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Theoretical study of the Si/GaAs„001…-c„434… surface
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The deposition of Si on the GaAs~001!-c~434! reconstructed surface is studied with the aid ofab initio
pseudopotential calculations. With reference to the results of scanning tunneling microscopy~STM!, reflec-
tance anisotropy spectroscopy~RAS!, and reflection high-energy electron diffraction experiments, models for
the Si/GaAs~001!-c~434! surface are constructed with Si coverages corresponding to 0.25 and 1.0 ML. STM
images are simulated and RAS spectra are calculated for these models and compared with experiment. By
examining the local density of states and the magnitude of the optical transition matrix elements it is possible
to make a link between the features in the RAS spectra and surface electronic structure. Comments are made
on the validity of these surface structural models.@S0163-1829~97!06819-7#
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I. INTRODUCTION

The study of the deposition of Si on the GaAs~001! sur-
face is motivated not only by the need to understand
formation of semiconductor interfaces, but also, in this ca
by the possibilities created through allowing the Si atoms
form a dopant layer in the bulk GaAs. Since it was fi
shown that, by momentarily interrupting the metal orga
vapor phase epitaxial growth of GaAs and allowing the s
sequent adsorption of Si on the growing surface, it was p
sible to produce a sharp doping spike,1 interest has grown
steadily in the concept and applications ofd doping.2–4 Al-
though many different combinations ofd dopants and semi
conductors are possible, the majority of interest has cent
around using Si and Be asd dopants in GaAs and
Al xGa12xAs. Suchd-dopant layers may, for example, b
used to alter the band offsets at a semiconduc
heterojunction5,6 or to control the Schottky barrier height at
metal-semiconductor interface.7 Possible device application
include nonalloyed Ohmic contacts,d-doped doping super
lattice lasers, and field-effect transistors.2–4 To get the most
from this technology it is necessary to be able to fabric
structures withd-dopant layers of the highest possible qu
ity. An understanding of the initial stages of formation of t
dopant layer is therefore essential.

The scanning tunneling microscope~STM! is a well-
established surface investigative tool which has been res
sible for the conclusive determination of many surface str
tures. For example, in the case of the GaAs~001!-~234!
reconstructed surfaces STM images8 confirmed the concep
of the missing dimer model.9 Different phases for this sur
face were subsequently observed10, labeled thea, b, andg
phases, and the STM eventually provided us with the ge
ally accepted structural models for these surface phases
of which have the basic feature of two As dimers per u
cell.11,12The route to this conclusion was not straightforwa
and indicated that, despite the obvious advantages of
STM, care is required in the interpretation of images.
would therefore be appropriate to use theoretical simulati
as an aid to dismiss or support proposed surface struc
models. Such simulations have been shown to be feasib13

and have been applied to a number of systems includ
550163-1829/97/55~19!/13032~8!/$10.00
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GaAs~001!-reconstructed surfaces.14

The technique of reflectance anisotropy spectrosc
~RAS!,15 which measures the difference in reflectance
light of two orthogonal polarizations normally incident on
surface, is not as widely used as scanning tunneling mic
copy ~also STM!, but is nevertheless a valuable tool in su
face science. RAS has proved very useful in the study
GaAs~001!-reconstructed surfaces due to its sensitivity to
formation and destruction of surface dimers, which occ
during epitaxial growth, and the fact that it can be used,in
situ, in real time and in non-UHV conditions. Kamiyaet al.16

showed that the RAS spectral line shapes for the 234 and
c~434! reconstructions are quite different from each oth
making RAS an effective method for identifying them. A
with STM there is also a need for calculations in order
fully exploit the power of RAS. Through calculations fea
tures in the RAS spectra may be assigned to specific op
transitions which can then be related to electronic or str
tural features of the surface.

