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As on InP„110… studied within density-functional theory

U. Grossner, W. G. Schmidt, and F. Bechstedt
Institut für Festkörpertheorie und Theoretische Optik, Friedrich-Schiller-Universita¨t, 07743 Jena, Germany

~Received 12 February 1997!

We present a comprehensive picture of the As adsorption on the InP~110! surface based onab initio
density-functional calculations. The bonding behavior of single As adatoms is investigated by the calculation
of the Born-Oppenheimer energy face. The adatom motion is characterized by an attractive interaction and a

pronounced diffusion channel along@11̄0#. The translationally invariant As/InP~110!131 system is discussed
in terms of an ordered As monolayer and an exchange reaction between surface P atoms and As adatoms. The
epitaxial continued layer structure represents the ground state of the initial-stage interface between the ordered
As monolayer and the InP~110! surface. The exchange-reacted surface with one InAs~110! top layer is ener-
getically stable over a wide range of the In and As chemical potentials, whereas the monolayer adsorption
occurs preferentially for As- and P-rich preparation conditions. We calculate electronic and vibrational features
of the interface and compare with the available experimental data.@S0163-1829~97!03035-X#
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I. INTRODUCTION

Among the adsorbates on III-V~110! surfaces, the
group-V elements take an outstanding position for differ
reasons.~i! The atoms As, Sb, and Bi strongly bond to~110!
surfaces. Consequently, there is a chance for the formatio
unreactive, nondisruptive, and ordered interfaces.~ii ! Within
the bulk crystalline modifications of the group-V elements
transition from the semiconducting~As! to semimetallic~Sb,
Bi! behavior appears.~iii ! Group-V/III-V semiconductor in-
terfaces are of crucial importance for understanding the
taxial growth of III-V heterostructures. They represent mo
systems for the study of the initial growth stages of ph
phides, arsenides, and antimonides on III-V substrates.

Numerous studies have been devoted to the investiga
of these heterointerfaces. However, whereas the adsorp
of Sb or Bi on III-V~110! surfaces has been extensively stu
ied both experimentally and theoretically~cf. Ref. 1!, the
As/III-V ~110! interfaces are less well understood. This ho
especially for the As/InP system. Well ordered 131 mono-
layers of Sb or Bi on III-V~110! surfaces are usually pre
pared by annealing a few monolayers of deposited mate
The deposition of an As overlayer and subsequent annea
at elevated temperatures leads, however, to a signifi
chemical reaction with the substrate top layers.

The As/InP~110! system has been studied by means
different experimental methods such as low-energy elec
diffraction ~LEED!, ultraviolet-photoemission spectroscop
~UPS!, x-ray-photoemission spectroscopy~XPS!, measure-
ment of the surface excess function~SEF!, and the optical
technique of reflectance difference spectroscopy~RDS!.2–4

Tulke and Lüth,2 Chasse´, Horn, and Neuhold,3 and Santos
et al.4 have detected two different surface phases. Arse
deposition at room temperature results in a poorly orde
As overlayer on InP~110!. A highly ordered phase is forme
after annealing at temperatures above 300 °C. Howe
there is disagreement concerning the structure and the c
position of the two phases. In the case of the first ph
Santos and co-workers4 concluded that an As-P exchang
starts at room temperature immediately after As deposit
560163-1829/97/56~11!/6719~8!/$10.00
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whereas other authors2,3 did not observe a chemical interfac
reaction. The second phase was characterized as a cryst
surface layer of the type InP12xAsx with a (131) LEED
pattern where P atoms are exchanged for As atoms. T
and Lüth2 predicted a composition ofx'0.5, whereas Santo
et al.4 assumed that the ordered structure consists of an I
monolayer on the substrate surface. To our knowledge o
preliminary theoretical calculations of the atomic structu
and the stoichiometry of the As/InP~110! interface5 are avail-
able.

The aim of the present study is to provide a compreh
sive picture of the arsenic chemisorption on InP~110! based
on accurate total-energy optimizations and calculations
the band structure, the surface optical phonons, and
surface-induced core-level shifts. In Sec. II we describe
underlying ab initio treatment and the approaches to t
spectroscopic quantities. The results are discussed in Sec
A brief summary is given in Sec. IV.

