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GaAs(001)-c(4X4): A chemisorbed structure
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We have carried out an experimental study of the As-stable GaAs(001)-c (4X4) recon-
struction using a combination of molecular-beam epitaxy with reflection electron diffrac-
tion, angle-resolved photoemission, and surface-sensitive core-level photoemission. (The
measurements were performed at Laboratoire pour [I'Utilisation du Rayonnement
Electromagnétique, Université Paris—Sud, F-91405 Orsay, France.) Apart from the surface
symmetry, the electron-diffraction data show one-dimensional disorder along the [110]
direction, probably corresponding to a corrugated-sheet structure in reciprocal space.
Photoemission from surface states having dangling-bond character shows a onefold periodi-
city and an energy dispersion of 0.65 eV along [110], while along [110] the dispersion is
much smaller, but there is a doubling of the periodicity. Observations of the As3d and
Ga 3d core levels show a surface As 3d component at 0.62 eV higher binding energy than the
bulk component, indicative of As—As bonding. The Ga 3d surface core-level shift is very
small and the line shape is similar to that from the (2X4) surface. The experimental results
can be understood on the basis of an As overlayer structure, for which we propose specific
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models derived from trigonally bonded chemisorbed As.

I. INTRODUCTION

The application of molecular-beam—epitaxy
(MBE) techniques' make it possible to prepare a
wide range of clean, damage-free, reconstructed sur-
faces of III-V compound semiconductors, which can
then be examined in situ to evaluate their composi-
tion and their crystallographic and electronic struc-
ture. The (001) surface of GaAs prepared in this
way has been investigated in most detail using
Auger-electron spectroscopy’ (AES), reflection
high-energy electron diffraction’> (RHEED),
work-function measurements,® electron-energy-loss
spectroscopy,’ and  photoemission  measure-

ments.7_ )
The different reconstructions of this surface are

related to its variable stoichiometry, and several at-
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tempts have been made to determine the effective As
coverage as a function of the particular reconstruc-
tion.>® The most stable structure is the (2X4) [or
¢(2x8)] reconstruction, where it has been shown
previously* that the uncertainty about its precise
symmetry occurs because the appropriate half-order
Laue-zone features for the c(2X8) structure have
not been unequivocally observed in RHEED, al-
though they are quite apparent in some low-energy
electron diffraction (LEED) observations. It is gen-
erally agreed that both the (2X4) [c(2X8)] and the
¢ (4 4) structure are As rich, with the latter having
the higher As coverage, but there is some discrepan-
cy between Auger spectroscopy” and core-level
photoemission intensity data’ as to the actual cover-
ages. In addition, Massies et al.% observed a reduc-
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tion of 0.3 eV in the work function of the c(4X4)
surface with respect to the (2X4), and there are also
significant differences in the valence-band-related
photoemission spectra of these two As stable sur-
faces.”

There have been a few theoretical calculations of
the surface electronic structure of ideal, unrecon-
structed GaAs(001)-(1x1) surfaces'>™* and of
reconstructed surfaces.!"!* For the (2X4) structure
a comparison between theoretical and experimental
results gives strong evidence for the presence of
asymmetric As dimers in the surface layer.!! An
energy-minimization approach for the c(4x4) sur-
face based on the assumption that this surface is
stoichiometrically As terminated suggests an equal
number of symmetric and asymmetric As dimers."

The GaAs(001)-c (4X4) structure can be observed
during MBE growth of GaAs under rather extreme
conditions of low temperature and high As flux, but
it is usually produced by cooling down a surface
showing a (2X4) reconstruction in a flux of arsenic
(As, or Asy).* In this paper we present RHEED,
synchrotron radiation excited angle-resolved photo-
emission (ARPES), and core-level photoemission in-
tensity results that are consistent with the c(4X4)
surface being produced by As chemisorption on the
(2X4) structure; i.e., it should not be considered as
an intrinsic GaAs surface. We propose a structural
model for the chemisorbed state.

II. EXPERIMENTAL PROCEDURES

The RHEED measurements presented in Sec. III
were carried out in a MBE system, which has been
described in Ref. 4. RHEED patterns were recorded
during growth as well as under static conditions
with the substrate at room temperature. The pri-
mary electron-beam energy was typically 8 keV, at a
grazing incidence <2°.