We have previously demonstrated, usingab initio calcu-
lations, and considering one-electron optical transitions,
RAS spectra could be calculated which are directly com
rable with experiment for the GaAs~001! reconstructed
surfaces.17 In particular it was demonstrated that the expe
mental spectra of theb phase of the 234 reconstructed sur
face could be interpreted as an admixture of the spectr
two different structural models for this surface, with th
spectrum from the model which has two As dimers and
absent from the missing dimer trenches dominating, in ag
ment with the STM experiments. The calculated RAS spec
of the GaAs~001!-c~434! reconstructed surface was als
found to agree with the experimental findings. Similar
Kipp et al.,18 using the same computational approach, ha
recently shown that there is excellent agreement between
calculated and observed RAS spectra for the As/Si~001!-
~231! reconstruction, which they initially characterized b
STM. These results illustrate the reliability of RAS spec
obtained from the results ofab initio calculations.

Motivated by experimental work on the Si/GaAs~001!-
c~434! reconstructed surface and the subsequent nee
fully understand STM images and RAS spectra we have
dertaken a theoretical study of this surface. STM images
13 032 © 1997 The American Physical Society
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RAS spectra have therefore been calculated for models o
Si/GaAs~001!-c~434! surface corresponding to Si coverag
of 0.25 and 1.0 ML in order to investigate structural, ele
tronic and optical properties, and also to complement
experimental work. The energetics of these model surfa
are not studied, as we seek to compare them individu
with experiment and not with each other. Moreover the
models, as discussed in Sec. V, provide building blocks
larger, more complex, surfaces consisting of a variable n
ber of dimers, so that a study of the surface energy is
longer straight forward. The remainder of this paper is
ranged as follows. In Sec. II some of the experimental res
on the Si/GaAs~001!-c~434! reconstructed surface are r
viewed, and models for this surface are constructed us
that information. The computational method used to simu
STM images and calculate RAS spectra is outlined in S
III. The results of these calculations are given in Sec.
where STM images, RAS spectra, and the local density
states are presented for each surface structural model. In
V the validity of the models is discussed. Section VI co
cludes the paper.

II. MODELS FOR THE Si/GaAs „001…-c„434… SURFACE

The molecular-beam-epitaxial growth of the GaAs~001!
surface normally takes place under As rich conditions. Wh
the growth is terminated and the surface annealed unde
As4 flux, a 234 or c~434! reconstruction can be obtaine
depending on the As4 pressure, the annealing time, and t
temperature. Si can then be deposited under the contin
presence of an As4 flux. Although there have been a numb
of experimental studies of the deposition of Si on t
GaAs~001!-~234! reconstructed surface,19–23 we only con-
cern ourselves here with thec~434! reconstruction. The
generally accepted model for this reconstruction as dedu
from STM images24,11,12and supported by x-ray-diffraction
experiments25 and total-energy calculations26 is shown in
unit cell ~a! of Fig. 1. The surface is terminated with As, an
then there are six extra As atoms per surface unit cell wh
form three As dimers orientated in the@110# direction so that
the total As coverage is 1.75 ML.

Woolf et al.,27 studied the deposition of Si on th
GaAs~001!-c~434! surface using the techniques of RAS a
reflection-high-energy electron diffraction~RHEED!. Their
RHEED results indicate that at a Si coverage of around
ML the surface begins to form a 132 reconstruction, which
is fully developed by 0.15 ML and lasts up till 0.30 ML, a
which point a 331 reconstruction begins to develop. For
coverages greater than this and up to 1.0 ML only a 331
reconstruction is observed. They further found that the
velopment of the RAS spectra, as a function of increasing
coverage, also indicated a number of distinct phases for
surface. Additionally, it was observed that very low~0.01
ML ! coverages of Si could be detected by the RAS sp
trometer. The RHEED results of Averyet al.,28 by contrast,
indicate the initial formation of a 231 reconstruction at very
low Si coverages, which then develops into an asymme
331 reconstruction at around 0.2 ML. The STM image
reported in the same work, show extended dimer rows
entated in the@ 1̄10# direction at low Si coverages, and the
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at higher Si coverages dimer rows orientated in the@110#
direction.

