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Structural, electronic, and dynamical properties of Si„110… capped with a monolayer of GaAs
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Using a first-principles pseudopotential technique, we have presented structural and electronic properties of
the Si~110! surface capped with a monolayer of GaAs. These results are further used to investigate the
phonon-dispersion curves and the phonon density of states of the system. Both an adiabatic bond-charge model
and a linear-response scheme to theab initio pseudopotential method have been employed for the study of the
phonon properties, and the results obtained from the two methods are compared systematically. The surface
acoustic-phonon modes of this system have energies similar to those on the clean GaAs~110! surface, while the
highest surface optical-phonon mode of this system lies at a higher energy than the corresponding mode for the
clean GaAs~110! surface. These and other similarities and dissimilarities between the GaAs:Si~110! and
GaAs~110! surfaces are discussed and explained.
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I. INTRODUCTION

In recent years a great deal of effort has been devote
the study of the growth of GaAs on Si substrates. The rea
for choosing this study is that GaAs and Si are very imp
tant in semiconductor technology, and understanding t
structural, electronic, and vibrational properties will help
understand their many varied applications in devices.
example, Si can be used in electronic devices such as di
and transistors while GaAs is a very good choice for opti
devices~lasers, light detectors! due its direct band gap. Con
sequently, the structural and electronic properties of GaAs
Si~111! ~Refs. 1–3! and Si~001! ~Refs. 4–7! surfaces have
recently attracted a great deal of attention.

In contrast, however, relatively less attention has b
paid to the growth of GaAs on the Si~110! surface because o
difficulties in preparing a clean Si~110! surface. However,
the last few years have witnessed substantial progress in
perimental studies of the clean Si~110! surface8,9 and the
deposition of metal monolayers on this surface.10–13To date,
properties of the adsorption of a single monolayer of Ga
on Si~110! have been only studied by Rodriguez a
Takeuchi.14 From their first-principles calculations,14 they
have shown that the most stable configuration correspond
the GaAs monolayer adsorbed on top of the Si~110! sub-
strate. This model has a relaxation pattern similar to the
V~110! surfaces: As atoms move away from the surface,
atoms move within the surface. As result of this similari
the ab initio calculations14 revealed that the structural an
electronic properties of GaAs:Si~110! and clean GaAs~110!
surfaces are similar. In fact, the most striking difference
tween these surfaces is the mass difference between S
Ga ~or As! atoms. Thus, surface lattice dynamics can be u
as a potential tool for characterizing the GaAs:Si~110! sys-
tem. In addition, knowledge of dynamical properties will
useful in understanding surface reconstruction, phase tra
tion, and the relaxation process of electronically or vib
tionally excited states.

In this paper, results ofab initio calculations for struc-
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tural, electronic, and dynamical properties of GaAs:Si~110!
are presented and discussed. We have used our calcu
structural and electronic results as input to further calcu
the vibrational properties of this system. This we ha
achieved at two different levels. On one hand we have e
ployed the linear-response approach, within the pseudo
tential theory and the local-density scheme, using the co
puter code discussed in Ref. 24. On the other hand we h
used the surface structural and electronic information to
up and solve the dynamical matrix within the adiabatic bon
charge model. This choice was made in view of the fact t
this model takes significantly less computational effort a
time to calculate the full dispersion relation and the dens
of phonon states, and has previously been successfully
plied to the Si~001! (231) ~Ref. 15! and III-V~110!
surfaces.16,17 The results obtained from the two theoretic
methods also allow us to compare the phonon-dispers
curves fromab initio and bond-charge model~BCM! calcu-
lations in detail. In addition we have compared the surfa
phonon modes on the GaAs:Si~110! surface with those on the
GaAs~110! surface obtained previously from both theab ini-
tio ~Refs. 18,19! and BCM ~Ref. 16! calculations.