The angle-resolved photoemission spectra were
obtained using a system we have described previous-
ly, which was attached to a toroidal grating mono-
chromator'® on the A61 beam line at the ACO
storage ring at the Laboratoiré pour I'Utilisation du
Rayonnement Electromagnétique (LURE), Orsay,
France. In addition to an electron-energy analyzer
the system contains four Knudsen sources for
in situ growth of GaAs and metal overlayers and a
RHEED facility (5 keV) to monitor the reconstruc-
tion behavior. Spectra in the valence-band energy
region were taken with an energy resolution of 0.2
eV or better and an angular resolution of 2° (full
cone). The spectra were corrected for a smooth
background arising from inelastically scattered elec-
trons produced by second- and higher-order diffract-
ed radiation from the grating by the procedure

described in Ref. 11. The core-level measurements
were taken with similar energy and angular resolu-
tions. The incident radiation was mixed s-p polar-
ized (45° or 55° angle of incidence).

Surfaces to be studied were prepared by growth
on chemically polished GaAs(001) substrate surfaces
using conditions to produce first a (2X4) recon-
struction [substrate temperature 790—820 K, As, to
Ga flux ratio (3—6):1]. The c(4X4) structure was
obtained by cooling the (2 X4) reconstructed surface
in an As, flux to about 700 K (in the range 670—720
K). The photoemission measurements were made
after further cooling to room temperature with the
As, flux turned off, while RHEED patterns could
be obtained at any stage of the process.

Alternatively, the various surface structures were
obtained using an As, flux produced from a two-
zone Knudsen cell, which we have referred to previ-
ously.”” The other growth parameters were similar
to those used with As,.

As a reference for the determination of the posi-
tion of the valence-band maximum, we have used
the known binding energy'® of 18.60 eV for the
Ga3ds,, core level. We have also found that a
strong feature occurring at —4.9 €V initial energy in
the GaAs(001) bulk valence-band spectra at hv=29
eV and normal emission provides a useful additional
check.

III. RESULTS

We will present our results for the GaAs(001)-
c(4X4) structure under three separate headings:
RHEED, surface-state emission in the valence-band
region, and core-level (Ga3d and As3d) measure-
ments. In Sec. IV we will show that they are all
consistent with a particular surface model.

A. RHEED data

A set of typical patterns taken in various az-
imuths, with the substrate at 300 K, is shown in Fig.
1. It is immediately clear from the three low-index
azimuth patterns [Figs. 1(a)—1(c)] that the surface
has a c(4X4) structure and this symmetry is main-
tained over a wide range of As exposure. There is,
however, a considerable amount of additional infor-
mation present in both these and the intermediate
azimuth patterns [Figs. 1(d)—1(g)]. The [110] az-
imuth [in which -order features would be observed
for a (2X4) reconstruction] shows a high back-
ground, while diffuse broad streaks, which are
slightly curved, are present in certain other az-
imuths, particularly [010] and [120]. We have pre-
viously suggested,” as have others,'® that this curva-
ture can result from one-dimensional disorder in a
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FIG. 1. RHEED patterns for various azimuths of GaAs(001)-c (4X4).

direction inclined to that of the incident beam. The of incidence. In this case, however, the reciprocal-
Fourier transform of this one-dimensional disorder lattice sheet structure is not simple, and a compila-
produces planes (“sheet structures”) in reciprocal tion of data from several intermediate azimuths

space, which are inclined with respect to the plane leads us to propose the type of corrugated structure
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shown by the solid lines in Fig. 2, which is a
reciprocal-lattice section of the c(4X4) reconstruc-
tion. The broken lines represent Ewald sphere pro-
jections, which are approximated by planes for clari-
ty (reasonable at the high energies used in RHEED),
and show the intersections with the reciprocal lattice
over the range of azimuths used. The corrugated-
sheet structure then appears to be consistent with
most of the features in the patterns: (i) in the [120]
azimuth curves split streaks occur, whose spacing
remains constant as the diffraction order increases;
(ii) in the [130] azimuth the splitting is not resolved,
which indicates that the point P (the crossover point
in reciprocal space), whose position we cannot dif-
fuse exactly, is very close to the [130] intersection;
(ili) in the [120] and [130] azimuths (especially the
former), the intersections are tangential to the corru-
gations, so the split-streak features are not present,
and there is only an increase in the diffuse back-
ground intensity.

The corrugated sheet in reciprocal space could re-
sult from a zig-zag chain structure in real space,
with a 4-A repeat distance along the [110] direction,
to which the chain makes an angle of ~25°. We are
unable to determine uniquely the point P, so we can-
not be more specific about details of the chains at
this stage. We will put this in the context of surface
structural models in Sec. IV, after first discussing
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FIG. 2. Reciprocal-lattice section of the ¢ (4 X 4) recon-
struction. Solid lines represent sections through the
reciprocal-lattice corrugated-sheet structure. Broken lines
represent Ewald sphere projections (approximated by
planes at the electron energies used) and show the inter-
sections with the reciprocal lattice for the azimuths used.
Distances in the figure are given in units of reciprocal
space conventionally used in crystallography. They can,
of course, be converted to wave-vector reciprocal space by
multiplying by 2.

