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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 {8entblecule on the

InP(110, GaA<g110), and GalP110 surfaces within a di
of H,S on the three semiconductors shows similar
topmost InP, GaAs, and GaP layer and the sulfur ato

ssociative adsorption model. In general, the adsorption
behavior. The calculated average distances between the
m are 1.87, 1.67, and 1.65 A, 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 datd.S0163-1828)04208-9

I. INTRODUCTION

INP(110) and Gak110), but only at low temperaturg200 K
or below on GaA$110. From studies of all the spectral

The determination of the surface atomic structure and itshanges and temperature effects, they firmly proposgid-a

relation to electronic properties plays a significant role in

sociative adsorption moddbr H,S on the three surfaces,

modern surface science and technology. A GaAs surface exonsistent with a (X1) LEED pattern. According to their

posed to air shows poor electronic properties, due to a hig

model, the BS molecule dissociates into a SHadical and

density of surface states pinning the Fermi level in thed H' ion, with H" bonded to P and SH located in the

middle of the band gap. Recently it was shdwhthat the
electronic properties of th€l00), (110, and(111) surfaces
of GaAs improve significantly upon sulfide treatment. In
general three different types of sulfur sources have bee
used: treatment with a solution of N8 9H,0 (Ref. 6 or
(NH,),S,,*> treatment with BS gast=>®''and using S
from a solid state source in ultrahigh-vacuum conditiths.
The adsorption of HS on 1I-V(110 was studied exten-
sively using low-energy electron diffractich EED), Auger
electron spectroscopfAES), and ultraviolet photoelectron
spectroscopyUPS. In early studies using LEED, AES, and
angle-resolved UPS, Williams and co-worlé&¥s reported
that exposure to KIS resulted in an ordered overlayer on

InP(110). They proposed that for low exposures the room-

temperature adsorption of 4% on InR110) was mostly mo-
lecular, and found that the molecule easily desorbed upo
heating the sample. From the AES and UPS studies, Kuh
Ranke, and Finstérand Ranke and co-workérsconcluded
that, at 150 K, HS is adsorbed on Gafkl0 either as a
molecule or as partially dissociative species like Skdnd

anion site of the continued-layer structure, bonded to the
surface cation. The dissociative molecular model is sup-
ported by the observation that the reactivities of different
Hi-v semiconductors scale with the proton affinity of the
anion dangling bond*

In the present work we repodb initio theoretical inves-
tigations of the atomic geometry, electronic states, and bond-
ing of H,S on 1lI-V(110 using the dissociative molecular
geometry proposed by Dudzik and co-workers. From our
total-energy calculations we propose a slight modification to
the orientation of the SH radical over the model proposed
by Dudzik and co-workers.

IIl. METHOD

n Our calculations are based on the application of dbe
initio pseudopotential methdd.We consider an artificially
constructed periodic geometry along the surface normal. The
unit cell included an atomic slab with seven layers of IlI-V
substrates and thenJ3 molecules on each side of the slab,

H* on the anion surface atoms, leaving the surface cationand a vacuum region equivalent of six substrate atomic lay-

essentially unaffected Their work also concluded that, at

ers. The electron-ion interaction was considered in the form

720 K, atomic sulfur is adsorbed which begins to penetratef ab initioc norm-conserving pseudopotentifs. The

into the lattice for higher exposurgsHowever, from the
core-level photoemission results Ranke and co-wofRers
could not conclude what is the correct form of,8l
adsorption—molecular or dissociative.

Recently the adsorption of §6 on I1I-V(110) was studied
in detail by Dudzik and co-workets'** using core-level
x-ray-photoelectron spectroscopySXPS, the normal-
incidence x-ray standing wavéNIXSW), valence-band
angle-resolved UPSARUPS, and LEED. They reported
that the adsorption of K5 occurs at room temperature on
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electron-electron interaction was considered within the local-
density approximation(LDA) of the density-functional
theory, with the correlation scheme of Ceperley and Alder.
The H,S/III-V(110-(1X 1) interface was modeled by con-
sidering the following structure: the Hion located along
the surface anion dangling bond and the Stadical located

in the anion site of the continued-layer structure, bonded to
the surface cation. However, two different orientations for
the H™ ion in the SH™ radical were tried, as shown in Fig. 1
(referred to as models | and)ll
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FIG. 1. Schematic side view for the 43 adsorption on lll- H
V(110. (a) Model | was proposed by Dudziét al. (Ref. 11). (b) N
Model Il is proposed by us. AN