These results suggest that it is possible to construct m
els for the Si/GaAs~001!-c~434! reconstructed surface using
the following arguments. First, it is known that Si atom
occupy only Ga sites.29 Second, although the first layer o
eachc~434! unit cell is covered with As atoms, the extra
two unoccupied atom sites should still be thought of as G
sites. Two Si atoms can then occupy these sites and form
dimer so that the surface then has a Si coverage correspo
ing to 0.25 ML. This is illustrated by unit cell~b! in Fig. 1.
Strictly speaking, the surface still hasc~434! periodicity,
but if the Si dimers are regarded as being equivalent to
As dimers then the surface can be thought of as having
32 periodicity consistent with the results of Woolfet al.27

We shall refer to thisc~434! unit cell, with two Si atoms, as
model 1. To increase the Si coverage further, with the co
dition that the Si atoms must occupy Ga sites, then it
necessary for the Si atoms to perform a site exchange w
the As atoms in the first layer. A site exchange mechani
using an As layer as a surfactant has theoretically be
shown to be energetically favorable for the epitaxial grow
of Ge on Si~001!,30 and Si on Si~001!.31 The displaced As
atoms can then form an outer layer of dimer rows orientat
in the @110# direction, as illustrated in unit cell~c! of Fig. 1.
We shall refer to this model as model 2. The surface now h
a 231 periodicity and a Si coverage of 1.0 ML. Although
this is not the 331 periodicity, as observed by Woolfet al.27

and Averyet al.,28 a model with the required periodicity can
simply be obtained by positioning the rows of As dimers on
repeat distance further apart. These two models do, howe
agree with the STM results of Averyet al. in that at low Si

FIG. 1. Models for the GaAs~001!-c~434! reconstructed sur-
face with the deposition of Si atoms.



d

es
on
f,
-
e
ot
m
u
en
an
tru
pa
e
e
n
la
b
lit
h
ly
u
ld
.
ve
te
om
e
c
ec
e
n
e
l

a
A
t a
c
th
s
al
s
th
ct
ra
te
m
ip
b
y
tie
n
t
ca
co

an-

re-

go

ip
ly

vi-
ns-

s
l
t is

sent
as

a

f 1
e
the

al-

he

n-

a

13 034 55J. M. BASS AND C. C. MATTHAI
coverages there are dimer rows orientated in the@ 1̄10# direc-
tion and then at higher Si coverages dimer rows orientate
the @110# direction.

III. COMPUTATIONAL TECHNIQUE

The starting point for both the simulation of STM imag
and the calculation of RAS spectra are the wave functi
obtained fromab initio pseudopotential calculations. In brie
nonlocal pseudopotentials~optimized Kerker pseudo
potentials32!, the local-density approximation and th
conjugate-gradient method were used to minimize the t
energy through the relaxation of the electronic and ato
degrees of freedom.33 The surface was represented by a s
percell containing four layers of GaAs, a layer of hydrog
atoms terminating the bottom surface, and sufficient As
Si atoms on the top surface to create the required recons
tion. Sufficient layers of vacuum were then included to se
rate the two surfaces, making the total supercell thickn
equivalent to eight layers of GaAs. Test calculations p
formed with both thicker and thinner GaAs slabs demo
strated that four layers of GaAs were adequate for calcu
ing STM images and RAS spectra. Thicker GaAs sla
produced STM images and RAS spectra which were qua
tively no different to the ones presented in this paper. T
top three layers of atoms were allowed to relax complete
The purpose of the hydrogen atoms is to remove the
wanted anisotropy from the bottom surface, which wou
contribute to the reflectance anisotropy of the supercell
number of arrangements for the hydrogen atoms were in
tigated by calculating the RAS spectra of unreconstruc
Ga-terminated slabs, and it was found that hydrogen at
positioned directly below alternative Ga atoms produc
nearly isotropic spectra. Charge transfer across the unit
was not found to be a problem. It was also found that el
tronic states which were strongly located on the hydrog
atoms were close to the Fermi level, so optical transitio
involving these states were largely in the region below 1
which is outside the range of interest. The four speciak
points @~18,