O 1x1 matrix
Xc(4x4) superlattice

ARPES and core-level results.

B. Photoemission from the valence-band region

We have shown previously”!! that very marked
differences can be observed between photoemission
spectra obtained for the (2X4) and the c(4X4)
reconstructions, and that surface-sensitive features
can be identified by such a comparison. This is il-
lustrated in Fig. 3, which shows angle-resolved ener-
gy distribution curves (AREDC’s) at a number of
photon energies for the c (4 4) structure (solid line
curves) and the (2X4) structure (broken line curves).
The spectra have been measured in the [010] azi-
muth at polar angles (6,), corresponding to a con-
stant surface parallel wave vector k| equal to the
K1 symmetry point of the unreconstructed (1X 1)
surface Brillouin zone (SBZ), and are plotted with
the initial binding energy (E,) referenced to the
valence-band maximum (Eygy). Since

ki =(2mE, /#)"*sin6, ,

where E) is the electron kinetic energy, there is
strictly only one initial energy (here E; ~—1.0 eV)
for which k|| is at the K point, but in the initial
energy range between —3 eV and Eypy and

GaAs (001)
—clbx4)
-=-=2xb _

[010] azimuth, k,, at K,

hv 6p

32eV,25.4°
30eV, 265
28eV, 278

=26eV, 29.3°

Photoemission intensity (arb.units )

20eV, 36.0°
0=Eygy

Z{nin
8 -6 4L 2
Initial energy (eV)

s L 1

FIG. 3. AREDC'’s at a number of photon energies and
polar angles, related to keep ?||=K i1x1 for E;=—1 eV,
for the c (4 X 4) structure (solid lines) and the (2<4) struc-
ture (broken lines).
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for photon energies in the range 20—32 eV, ﬁll
remains near K, to within 8% of the K,y SBZ
boundary momentum (1.111 A~!). Figure 3 shows
that spectral differences between the two surface
reconstructions are mainly found near Eygy and a
few eV below. Three features labeled S, S5, and S,
are observed for the ¢ (4X4) and not for the (2X4)
structure, for which peaks and shoulders are seen at
other energies. In addition to the dependence on the
surface structure, S;, S,, and S; obey the criterion
for surface states that they should not disperse with
the momentum perpendicular to the surface, K 1, for
a constant k” It should further be noted that occu-
pied valence bands only exist at the K|, ; symmetry
point for initial energies in the ranges —2.8 to —3.5
eV, —6.4 to —6.7 eV, and —10.4 to —10.7 eV,% s0
if surface umklapp processes can be neglected, all
three states are true surface states since they do not
overlap in energy with bulk states. They can only
become surface resonances by surface umklapp
through reciprocal surface lattice vectors.

At lower initial energies the AREDC’s are dom-
inated by transitions involving bulk states. The
peaks near the energies of critical points (X3, =T'™")
are attributed to direct bulk interband transitions in-
volving secondary cone emission and/or surface um-
klapp processes. It has been shown that a model of
direct transitions from the valence bands to a quasi-
free-electron final state describes bulk transitions
well for both GaAs(110) (Ref. 20) and MBE-grown
GaAs(001) (Ref. 8). The broken lines marked 1 and
3 in Fig. 3 represent the calculated dispersions de-
rived from this model. The agreement with experi-
ments is good for feature 3 in spectra from both
(2X4) and c(4x4) surfaces. Feature 1 agrees well
for the (2X4) surface, but for the c(4X4) surface
there is almost no dispersion of the peak near —3.05
eV and a superposition of a surface resonance and a
dispersing bulk peak cannot be ruled out. The ini-
tial energy positions of the surface states and/or res-
onances at the K|y ; symmetry point are summa-
rized in Table I for the (2X4) and the c(4X4)
reconstructions.

AREDC'’s have also been measured as a function

of polar angle along the [110] and [110] azimuths,
and the spectra are shown in Figs. 4(a) and 4(b).
The feature S|, indicated by a dashed line near the
valence-band maximum, can be identified as a
surface-state resonance using the procedure
described above, whereas peaks and shoulders at
lower initial energies (e.g., feature 3) are mainly due
to emission from bulk valence bands. From angle-
of-incidence dependence measurements the surface
state S| can be identified to be mainly p,-like, where
z is the direction of the surface normal, i.e., these
states are mainly dangling-bond-like.