AN

Single-particle wave functions were expanded on a plane- ®-®H_
wave basis. Self-consistent solutions to the Kohn-Sham b S
equations were obtained by employing a set of four spécial ( )
points.18 For geometry optimization, plane waves were con- FIG. 2. Schematic relaxed atomic geometry for model 1l gBSH
sidered up to a kinetic energy cutoff of 8 Ry. This cutoff Wasadsorp'tio.n on 111-\(110): (a) side view and(b) top view.
found to be adequate for structural studies. For example,
when the cutoff energy is increased to 10 Ry the key StruCyocated along the dangling-bond direction of the S atom in

tqral parameters, such as In-S bond length and the vertic%l1e continued-layer structure, as shown in Figh)1As pos-
distance between the overlayer S and the substrate layeli|e geometries, we considered a number of different orien-
change by less than 0.5%. The adequacy of 8-Ry cutoff Wagyions of H- bonded to S. As the orientation is changed

also established in a previous paper on a similar Sy%?e_m'from that for model Il toward model I, the total energy of the
However, once the optimum geometry had been determinedy giom increases. We find that model | is unstable, lying at

a cutoff of 12 Ry was used to obtain well-converged band,, energy 1.2 eV higher than model I for,B/InA110).
structure and bonding results. Similar findings were made for the other two surfaces.
Model Il was subsequently used in all the cases studied here.
[ll. RESULTS AND DISCUSSIONS It is well known that the relaxation pattern of clean llI-
V(110 surfaces is characterized by an outwdndward)
'movement of the surface anidgeation), with a tilt in the
Ysurface layer in the range 27°—2%"Our calculationsfor
odel 1)) reveal that upon HS adsorption all the three sur-
ces are derelaxed, acquiring a very small counter relax-
ion: the surface catiof@anion has moved outwarfnward)

Our calculated equilibrium lattice constants for bulk InP
GaAs, and GaP are 5.67, 5.50, and 5.35 A, respectivel
These values are in agreement with other theoretic
studie4® using the pseudopotential method, and were used i
performing the surface calculations. Geometry optimizatior&it
is achieved by minimizing the total energyith the help of - by a small amount. Figure 2 shows schematic relaxed top
Hellmann-Feynman fo_rces. The r.esultmg atomic geometrieg 4 qige views of model II, and indicates the key structural
and band structures will be described and compared with thﬁarameters. The calculated relaxed atomic geometrical pa-

existing experimental results in the following sections. rameters are listed in Table I. We will discuss the three sur-
The H,S/11-V (110 interface was modeled by consider- ¢, ¢ individually.

ing two different dissociative molecular geometries within
the continued-layer structure. In both geometries the proton
H* is bonded to the surface anidine., P or A3 along the
dangling-bond direction, and the SHcomplex is bonded to Using the same pseudopotential method as in this work, it
the surface catiorfi.e., In or Ga. In model I, while the S was found earliér that on InR110) the top layer tilts by
atom lies along the cation dangling-bond direction, the H 27.1° and the second layer tilts by3.1° (the negative sign
ion is located in the direction suggested by Dudetlal,'*  indicates tilt in the opposite directipnUpon H,S adsorp-

as shown in Fig. (8. Our energy minimization procedure, tion, the tilt of the top InPL10) layer is changed te-7°, and
starting with this geometry, suggested that the ign would its vertical buckling 1,) is reduced to 0@ A . These
move in the direction opposite to that suggested by Dudzikalues are only a little different from those for the second
et al. This led us to consider model Il, with the Hion layer on the clean INR10) surface. Thus the adsorption of

A. H,S deposition on INR110
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TABLE I. Structural parameter§n A) of model Il (cf. Fig. 2) for the H,S adsorption on In10), GaAg110), and GalP110 surfaces.

