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The deposition of Si on the Gaf¥1)-c(4X 4) reconstructed surface is studied with the aidabfinitio
pseudopotential calculations. With reference to the results of scanning tunneling micrdSddyy reflec-
tance anisotropy spectroscofifAS), and reflection high-energy electron diffraction experiments, models for
the Si/GaAg001)-c(4x 4) 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 modg®0163-18207)06819-7

. INTRODUCTION GaAg001)-reconstructed surfacés.
The technique of reflectance anisotropy spectroscopy

The study of the deposition of Si on the G&881) sur- (RAS 15 which measures the difference in reflectance for
face is motivated not only by the need to understand thdight of two orthogonal polarizations normally incident on a
formation of semiconductor interfaces, but also, in this casesurface, is not as widely used as scanning tunneling micros-
by the possibilities created through allowing the Si atoms tacopy (also STM, but is nevertheless a valuable tool in sur-
form a dopant layer in the bulk GaAs. Since it was firstface science. RAS has proved very useful in the study of
shown that, by momentarily interrupting the metal organicGaAg001)-reconstructed surfaces due to its sensitivity to the
vapor phase epitaxial growth of GaAs and allowing the subformation and destruction of surface dimers, which occur
sequent adsorption of Si on the growing surface, it was posduring epitaxial growth, and the fact that it can be usad,
sible to produce a sharp doping spikéterest has grown situ, in real time and in non-UHV conditions. Kamiy al 16
steadily in the concept and applications ®Hoping®~* Al- showed that the RAS spectral line shapes for thet2and
though many different combinations éfdopants and semi- c¢(4X4) reconstructions are quite different from each other,
conductors are possible, the majority of interest has centeradaking RAS an effective method for identifying them. As
around using Si and Be a$ dopants in GaAs and with STM there is also a need for calculations in order to
Al ,Ga; _,As. Such s-dopant layers may, for example, be fully exploit the power of RAS. Through calculations fea-
used to alter the band offsets at a semiconductotures in the RAS spectra may be assigned to specific optical
heterojunctioft® or to control the Schottky barrier height at a transitions which can then be related to electronic or struc-
metal-semiconductor interfadePossible device applications tural features of the surface.
include nonalloyed Ohmic contacts;doped doping super- We have previously demonstrated, uskig initio calcu-
lattice lasers, and field-effect transistdr8.To get the most lations, and considering one-electron optical transitions, that
from this technology it is necessary to be able to fabricatdRAS spectra could be calculated which are directly compa-
structures withs-dopant layers of the highest possible qual-rable with experiment for the Gaf301) reconstructed
ity. An understanding of the initial stages of formation of the surfaces.’ In particular it was demonstrated that the experi-
dopant layer is therefore essential. mental spectra of thg phase of the & 4 reconstructed sur-

The scanning tunneling microscog&TM) is a well- face could be interpreted as an admixture of the spectra of
established surface investigative tool which has been respotwo different structural models for this surface, with the
sible for the conclusive determination of many surface strucspectrum from the model which has two As dimers and Ga
tures. For example, in the case of the GE@RYH)-(2X4) absent from the missing dimer trenches dominating, in agree-
reconstructed surfaces STM ima§esnfirmed the concept ment with the STM experiments. The calculated RAS spectra
of the missing dimer modél Different phases for this sur- of the GaA$001)-c(4x4) reconstructed surface was also
face were subsequently obsertdabeled thex, 8, andy  found to agree with the experimental findings. Similarly
phases, and the STM eventually provided us with the geneiKipp et al,'® using the same computational approach, have
ally accepted structural models for these surface phases, dttcently shown that there is excellent agreement between the
of which have the basic feature of two As dimers per unitcalculated and observed RAS spectra for the AS(H)-
cell}*¥2The route to this conclusion was not straightforward(2Xx 1) reconstruction, which they initially characterized by
and indicated that, despite the obvious advantages of th&TM. These results illustrate the reliability of RAS spectra
STM, care is required in the interpretation of images. Itobtained from the results @fb initio calculations.
would therefore be appropriate to use theoretical simulations Motivated by experimental work on the Si/GaA61)-
as an aid to dismiss or support proposed surface structural4x4) reconstructed surface and the subsequent need to
models. Such simulations have been shown to be fedsible,fully understand STM images and RAS spectra we have un-
and have been applied to a number of systems includindertaken a theoretical study of this surface. STM images and
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RAS spectra have therefore been calculated for models of the
Si/GaAg001)-c(4x 4) surface corresponding to Si coverages
of 0.25 and 1.0 ML in order to investigate structural, elec-
tronic and optical properties, and also to complement the
experimental work. The energetics of these model surfaces
are not studied, as we seek to compare them individually
with experiment and not with each other. Moreover these
models, as discussed in Sec. V, provide building blocks for
larger, more complex, surfaces consisting of a variable num-
ber of dimers, so that a study of the surface energy is no
longer straight forward. The remainder of this paper is ar-
ranged as follows. In Sec. Il some of the experimental results
on the Si/GaA&01)-c(4x4) reconstructed surface are re-