Figure 5 shows the energy dispersion versus k” of
the surface bands for the [110] and [110] azimuths,
corresponding to the I'J,,; and I'Jj,; symmetry
directions of the unreconstructed SBZ. Along the
I'J,«; direction the surface band has a rather large
energy dispersion of about 0.65 eV, and its symme-
try corresponds to the (1 X 1) SBZ. Along the '/,
direction the surface band displays a much smaller
dispersion of about 0.20 eV, while the periodicity
has doubled compared to the '/, periodicity. It
is clear that the surface bands do not show the
c(4X4) symmetry of the surface structure as ob-
served by the RHEED measurements. We will dis-
cuss further (in Sec. IV) the surface-state emission
results and also refer to earlier results obtained for
the (2 X 4) reconstruction.

To clarify certain aspects of the As core-level
behavior, which we present in the next section
(IIC1), we also briefly investigated the valence-
band structure of As films deposited at room tem-
perature on a GaAs substrate. The results are
shown in Fig. 6 for a 2.5- and 7-monolayer (ML) As
film together with the corresponding spectrum for
the clean GaAs surface. We merely wish to indicate
the close similarity of the 7-ML spectrum with
those of Refs. 21—23 for amorphous As. In addi-
tion, the RHEED pattern from the deposit produced
only diffuse halos.

C. As3d and Ga 3d core levels

Surface chemical shifts have been resolved in the
As 3d core levels for the c(4Xx4) surface that yield

TABLE 1. Initial energy position in eV of surface states and/or resonances for EII at the

K1 symmetry point.

(2x4) c(4x4)
S 2 S 3 S 1 S 2 S 3 S2
(shoulder) (peak) (shoulder) (shoulder) (peak) (peak)
—0.85 —1.60 —0.70 —1.45 —2.15 —3.05

#Owing to overlap with bulk transitions the assignment of this peak as a surface resonance is

tentative.
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FIG. 4. AREDC’s as a function of polar angle at
hv=29 eV for the c(4X4) structure. (a) [110] azimuth;
(b) [T10] azimuth.
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FIG. 5. Energy dispersion vs EII of the S; surface band
for the [110] and [T10] azimuths, corresponding to the
I'Jix: and I'J}y, symmetry directions of the unrecon-
structed (1 X 1) SBZ.

information on the bonding of the surface As atoms
(see Sec. IIIC1). The surface As coverage may be
estimated from an analysis of As 3d surface to bulk
core-level intensity ratios, and also from As3d to
Ga 3d total intensity ratios (Sec. III C2).

1. Surface chemical shifts and surface bonding

In Figs. 7(a) and 7(b) photoemission spectra of the
As3d core level taken at normal emission and
hv=72.7 eV are shown for the GaAs(001)-(2x4)
and c(4X4) reconstruction, respectively. Both sur-

GaAs (001) - cl4x4) plus As deposited at 300K
Normal emission, hv=29eV

7ML As

25ML As

clLxd)
(clean)

Photoemission intensity (arb.units)

1 1 1 1 Il 1 1

1 - 1
-8 -6 -4 -2 0=Evam
Initial energy (eV)

FIG. 6. Normal emission photoelectron-energy spectra
at hv=29 eV for the clean c(4X4) structure and for a
2.5- and a 7-ML As overlayer.
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As - 3d core level ,GaAs (001), hv =727 eV
3dsn

PHOTO ELECTRON INTENSITY (ARB.UNITS)

ELECTRON BINDING ENERGY (eV,EF=0)

FIG. 7. As3d core-level spectra taken at normal emis-
sion and hv=72.7 eV. (a) (2 X4) surface; (b) c(4X 4) sur-
face; (c) and (d) As films deposited on the c(4X4) sur-
face.

faces were prepared using As, beams. For this pho-
ton energy the final energy of the photoelectrons
(~32 eV) corresponds to a small escape depth (~5
A, see Sec. IIIC2) and therefore a high surface sen-
sitivity. The binding energy is referred to the Fermi
level Ep, which is located 0.41+0.1 eV above the
valence-band maximum.’* A smooth, low back-
ground on which the original spectra were superim-
posed has been subtracted using a cubic spline fit.
The energy positions indicated in Fig. 7(a) for the
3d;3/, and 3ds/, levels were determined at low pho-
ton energy (hv=>50 eV), corresponding to a longer
escape depth and a lower surface sensitivity. These
binding energies when referenced to Evgy are in
good agreement with the bulk binding energies given
by Eastman et al. for GaAs(110).!