digy o1 S1y Oa1 Say Agy Ay ¢$1(deg ¢,(deg w1(deg
InP 1.87 1.33 0.36 1.00 1.80 0.19 1.54 74.85 29.05 —-7.03
GaAs 1.67 1.28 0.55 1.14 2.03 0.15 1.37 66.75 29.32 -6.37
GaP 1.65 1.29 0.57 1.10 2.05 0.12 1.31 66.20 28.22 -5.23

H,S has practically derelaxed the IR0 surface. We find ~ point are shown in Fig. 5. As seen in Figia4 the In-P
that the perpendicular distancé,( ) between P and H is bonding at the interface is partly covalent and partly ionic,
about 1.00 A, and thd(P-H+) bond |ength is the same as similar to that in bulk InP. The In-S bonding is also partly
the sum of the corresponding covalent radii, 1.46'Athe  covalent and partly ionic, but is stronger than the In-P bond-
perpendicular distances(,) between S and A is 1.33 A,  ing. The P-H" and S-H™ bondings show some covalency
and the bond length value of 1.38 A fo(S-H™) is 3%  and pronounced ionic character.
larger than the sum of the corresponding covalent radii. The The occupied stat&, lies below the bulk valence-band
calculated perpendicular average distadgg between the continuum. This state shows covalent bonding betweers the
sulfur atom and the topmost InP layer is 1.87 A. This resultorbital of the H™ ion and thes orbital of the surface S atom,
is in good agreement with the value of 1.97 A determinedds shown in Fig. &). In the binding energy range 2—6 eV,
from the XSW measurement by Dudzét al:!! the differ- ~we obtain three states, label&), S;, and S,;, which are
ence is at least partly due to the theoretical lattice constarflearly seen in the stomach gap region. While the ARUPS
being 3.5% smaller than the experimental value. It is als#latd” indicates the bang almost resonant with bulk at the
interesting to note that the calculated value cyf,, for  upper end of the ionic gap, we do not find any surface states
H,S/INR110) is very close to the corresponding value for thein that region. From Figs. 3 andly we note that the sta®,
S/INR110 system calculated in a recent theoretical siﬁdy is resonant with bulk, and has a pronounced contribution
(1.98 A), and determined from XSW measuremefits95 from the second-layer In atoms, as found on the clean
A).22 The calculated bond length(In-S) is 2.61 A, approxi- InP(110 surface, but also has some contribution from the
mately 5% larger than the sum of the covalent radii of In andsurface PH and SH™ complexes. Therefore, this state is a
sl surface state modified by the dissociative adsorption g8 H
From NIXSW studies Dudzilet al!! determined the off- This state can be compared to the band lab&gdn the
sets of the S atom from the ideal continued-layer phosphoru8RUPS studies by Dudzikt al** In the middle of the stom-
site. They found that these shifts are 0:620.08 A, —0.04  ach gap we identified two closely lying bands, labefgaénd
+ 0.05 A, and—0.10 + 0.06 in the[ 110], [001], and[110] e
directions, respectively. Our calculated offsets are somewhat 1_“\;
different from these values. We find that the sulfur atom
shifts by —0.37 A in the[001] direction, and by 0.02 A in 5
the [110] direction from the ideal continued-layer structure

phosphorus site. There is no shift in th&10] due to the
symmetry present on the K1) surface. The calculated shift
along [001] agrees in sign but is larger than the NIXSW
value. Neither the sign nor the magnitude of the calculated
shift in the surface-normal directiof110] agrees with the
NIXSW determination. S
The ARUPS data obtained by Dudzk al 1 indicated up CR
to six surface-related bands in the binding-energy range 0-7 Eg) -5
[
i3

> Z

Ss

e ————
SZa T
S]

.

eV. Three of these, labeled, 3, and y, were identified as
adsorbate related. While not making a clear identification,
Dudzik et al's work seemed to indicate that the feature la-
beled B8 is a SH line, following the investigation of
H,S/S(100 by Schraler-Gergen and Ranké.A fourth
band, labeledX;, is considered to originate from the
adsorption-enhanced bulk density of states. However, the au- ]
thors were uncertain about the orbital nature of these states. ]
We identify a total of five occupied electronic states, as -15

shown in Fig. 3. Also shown in that figure are the ARUPS r X M X' T

data o_bt_alned _by Dudzilet al.™* The experimental Spe_ctra FIG. 3. Electronic band structure of the 1R0)-H,S interface.
were rigidly shifted upwards by 0.5 eV to show a maximum . ; .