1
8,
1
4!, ~18,

3
8,
1
4!, ~38,

1
8,
1
4!, ~38,

3
8,
1
4!# used to perform the

Brillouin-zone integration were also carefully chosen so
not to introduce any artificial anisotropy into the system.
basis set of plane waves was used which was cut off a
energy of 136 eV. This cutoff energy was found to reprodu
the band gap of bulk GaAs through a cancellation of
underestimate of the band gap due to use of the local den
approximation~LDA ! and the effects of a smaller than ide
cutoff energy which causes the conduction-band state
shift upward. Test calculations did indeed reveal that, if
cutoff energy was increased, then the band gap would a
ally decrease down to the LDA value, and a ‘‘scissors ope
tor’’ would then be necessary in order to compare calcula
RAS spectra with experiment. The more serious proble
however, with using a low cutoff energy is that the descr
tion of the higher conduction-band states is less than relia
in terms of the relative ordering of the states and accurac
the wave functions. Test calculations of the optical proper
of bulk GaAs were performed, and the dielectric functio
were found to agree well with experiment for energies up
;6 eV. Only at energies greater than this did the opti
transition matrix elements became less dependable. In
in
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clusion one may expect realistic values for the optical tr
sition matrix elements and, more pertinently, thedifference
in the reflectance for two orthogonal polarizations to be
liable in the energy range of interest (;1–5 eV!.

To generate STM images from the wave functions we
beyond the Tersoffs-wave approximation,34 which is a state-
ment of the fact that if the wave functions of the STM t
have spherical symmetry then the STM image will simp
appear as the integrated local state density,*r(r,E)dE, with
the integral taken over filled or empty states within the
cinity of the Fermi level. Instead we used the Bardeen tra
fer Hamiltonian approximation,35,13 a perturbative approach
which allows the incorporation of realistic tip wave function
which in this work were obtained from a cluster of four A
atoms. Under the Bardeen formalism the tunneling curren
given by

I ~R,Vb!5
2pe

\ (
mn

uMmn~R!u2@ f ~Em!2 f ~En!#

3d~Em2En1eVb!,

where

Mmn~R!5E cm* ~r!~H2En!cn~r2R!dr

are the tunneling matrix elements.cm(r) andcn(r) represent
the surface and tip wave functions, respectively,R is the
position of the tip relative to the surface,Vb is the tip-surface
bias voltage, andf (E) the Fermi distribution function. Be-
cause only a small cluster of atoms were used to repre
the tip, the tip wave functions do not form a continuum
would be the case for a real tip so thed function in the
expression for the tunneling current was replaced by
Gaussian function,

d~Em2En1eVb!→
1

sA2p
exp2

1

2 SEm2En1eVb
s D ,

in order to smear out the discrete energy levels. A value o
eV was taken fors which we previously found to reproduc
reliably the scanning tunneling spectroscopy spectra for
GaAs~110! surface.36

To obtain the RAS spectra we performed two sets of c
culations in parallel, one for light polarized along the@ 1̄10#
direction and the other for light polarized along the@110#
direction. For each polarization the imaginary part of t
dielectric function is calculated according to37

«2~v!5
e2\2

pm2v2(
v,c

E
BZ

z^ckcu2 i¹ ruckv& z2

3d~Ekc2Ekv2\v!dk,

where ckv and ckc are, respectively, valence- and co
duction-band states with energiesEkv andEkc . The real part
of the dielectric function was then obtained from this via
Kramers-Kronig transform,

«1~v!511
2

p
PE

0

`v8«2~v8!

v822v2 dv8.
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The dielectric function is related to the real and imagina
parts of the refractive index,n andk, respectively, through
the relation

n1 ik5A«11 i«2.

