which therefore remains free of
face states.

Our analysis of the states, therefore, indicates that wi
the dissociative model adsorption of H2S on InP~110! leads
to S p-like (S5), SH2-like (S1 and S3) and PH1-like (S4)
states, and the PH1 and SH2 complexes modify the surfac
stateS2 on the clean surface originating from the secon
layer cation.

B. H 2S deposition on GaAs„110…

For the adsorption of H2S on GaAs~110!, the structural
and electronic results should be considered in the same

FIG. 4. Electronic total charge-density plots of the InP~110!-
H2S interface in~a! a vertical plane containing the P-H1 bond, and
~b! a vertical plane containing the S-H2 bond. The contour values
are normalized to 72 electrons per unit-cell volume of 631.26 Å3.
ly
-
-

e

he
te

re

e
r-

in

-

ay

as the adsorption on the InP~110! surfaces. In this system
the d~Ga-As! bond length is about 2% smaller than the su
of the corresponding covalent radii, in agreement with
calculated lattice constant. The calculated tilt angles of
top two atomic layers on clean GaAs~110! surface are 30.2°
and23.9°, respectively.15 H 2S deposition changes the tilt o
the top-layer GaAs~110! to 26.4°, with a vertical buckling
D1,' of 0.15 Å. Thed~Ga-S! bond length is 2.20 Å, abou
4% smaller than the sum of the corresponding covalent ra
The d~S-H2) bond length is 1.40 Å, the same as o
H2S/InP~110!. The d~As-H1) bond length is 1.54 Å. The
perpendicular distanced2,' between As and H1 is 1.14 Å ,
and the perpendicular distanced1,' between S and H2 is
1.28 Å. The perpendicular average distance between the
phur atom and the topmost layer of the GaAs surface is 1
Å. This value is smaller than the value of 1.87 Å for InP.

We identify five occupied electronic states which are
beledS1 to S5, as in the case of InP, and shown in Fig.
The electronic total charge-density plots show the sa
bonding characteristics as for the H2S/InP~110! system. In
addition, we note that the Ga-S bonding is stronger than
Ga-As bonding. The occupied stateS1 lies below the bulk
valence band, and is due to the covalent bonding between
s orbitals from the adsorbate S atom and the H2 ion. As in
the case of H2S/InP~110!, the stateS2 is primarily localized
on Ga atoms at the second GaAs layer, but also rece
some contribution from the PH1 and SH2 complexes. It is a
resonant state, with its energy close to the lower edge of
stomach gap.

The experimental study by Dudziket al.10 indicated that
in the binding energy range 2–8 eV there are up to th
features which can be associated with the adsorption of H2S.
One of these lies in the ionic band gap at approximately

binding energy of 7.5 eV atḠ , X̄, and X̄’. We do not find
any state in the ionic gap. The two other features obser

experimentally atX̄ can be compared with our statesS3 and
S4. Similarly, the state observed experimentally at appro

mately 2.5 eV binding energy atX̄’ can be compared with
our stateS4. We find that the dispersion as well as the orbi
characteristics of the statesS3, S4, and S5 for
H2S/GaAs~110! are identical to those for H2S/InP~110!. The
highest occupied adsorbate-induced stateS5 is seen as a
rather flat band just above the bulk valence-band continu
around theX̄’ point. We do not find unoccupied states in th
fundamental gap. There is a band gap~within the local-
density approximation! of about 1.40 eV atḠ , which is very
close to the low-temperature experimental value of 1
eV.23 This close agreement between the LDA band gap
the experimental value is due to the smaller theoretical lat
constant used in our work.

C. H 2S deposition on GaP„110…

The adsorption of H2S on GaP~110! is similar to that on
InP~110!, but seems to be somewhat more rapid.10 Therefore
we used the same starting model~i.e., Model II! as in our InP
and GaAs studies in order to calculate the geometrical
rameters and electronic structure of the H2S/GaP~110!
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FIG. 5. Electronic charge-density plots for individual surface states for the relaxed geometry of the InP~110!-H2S interface:~a! S1 at M̄ ,

~b! S2 at M̄ , ~c! S3 at M̄ , ~d! S4 at M ,̄ and ~e! S5 at M̄ in a horizontal plane. The contour values are normalized to two electrons per
cell volume of 631.26 Å3.
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surface. The results are similar to those obtained for
H2S/InP~110! and H2S/GaAs~110! systems. Again, we note
that the Ga-S bonding is stronger than the Ga-P bonding

The clean GaP~110! surface is characterized24 by a tilt of
the top layer by 27.6° and a vertical buckling of 0.58 Å. T
second layer shows a tilt of -3.2°. Upon H2S adsorption the
tilt of the top GaP layer becomes -5.23°. Thus, similar
GaAs and InP, the GaP top layer is not only derelaxed
also shows a small amount of counter-relaxation. The ca
lated perpendicular average distance between the sulfur a
and the topmost GaP layer is 1.65 Å. Thed~S-H2) and
d~P-H1) bond lengths are 1.41 and 1.49 Å, respectively.

