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Cesium adsorption on GaAs(110) has been studied by angle-resolved photoemission spectrosco-
py at room temperature in the submonolayer-coverage regime. We report the observation of a
Cs-induced surface state in the vicinity of the surface-Brillouin-zone edge. The possible origin of
this state is discussed in relation to recent structural observations. The onset of the Cs-induced
surface state can be correlated with the appearance of a second Cs 5p core-level emission feature

at ~0.2 monolayer Cs coverage.

A complete understanding of a metal-semiconductor in-
terface requires the correlation of its electronic and
geometric properties at all stages of development. These
properties are closely related to the physics of Schottky-
barrier formation.! In the initial stages of interfacial
metallization, the semiconductor-to-metal transition de-
pends on the density of the metal adlayer and on the elec-
tronic structure of the interface. Recently, attention has
focused on the adsorption of alkali metals on semiconduc-
tor surfaces, particularly Cs/GaAs(110),27° as model
systems for the study of interfacial metallization. The
clean GaAs(110) surface exhibits a structural relaxation
without reconstruction® and is free of electronic states in
the bulk band gap. At submonolayer coverages, scanning
tunneling microscop?/ (STM) has imaged Cs chains along
the [110] direction.” The density of the adsorbed alkali-
metal layer is an important aspect for the analysis of the
interfacial electronic properties. For Cs coverages up to
saturation at room temperature, we have determined that
the interface is nonmetallic? and that the saturation densi-
ty is (4.0£0.1)x10'" Cs atoms/cm?, or 0.9 monolayer
(ML),? as determined with medium-energy ion scattering
(MEIS).® This Cs density is approximately the surface
density of (metallic) Cs(110), which is near the Mott lim-
it for solid Cs, i.e., the density for a three-dimensional
(3D) insulator— metal transition.'® Interfacial metalli-
zation occurs upon the development of a second Cs layer
formed at low temperature. Magnusson and Riehl have
recently studied the midgap electronic structure for this
system using angle-integrated photoemission and inverse
photoemission spectroscopies. !!

The objective of this paper is to correlate electronic
structure at submonolayer Cs coverages with known Cs
surface structures’ using angle-resolved photoemission
spectroscopy. We report the observation of a Cs-induced
surface state for room-temperature adsorption at cover-
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ages, 6, in the range 0.2 <6 < 0.5 ML, where STM stud-
ies? indicate that three-row Cs chain structures predom-
inate. The state is observed in the band gap near the
boundary of surface Brillouin zone (SBZ). In addition,
Cs 5p core-level spectra taken in this coverage range dis-
tinctly exhibit two components, and the onset of the lower
binding-energy component is correlated with the appear-
ance of the Cs-induced surface state.

The experiments were performed at the National Syn-
chrotron Light Source at Brookhaven National Laborato-
ry (Upton, NY). Details of the experimental apparatus
have been reported previously.? Overall energy resolution
was ~150-200 meV for a photon energy, hv, of 30 eV.
The energy position of the Fermi level was established by
photoemission from metallic Cs multilayers grown at low
temperature and from the metal sample holder. The n-
type GaAs(110) wafer (Si-doped, nsi~10'® cm ~3) was
prepared by cycles of sputtering and annealing. Our
angle-resolved photoemission spectra are in excellent
agreement with those of cleaved surfaces.'? Cs was eva-
porated from a shuttered SAES Getters/USA, Inc. getter
source. Cs 5p photoemission intensities were normalized
to absolute coverage measurements obtained by MEIS
(Ref. 9) to establish calibrations of exposure and work
function change versus absolute coverage.

Angle-resolved photoemission spectra for sequential
depositions of Cs onto the clean GaAs(110) surface at
room temperature are presented in Fig. 1. These spectra
were acquired with 25-eV photons incident at 45° from
the surface normal and with A, directed in the T'X direc-
tion. In order to correct for band bending as measured by
shifts in the Ga(3d) core level, the valence-band max-
imum (VBM) is used as the energy reference, and the po-
sition of the Fermi level for each spectrum is denoted by a
tic mark. For this series of spectra, the analyzer was posi-
tioned between points X and M in the SBZ (inset of Fig.
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FIG. 2. Measured surface band dispersion for As lone-pair
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FIG. 1. Angle-resolved photoemission spectra for various Cs
coverages obtained with hv=25 eV and ki near point X(x).
The spectra have been corrected for band bending and the bind-
ing energies are referenced to the VBM. Tic marks show the
position of the Er for each coverage. (Note: 1 ML=4.43x10"*
cm~2)

1) where the Cs-induced valence feature was best ob-
served. Several spectral changes are observed as the Cs
coverage is increased. First, attenuation of the As lone-
pair surface resonance at ~ —1.45 eV is observed.
Second, at ~0.18-ML Cs coverage, a new peak appears
above the projected valence band (VB) at ~ —0.45 eV.
This feature reaches maximum intensity at ~0.38-ML
coverage and attenuates beyond ~0.5-ML Cs coverage.
After it appears, the feature shifts downwards by ~0.3
eV before it is extinguished at higher Cs coverages. L

The dispersion of the Cs-induced feature along the I'X
and T.X' directions measured at a Cs coverage of ~0.34
ML is shown in Fig. 2. The cross-hatched region shows
the projected bulk band structure. The dashed lines show
the measured surface resonances of clean GaAs(110)
which agree with calculations'? as well as with previous
measurements.'> The Cs-induced surface state is ob-
served about halfway out from I' along the I'X and I'X'
directions where the projected VB falls below the energy
of this feature. We will discuss the dispersion behavior
below.

surface resonance on clean GaAs(110) (dashed line) and for the
Cs-induced surface state at ~0.34-ML Cs coverage. The
cross-hatched region denotes projected bulk GaAs band struc-
ture.