The reflectance is then given by

r5
12n2 ik

11n1 ik
.

We denote the calculated reflectance for each polariza
direction asr [ 1̄ 10] and r [110] respectively, so the reflectanc
anisotropy is defined as

Dr

r̄
52

r [1̄10]2r [110]

r [1̄10]1r [110]
.

Only the real part of the reflectance anisotropy Re(Dr / r̄ ), as
determined in experiment, is presented in Sec. IV.

IV. RESULTS

A. Scanning tunneling microscopy images

The simulated STM images presented in this section
all for negative tip-surface bias voltages such that occup
surface states are being probed. For the As-rich GaAs~001!
and associated surfaces this is appropriate, as the dan
surface bonds are expected to be occupied. This will be
cussed in more detail later in the context of electron coun
theories. Images were also generated for positive tip-sur
bias voltages, and it was found that not only was the mag
tude of the tunneling current much reduced, but also that
resemblance to the actual surface structure was much
obvious. This is as expected, and ties in with difficulti
reported by experimentalists in imaging these surface
positive bias voltages. All the STM images shown here p
the variation in the tunneling current for a constant t
surface separation of 2 Å. Although this tip-surface sepa
tion is less than the generally accepted experimental val
tests with larger separations produced no significant qua
tive differences in the images. Similarly, scans at cons
current also failed to affect the simulated STM images in a
significant way. For a fuller discussion of the differenc
between constant tip-surface separation scans and con
current scans, as well some examples of STM images of
GaAs~001! reconstructed surfaces at positive tip-surface b
voltages images, see Ref. 14.

The simulated STM image for the GaAs~001!-c~434! re-
constructed surface, at a tip-surface bias voltage of22 V, is
shown in Fig. 2. This image shows the characteristic ‘‘bric
work’’ structure as seen in experimental images.24,11,12Each
As atom in the surface layer is individually resolved indic
ing tunneling from occupied lone pair orbitals on the A
atoms. The tunneling current from the central As dimer
less than that from the outer As dimers, despite the fact
the central As dimer is higher by 0.044 Å. This is consist
with high-resolution STM images. It was further found th
at a lower bias voltage of21 V the central As dimer was
barely visible in the simulated STM images but at a high
bias voltage of23 V the central As dimer acquired equ
prominence to the outer As dimers.
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Figure 3 shows the simulated STM image for model 1
a tip-surface bias voltage of21 V. The Si atoms in the
surface layer can be seen in this image but not the As ato
In the STM images shown in Fig. 4, where the bias voltage
23 V, the As atoms in the surface layer are now visib
although there is a greater tunneling current emanating f
the Si atoms. Overall the simulated STM image consists
rows of bright features orientated in the@ 1̄10# direction,
which can be thought of as an extension of the ‘‘needlelik
islands observed by Averyet al.28

Figure 5 shows the simulated STM image for model 2
a tip-surface bias voltage of23 V. Each As atom in the
outer surface layer can be individually identified. The ima
therefore simply consists of the dimers rows of mode

FIG. 2. Simulated STM image for the GaAs~001!-c~434! re-
constructed surface at a bias voltage of22 V.

FIG. 3. Simulated STM image for model 1 at a bias voltage
21 V.
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13 036 55J. M. BASS AND C. C. MATTHAI
which are orientated in the@110# direction. These can also b
thought of as an extension of the ‘‘needlelike’’ islands o
served by Averyet al.28

B. Reflectance anisotropy spectra

The calculated RAS spectra for the GaAs~001!-c~434!
reconstructed surface and for the two models incorpora
Si atoms are shown in Fig. 6. These are to be compared
the experimental RAS spectra for the corresponding Si c
erages shown in Fig. 7. For the GaAs~001!-c~434! surface
the agreement between theory and experiment is very g
with the calculations reproducing the characteristic dip in
spectra at;2.7 eV. Similarly the calculated RAS spectru
for model 1 agrees well with the experimental spectrum
the GaAs surface at a Si coverage of 0.25 ML, reproduc

FIG. 4. Simulated STM image for model 1 at a bias voltage
23 V.