viewed, and models for this surface are constructed using
that information. The computational method used to simulate

STM images and calculate RAS spectra is outlined in Sec.
lll. The results of these calculations are given in Sec. 1V,
where STM images, RAS spectra, and the local density of
states are presented for each surface structural model. In Se
V the validity of the models is discussed. Section VI con-
cludes the paper. @@

@ outer layer As ® seccond layer As
@ first layer As O third layer Ga
@ first layer Si

Il. MODELS FOR THE Si/GaAs (001)-c(4x 4) SURFACE

The molecular-beam-epitaxial growth of the G&2&l)
surface normally takes place under As rich conditions. When FIG. 1. Models for the GaA801)-c(4x 4) reconstructed sur-
the growth is terminated and the surface annealed under dfce Wwith the deposition of Si atoms.
As, flux, a 2x4 or c(4X 4) reconstruction can be obtained
depending on the Aspressure, the annealing time, and theat higher Si coverages dimer rows orientated in [th&0]
temperature. Si can then be deposited under the continugffrection.
presence of an Asflux. Although there have been a number  These results suggest that it is possible to construct mod-
of experimental studies of the deposition of Si on theels for the Si/GaA®01)-c(4x 4) reconstructed surface using
GaAg001)-(2x 4) reconstructed surfacd;*®we only con-  the following arguments. First, it is known that Si atoms
cern ourselves here with the(4Xx4) reconstruction. The occupy only Ga site® Second, although the first layer of
generally accepted model for this reconstruction as deduceshchc(4x 4) unit cell is covered with As atoms, the extra
from STM image&***?and supported by x-ray-diffraction two unoccupied atom sites should still be thought of as Ga
experiment® and total-energy calculatioffsis shown in  sites. Two Si atoms can then occupy these sites and form a
unit cell (@) of Fig. 1. The surface is terminated with As, and dimer so that the surface then has a Si coverage correspond-
then there are six extra As atoms per surface unit cell whicling to 0.25 ML. This is illustrated by unit celb) in Fig. 1.
form three As dimers orientated in th&10] direction so that ~ Strictly speaking, the surface still has4x 4) periodicity,
the total As coverage is 1.75 ML. but if the Si dimers are regarded as being equivalent to the

Woolf etal,”” studied the deposition of Si on the As dimers then the surface can be thought of as having a 1
GaAg001)-c(4x 4) surface using the techniques of RAS and x 2 periodicity consistent with the results of Woalf al?’
reflection-high-energy electron diffracticfRHEED). Their  we shall refer to this(4x 4) unit cell, with two Si atoms, as
RHEED results indicate that at a Si coverage of around 0.odel 1. To increase the Si coverage further, with the con-
ML the surface begins to form ax12 reconstruction, which dition that the Si atoms must occupy Ga sites, then it is
is fully developed by 0.15 ML and lasts up till 0.30 ML, at necessary for the Si atoms to perform a site exchange with
which point a 3<1 reconstruction begins to develop. For Sithe As atoms in the first layer. A site exchange mechanism
coverages greater than this and up to 1.0 ML only>al3 using an As layer as a surfactant has theoretically been
reconstruction is observed. They further found that the deshown to be energetically favorable for the epitaxial growth
velopment of the RAS spectra, as a function of increasing Sof Ge on Sj001),% and Si on Si001).3! The displaced As
coverage, also indicated a number of distinct phases for thigtoms can then form an outer layer of dimer rows orientated
surface. Additionally, it was observed that very Iq@01 in the[110] direction, as illustrated in unit ce{t) of Fig. 1.
ML) coverages of Si could be detected by the RAS specwe shall refer to this model as model 2. The surface now has
trometer. The RHEED results of Avest al,”® by contrast, a 2x 1 periodicity and a Si coverage of 1.0 ML. Although
indicate the initial formation of a2 1 reconstruction at very this is not the X 1 periodicity, as observed by Woadt al 2’
low Si coverages, which then develops into an asymmetriaind Averyet al,?® a model with the required periodicity can
3X1 reconstruction at around 0.2 ML. The STM images,simply be obtained by positioning the rows of As dimers one
reported in the same work, show extended dimer rows orirepeat distance further apart. These two models do, however,
entated in thd 110] direction at low Si coverages, and then agree with the STM results of Avemt al. in that at low Si
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coverages there are dimer rows orientated in #i)] direc- clusion one may expect realistic values for the optical tran-
tion and then at higher Si coverages dimer rows orientated iition matrix elements and, more pertinently, tiéerence
the[110] direction. in the reflectance for two orthogonal polarizations to be re-
liable in the energy range of interest (-5 eV).
To generate STM images from the wave functions we go
1. COMPUTATIONAL TECHNIQUE beyond the Tersof-wave approximatiori which is a state-