The spectra were analyzed by a curve-fitting pro-
gram using a Lorentzian line shape convoluted with

a Gaussian resolution function having a full width
at half maximum (FWHM) of 0.27 eV, which was
the total instrumental resolution (monochromator
plus analyzer). For the (2X4) surfaces only a single
spin-orbit-split 3d doublet is required to fit the ob-
served spectrum (solid line through the experimental
points). The best-fit 3d;,, and 3ds,, levels are also
shown in Fig. 7(a). The spectral width of each com-
ponent is 0.59 eV (FWHM), the branching ratio
3d3,:3d5;,=0.60, and the spin-orbit " splitting is
0.68 eV. However, if we compare this spectrum
with one measured at 50 eV for which the bulk con-
tribution is dominant, we find that each 3d com-
ponent of Fig. 7(a) is broadened 0.1—0.15 eV com-
pared to the bulk levels. Considering now Fig. 7(b)
for the ¢ (4 X4) surface, we note that there is a well-
defined shoulder at the high-binding-energy side of
the doublet and an apparent change of the branching
ratio for the observed spectrum. This spectrum can
be fitted, as shown in Fig. 7(b), if a shifted doublet
(broken curve) is added to the unshifted doublet
(lower solid curve). Both the shifted and unshifted
doublets have the same spin-orbit splitting, branch-
ing ratio, and spectral width as determined for the
(2X4) surface [Fig. 7(a)]. The binding-energy shift
of the additional doublet compared to the unshifted
is 0.62 eV, and the intensity ratio of the shifted to
unshifted doublet is 0.365.

These results prove that the c(4Xx4) surface is
chemically different from the (2X4) surface. We
have also measured the As 3d line shape for the Ga-
stable GaAs(001)-(4x6) surface and find it to be
very similar to that of the (2 X4) surface.?* The line
shapes of the Ga 3d levels are identical for the (2 X 4)
and ¢ (4 X4) reconstructions.

The As 3d core levels for a 2.5- and 7-ML As film
deposited on a GaAs(001) substrate at room tem-
perature are shown in Figs. 7(c) and 7(d). The
RHEED and valence-band data discussed in Sec.
III B provide evidence that the As is amorphous. If
we then compare Figs. 7(b) and 7(d), it is apparent
that the binding energies of the two doublets indicat-
ed by the broken curves are identical. We note that
the bonding in amorphous As is trigonal, and the
similarities between the As3d spectra for the
¢(4X4) reconstruction and amorphous As suggest
similar bonding for the two structures. The lower
solid curve in Fig. 7(d) represents the contribution
from the GaAs substrate, which, due to band-
bending effects, has been shifted by 0.3 eV toward
higher binding energies compared to the (2X4) and
c(4X4) bulk contributions.

2. Core-level intensities and As coverage

An estimate of the As coverage can, in principle,
be made either from the surface to bulk As 3d inten-
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sity ratio or from the Ga to As core-level intensity
ratio. We first derive an expression for the latter ra-
tio, R =1g,/I ;. We assume a layer-by-layer model
(alternating layers of Ga and As atoms) and use
values for the escape depths appropriate to the dif-
ferent energies of the photoelectrons. We define

a;=aqy/[A;(E;)4cosb] ,

where the subscript i refers either to Ga or As, a,/4
is the spacing between successive Ga and As planes,
ay is the lattice parameter of GaAs, 6 is the angle of
emergence with respect to the surface normal (inside
the solid), E; is the final energy of the photo-
electrons, and A;(E;) is the electron escape depth at
E;. 0 is related to the polar angle 6, of the detected
electrons by

0=sin~"[sin6, /(1—V,/E,)]'?,

where Ej is the kinetic energy and ¥V the inner po-
tential [~ —14 eV for GaAs (Ref. 25)]. Then for
GaAs(001) with alternating layers of Ga and As,

R=B 1—y +y exp(—ag,) ’
(1—ylexp(—ass)+y

(1)
where y is the fractional surface occupancy of As
and
1—exp(—2a,,) 13,
" T—exp(—2ag,) 1%,

()

I ?3, and / OAS are the atomic photoelectron excitation
ratios at hv for the appropriate core levels of Ga
and As, respectively. Hence we can express y in
terms of R:

1—%exp( —ap)

y=-=3 :
E[ 1 —exp(—aps)]+[1—exp(—ag,)]

3)

If values for the escape depths A;(E;) are known, or
assumed, and I, /I%, is known, then the fractional
coverage y can be found. The ratio I3, /12, can be
obtained from measurements on the stoichiometric
(110) surface using equations similar to Egs. (1) and

J

1— Aexp(aGa)

’ B

(2), but adapted to the (110) orientation.’