For the H2S/GaP~110! system we observe five surfac
e

ut
u-
om

states, as shown in Fig. 7. Their orbital characteristics
similar to the corresponding states obtained for the other
systems. The stateS1 is clearly split off below the bulk va-
lence band. The stateS2 lies at the upper edge of the ioni
gap in GaP. The statesS3 and S4 lie in the middle of the
stomach gap. Once again, their orbital characteristics, sh
in Fig. 8, are similar to those for the other two system
Finally, the highest occupied surface stateS5 is only seen
just above the bulk valence-band continuum aroundX̄’. We
do not find any unoccupied states in the fundamental
either. There is a band gap~within the local-density approxi-
mation! of about 1.8 eV atḠ, which is ;0.50 eV smaller
than the experimental value.23
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D. Discussion of results for H2S adsorption
on InP, GaAs, and GaP

From the results presented above, we can obtain ce
trends in structural and electronic properties of H2S adsorp-
tion on III-V~110! surfaces. The first point we notice is tha
upon H2S adsorption, the top atomic layer of InP~110! ex-
hibits a larger counter-relaxation than do the GaAs~110! and
GaP~110! surfaces. Second, the vertical distance between
S atom and the topmost substrate layer,d12,' , is much larger

FIG. 6. Electronic band structure of the GaAs~110!-H2S inter-
face. The projected bulk spectrum is shown by hatched regions.
calculated electronic states are shown by thick curves and the
perimental results of Dudziket al. ~Ref. 11! are indicated by open
symbols.

FIG. 7. Electronic band structure of the GaP~110!-H2S inter-
face. The projected bulk spectrum is shown by hatched regions,
the electronic states are shown by thick curves.
in

he

for InP~110! than for GaAs~110! or GaP~110!. We also find
that the vertical distance between H1 and its neighboring
anion, d2,' , is much smaller for InP~110! than for
GaAs~110! and GaP~110!. However, the vertical distanc
d1,' between the H2 ion and the S atom in the SH2 com-
plex remains constant within 0.05 Å for all the systems stu
ied here.

The electronic stateS1 derived from the S-H2 bonding is
located in the binding-energy range 12.0–12.5 eV below
bulk valence-band maximum for all three substrates. T
mainly cation-derived stateS2 lies at M̄ at approximately
26.75 eV for Ga substrates~i.e., GaAs and GaP! and at
approximately25.5 eV for In substrate~i.e., InP!. The state
S3 ~which is a cation-SH2 bonding state! lies atM̄ at 24.5
eV for InP substrate, and at25.25 eV for GaAs and GaP
substrates. This difference in the energy location of theS3
state can be understood on the basis of its cation-SH2 bond-
ing nature. Similarly, we find that the stateS4 lies at the
same energy atM̄ for the GaAs and GaP substrates, but
pushed upwards by 0.5 eV for the InP substrate. This ene
difference between the In and Ga compounds is m
smaller than the difference for theS3 state. This is not sur-
prising as theS4 state is anion-H1 derived. The stateS5
derived fromp orbitals of the S atom shows a similar di
persion pattern for the three substrates.

Investigations of the total electronic charge-density pl
suggest that the In-S bond is stronger than the In-P bond
Ga-S bond is stronger than the Ga-P and Ga-As bonds,
the In-S bond is slightly stronger than the Ga-S bond.
expected, the S-H2 and anion-H1 bondings are rather simi
lar for the three substrates.

IV. SUMMARY

Using anab initio pseudopotential calculation, we studie
the atomic geometry, electronic states and bonding of H2S

he
x-

nd

FIG. 8. Electronic charge-density plots for individual surfa
states for the relaxed geometry of the GaP~110!-H2S interface:~a!

S3 at M̄ . ~b! S4 at M̄ . The contour values are normalized to tw
electrons per unit-cell volume of 631.26 Å3.
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adsorbed onto InP~110!, GaAs~110!, and GaP~110! semicon-
ductor surfaces. Starting with the dissociative molecu
model proposed by Dudziket al., we arrived at a slightly
different bonding configuration of the molecule: the SH2 ion
is located in the anion site of the continued-layer structu
bonded to the surface cation, and the H2 ion is bonded to the
surface S atoms along the dangling bond direction. The
sorption of the molecule generates a small amount
counter-relaxation of the topmost layer of the substrate.

The calculated average distance between the S atom
the topmost substrate layer is 1.87, 1.67, and 1.65 Å for
InP, GaAs, and GaP substrates, respectively. The calcu
result for H2S/InP is in excellent agreement with the expe
mental value of 1.90 Å obtained by Dudziket al.11 As can be
expected, the S-H2 bond length is almost the same for th
three substrates: 1.38, 1.40, and 1.41 Å for InP, GaAs,
.
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GaP, respectively. The S-H2 and the anion-H1 bonds are
partly covalent and partly ionic. The calculated electron
states originating from S-H2 and anion-H1 bondings are in
good agreement with photoemission results obtained
Dudzik et al.14 For all the three adsorbate systems the b
band gap is free of surface states. Thus we expect that
adsorption of H2S on other III-V semiconductors would
have the same passivation behavior.
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