The starting point for both the simulation of STM images ment of the fact that if the wave functions of the STM tip

and the calculation of RAS spectra are the wave function§@ve spherical symmetry then the STM image will simply
obtained fromab initio pseudopotential calculations. In brief, 2PPear as the integrated local state dengipfy,E)dE, with

nonlocal pseudopotentials(optimized Kerker pseudo- the_ integral taken over filled or empty states within the vi-
potentialdd), the local-density approximation and the cinity of the Fermi level. Instead we used the Bardeen trans-

. . . . ’13 .
conjugate-gradient method were used to minimize the totafe” Hamiltonian approximatioff;”* a perturbative approach

energy through the relaxation of the electronic and atomidvhich allows the incorporation of realistic tip wave functions

degrees of freedorf? The surface was represented by a Su_which in this work were obtained from a cluster of four Al
atoms. Under the Bardeen formalism the tunneling current is

percell containing four layers of GaAs, a layer of hydrogen®

atoms terminating the bottom surface, and sufficient As an@!Ven by

Si atoms on the top surface to create the required reconstruc- >

; e : e

tion. Sufficient layers of vacuum were then included to sepa- I(RV,) = TE IM R)|2[f(EM) —f(E,)]
rate the two surfaces, making the total supercell thickness uv

equivalent to eight layers of GaAs. Test calculations per-
formed with both thicker and thinner GaAs slabs demon-
strated that four layers of GaAs were adequate for calculatyhere
ing STM images and RAS spectra. Thicker GaAs slabs
produced STM images and RAS spectra which were qualita- .

tively no different to the ones presented in this paper. The Muv(R):f Yu(NH=E,) ¢, (r—R)dr

top three layers of atoms were allowed to relax completely. ) .

The purpose of the hydrogen atoms is to remove the un@re the tunneling matrix elementg, (r) andy,(r) represent
wanted anisotropy from the bottom surface, which wouldthe surface and tip wave functions, respectivélyjs the
contribute to the reflectance anisotropy of the supercell. APosition of the tip relative to the surfacé, is the tip-surface
number of arrangements for the hydrogen atoms were invedias voltage, and(E) the Fermi distribution function. Be-
tigated by calculating the RAS spectra of unreconstructe§ause only a small cluster of atoms were used to represent
Ga-terminated slabs, and it was found that hydrogen atom&e€ tip, the tip wave functions do not form a continuum as
positioned directly below alternative Ga atoms produceghould be the case for a real tip so tiéefunction in the
nearly isotropic spectra. Charge transfer across the unit cefixpression for the tunneling current was replaced by a
was not found to be a problem. It was also found that elecGaussian function,

tronic states which were strongly located on the hydrogen
atoms were close to the Fermi level, so optical transitions 1 1/E,—E,+eV,
involving these states were largely in the region below 1 eV U\/Zexp— 2

which is outside the range of interest. The four spekial

points [(3,.3,3), (339, 313, (323)] used to perform the in order to smear out the discrete energy levels. A value of 1
Brillouin-zone integration were also carefully chosen so asV was taken fow which we previously found to reproduce
not to introduce any artificial anisotropy into the system. Areliably the scanning tunneling spectroscopy spectra for the
basis set of plane waves was used which was cut off at a@aAg110 surface®®

energy of 136 eV. This cutoff energy was found to reproduce To obtain the RAS spectra we performed two sets of cal-
the band gap of bulk GaAs through a cancellation of theculations in parallel, one for light polarized along f10]
underestimate of the band gap due to use of the local densijirection and the other for light polarized along tfELQ]
approximation(LDA) and the effects of a smaller than ideal direction. For each polarization the imaginary part of the
cutoff energy which causes the conduction-band states tdielectric function is calculated according’fo

shift upward. Test calculations did indeed reveal that, if the

X 8(E,—E,+eW),

o(E,—E,+eV,)—

[oa

cutoff energy was increased, then the band gap would actu- e’h? ) 5
ally decrease down to the LDA value, and a “scissors opera- ex(w)= szwzvzé fBZ|<¢kc| =iVl o)
tor” would then be necessary in order to compare calculated ’