In any attempt to determine surface composition
ratios from core-level intensity measurements, how-
ever, a number of critical assumptions and estimates
must be made: (i) Any possible photoelectron dif-
fraction effects are ignored, although Ludike and
Ley have shown that they may be important for
GaAs in some circumstances.?® (ii) The photoelect-
ron escape depth must be estimated. To obtain
reasonable values of the escape depth we used the
energy dependence of the data for A(E) for oxidized
GaAs as measured by Pianetta et al.,?’ but adjusted
the absolute scale to fit with measurements reported
by Szajman et al.?® for Ge, as shown in Fig. 8. The
reason for adopting this procedure is that while the
data of Pianetta et al. cover the appropriate energy
range, they apply to oxides, whereas the Ge data are
at higher energies than we used, but Ge and GaAs
are very similar in many respects. It is clear, how-
ever, that this can only give an estimate for the es-
cape depth, although in the absence of accurate
values we believe it is the optimum approach.

With these assumptions and estimates, using in-
tensity ratios for the c(4X4) and (2X4) structures
at hv=72.7 eV and escape depths from Fig. 8 of
Aas(32 eV)=5.4 A and Ag,(54 eV)=4.8 A, we obtain
for y the value y(c(4X4))~1.3y(2X4). To esti-
mate a value of y(c(4X4)) we must attribute a
value for y(2X4), and on the basis of our model for
this surface,”!! we assume it to be close to unity.
We note also that Bachrach et al.’ estimate a sur-
face As coverage of 0.89. Consequently, y(c(4X4))
is in excess of unity, which in fact is not compatible
with the formulation used. It indicates that the As
coverage is in excess of a monolayer for the c(4X 4)
surface. Similarly, the data published by Bachrach
et al.’ at hv=130 eV with the appropriate escape
depths from Fig. 8 yield y(c(4X4))=1.13 and
y(2X4)=0.99. For y values above unity, implying
the presence of more than one layer of As at the sur-
face, we can reformulate the expressions for R,

o {14+y'[exp(—aga.)—1]}exp(—aca)
7 14y [exp( —ala,) —exp(—2a4,)]

4)

from which one gets the overlayer concentration y':

y_—..

Here a; =d/[A;(E;)cosf], where d is the spacing
between the As overlayer and the top As substrate
layer. If we assume a; =a; and again y(2x4)=1

(5

%exp(a(;a)[exp(—axs>—exp<~2aAs>1+1—exp(—aaa>

|

we find p'(c(4Xx4))~04 for our data and
»'(c(4X4))=0.2 for the data of Bachrach et al.
There is probably an experimental uncertainty of
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FIG. 8. Escape depth vs electron-energy curve derived
from the data of Pianetta et al. (Ref. 27) for oxidized
GaAs by fitting these to Ge data of Szajman et al. (Ref.
28) (shown as experimental points at 192 and 203 eV).

about 10% in the intensity ratios resulting from the
measurements for the (110) reference surface. The
point to emphasize here is that for both our Ga 3d to
As3d intensity ratio data and those of Bachrach
et al.’ the surface coverage of As is in excess of uni-
ty in a range from -;- to % (subject to the assump-
tions and estimates already enumerated).

There is other evidence from the preceding section
dealing with the As3d line-shape analysis that sug-
gests an excess As overlayer. The intensity ratio
(=Q) of the shifted As3d doublet to the unshifted
doublet is 0.365. We can use this ratio to estimate
the surface coverage of As if we make the additional
assumption that the shifted doublet originates from
the surface layer only. Then the overlayer concen-
tration y’ is given by

y'= 2 :
1—exp(—2a,)+Q[1—exp(—aj)]

(6)

Substitution of 9=0.365 and the appropriate escape
depth for Av=72.7 eV and again assuming a;=0a;
give the value y’(c(4X4))=~0.75. The difference be-
tween this value and the other two estimates is not
surprising in view of the simple nature of our model
and the complete neglect of diffraction effects. In
the former two cases the photoelectrons from Ga
and As have substantially different energies, and dif-
fraction effects could easily influence the relative in-
tensities, whereas in the latter case the photoelectron
energies for the shifted and unshifted As3d level

only differ by 0.6 eV and any differential diffraction
effect will be small.