We have found that the zone-center phonon modes id
tified for the clean GaAs~110! surface can also be observe
for the GaAs:Si~110! surface. We have also observed th
surface phonon modes with energies higher than 40 meV
mainly localized on the second- and third-layer atoms due
the large mass difference between Si and Ga~or As! atoms.
Displacement patterns for a representative selection of p
non modes with both theoretical models have been prese
at the zone center and zone edges.

II. THEORY

A. Ab initio pseudopotential density-functional theory

Our calculations were performed in the framework of t
density-functional theory, within the local-density approx
mation using the Ceperley-Alder correlation20 as param-
etrized by Perdew and Zunger.21 Ion-electron interactions are
©2002 The American Physical Society05-1
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FIG. 1. ~a! Schematic relaxed side view o
GaAs:Si~110!. ~b! The electronic charge densit
for the occupied dangling-bond state.
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treated by using norm-conserving pseudopotentials.22 The
wave functions were expanded in a plane-wave basis set
a kinetic-energy cutoff of 12 Ry. Relaxation of atomic a
electronic degrees of freedom was achieved by solving
Kohn-Sham equations. We considered an artificially c
structed periodic geometry along the surface normal dir
tion. The length of the unit cell was equivalent to 19 atom
layers. The slab contained 13 layers of Si atoms, and
layers of GaAs which were placed on the top and bottom
the silicon slab. All atoms were allowed to relax into the
minimum-energy configuration, except for the atoms in
middle of the slab which were kept frozen. Four speciak
points were used for sampling the irreducible segment of
Brillouin zone.

The phonon-dispersion curves have been obtained by
plying the density-functional perturbation scheme within t
pseudopotential theory,23 using the computer code discuss
in Ref. 24. The dynamical matrices were calculated for
relaxed atoms in the supercell by determining the static
ear response of the electrons for periodic displacement
the atoms from their equilibrium positions. One-dimensio
Fourier interpolation has been used to obtain phonon dis
sions along the main surface symmetry directions. In part
lar, we calculated the dynamical matrix at fiveq points along
each of theḠ-X̄ and Ḡ-X̄8 directions.

B. The adiabatic bond-charge model

As the second theoretical model for surface phonon
culations, we employed Weber’s adiabatic BCM~Ref. 25! as
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described in our previous works.15–17 The interactions in-
cluded in the BCM are the Coulomb interaction between
particles including ions and bond charges~BCs! ~ion-ion,
ion-BC, and BC-BC!, a central short-range interaction b
tween the nearest-neighbor particles, and a bond-bendin
teraction involving the BC-ion-BC angle. In order to be ab
to study lattice dynamics of GaAs:Si~110! surfaces, we ap-
plied this model within a repeated slab scheme. Our su
cell was of same size as used in theab initio calculations,
described in the previous subsection. Our relaxed unit
contained 30 ions~26 Si, 2 Ga, and 2 As! and 60 BCs. The
BCs between Ga and Si atoms were displaced toward
atoms, dividing a bond in the ratio 3:4 while the BCs b
tween Si and As atoms were displaced towards As ato
dividing a bond in the ratio 4:5. The positions of the dangli
BCs were determined from the maximum in the valen
electron density plot obtained from our density-function
calculations~see Fig. 1!. The second derivatives of the cen
tral ion-ion and ion-BC potentials (f9) involving surface
atoms were scaled asfsur f ace9 5r bulk

2 /r sur f ace
2 fbulk9 , where

r bulk and r sur f ace denote the magnitude of the relative di
tances between particles.