FIG. 5. Simulated STM image for model 2 at a bias voltage
23 V.
-

g
ith
v-

d,
e

f
g

the peak at;2.7 eV. However, for both of these calculate
spectra the agreement with experiment is not so good
higher energies, where the principle features appear to h
been shifted down in energy. This would seem to indic
problems with the energies of the higher conduction ba
due to the use of density-functional theory, and also conv
gence problems caused by the termination of the plane-w
basis set used in the pseudopotential calculations. For m
2 the agreement between the calculated spectrum and
experimental spectrum of the GaAs surface at a Si cover
of 1.0 ML is poor although the sign of the reflectance anis
ropy is correctly predicted. This poor agreement is in
doubt part due to the fact that the RHEED results of b
Woolf et al.27 and Averyet al.28 report a 331 reconstruction
for the surface at this Si coverage whereas model 2 only
a 231 periodicity.

f

f

FIG. 6. Calculated RAS spectra for the GaAs~001!-c~434! re-
constructed surface~solid line!, for model 1 ~dashed line! and
model 2~dotted line!.

FIG. 7. Experimental RAS spectra for the GaAs~001!-c~434!
reconstructed surface~solid line! and for Si coverages of 0.25
~dashed line! and 1.0 ML ~dotted line! @taken from Woolfet al.
~Ref. 27!#.
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C. Local density of states

An analysis of the local density of states~LDOS! is in-
structive in that it enables the identification of features in
surface electronic structure which can help explain the S
images. Moreover, if one observes that the RAS spect
bears a close resemblance to the anisotropy of the sur
dielectric function,38,39 then features in the RAS spectru
can be linked to specific optical transitions. If this is done
conjunction with an examination of the LDOS, then it
possible to relate specific features in the RAS spectra to
tical transitions which can then be linked to the surface e
tronic structure.

The LDOS for the GaAs~001!-c~434! reconstructed sur
face is shown in Fig. 8. There are distinct surface state
both the valence- and conduction-band edges which are
sociated with the surface layer of As atoms. The grad
emergence of the central As dimers in the STM images w
increasing tip-surface bias voltage can be attributed to
three separate surface states in the valence band betwe
and23 eV. The state closest to the Fermi level is localiz
on the outer As dimers, whereas the other two surface st
are localized across all three As dimers. In examining wh
electronic states contribute to the dielectric function anis
ropy and hence to the reflectance anisotropy, it was fo
that bulklike states in the valence band and surface state
the conduction band played a key role. The surface state
the valence band were found not to contribute significantly
the anisotropy of the surface dielectric function. This s
nario is the same as we have previously reported for
GaAs~001!-~234! reconstructed surfaces.17

For model 1, an examination of the LDOS, shown in F
9, indicates the presence of a pronounced surface sta
;1 eV below the Fermi level which was found to b
strongly localized on the Si atoms in the surface layer. T
explains why the Si atoms feature so prominently in
simulated STM images for this model at low bias voltag
Furthermore, it was found that this surface state contribu
significantly to the dielectric function anisotropy, especia

FIG. 8. LDOS for the GaAs~001!-c~434! reconstructed surface
~a! The surface layer of As atoms.~b! The GaAs layer below the
surface. The dashed lines indicate the density of states for
GaAs taken from the central region of the slab.
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in vicinity of the feature at;2.7 eV, explaining the sensi
tivity of the technique of RAS to very low Si coverages o
the GaAs~001!-c~434! surface. The surface states in th
conduction band continue to contribute to the dielectric fu
tion anisotropy.