II. METHOD

Our calculations are based on density-functional theo6

~DFT! within local-density approximation~LDA !.7 Only va-
lence electrons are explicitly considered. Their interact
with the atomic cores is treated by norm-conservingab initio
Bachelet-Hamann-Schlu¨ter pseudopotentials8 in the sepa-
rable form of Kleinman and Bylander.9 They are based on
relativistic all-electron calculations for the free atom by so
ing the Dirac equation self-consistently. Explicitly the ge
eration scheme of Stumpf and co-workers10 is applied. The
many-body electron-electron interaction is described wit
the Ceperley-Alder scheme11 as parametrized by Perdew an
Zunger.12 The single-particle wave functions are expand
into plane waves up to a kinetic-energy cutoff of 15 Ry.
order to determine the equilibrium geometry, the ions
displaced until the total energy is converged and
Hellmann-Feynman forces are smaller than 25 meV/Å.
multaneously with the relaxation of the ions the sing
particle wave functions are brought to self-consisten
within a Car-Parrinello-like optimization scheme of the tota
6719 © 1997 The American Physical Society
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TABLE I. Geometry parameters~in Å! of the ECLS and the exchange-reacted model of the As/InP~110!
131 surface according to Fig. 2. For comparison the calculated parameters for the clean InP~110!131 and
InAs~110!131 surfaces are also given.

D1,' D2,' D1,y D2,y d12,' d23,' d12,y d23,y

ECLS 0.11 0.06 1.59 1.50 2.10 2.07 4.15 2.75
Exchange 0.80 0.15 1.24 1.42 2.25 2.14 4.48 2.87
InP 0.67 0.12 1.16 1.42 2.13 2.07 4.43 2.89
InAs 0.76 0.14 1.21 1.47 2.22 2.18 4.61 3.03
f

w
d

o
ta

ica
ce
he
er
nc
r
tti
ic

te

ur
n

ct
o

ec
ti

ap
rg

er

e

s
si

g
Fo
n
o
g

he

u

ee-
nd

on
d

al-
thin

at-
fixed
is-

fully

h a
y is
As-

orp-
rp-

the
is
rn-
energy functional13 using a modified computer code o
Stumpf and Scheffler.14

In order to test the pseudopotentials for In, P, and As
performed a series of bulk calculations. For the zinc-blen
structures of InP and InAs two specialk points have been
used in the irreducible part of the Brillouin zone~BZ!. The
total-energy optimization gave the valuesa55.67 Å~InP!
and 5.86 Å~InAs! for the cubic lattice constant which are to
small by 3.4% or 3.3% in comparison to the experimen
values.16 On the one hand, this discrepancy reflects a typ
LDA underestimation and the neglect of the latti
vibrations.17 On the other hand, it is increased due to t
neglect of the shallow In 4d core electrons and the strong
inhomogeneity of the system related to the large differe
in the atomic sizes between cation and anion, in particula
the InP case. Despite the smallness of the theoretical la
constant, the calculated electronic, structural, and dynam
properties of the corresponding~110! surfaces are
reasonable.17,18 The direct energy gaps have been calcula
within DFT-LDA to be 1.86 eV~InP! and 0.88 eV~InAs!.
The corresponding experimental values at low temperat
are 1.42 eV and 0.42 eV.16 There is no gap underestimatio
due to the neglect of the excitation aspect.19 Rather the the-
oretical values are larger in both cases due to the negle
the In 4d contribution to the chemical bonding and the use
the smaller theoretical lattice constants. The first eff
pushes the highest valence band towards the conduc
bands.20 The smaller lattice constants correspond to the
plication of hydrostatic pressure which also opens the ene
gap.

A repeated slab method is used to simulate the consid
surfaces and interfaces with the two-dimensional 131 or
132 translational symmetry. We consider an artificially p
riodic geometry along the surface normal@110#. The unit cell
includes an atomic slab with eight layers of InP. In the ca
of the adsorption geometries under consideration, each
of the slab is covered by 1/4, 1/2, 1, or 3/2 monolayer~ML !
of As atoms and the slabs are separated by a vacuum re
equivalent in thickness to six substrate atomic layers.
exchange-reacted geometries the slab is increased to te
V~110! atomic layers, where the P atoms of the upperm
layers on both sides are replaced by As ones. Dependin

the coverageQ, calculations for 132 (Q5 1
4 ) and 131

(Q5 1
2 ,1,32 ) translational symmetries are performed. In t

132 case the surface unit cell is doubled in the@11̄0# direc-
tion. Thek-space integration is replaced by a sum over fo
special points in the irreducible part of the 131 surface
BZ.15 The procedure gives atomic structures~cf. also data
given in Table I! and band structures for the free~110!
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131 surfaces of InP and InAs which are in excellent agr
ment with the data derived by Alves, Hebenstreit, a
Scheffler.17