III. RESULTS

A. Structural and electronic properties

The calculated structural parameters of the GaAs:Si~110!
surface, defined in Fig. 1, are listed in Table I. The resu
TABLE I. Structural parameters, defined in Fig. 1, for a monolayer of GaAs on Si~110!.

a(Å) D1' (Å) D1y (Å) D2' (Å) d12,' (Å) d12y (Å) v (deg)
Present 5.41 0.66 4.15 -0.04 1.51 3.10 27.6
Reference 14 5.43 0.62 4.17 -0.02 1.51 3.08 26.0
5-2
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follow the trend observed for the clean GaAs~110! surface.
The surface layer As atoms move away from the bulk
favor of ans2p3 bonding with three neighboring atoms~one
Si and two Ga atoms!, resulting in a pyramidal geometry
The surface Ga atoms move into the bulk in favor of ansp2

bonding with three neighboring atoms~one Si and two As
atoms!. In general, our structural parameters are in agr
ment with the recentab initio calculations by Rodriguez an
Takeuchi.14 In particular, our calculated tilt angle of the to
surface layer at 27.6 ° can be compared with that at 26.0
the work of Rodriguez and Takeuchi.

Figure 2 presents the electronic structure of
GaAs:Si~110! surface along the symmetry directions. T
projection of the band structure of the homopolar semic
ductor Si on the~110! surface shows a continuous ener
distribution of its valence bands, except for a few pockets
‘‘stomach gaps’’ in which no bulk states are found. There
no surface states for GaAs:Si~110! falling well inside these
stomach gaps. The lowest occupied surface state sho
truly localized behavior alongX̄-M̄ -X8 on the surface Bril-

FIG. 2. The electronic structure of the GaAs:Si~110! surface.
The projected bulk spectrum is shown as hatched regions. The
face localized states, occupied as well as unoccupied, are show
thick solid curves.
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louin zone. The highest occupied state lies slightly above

bulk valence-band continuum alongM̄ -X8 and is made of the
sp3-like orbital of the dangling bond at the surface arse
atoms.

B. Dynamical properties

1. Ab initio results

The phonon spectrum for the GaAs:Si~110! surface is
plotted in Fig. 3. The results for surface phonon modes
shown by thick lines while the projected bulk phonon en
gies are shown as hatched regions. A few general obse
tions can be made. Because of the mass difference betw
Si and Ga~or As! atoms, the surface acoustic modes on
GaAs:Si~110! surface turn into truly localized states. Inte
estingly, the energy locations of these waves are very sim
to those for the clean GaAs~110! surface.16 The highest-lying
phonon state for the GaAs:Si~110! surface lies into the bulk
optical range of bulk Si. Near the surface Brillouin-zon
boundaries we have observed localized surface modes.

ur-
by

FIG. 3. The dispersion of phonon modes on GaAs:Si~110!. The
results for surface phonon modes are shown by thick lines while
projected bulk phonon energies are shown as hatched regions
As
M and
TABLE II. The zone-center phonon frequencies of the GaAs:Si~110! surface from theab initio and the
BCM calculations. Results are also compared with the zone-center phonon modes of the clean Ga~110!
surface. SZCM and SSZCM indicate surface layer and subsurface layer zigzag chain modes while R
BCM indicate rotational and bond-stretching phonon modes.

Surface A9 modes A8 modes

GaAs:Si(110)ab initio 31.3 57.9 61.6 14.6 24.3 41.3 50.0 57.9
GaAs:Si(110)BCM 30.9 56.5 61.4 13.7 25.9 40.9 51.7 56.6
GaAs~110! a 31.1 31.7 23.7
GaAs~110! b 11.1 23.2
GaAs~110! c 28.7 32.2 10.99 22.8

SZCM SSZCM RM BCM

aReference 18.
bReference 19.
cReference 16.
5-3
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It is convenient to separate the zone-center surface m
according to their polarization characteristics:A9 if the vi-
brations are along the zigzag atomic chain~i.e., along

@ 1̄10#), and A8 if the vibrations take place in the sagitt
plane defined by the@001# and@110# directions. Table II lists
a selected number of zone center ofA8 andA9 modes. The
lowest-lying mode~anA8 mode! is a rotational phonon mod
with opposing motion of surface layer atoms. The energy
this phonon mode is nearly 3-meV higher than that on
clean GaAs~110! surface,16 which can be related to th
smaller mass of the substrate Si atoms which affect
mode. The mode at 24.3 meV has a large bond-stretc
character. TheA8 phonon mode at 41.3 meV includes larg
atomic vibrations from the second-layer Si atoms.