RAS spectra with experiment. The more serious problem, X 8(Eye— Ey, —iw)dk,

however, with using a low cutoff energy is that the descrip- .
tion of the higher conduction-band states is less than reliabl@here ¥, and ¢ are, respectively, valence- and con-
in terms of the relative ordering of the states and accuracy dfuction-band states with energigg, andE,.. The real part
the wave functions. Test calculations of the optical propertie®' the dielectric function was then obtained from this via a
of bulk GaAs were performed, and the dielectric functionsKramers-Kronig transform,
were found to agree well with experiment for energies up to .
~6 eV. Only at energies greater than this did the optical ey(w)=1+ Epf
transition matrix elements became less dependable. In con- T Jo

w'sz(w’)d ,
———do'.
0w —w



55 THEORETICAL STUDY OF THE Si/GaA4001)-c(4X4) . .. 13035

The dielectric function is related to the real and imaginary
parts of the refractive indexy andk, respectively, through
the relation

n+ik=\81+i82.
The reflectance is then given by
_1-n-ik

= Tintik

We denote the calculated reflectance for each polarization
direction asr1io; andri1;0; respectively, so the reflectance
anisotropy is defined as

ﬂ _ zr[Tlo]_ M110]
r M110;T M[110]

Only the real part of the reflectance anisotropy Ref), as
determined in experiment, is presented in Sec. IV.

IV. RESULTS FIG. 2. Simulated STM image for the Gal®91)-c(4x 4) re-

constructed surface at a bias voltage-02 V.
A. Scanning tunneling microscopy images

The simulated STM images presented in this section are Figyre 3 shows the simulated STM image for model 1 at
all for negative tip-surface bias voltages such that occupied tip-surface bias voltage of 1 V. The Si atoms in the
surface states are being probed. For the As-rich @08 g rface layer can be seen in this image but not the As atoms.

and associated surfaces this is appropriate, as the danglirﬁgthe STM images shown in Fig. 4, where the bias voltage is
surface bonds are expected to be occupied. This will be dis-

bias voltages, and it was found that not only was the magni- ! : . - -
tude of the tunneling current much reduced, but also that thEWS Of bright features orientated in #jd10] direction,
resemblance to the actual surface structure was much Ieg\%"‘:h can be thought of as anzgxtensmn of the “needielike
obvious. This is as expected, and ties in with difficulties'S aqu observed by Avergt al: .

reported by experimentalists in imaging these surfaces at Figure 5 shows the simulated STM image for model 2 at

positive bias voltages. All the STM images shown here plola tip-surface bias voltage _0#_3 .V' Eac_h AS. atom in _the
the variation in the tunneling current for a constant tip_outer surface layer can be individually identified. The image

surface separation of 2 A. Although this tip-surface separath€refore simply consists of the dimers rows of model 2

tion is less than the generally accepted experimental values,
tests with larger separations produced no significant qualita-
tive differences in the images. Similarly, scans at constant
current also failed to affect the simulated STM images in any
significant way. For a fuller discussion of the differences
between constant tip-surface separation scans and constant
current scans, as well some examples of STM images of the
GaAd00)) reconstructed surfaces at positive tip-surface bias
voltages images, see Ref. 14.

The simulated STM image for the Ga@91)-c(4X 4) re-
constructed surface, at a tip-surface bias voltage 2fV, is
shown in Fig. 2. This image shows the characteristic “brick-
work” structure as seen in experimental imagés-*?Each
As atom in the surface layer is individually resolved indicat-
ing tunneling from occupied lone pair orbitals on the As
atoms. The tunneling current from the central As dimer is
less than that from the outer As dimers, despite the fact that
the central As dimer is higher by 0.044 A. This is consistent
with high-resolution STM images. It was further found that
at a lower bias voltage of 1 V the central As dimer was
barely visible in the simulated STM images but at a higher
bias voltage of—3 V the central As dimer acquired equal  FIG. 3. Simulated STM image for model 1 at a bias voltage of
prominence to the outer As dimers. -1V.
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FIG. 6. Calculated RAS spectra for the G&@&1)-c(4X 4) re-
constructed surfacésolid line), for model 1 (dashed ling and
gmodel 2(dotted ling.