III. RESULTS

A. Adsorption

To determine the preferred adsorption sites of arsenic
InP~110! in the initial stages of the interface formation an
the diffusion behavior of As atoms, we calculate the tot
energy face for an adsorbate As atom at 32 positions wi
the irreducible part of the InP~110! surface unit cell. We

choose a 132 unit cell~according to a coverage ofQ5 1
4 ) in

order to reduce the interaction between the adsorbed As
oms. In these calculations the adsorbate coordinates are
parallel to the~110! face, whereas the adsorbate-surface d
tance as well as the atomic positions of the substrate are
relaxed.

The resulting Born-Oppenheimer energy face of suc
test As adatom is plotted in Fig. 1. The adsorption energ
calculated as the total-energy difference between the
covered surface and the sum of the relaxed InP~110! surface
and a free As atom. The minus sign indicates that As ads
tion is exothermic. We observe marked minima of an adso
tion energy of24.64 eV (24.60) eV in front of the dan-
gling bonds of the P~In! atoms. Pronounced diffusion
channels form between two In-P zigzag chains parallel to
@11̄0# direction. The saddle point between two minima
with 24.20 eV only somewhat above the minima. Conce

FIG. 1. The total-energy face of the As/InP~110! (Q5
1
4 ) system

plotted as a three-dimensional view~left panel! and as a contour
plot ~right panel! versus a 132 surface unit cell.
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ing the overall shape of the energy face there are slight
ferences to other V/III-V~110! interfaces: For Sb/GaAs~110!
~Ref. 21! two equivalent flat minima occur which correspon
to long-bridge-bond positions of the Sb adatom between
and As atoms. We mention that Saiz-Pardoet al.22 also
found the preferred adsorption sites of As adatoms in fron
the dangling bonds of the GaAs~110! surface in the frame-
work of tight-binding calculations.

The low diffusion barrier energyEi50.44 eV for a mo-
tion parallel to the zigzag chains is similar to that calcula
for sodium23 and antimony21 on GaAs~110! but much lower
than the value ofEi51.1 eV calculated for selenium o
GaAs~110!.24 The minimum potential barrier in@001# direc-
tion amounts to an energy ofE'51.06 eV which approache
the values found also for other atoms. The large differenc
the energy barriers in@11̄0# and @001# directions,Ei and
E' , should give rise to a strong anisotropy at the As adat
diffusion on the InP substrate, since for the diffusion coe
cient it holds thatD i /';exp(2Ei/' /kBT). Our findings are in
qualitative agreement with experimental results for the m
tion of As on GaAs~110!.25 The diffusion possibility at leas
parallel to the zigzag In-P chains should allow the format
of two-dimensional islands for the As/InP~110! system in the
limit of low coveragesQ& 1

4. This is in agreement with the
observations by Tulke and Lu¨th.2

The increase of the coverage fromQ5 1
4 to Q5 1

2 by oc-
cupying the two minima in the 132 cell in front of the P
dangling bonds is accompanied by a lowering of the to
energy from24.64 eV to24.75 eV. This tendency is con
tinued for Q51 when also the minima in front of the I
dangling bonds are occupied with As atoms. The result
overlayer geometry corresponds to theepitaxial continued
layer structure1,21 ~ECLS! ~cf. also Fig. 2!. The correspond-
ing adsorption energy is25.52 eV. The energy gain pe
adsorbate atom increases with rising coverage. In analog
Sb on GaAs~110! the interaction of As atoms on th
InP~110! surface is attractive for coveragesQ<1.

B. Hypothetical monolayer structures and exchange geometries

To explain the formation of ordered monolayers
group-V adsorbates on III-V~110! surfaces, i.e., a coverag
Q51, several structural models have been suggested.1,21 Be-
sides the ECLS~Fig. 2!, these are thep3 structure, the epi-
taxial on top structure~EOTS!, the epitaxial overlapping
chain structure~EOCS!, and dimer models. In the case of th
Al adsorption on GaAs~110! the irregular chain structure
~IRC! describes the ground-state geometry for one adso
monolayer.26 The adsorbate atoms also form zigzag chains
in the ECLS, but the chains are displaced.