So, without specifying the actual fractional cover-
age of excess As, the evidence is consistent with an
excess layer. This conclusion can only be altered by
taking considerably smaller and probably unreason-
able values of escape depth, and these would also
tend to give values of As occupancy of less than 0.5
for the (2x4) surface, which is inconsistent with
other measurements.

Finally, we believe that the excess coverage re-
quired to give the c(4X4) structure is not a fixed
amount, but can vary considerably, so the particular
coverages referred to above are typical rather than
absolute. Our reason for this belief comes principal-
ly from the RHEED observation that the same sur-
face symmetry is maintained over a considerable
range of As exposures, the observation of which is
supported by the Auger-electron spectroscopy re-
sults of Massies et al.?

IV. DISCUSSION

We will first consider what features must be in-
corporated into any model of the c (4X4) surface to
maintain consistency with the experimental data
presented here and with previously published results.
The principal characteristic, derived from analysis
of the core-level line shapes and intensities (Sec.
III C), is that the ¢ (4 X 4) structure has a surface As
population greater than 1 ML; i.e., there is more As
than would be present on the ideal As-terminated
(001) surface. This c¢(4X4) symmetry can also be
maintained over a rather wide range of excess As
coverage y', where 0.2 <y’ <0.75 is a reasonable esti-
mate on the basis of the photoelectron escape depth
model described in Sec. IIIC. It should be noted
that Massies et al.? also suggested that a wide As
coverage range exists for the ¢ (4 X 4) structure. The
analysis of the As3d line shape in spectra from
(2X4) and ¢ (4 X 4) surfaces in comparison with that
obtained from an amorphous As overlayer leads to
the conclusion that the excess As is bonded only to
As atoms in the surface, not to Ga. In agreement
with this, Ga3d core-level spectra show identical
line shapes for (2X4) and ¢ (4 X 4) surfaces.

If we now consider the surface crystallography as
determined by RHEED, two essential components
must be included in the model. It must obviously
display c(4X4) symmetry, but in addition it should
incorporate a periodic zig-zag chain arrangement,
with a repeat distance of 4 A in the [110] direction,
to which the chain makes an angle of 25°.

The photoemission results in the valence-band re-
gion show that the structures of the c(4Xx4) and
(2X4) surfaces are distinctly different. This is ap-
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parent, for example, from the surface states at the
K« symmetry point as shown in Fig. 3. For the
(2X4) surface we have previously observed a nearly
dispersionless band at about —3 eV, which is in
close agreement with a calculated band associated
with an asymmetric As-As dimer band and which
we believe to be the essential characteristic of the
(2 4) surface.!! This band is not observed for the
¢ (4x 4) surface, implying the absence of the type of
dimer bond involved in the (2X4) reconstruction.
In addition, we observe a surface band near the
valence-band maximum that is derived from
dangling-bond-like states but does not reflect the
c(4X4) symmetry. There is only onefold periodici-
ty along the [110] azimuth, while it is doubled along
the [110], corresponding effectively to a (2X1)
““unit cell” for the dangling-bond states, probably re-
flecting the substrate. This is merely an indication
of the extent of orbital overlap from these bonds in
the two directions. The dispersion of the band along
the [110] direction (about 0.65 eV) is of the order to
be expected from a next-nearest-neighbor interaction
of dangling bonds via backbonds.’® For the [110]
direction it is considerably smaller, indicating less
interaction between the dangling bonds in this direc-
tion.

The only detailed model for the c (4 X 4) structure
that has so far been proposed is due to Chadi
et al.,' and was derived solely from theoretical con-
siderations. On the basis of energy minimization
calculations they suggested that two distinct types of
As-As dimers are involved. The first is the asym-
metric or noncoplanar dimer, which corresponds to
the dimerization scheme that we proposed for the
(2x4) surface.!! The second type of dimer is sym-
metric, i.e., coplanar. The theoretical model of the
c(4X4) reconstruction has equal amounts of these
two dimer types in the surface layer.

It would, however, appear to have several
weaknesses in relation to the experimental evidence
we have presented above. Firstly, is assumes only
monolayer As coverage, whereas the experimental
observations are consistent with a coverage of more
than one monolayer, and furthermore it does not al-
low for surface As atoms bonded only to other As
atoms. Finally, for the c(4X4) structure we do not
observe an asymmetric dimer bond band, while this
band is very apparent with the (2X4) surface. We
must conclude, therefore, that the model proposed
by Chadi et al. does not seem appropriate.