| | of d ith th Th lectronic tot IThe projected bulk spectrum is shown by hatched regions. The
ehve 0 dcorr.espcl)n e_nce W.' | Ieory. e ??C r0|2ncpo &'calculated electronic states are shown by thick curves and the ex-
charge-density plots in vertlc_a p_anes containing the P-H perimental results of Dudzikt al. (Ref. 14 are indicated by open
and S-H™ bonds are shown in Figs(& and 4b), respec-  gympois. The experimental data have been rigidly shifted upwards
tively. The orbital features of the individual states at tMe by 0.5 eV, as discussed in the text.

A\
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as the adsorption on the IR0 surfaces. In this system,
(a) (b) the d(Ga-As bond length is about 2% smaller than the sum
of the corresponding covalent radii, in agreement with the
calculated lattice constant. The calculated tilt angles of the
top two atomic layers on clean GaA40 surface are 30.2°
and—3.9°, respectively® H,S deposition changes the tilt of
the top-layer GaAd10 to —6.4°, with a vertical buckling
A;, of 0.15 A. Thed(Ga-9 bond length is 2.20 A, about
4% smaller than the sum of the corresponding covalent radii.
The d(S-H™) bond length is 1.40 A, the same as on
H,S/INR110. The d(As-H™") bond length is 1.54 A. The
perpendicular distancé,, between As and H is 1.14 A,
and the perpendicular distanég; between S and H is
1.28 A. The perpendicular average distance between the sul-
phur atom and the topmost layer of the GaAs surface is 1.67
A. This value is smaller than the value of 1.87 A for InP.
We identify five occupied electronic states which are la-
beledS; to S;, as in the case of InP, and shown in Fig. 6.
The electronic total charge-density plots show the same
bonding characteristics as for the,&/InA110) system. In
addition, we note that the Ga-S bonding is stronger than the
Ga-As bonding. The occupied stafg lies below the bulk
valence band, and is due to the covalent bonding between the
s orbitals from the adsorbate S atom and the lén. As in
the case of HS/INR110), the stateS, is primarily localized

S,. The energy location and dispersion of the experimentally’" Ga atoms ,at the second GaAs layer, but also receives
measured bang matches with both these bands, in particu-S°Me contribution from the PHand SH™ complexes. Itis a

lar the S; band. However, we do not agree with the descrip-"€Sonant state, with its energy close to the lower edge of the
tion of the orbital nature of the experimental bagdfor- ~ Stomach gap. 10

warded by Dudzilet al. We find that the stat§; is made of The experimental study by Dudz#t al.™ indicated that

the back bond orbital of the surface S atoms andsthebital ~ In the binding energy range 2—8 eV there are up to three
of the hydrogen ion in the vertical plane containing the S-H features which can be associated with the adsorption&.H
bond, as shown in Fig.(6). StateS, is a P-H" bonding  One of these lies in the ionic band gap at approximately the
state, made of the dangling bond of the P atom andsthe binding energy of 7.5 eV aF, X, and X". We do not find
orbital of H*, as shown in Fig. @)). The experimentally any state in the ionic gap. The two other features observed

mea_sureq band can be matched with our stay around  experimentally a can be compared with our statgs and
the X" point. The highest occupied state lies very close to theg,. Similarly, the state observed experimentally at approxi-
edge of the bulk region in the fundamental gap, lab&ed mately 2.5 eV binding energy &€ can be compared with

fjnligrtec;tti?.epté);bgg t?];tthtﬁissﬁ:giﬁgi&g“e@%ﬁ' Irfl Isat thour stateS,. We find that the dispersion as well as the orbital
9 gnly aracteristics of the statesSs;, S,, and Sg for

same energy position as the P-derived dangling-bond StaEZS/GaAﬂlO) are identical to those for pS/INR110). The

on the clean InRL10 surface. This is not surprising, as in the highest occupied adsorbate-induced stiteis seen as a

dissociative model the SHcomplex plays the role of anion . .
on the clean surface. In the experimental ARUPS data thel{aather flat band just above the bulk valence-band continuum