We find the ECLS, where the As atoms continue epita
ally the substrate structure forming chains in the@11̄0# sur-
face direction, to be the most favorable adsorption struc
for the one-monolayer coverage. This is in agreement w
results for the Sb adsorption on III-V~110! surfaces.1,21 The
energy gain per adsorbed As atom is smaller by 0.29~0.31!
eV in the EOTS~IRC! case and even more reduced for t
other structures investigated. Consequently, we only disc
the ECLS in the following.

The structural parameters according to this structure~cf.
Fig. 2! are listed in Table I. They are compared with t
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parameters we calculate for the corresponding clean surfa
InP~110!131 and InAs~110!131. The most pronounced
variation concerns the chain buckling in the topmost atom
layer. According to the nearly covalent bonding of the A
atoms in the adsorbate zigzag chains the buckli
D1,'50.11 Å, is rather small. This holds also for the oth
group-V overlayers on InP~110!. The valuesD1,'50.16 Å
~Ref. 27! and D1,'50.20 Å ~Ref. 28! have been calculated
for Sb or Bi adsorbates. This buckling is partially related
the size variation between substrate cations and anions.
GaAs substrate the three values are reduced toD1,'50.01 Å
~Ref. 29!, 0.05 Å ~Ref. 27!, and 0.16 Å~Ref. 28!, respec-
tively. Other interesting geometrical quantities are the bo
lengths in the uppermost layers. In the ECLS case we ca
late dAs 2As52.56 Å, dIn 2As52.55 Å, anddAs 2P52.35 Å.
Apart from the stretched As-As bonds they are close to
sums of the covalent radii,30 2r As52.40 Å,r In1r As52.64 Å,
and r As1r p52.26 Å.

For the total-energy calculations of the exchange-reac
surface~cf. Fig. 2! we assume that all uppermost substrate
atoms are replaced by As ones. That corresponds to an
fective As coverage ofQ5 1

2. The resulting bonding geom
etry ~parameters in Table I! represents at least a metastab
configuration. It shows similar properties as the cle
InP~110!131 and InAs~110!131 surfaces. The appreciabl
buckling of the uppermost layer ofD1,'50.80 Å lies in the
same range as the values determined by LEED for cl
InAs~110! and InP~110! surfaces@0.88 Å ~Ref. 31! and 0.73

FIG. 2. Schematic representations of the side views for the
most important structural models for the ordered As/InP~110!131
surface.~a! Upper panel: epitaxial continued layer structure (Q
51), ~b! lower panel: exchange-reacted geometry (Q5

1
2 ). Sub-

strate anions~substrate cations, arsenic atoms! are denoted by full
~empty, shaded! symbols. Geometry parameters are also indicat
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Å ~Ref. 32!, respectively#. The same mechanism is respo
sible in all cases. There is a rehybridization foursp3→ three
sp21pz ~In! and foursp3→ threep1s ~As!, which is ac-
companied by an electron transfer from the In dangling bo
into the dangling bond at the As atom. Despite this buckl
mechanism the bonds between As and the uppermost~sec-
ond! layer In are 2.49~2.55! Å and, hence, close to the su
of the covalent radii.30 Also the In-P bond lengths around th
exchanged surface anion approach the ideal bulk value.

A further favorable interface structure is conceivable a
combination of the two most important models. An ECL
monolayer on top of an exchange-reacted surface give
stoichiometry ofQ5 3

2. The structural parameters are ther
fore similar to those discussed in theQ51 case. Because o
these similarities we do not separately discuss the struc
and electronic parameters of the combined, theQ5 3

2, struc-
ture.

The ordered monolayer structures (Q51), the exchange-

reacted geometry (Q5 1
2 ), and the combined structur

(Q5 3
2 ) have different stoichiometries. The ground state

the surface, i.e., the structure that minimizes the surface
ergy, depends on the deposition conditions during gro
and/or surface preparation~e.g., annealing procedure!. The
stability of a certain structure may be determined from
grand canonical thermodynamic potentialV. Assuming that
the entropy term is of minor influence it holds that

V~m In ,mP,mAs!5E~nIn ,nP,nAs!2 (
X5In,P,As

mXnX , ~1!

with nX as the atomic number of theXth surface constituent
E denotes the calculated total energy andmX stands for the
chemical potentials of the surface atoms.