The LDOS for model 2, shown in Fig. 10, indicates
surface state in the valence band localized on the outer
layer at;2 eV below the Fermi level which is responsib
for the rows of dimers seen in the STM images for th
model. There are also surface states in the conduction-b
which are associated with both the outer surface layer of
atoms and the layer of Si atoms below the surface. Howe
the conduction-band surface states localized on the Si la
do not contribute significantly to the dielectric function a
isotropy. In common with the other As-rich GaAs~001! re-

lk

FIG. 9. LDOS for model 1.~a! The surface layer, which consist
of six As atoms and two Si atoms per unit cell.~b! The GaAs layer
below the surface. The dashed lines indicate the density of state
bulk GaAs taken from the central region of the slab.

FIG. 10. LDOS for model 2.~a! The outer surface layer of As
atoms.~b! The layer of Si atoms below the surface. The dash
lines indicate the density of states for bulk GaAs taken from
central region of the slab.
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constructed surfaces, it was found that optical transitions
tween bulklike valence-band states and surface states in
conduction band were primarily responsible for the dielect
function anisotropy.

V. DISCUSSION

It goes without saying that the models proposed in t
work for the Si/GaAs~001!-c~434! surface are highly ideal-
ized. The periodicity imposed by using a supercell recipro
space technique ensure that these idealized surface mo
are perfectly repeated to infinity. This clearly is not physic
and even the best-prepared surfaces will suffer from the
fects of impurities, dislocations, steps, kinking in the dim
rows, and other imperfections, all of which serve to redu
the surface energy. It is necessary to bear this in mind w
commenting on the validity of these models especially w
regard to heuristic arguments such as the electron coun
principle. The electron counting principle9 or the octet rule,40

when applied to the GaAs~001! surface, demands that t
minimize the surface energy all As dangling bonds must
filled and all Ga dangling bonds emptied. The model us
here for the GaAs~001!-c~434! reconstructed surface satis
fies this rule. If the Si dangling bonds are taken to be oc
pied by virtue of their energy with respect to Fermi leve
then model 1 has two surplus electrons per unit cell and d
not satisfy electron counting. However, if a second As dim
is replaced with a Si dimer then there are two less electr
per unit cell and electron counting is satisfied. The numbe
electrons can be lowered further by either replacing more
atoms with Si or by completely removing As or Si dimer
Doing this, it will then be possible to obtain rows of dime
orientated in the@ 1̄10# direction consisting of either As or S
atoms and of arbitrary length. The same arguments can
be applied to model 2. This illustrates how by reviewing o
idealized models in the light of simple arguments it is po
sible to reconcile them much more closely with more rea
tic surfaces such as those seen in the STM images of Av
et al.28
.
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Because RAS is not a diffraction technique then sim
sum-rule-type arguments can be applied to a surface con
ing of several different domains of reconstructions. The m
sured RAS spectrum is expected to be that of the domin
reconstruction. So, although a real surface does not have
fect infinite rows of dimers, as long as such dimers are do
nant then a calculated RAS spectrum for an idealized sur
can still be reasonably compared to a experimental spectr

VI. CONCLUSION

With reference to the results of STM, RAS, and RHEE
we constructed models for the Si/GaAs~001!-c~434! recon-
structed surface with Si coverages corresponding to 0.25
1.0 ML. STM images and RAS spectra were then calcula
for these models and compared with experiment. The ca
lated RAS spectrum for model 1 was found to be in go
agreement with the experimental spectrum suggesting
this model is representative of the surface structure. The
ditional agreement of the simulated STM images with e
periment gives weight to this view. Based on this model
have therefore demonstrated that the sensitivity of the R
spectral feature at;2.7 eV, with increasing Si coverage be
tween 0 and 0.25 ML, is to be attributed to the presence o
dimers on the surface. This is opposed to the view that i
the orientation of the As dimers that solely govern this fe
ture. Finally, for higher Si coverages, the calculated R
spectrum and STM images suggest that the Si atoms
form a layer underneath the top As layer. Hence RAS co
be used as a means of monitoring the compactness of
layer.
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