The surface phonon modes with a group symmetry rep
sentationA9 are found at energies of 31.3 meV and 61
meV. The lower-lying mode is a surface zigzag chain mo
~SZCM!, and can be identified with a similar mode at 31
meV for the clean GaAs~110! surface.18 The identification of
the SZCM on GaAs:Si~110! with that on the clean
GaAs~110! becomes possible because of its total localizat
on the first-layer atoms. However, it should be pointed
that this mode has different polarization for the two system
In our previous works, we have identified the highest surf
optical frequency of III-V~110! surfaces16,17 with A8 charac-
ter, but for this surface this phonon mode shows theA9 char-
acter with opposing motion of second-layer atoms in the z
zag chain direction.

Table III presents a selected number ofA8 andA9 modes
at the zone-edge pointX8. At this point the Rayleigh wave
~RW! is localized and corresponds to the motion of the
two-layer atoms in the zigzag chain direction. It is importa
to note that this phonon has theA9 group symmetry repre
sentation, while the RW phonon mode on III-V~110!
surfaces16,17has theA8 character. For this surface, the seco
lowest acoustic phonon mode is obtained at 7.0 meV.
phonon modes at 24.0 and 49.0 meV are localized gap p
non modes, while the phonon mode at 31.3 meV is a sur
layer zigzag chain mode at the zone edge. Figure 4 disp
the atomic displacement patterns of the RW and the local
gap phonon modes at theX̄ point. The energy of the RW is
only 1-meV higher than that on the clean GaAs~110! surface.
This phonon mode includes larger atomic vibrations fro
first As atom and its neighbor Si atom. The phonon mode
27.5, 28.5, and 32.6 are stomach gap phonon modes aX̄.
The phonon mode at 55.8 meV lies in the upper gap reg
For this phonon mode, the surface layer atoms~viz., Ga and
As! do not vibrate due to their relatively heavier masses.

TABLE III. Comparison of theab initio and BCM results for the
GaAs:Si~110! surface at theX8 point.

Source A9 modes A8 modes

GaAs:Si(110)ab initio 4.5 31.3 7.0 24.0 43.8 49.0 57.
GaAs:Si(110)BCM 5.3 30.6 6.0 21.2 27.5 43.9 48.4 56
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2. BCM results

As the bond-charge model~BCM! provides a compara
tively much easier method for setting up the dynamical m
trix, we have plotted in Fig. 5 the phonon dispersion alo

FIG. 4. Atomic displacement patterns of Rayleigh wave~RW!

and localized gap phonon modes at theX̄ point.
5-4
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FIG. 5. Dispersion of phonon modes and the density of states on the GaAs:Si~110! surface obtained from the adiabatic bond-char
model. The calculated surface results are shown by solid lines, and the bulk results are shown by hatched regions and a dashed~in the
density of states!.
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five symmetry directions and the density of states. The BC
calculations clearly show that surface acoustic frequen
are localized phonon modes for large parts of the surf
Brillouin zone. The peakS1 in the phonon density of states
due to surface acoustic-phonon modes, and the peakS2 is
characterized by the stomach gap phonon modes.