The surface is in equilibrium with the InP bulk. Cons
quently, the mass-action lawm In1mP5m InP

bulk holds, where
the chemical potentialm InP

bulk is identified with the total bulk
energy per InP pair. Another constraint ismX<mX

bulk . The
bulk chemical potential corresponds to the total energy of
solid per atom. The maximum values may be assumed w
the shutter of the corresponding effusion cell is open. T
bulk chemical potentials for InP and its constituents In an
are related throughDH f(InP)5m In

bulk1mP
bulk2m InP

bulk , where
DH f is the heat of formation of the compound. It is conv
nient to consider only the deviations of the chemical pot
tials DmX5mX2mX

bulk with respect to the bulk values. Be
cause of the mass-action law those for In and P dep
linearly, Dm In1DmP52DH f(InP). One has to conside
only one substrate species, e.g., In. The corresponding de
tion is restricted to a certain range

2DH f~ InP!<Dm In<0, ~2!

where the lower~higher! boundary is related to an In-poo
~In-rich! or P-rich ~P-poor! surface. ForDH f(InP) we use
the experimental value of 0.92 eV.33 The upper limit of the
As chemical potential is given byDmAs<0, whereas the
lower limit corresponds to the extreme situation where no
is available. That means that the stable phase correspon
the clean surface.

For a certain surface structure the numbersnX
(X5In,P,As) are fixed. ThusV only depends onDm In and
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DmAs . Two structures are in equilibrium for equal values
V. The resulting phase diagram is plotted in Fig. 3. T
structure of the equilibrium phase depends on the chem
potentials. Two triple points appear in the allowed regio
The occurrence of the clean InP~110! surface, the exchange
reacted geometry, a well ordered As monolayer with EC
and the ECLS covered exchange-reacted surface dep
sensitively on the preparation conditions. For a low amo
of arsenic in the recipient but P-rich conditions the cle
InP~110!131 surface is stable. Under less P-rich but mo
In-rich conditions there is a tendency for the formation of t
exchange-reacted geometry as far as As is present. This
responds to the fact that during the annealing procedu
phosphorus depletion from InP occurs. In a wide range
chemical potentials the exchange reaction seems to be
preferred process. Only for very As-rich and P-rich con
tions does the preparation of an ordered As monolayer s
to be possible. However, because of the volatility of ph
phorus such a structure may be difficult to prepare. Un
extreme As-rich conditions the formation of an ECLS mon
layer on top of an exchange-reacted geometry is energ
cally preferred. Considering the changes of the chemical
tentials during the surface preparation the phase diag
may explain the different experimental results2–4 concerning
the surface structure of the first phase4 appearing under very
As-rich conditions. The occurrence of an exchange reac
below the As cap layer depends on whether the P deple
may be avoided during growth of the cap layer.

C. Electronic properties

Figure 4 shows the bulk InP band structure projected o
the two-dimensional BZ of the~110!131 surface together
with bands of surface bound states along high-symme
lines in the BZ~Ref. 34! for the clean InP~110!131 surface,
the exchange-reacted surface, and the well ordered As m
layer coverage with ECLS. The notation of the bands follo
Refs. 17 and 35 for clean and group-V covered III-V~110!
surfaces.

The band structures of the clean InP~110! surface and the
exchange-reacted geometry are rather similar. The an
related bandsA2 andA3 as bound states in the ionic gap an
stomach gap, respectively, are degenerated with proje

FIG. 3. Phase diagram for the As/InP~110!131 surface. The
dashed lines enclose the thermodynamically allowed region.
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56 6723As ON InP~110! STUDIED WITHIN DENSITY- . . .
bulk bands in the case of the exchange geometry. The s
holds for the cation-relatedC1 band in the ionic gap betwee
lower and higher valence bands. On the other hand, the
nounced surface bandsC3 and A5 practically show no
changes. The empty bandC3 is close to the bottom of the
conduction bands. Around theX point of the surface BZ
~Ref. 34! the C3 band is below the lowest empty bulk stat
The anion-related bandA5 lies always below the top of the
valence band and is completely occupied. The orbital ch
acter of these states is shown in Fig. 5. The anion-relatedA5
state at theM point corresponds mainly to an Asp state but
has also Psp3-like contributions at the anions in the thir
layer. The cation-relatedC3 dangling-bond state is more ex
tended. It corresponds mainly to Inp states. Our findings are
in rather complete agreement with the results for the cl
InP~110! surface.17 The InAs~110! layer on top of the InP
substrate practically does not change the surface electr
properties.