To maintain consistency with the experimental
evidence we believe that models for the c(4Xx4)
structure should be derived from an As-terminated
surface on which additional As is chemisorbed, but
they should also include features representative of
amorphous As, in keeping with the observed As3d

core-level behavior. In terms of As—As bonding,
therefore, it would ideally be trigonal, with a bond
length of 2.49 A and a bond angle of 98.2°.3!

In Figs. 9(a) and 9(b) we present possible models
for the c(4X4) structure that correspond to 25%
and 50% extra As coverage, respectively. Both
models are based on chemisorbed As trigonally
bonded to surface As atoms. We have assumed that
As—As bond lengths are the same as in amorphous
As and have allowed the bond angle to distort. The
proposed structures can be achieved with a reason-
ably small distortion (~9°) to give a bond angle for
the surface structure of ~107°. In Fig. 9(b) we have
indicated the outlines (by arrows) of a zig-zag chain
structure, which has a repeat distance of 4 A along
the [110] direction. The atoms involved are not co-
planar, so the RHEED pattern corresponding to the
corrugations would be complex, as observed. We
note that the angles involved would not be too dif-
ferent from the 25° suggested in Sec. III A. Figures
9(a) and 9(b) should not be considered as separate
models for the c¢(4X4) surface, but rather we sug-
gest that combinations of both structures can coexist
as the amount of adsorbed As changes; i.e., we em-
phasize that the c(4X4) structure does not corre-
spond to a specific As coverage. This explains why
the symmetry of the diffraction pattern does not
change over a substantial range of exposures to As,
although of course the intensity of the diffracted
beams is not necessarily constant. Note that from
electron-counting arguments it follows that the pro-
posed surface models are consistent with the surface
being semiconducting, as found experimentally. The
absence of the dimer bond band in the valence-band
photoemission of the c¢(4X4) structure can simply
be explained by the change from As dimer to trigo-
nal bonding in going from the (2X4) to the c(4X4)
reconstruction.

Finally, we consider surface core-level energy
shifts, which in general for semiconductors require a
complex interpretation in terms of changes in the
intra-atomic potential, in the interionic Madelung
potential and in the screening of the final-state
hole.> However, the specific case of different bind-
ing energies between elemental As and As atoms
bonded in GaAs can be understood in terms of ionic
charges. If we consider the 7-ML deposited As
film, then from the RHEED evidence of a diffuse
ring pattern and the similarity of the valence-band
spectra with those reported for amorphous As,2'~23
we may conclude that the film is amorphous As, as
we indicated in Sec. IIIC 1. Neighboring As atoms
are therefore covalently bonded. For GaAs, howev-
er, the bonding is partly ionic,>® with some of the
bonding charge between Ga and As displaced to-
wards the As atom. This lowers the As core-level
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FIG. 9. Possible models for the c (4 X 4) surface based
on a trigonally bonded excess As layer. (a) an additional
25% As coverage; (b) an additional 50% As coverage.

binding energy with respect to that in amorphous
As, in agreement with the observed shift of 0.62 eV.
This can be converted into a charge in valence
charge using a simple electrostatic model proposed
by Brennan et al.3* in which it is assumed that the
effect of charge transfer on the core-level binding
energy is the same as the effect of core-electron
charge transfer on the valence band. For the valence
band the effect of one less core electron is the same
as that of one more proton in the nucleus, a good
approximation of the core-level shift resulting from
the loss of one electron from the valence band is the
change in hybrid energy between Z —1, Z, and
Z+1, ie, Ge, As, and Se in this case. From

Harrison’s data,*® the value is about 1.9 eV/electron,
and so a core-level shift of 0.62 eV implies a charge
transfer 8q of ~0.33 electron/atom in bulk GaAs,
well within the range 0.3 <8q <0.4 electron/atom
quoted by Davenport et al.>? Thus the larger bind-
ing energy found for the c(4X4) surface, which is
the same as that for amorphous As, suggests that
the excess As is bonded to surface As rather than
Ga atoms, which is borne out by the absence of any
shifts in the Ga3d binding energy between (2X4)
and c(4X4) surfaces. This behavior is again con-
sistent with our proposed models.

In summary, we have presented evidence that in
the c (4 X 4) structure the As coverage is in excess of
1 ML and that the reconstruction is overlayer de-
rived, based on trigonally bonded chemisorbed As.
The models proposed are consistent with experimen-
tal observations from RHEED, ARPES, and
surface-sensitive core-level photoemission. They
also explain how the reconstruction symmetry can
be maintained with a variable As coverage.
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FIG. 1. RHEED patterns for various azimuths of GaAs(001)-c(4X4).