. : —  around theX’ point. We do not find unoccupied states in the
are features which can be matched with 8gistate alond"- fundamental %ap. There is a band géwpi'!%in the local-

X’-M. We do not find any unoccupied electronic states in the . L _— ..
fundamental band gap, which therefore remains free of surc-ienSIty approximationof about 1.40 e\_/ al’, which is very
face states close to the low-temperature experimental value of 1.52

23 Thi
Our analysis of the states, therefore, indicates that Withirﬁ:{a ' e;r;ﬁ;Eﬁ;ﬁ%ﬁin?seg;g?évﬁ:gﬂaiI(:rljtﬁegerlggcg?g t?irc]g
the dissociative model adsorption of,8 on InR110) leads P

to S p-like (Sg), SH -like (S, andS;) and PH -like (S,) ~ constant used in our work.
states, and the PHand SH™ complexes modify the surface
stateS, on the clean surface originating from the second-
layer cation.

FIG. 4. Electronic total charge-density plots of the (hFO-
H,S interface in(a) a vertical plane containing the P?Hoond, and
(b) a vertical plane containing the S-Hbond. The contour values
are normalized to 72 electrons per unit-cell volume of 631.36 A

C. H,S deposition on GaR110

The adsorption of HS on GaP110) is similar to that on
» INP(110), but seems to be somewhat more raji@herefore
B. H,S deposition on GaA£110 we used the same starting modie., Model 1)) as in our InP
For the adsorption of S on GaA$110), the structural and GaAs studies in order to calculate the geometrical pa-
and electronic results should be considered in the same wagmeters and electronic structure of the,3AGaR110)
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(a) S (b) Sp (c) S3 (d) Sy
- o
In
P
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FIG. 5. Electronic charge-density plots for individual surface states for the relaxed geometry of (hEQ)fHP.,S interface(a) S; at M,

(b) S, at M, (c) S5 at M, (d) S, atM, and(e) S; at M in a horizontal plane. The contour values are normalized to two electrons per unit
cell volume of 631.26 &.

surface. The results are similar to those obtained for thastates, as shown in Fig. 7. Their orbital characteristics are
H,S/InA110 and H,S/GaA$110 systems. Again, we note similar to the corresponding states obtained for the other two
that the Ga-S bonding is stronger than the Ga-P bonding. systems. The stat, is clearly split off below the bulk va-
The clean Ga@10) surface is characteriz&by a tilt of ~ lence band. The stat8, lies at the upper edge of the ionic
the top layer by 27.6° and a vertical buckling of 0.58 A. Thegap in GaP. The stateS; and S, lie in the middle of the
second layer shows a tilt of -3.2°. Upon,8 adsorption the Stomach gap. Once again, their orbital characteristics, shown
tilt of the top GaP layer becomes -5.23°. Thus, similar toin Fig. 8, are similar to those for the other two systems.
GaAs and InP, the GaP top layer is not only derelaxed bufinally, the highest occupied surface st&@gis only seen
also shows a small amount of counter-relaxation. The calcyust above the bulk valence-band continuum arodndwWe
lated perpendicular average distance between the sulfur atodo not find any unoccupied states in the fundamental gap
and the topmost GaP layer is 1.65 A. THéS-H™) and either. There is a band gapwithin the local-density approxi-
d(P-H™) bond lengths are 1.41 and 1.49 A, respectively. mation of about 1.8 eV af’, which is ~0.50 eV smaller
For the H,S/GaR110) system we observe five surface than the experimental val#é.
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FIG. 6. Electronic band structure of the G4&%0-H,S inter- . . o
face. The projected bulk spectrum is shown by hatched regions. Thet ::lG% 8.thEIec’:r0n|((j: charget-denf'slttg/ plots ;?_'r gql\z'd?al s(ur)face
calculated electronic states are shown by thick curves and the ex-21es for he relaxed geometry of the GEIR)-H S in e.r acela,

at M. (b) S, at M. The contour values are normalized to two

perimental results of Dudzikt al. (Ref. 1)) are indicated by open S3 8 5
symbols. electrons per unit-cell volume of 631.26°A