The band structure of the ordered As monolayer
InP~110! is different from that of the clean or exchang
reacted surface but very similar to those calculated for o
V/III-V ~110! interfaces with ECLS.1,21,35 A characteristic
As-relateds-like bandS2 appears in the ionic gap betwee
lower and higher InP valence bands. Three pronoun
adsorbate-related bandsS5, S6, andS7 appear in the funda
mental gap and reduce the energy gap. The smallest
between surface bands of about 0.9 eV is indirect~0.2GX8).
The orbital character of these band states is represente
Fig. 6. The uppermost occupied surface bandsS5 and S6
representsp3-like orbitals that are localized at As atoms
front of P(S5) or In(S6) atoms in the second layer. The

FIG. 4. Bands of surface bound states~solid lines! and projected
InP bulk band structure~gray regions! versus high-symmetry lines
in the BZ of the~110!131 surface. Bound surface states are plot
for the clean InP~110!131 surface @Q50 ~a!#, the exchange-
reacted geometry@Q5

1
2 ~b!#, and the ECLS@Q51 ~c!#.

FIG. 5. Contour plots of the squared wave functions atM in the
surface BZ for theA5 ~left panel! andC3 ~right panel! states of the
exchanged-reacted As/InP~110!131 surface. The contour spacin
is 0.005 bohr23. The empty~shaded, black! circles denote the po

sitions of the In~As, P! atoms in the~11̄0! plane.
me
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point towards the missing bonding partner in the vacu
region. Simultaneously they contribute to the bonding of
adsorbate to the substrate. However, the vanishing overla
thesesp3 hybrids is obvious and explains the weak disp
sion of the related bands. The lowest unoccupied surf
bandS7 is formed by antibonding combinations of hybrids
the surface plane.

The local part of the electrostatic potential obtained d
ing the calculation allows one to determine the energy bar
experienced by an electron passing from the bulk to
vacuum region. However, only the macroscopic behavior
this potential along thez coordinate (zuu@110#) is of interest.
Therefore the calculated potential is averaged over thexy
plane @~110! plane# in a first step. In the second step th
resulting function is averaged inz direction over a length of
the order of the layer spacinga/(2A2)'2 Å in @110#
direction.36 Changes of the resulting macroscopic poten
DVC(z) with respect to that of the clean, relaxed InP~110!
131 surface are plotted in Fig. 7 for the monolayer covera
and the exchange-reacted geometry. They represent cha
of the surface dipole due to the As adsorption. The As
sorption lowers the surface barrier for the exchange-rea
surface. The change in the surface dipole potential amo
to 20.74 eV. In the case of the monolayer adsorbate
ECLS the sign of the change is reversed. The energy ba
is enlarged by 0.32 eV. The results may be explained
terms of the electronegativities of the surface constitue

FIG. 6. Contour plots of the squared wave functions atX8 in the
surface BZ for the adsorbate-relatedS5 ~left panel!, S6 ~middle
panel!, andS7 ~right panel! states of the As monolayer on InP. Th
contour spacing is 0.005 bohr23. The empty~shaded, black! circles

denote the positions of the In~As, P! atoms in the~11̄0! plane.

FIG. 7. Changes in the macroscopic electrostatic potential of
InP~110!131 surface induced by As adsorption. The dotted lin
indicate the positions of the uppermost atomic layers in a rela
InP~110! substrate.
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The electronegativity of As of 2.18~Ref. 30! is slightly
smaller than the value 2.19 for P. The electron transfer fr
In to As is therefore smaller than that from In to P in the ca
of the exchange-reacted surface. For the ECLS the situa
is different. In the first layer the less electronegative In ato
are replaced by As ones. Therefore there is an electron tr
fer between the first and the second atomic layer. This re
is different from the ones obtained for the Sb/GaAs~110! and
the Sb/InP~110! interfaces in ECLS. For Sb/GaAs~110! a
value of 20.4 eV is calculated,21 whereas20.3 eV is
measured.37 A value of 20.6 eV is measured fo
Sb/InP~110!.38 The values20.74 eV~exchange reacted! and
0.32 eV give the dipole contribution to the adsorbate-indu
changes of the ionization energy or work function.36 The
measurement of these quantities can therefore give additi
information about the adsorbate geometry. However, in
case of the ECLS monolayer interface the interpretation
the measurements is somewhat complicated due to the
pearance of the occupiedS5 andS6 bands within the funda-
mental gap. The calculated ionization energiesI defined as
the energetical distance of the highest occupied bulk or
face state to the vacuum level amount toI 55.79 eV@clean
InP~110!#, I 55.05 eV ~exchange reacted!, and I 56.11 eV
~ECLS!. Apart from a small underestimation due to the DF
LDA error,17,19,39 these values should approach the expe
mental ones. In the case of the clean surface with an exp
mental value ofI 55.85 eV ~Ref. 40! this underestimate is
about 0.1 eV.