At the zone center we identify a rotational phonon mo
at 13.7 meV and a bond-stretching phonon mode at 2
meV. The atomic displacement pattern for these mode
similar to those obtained from theab initio calculation. The
surface layer and subsurface layer zigzag chain modes
identified at 30.9 and 61.4 meV, respectively. At theX8
point, our BCM calculations also predict two acoustic
phonon frequencies at 5.3 and 6.0 meV~see Table III!. The
second one hasA8 character while the first one hasA9 char-
acter. The localized gap phonon modes at thisq point are
found at 27.5 and 48.4 meV. We have also identified a zig
chain phonon mode at 30.7 meV. At theX̄ point we have
identified the RW mode at 8.5 meV, and two localized g
modes at 27.4 and 31.3 meV. The atomic displacement
terns for these are shown in Fig. 6. An inspection of Fig
along with Fig. 4 indicates that there is some difference
the atomic displacement patterns corresponding to the R
leigh phonon mode~RW! obtained from the BCM andab
inito methods. This difference can be due to very small m
difference between Ga and As atoms: our BCM calculat
predicts large atomic vibrations from Ga atoms while ourab
initio calculation predicts large atomic vibrations from A
atoms. It should be pointed out that a similar difference
found in the bulk atomic vibrations of GaAs: in the BCM
model the longitudinal-acoustic phonon mode at theX point
of the bulk Brillouin zone is due to the vibration of a G
atom, while in theab initio model this phonon mode is cha
acterized by the motion of an As atom.

3. Further discussion of results

It is useful to gain overall confidence in surface phon
results obtained from a simple and semiempirical meth
19530
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FIG. 6. Atomic displacement patterns of the Rayleigh wa
~RW! and localized gap phonon modes with the BCM model at
X̄ point.
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such as the BCM. With this in mind we have plotted ourab
initio and BCM results together in Fig. 7. In general, t
results from both calculations are in very good agreem
with each other. In Table II we have presented a compari
of the energies of the zone-center modes obtained from
two methods. For comparison, in this table we have a
included the zone-center phonon modes on the cl
GaAs~110! surface.

As a general remark we note that the rotational, bo
stretching, surface layer zigzag chain and subsurface l
zigzag chain phonon modes predicted for the cle
GaAs~110! surface have also been identified for t
GaAs:Si~110! surface. The rotational, bond-stretching, s
face layer zigzag chain phonon modes for both
GaAs~110! and GaAs:Si~110! surfaces have comparable e
ergies. However, there is a large energy difference betw
the subsurface-layer zig-zag chain mode on GaAs~110! and
GaAs:Si~110!. This is not surprising, since this phonon mo
is due to the motion of second-layer atoms, which have
ferent reduced masses for the two systems.

FIG. 7. Comparision of the phonon modes obtained from theab
initio and BCM calculations for the GaAs:Si~110! surface.
a

d
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Table III presents a comparison of theab initio and BCM
results at the zone-boundary pointX8. Clearly, on the whole
the results from both calculations agree very well with ea
other. The only significant difference occurs for the modes
the lower stomach gap region. The maximum difference
curs for the second lowestA8 mode, with the BCM result
being approximately 3-meV higher. The BCM calculatio
predict two phonon modes in this gap region while theab
initio calculations predict only one phonon mode. This d
ference can also be seen at theX̄ point, where theab initio
and BCM calculations predict three and two phonon mod
respectively.

IV. SUMMARY

In this paper, the structural and dynamical properties
the GaAs:Si~110! surface have been investigated and d
cussed by employing theab initio pseudopotential theory. In
addition, phonon-dispersion curves and density of states
this surface have also been studied by employing the a
batic bond-charge model. In general, the calculated phon
dispersion curves from both methods agree very well, exc
for some differences in the stomach gap regions. Both th
retical models have predicted that the zone-center pho
modes between energies of 10 and 36 meV are characte
by displacement patterns similar to those on the cle
GaAs~110! surface. Similarly, we find that the RW phono
mode on this surface has a similar energy location to tha
the clean GaAs~110! surface. However, we have observe
that the vibrational pattern of the RW phonon mode at theX8
point is different from that on the clean GaAs~110! surface.
Notably, the high-frequency~i.e., above approximately 40
meV! phonon modes throughout the surface Brillouin zo
are mainly localized in the substrate, with very little motio
of the adsorbate layer atoms. This is entirely to be expec
because of the significantly smaller mass of Si compare
Ga and As. The present work leads us to conclude that
sorption of heavier atom~s! on surfaces can be expected to
well characterized by low-lying surface modes, and in p
ticular low-lying localized Rayleigh phonon modes.
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