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

-3 V.
the peak at-2.7 eV. However, for both of these calculated

which are orientated in tf:[le] direction. Thgse cgn also be spectra the agreement with experiment is not so good at
thought of as an extension of the “needlelike” islands ob-higher energies, where the principle features appear to have

served by Avenet al?® been shifted down in energy. This would seem to indicate
problems with the energies of the higher conduction bands
B. Reflectance anisotropy spectra due to the use of density-functional theory, and also conver-

gence problems caused by the termination of the plane-wave
reconstructed surface and for the two models incorporatin asis set used in the pseudopotential calculations. For model
the agreement between the calculated spectrum and the

Si atoms are shown in Fig. 6. These are to be compared wi . tal i f the GaA f taSi
the experimental RAS spectra for the corresponding Si covEXPernmental spectrum ot the ©ans surlace at a Si coverage
erages shown in Fig. 7. For the GaB81-c(4x 4) surface of 1.0 ML is poor although the sign of the reflectance anisot-

the agreement between theory and experiment is very goo 'p{) IS cor[jectly pl‘ﬁ'dl?ted. hThlshpogLE%rgemer]t IS fmb n?]
with the calculations reproducing the characteristic dip in th%\?u I; partl 27ue (;0 the fact |t28at the results of bot
spectra at~2.7 eV. Similarly the calculated RAS spectrum ooff etal”"an A\{ery(_et al”“report a 3<1 reconstruction

for model 1 agrees well with the experimental spectrum oiior the sur_fac_e at this Si coverage whereas model 2 only has
the GaAs surface at a Si coverage of 0.25 ML, reproducin@ 2x1 periodicity.

The calculated RAS spectra for the G&B&1)-c(4Xx 4)

Re(Ar/r)
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Energy (eV)

FIG. 7. Experimental RAS spectra for the G&@&1)-c(4X 4)
reconstructed surfacésolid line) and for Si coverages of 0.25
FIG. 5. Simulated STM image for model 2 at a bias voltage of (dashed ling and 1.0 ML (dotted ling [taken from Woolfet al.

—3V. (Ref. 27].
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Density of States
Density of States

FIG. 8. LDOS for the GaA®01)-c(4X 4) reconstructed surface. FIG. 9. LDOS for model 1(a) The surface layer, which consists
(a) The surface layer of As atoméh) The GaAs layer below the of six As atoms and two Si atoms per unit céb) The GaAs layer
surface. The dashed lines indicate the density of states for bulkelow the surface. The dashed lines indicate the density of states for
GaAs taken from the central region of the slab. bulk GaAs taken from the central region of the slab.

C. Local density of states in vicinity of the feature at~2.7 eV, explaining the sensi-

An analysis of the local density of statésDOS) is in- tivity of the technique of RAS to very low Si coverages on
structive in that it enables the identification of features in thethe GaA$001)-c(4x4) surface. The surface states in the
surface electronic structure which can help explain the ST,\/p_onduc_tlon band continue to contribute to the dielectric func-
images. Moreover, if one observes that the RAS spectrurHONn anisotropy. o o
bears a close resemblance to the anisotropy of the surface The LDOS for model 2, shown in Fig. 10, indicates a
dielectric functior?®3® then features in the RAS spectrum surface state in the valence band localized on the outer As
can be linked to specific optical transitions. If this is done inlayer at~2 eV below the Fermi level which is responsible
conjunction with an examination of the LDOS, then it is for the rows of dimers seen in the STM images for this
possible to relate specific features in the RAS spectra to OFmo.deI. There are also ;urface states in the conduction-band
tical transitions which can then be linked to the surface elecwhich are associated with both the outer surface layer of As
tronic structure. atoms and the layer of Si atoms below the surface. However