Further interesting electronic quantities are the surf
core-level shifts~SCLS! of the binding energies of cor
electrons,41

DEb5Eb
surf2Eb

bulk . ~3!

Two mechanisms contribute to the SCLS. The initial-st
effect is given by the shift of the core level due to t
changed environment in the bulk or in the surface regi
The final-state contribution describes the different electro
relaxation behavior in the presence of the excited core h
The second mechanism seems to be negligible in the m
interesting cases.42 At least the SCLS for the highest cor
levels in the clean III-V~110!131 surfaces may be trace
back to the initial-state effect related to electron transf
between the atoms and, hence, changes in the one-ele
potential.41,43 In first-order perturbation theory this ground
state contribution may be described as

DEb5^CuVeffuC&bulk2^CuVeffuC&surf, ~4!

i.e., as the difference of matrix elements of the effect
single-particle potential entering the Kohn-Sham equation
the DFT-LDA calculated with atomlike core wave function
C localized at an atomic site in the bulk or in the surfa
region. The wave functions are taken from all-electron c
culations of the free atoms. We consider the highest c
levels In 4d, P 2p, and As 3d.

Results of the initial-state calculations are presented
Fig. 8. We plot the negative binding energy shifts. Th
correspond to changes in the kinetic energies of the outg
photoelectrons that are measured in photoemission ex
ments. In the case of As the shifts refer to the low-ene
component of the As 3d peak of the exchange-reacted stru
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ture. The In 4d and P 2p shifts in the second, third, an
fourth layers are rather small. However, the atoms in the fi
atomic layer and in the As overlayer exhibit pronounc
shifts. For the clean surface we calculateDEb50.18 eV~In!
and20.32 eV~P! in reasonable agreement with the avera
of the measured values of 0.3 eV~In! and20.3 eV ~P! ~cf.
data collection in Ref. 41!. Unfortunately, such In and P
shifts have not been extracted from the photoemiss
spectra2,3 for a situation with a clear 131 translational sym-
metry, i.e., after annealing of the As cap layer. This has o
been done for the As 3d level after annealing at 350 °C
under arsenic flux. Then one As peak component shifted
0.7 or 1.1 eV, respectively, towards smaller As 3d binding
energies with respect to the two As 3d components assigne
to an As monolayer has been observed.3 The splitting of the
SCLS of about 0.4 eV or 0.45 eV~Refs. 3 and 44! may be
compared with theoretical data: In the case of the As mo
layer in ECLS on top of InP~110! we observe two compo
nents belonging to As atoms bonded to underlying In o
atoms. The splitting of the corresponding binding energ
amounts to 0.56 eV in reasonable agreement with
experiment.44 Also, the calculated shift of 0.82 and 1.38 e
for the exchange-reacted As atom with respect to the
ECLS values agrees roughly with the measured values of
and 1.1 eV.3 However, the resulting favoring of the A
monolayer adsorption would be in contrast to oth
findings.2,4 In order to clarify the situation we also perform
calculation for the mixed geometry. We consider an
monolayer in ECLS on top of an exchange-reacted surfa
i.e., a coverage ofQ5 3

2. Such a structure may occur in th
experiments of Chasse´, Horn, and Neuhold,3,44 at least for
the samples annealed under As flux, i.e., under extreme
rich conditions. We find three As components. The tw
peaks belonging to As atoms in the overlayer are shifted
20.18 and20.72 eV with respect to the As peak of th
exchange-reacted layer. Given the theoretical and exp
mental uncertainty in the determination of the SCLS it
therefore possible that an exchange-reacted surface with
ditionally adsorbed As atoms is difficult to discriminate fro
the ECLS by means of photoemission experiments. T
means that the outcome of the photoemission experimen2,3

does not necessarily contradict the conclusion of the pa
by Santoset al.4

FIG. 8. Surface core-level shifts calculated for the cle
InP~110! surface~a!, the exchange-reacted As/InP~110! geometry
~b!, and the As monolayer on InP~110! in ECLS ~c! in dependence
on the atomic positions in the first four layers beneath the surfa
The position of the topmost atomic layer in a corresponding un
laxed InP~110! surface is taken as the coordinate zero. Subst
cations~anions! are denoted by open~filled! circles, whereas the
adsorbate atoms are indicated by diamonds.
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D. Interface phonons