, _ . for InP(110 than for GaA$110 or GaR110. We also find
D. Discussion of results for HS adsorption that the vertical distance between"Hand its neighboring
on InP, GaAs, and GaP anion, &,,, is much smaller for In10 than for
From the results presented above, we can obtain certaf@@A4110 and GaR110. However, the vertical distance
trends in structural and electronic properties ofSHadsorp- 91, between the H ion and the S atom in the SHcom-
tion on 111-V(110) surfaces. The first point we notice is that, _plex remains constant within 0.05 A for all the systems stud-
upon H,S adsorption, the top atomic layer of IR0 ex-  ied here. , , .
hibits a larger counter-relaxation than do the GAA$) and The electronic stat§, derived from the S-H bonding is
GaR110 surfaces. Second, the vertical distance between thic@ted in the binding-energy range 12.0-12.5 eV below the

S atom and the topmost substrate layks, , is much larger ulk valence-band maximum for all three substrates. The
e mainly cation-derived stat§, lies at M at approximately

—6.75 eV for Ga substrate§.e., GaAs and GaPand at
approximately—5.5 eV for In substratéi.e., InP. The state

S; (which is a cation-SH bonding statelies atM at —4.5

eV for InP substrate, and at5.25 eV for GaAs and GaP
substrates. This difference in the energy location of $he
state can be understood on the basis of its cation-8bind-

ing nature. Similarly, we find that the sta® lies at the
same energy a¥l for the GaAs and GaP substrates, but is
pushed upwards by 0.5 eV for the InP substrate. This energy
difference between the In and Ga compounds is much
smaller than the difference for tH#& state. This is not sur-
prising as theS, state is anion-H derived. The stateéSs
derived fromp orbitals of the S atom shows a similar dis-
persion pattern for the three substrates.

Investigations of the total electronic charge-density plots
suggest that the In-S bond is stronger than the In-P bond, the
Ga-S bond is stronger than the Ga-P and Ga-As bonds, and
] s, the In-S bond is slightly stronger than the Ga-S bond. As
] expected, the S-H and anion-H" bondings are rather simi-
15+t — 1 1 lar for the three substrates.

r X M X' r

Wy
70

&\

AT

_ _ IV. SUMMARY
FIG. 7. Electronic band structure of the GaP0O-H,S inter-

face. The projected bulk spectrum is shown by hatched regions, and Using anab initio pseudopotential calculation, we studied
the electronic states are shown by thick curves. the atomic geometry, electronic states and bonding ¢% H
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adsorbed onto InR10), GaAg110, and GalPL10) semicon-  GaP, respectively. The S-Hand the anion-H bonds are
ductor surfaces. Starting with the dissociative moleculapartly covalent and partly ionic. The calculated electronic
model proposed by Dudzikt al, we arrived at a slightly  states originating from S-H and anion-H™ bondings are in
different bonding configuration of the molecule: the Skbn good agreement with photoemission results obtained by
is located in the anion site of the continued-layer structurepydzik et al*# Eor all the three adsorbate systems the bulk
bonded to the surface cation, and the kon is bonded to the  pand gap is free of surface states. Thus we expect that the

surface S atoms along the dangling bond direction. The adhdsorption of HS on other 1lI-V semiconductors would
sorption of the molecule generates a small amount Ofave the same passivation behavior.

counter-relaxation of the topmost layer of the substrate.

The calculated average distance between the S atom and
the topmost substrate layer is 1.87, 1.67, and 1.65 A for the
InP, GaAs, and GaP substrates, respectively. The calculated
result for H,S/InP is in excellent agreement with the experi- M. Cakmak is grateful to the University of Gazi, Arts and
mental value of 1.90 A obtained by Dudzk al* As canbe  Science Faculty, Turkey, for financial support. The compu-
expected, the S-H bond length is almost the same for the tational work was supported by the EPSR&) through the
three substrates: 1.38, 1.40, and 1.41 A for InP, GaAs, an@SI| scheme.
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