The LDOS for the GaA®01)-c(4X 4) reconstructed sur- the conduction-band surface states localized on the Si layer
face is shown in Fig. 8. There are distinct surface states 410 not contribute significantly to the dielectric function an-
both the valence- and conduction-band edges which are al§iotropy. In common with the other As-rich Ga@81) re-
sociated with the surface layer of As atoms. The gradual
emergence of the central As dimers in the STM images with
increasing tip-surface bias voltage can be attributed to the
three separate surface states in the valence band between 0
and — 3 eV. The state closest to the Fermi level is localized
on the outer As dimers, whereas the other two surface states
are localized across all three As dimers. In examining which
electronic states contribute to the dielectric function anisot-
ropy and hence to the reflectance anisotropy, it was found
that bulklike states in the valence band and surface states in
the conduction band played a key role. The surface states in
the valence band were found not to contribute significantly to
the anisotropy of the surface dielectric function. This sce-
nario is the same as we have previously reported for the
GaAg001)-(2x 4) reconstructed surfacés.

For model 1, an examination of the LDOS, shown in Fig.

9, indicates the presence of a pronounced surface state at
~1 eV below the Fermi level which was found to be
strongly localized on the Si atoms in the surface layer. This
explains why the Si atoms feature so prominently in the FiG. 10. LDOS for model 2(a) The outer surface layer of As
simulated STM images for this model at low bias voltages.atoms.(b) The layer of Si atoms below the surface. The dashed
Furthermore, it was found that this surface state contributednes indicate the density of states for bulk GaAs taken from the
significantly to the dielectric function anisotropy, especially central region of the slab.

Density of States
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constructed surfaces, it was found that optical transitions be- Because RAS is not a diffraction technique then simple
tween bulklike valence-band states and surface states in ttseim-rule-type arguments can be applied to a surface consist-
conduction band were primarily responsible for the dielectricing of several different domains of reconstructions. The mea-
function anisotropy. sured RAS spectrum is expected to be that of the dominant
reconstruction. So, although a real surface does not have per-

V. DISCUSSION fect infinite rows of dimers, as long as such dimers are domi-
nant then a calculated RAS spectrum for an idealized surface

It goes without saying that the models proposed in thiszan still be reasonably compared to a experimental spectrum.
work for the Si/GaA801)-c(4% 4) surface are highly ideal-

ized. The periodicity imposed by using a supercell reciprocal
space technique ensure that these idealized surface models, VI. CONCLUSION

are perfectly repeated to infinity. This clearly is not physical, )
and even the best-prepared surfaces will suffer from the ef- With reference to the results of STM, RAS, and RHEED,

fects of impurities, dislocations, steps, kinking in the dimere constructed models for the Si/Ga881)-c(4x 4) recon-
rows, and other imperfections, all of which serve to reducestructed surfa_ce with Si coverages corresponding to 0.25 and
the surface energy. It is necessary to bear this in mind wheh-0 ML. STM images and RAS spectra were then calculated
commenting on the validity of these models especially withfor these models and compared with experiment. The calcu-
regard to heuristic arguments such as the electron countirlgt€d RAS spectrum for model 1 was found to be in good
principle. The electron counting princigler the octet ruld® ~ agreement with the experimental spectrum suggesting that
when applied to the GaA801) surface, demands that to this model is representative of the surface structure. The ad-
minimize the surface energy all As dangling bonds must bglitional agreement of the simulated STM images with ex-

filed and all Ga dangling bonds emptied. The model usedreriment gives weight to this view. Based on this model we
here for the GaA®01)-c(4x 4) reconstructed surface satis- have therefore demonstrated that the sensitivity of the RAS

fies this rule. If the Si dangling bonds are taken to be occuSPectral feature at-2.7 eV, with increasing Si coverage be-
pied by virtue of their energy with respect to Fermi level, tween 0 and 0.25 ML, is to be attributed to the presence of Si
then model 1 has two surplus electrons per unit cell and dogdimers on the surface. This is opposed to the view that it is
not satisfy electron counting. However, if a second As dimefn€ orientation of the As dimers that solely govern this fea-
is replaced with a Si dimer then there are two less electron@!ré. Finally, for higher Si coverages, the calculated RAS
per unit cell and electron counting is satisfied. The number ofPectrum and STM images suggest that the Si atoms can
electrons can be lowered further by either replacing more A§rm a layer underneath the top As layer. Hence RAS could
atoms with Si or by completely removing As or Si dimers. be used as a means of monitoring the compactness of a Si
Doing this, it will then be possible to obtain rows of dimers 1aYer-

orientated in th¢ 110] direction consisting of either As or Si

atoms a_md of arbitrary Ien_gt_h. The same arguments can also ACKNOWLEDGMENTS
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