The frozen phonon method45 has been succesfully applie
to clean III-V~110!131 surfaces18 and Sb/III-V~110!131
monolayer structures.27 For vanishing wave vector the matri
of the harmonic force constants is obtained by displacing
atom from its equilibrium position in a certain direction an
calculating the force acting on another atom in a defin
direction. Thereby we consider the four uppermost atom
layers. Therefore one expects reasonable results for pho
eigenvectors localized in the surface region. For symme
reasons there are two types of lattice vibrations. In the c
of A8 phonons the atoms are displaced in the~001! plane
perpendicular to the zigzag chains. Atomic displaceme
only parallel to the chain direction@11̄0# are classified asA9
phonons. The calculations have been restricted to
exchange-reacted As/InP~110!131 surface since the only
available Raman studies46 are interpreted in terms of thi
structure.

By means of Raman scattering46 surface or interface
phonons with frequencies of 45 cm21 ~5.6 meV! and 60
cm21 ~7.4 meV! have been detected. We identify the
phonons withA9 vibrations. The calculated frequencies
47.8 cm21 ~5.9 meV! and 67.6 cm21 ~8.3 meV! are slightly
larger than the measured ones because of the reduced
retical lattice constant. The two phonons represent reson
states. Bulk InP exhibits a relatively large density of states
this frequency region. Consequently, the calculated displa
ment patterns indicate remarkable contributions of bulk
oms to the corresponding eigenmodes. We predict, howe
threeG phonons that are strongly localized in the upperm
surface layers. The corresponding displacement patterns
plotted in Fig. 9. One phonon with the frequency 237.1 cm21

~29.4 meV! is again of theA9 type. It is related to atomic
displacements solely in the exchange-reacted atomic la
The other two phonons with the frequencies 196.0 cm21

FIG. 9. Displacement patterns of surface phonons atG of the
exchange-reacted As/InP~110!131 system.~a! A9 phonon~237.1
cm21), ~b! A8 phonon~196.0 cm21), ~c! A8 phonon~221.8 cm21).
e
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~24.3 meV! and 221.8 cm21 ~27.5 meV! belong to theA8
type. Essentially their excitation is accompanied by atom
displacements in the first two atomic layers. TheA9 phonon
with atomic displacements in the InAs layer is very simil
to that with the frequency 232.3 cm21 ~28.8 meV! calculated
for the clean InAs~110!131 surface.18 The increase of the
frequency is related to compressive stress in the InAs~110!
layer on top of the InP substrate.

IV. SUMMARY

We have performed first-principles calculations for the
adsorption on the InP~110! surface. Various structural, ther
modynamic, and spectroscopic quantities have been ca
lated in order to give a comprehensive picture of the in
stages of the As deposition. For submonolayer coverage
sorption sites in front of the surface dangling bonds are
served. However, the corresponding energy minima on
Born-Oppenheimer face are flat. A pronounced diffusi
channel nearly parallel to the cation-anion zigzag chains
@11̄0# direction appears. The interaction of the adatoms
the submonolayer and monolayer range is attractive. Th
fore we conclude a preference for a two-dimensional grow
of As on InP~110! for submonolayer coverage.

For an ordered monolayer As adsorbate
InP~110!131 the epitaxial continued layer structure giv
the minimum energy configuration. Another local minimu
on the energy face corresponds to the substitution of sur
P atoms by As. This structure is energetically preferred o
a wide range of the chemical potentials of the surface c
stituents. Such an As incorporation into the surface may s
immediately after As deposition at room temperature. Ho
ever, for very As- and P-rich preparation conditions t
monolayer ECLS structure cannot be excluded. A combi
tion of monolayer adsorbate and exchange reaction may
cur, in particular for annealing in the presence of an As fl

The electronic structures of the exchange-reacted sur
and the ECLS are quite different. A variety of surface ban
appear in the second case, whereas the exchange rea
leaves the fundamental gap almost free of surface sta
Also the adsorbate-induced changes of the surface di
show an opposite behavior for the ECLS and the exchan
reacted surface. The surface core-level shifts calculate
the initial-state picture show that both the ECLS and
exchange-reacted surface may explain the experimental
ings for the poorly ordered As overlayer phase immediat
after As adsorption. Therefore an interplay of both adso
tion mechanisms, overlayer formation and exchange re
tion, in dependence on the actual preparation condition
conceivable. For the exchange-reacted surface we predic
existence of highly localized surface phonons with frequ
cies of about 196, 222, and 237 cm21.
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