To relate the geometric structure and the electronic
properties, we compare our valence spectra with struc-
tures reported by STM (Ref. 7) at corresponding cover-
ages. At lowest average Cs coverages, isolated zig-zag
double-row chains comprised of two, doubly periodic Cs
rows along the [110] direction laterally displaced by one
lattice constant were observed. The analysis of First ez
al.” indicated that the images represent Cs atoms existing
in equivalent quasithreefold sites associated with one Ga
and two As atoms. Above ~0.12 ML, individual zig-zag
double-row chains were altered by the addition of “terti-
ary” Cs rows. The Cs atoms of the tertiary row reside in a
local site different from the Cs atoms in the double-row
chains with which they are associated. Interactions be-
tween adjacent three-row chains appear to be weak since
there is little tendency for such structures to coalesce at
low coverages. The chains are expected to coalesce at a
local coverage of 8 =0.5. Then, based on the large size of
atomic Cs and on absolute coverage measurements,’ con-
tinued adsorption represents a compressional phase of the
Cs layer. This coincides with the gradual attenuation of
the Cs-induced feature and a reduction of the Cs uptake
rate.’> Since the Cs-induced valence state is most prom-
inent for the coverages ©~0.2-0.4 ML, we associate this
feature with the presence of three-row Cs structures. We
assume that defect sites, if any, would be occupied initial-
ly; therefore, a defect-related origin for the Cs-induced
state is unlikely since it appears at intermediate Cs cover-
ages. In addition, we note that, if scanning tunneling
spectroscopy had been performed, it is unlikely that the
Cs-induced surface state could have been observed due to
the inherent lack of wave vector selectivity by that tech-
nique.

‘We consider the origin of the observed Cs-induced
valence state. The state may originate from a shift in the
binding energy of the As lone-pair orbital due to a Cs-
induced modification of the surface structural relaxation
in the vicinity of adsorbed Cs atoms. Calculations indi-
cate that the clean surface relaxation forming sp *-like hy-
bridization lowers the energy of the As lone-pair band
causing it to mix with the bulk bands throughout the
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SBZ.'* Calculations for the clean surface relaxation pre-
dict a shift of the As-derived surface band to higher bind-
ing energy.'* The (local) modification of the surface re-
laxation by adsorbed Cs for the three-row structure could
shift the As-derived surface band back up towards the
bulk band gap. There is evidence that the potential bar-
rier between the relaxed and unrelaxed structures is
small. '

The negligible dispersion of the Cs-induced surface
state would be consistent with an explanation of a local
structural change. The dispersion of the As lone-pair
band for the clean surface between points I" and X and be-
tween points I' and X' (in regions where it does not mix
with the bulk bands) is only ~0.3 eV. Upon the forma-
tion of Cs chains, the periodicity in the [110] direction
doubles and this would further reduce the expected disper-
sion of a band related to the As lone-pair orbitals. Fur-
ther evidence relating this state to the As lone-pair band
can be derived from photon energy-dependent measure-
ments.> The intensity of the Cs-induced state monotoni-
cally decreases with increasing photon energy (15
eV < hv <35 eV) similar to the behavior of the As sur-
face resonance of clean GaAs(110).3

An alternate explanation for the Cs-induced state is to
consider it as being derived from the Cs 6s level involved
in the bonding interaction between the adsorbate and the
substrate surface. In this case, it is necessary to invoke
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some sort of Cs pairing, or dimerization, in order to ac-
count for the nonmetallic interface found by us®?* and by
Magnusson and Riehl'! at these coverages.

The specific Cs structures present in the development of
the Cs layer shoyld produce Cs core-level spectra that ex-
hibit separate spectral components for each Cs local-
bonding environment. A series of Cs 5p photoelectron
spectra (normal emission, Av=31.5 eV) for sequential Cs
depositions is presented in Fig. 3. It should be noted that
these spectra and the valence spectra of Fig. 1 were ob-
tained in different experimental runs, but our calibration
of coverage versus exposure produces spectral trends
which are consistent and reproducible. In qualitative
agreement with previous work,* we observe spin-orbit split
pairs (5pi2, 5p32) which are comprised of two com-
ponents at lower Cs coverages. The observed binding en-
ergies are in agreement with other studies for Cs adsorbed
on Al(111) (Ref. 16) and for Cs metal.!” The deconvo-
luted spectra show that, for < 0.4 ML, binding energies
of the Cs 5p3/, components are observed at 11.7 and 11.1
eV below the VBM (with similar splitting observed for the
5p1/2 components).® At coverages above ~0.45 ML, the
Cs 5p components begin to coalesce into a broader struc-
ture, which may include other Cs 5p contributions due to
the coexistence of the compressed structural phase. The
bonding state related to the high binding energy Cs 5p3,
component (at —11.7 eV) dominates at lowest Cs cover-
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FIG. 3. Left-hand side: Photoemission spectra of Cs 5p core level region with hv=31.5 eV. The spectra have been corrected for
band bending and the binding energies are referenced to the VBM. This series of spectra shows the development of a pair of spin-
orbit split Cs 5p core level components with increasing Cs coverage. Right-hand side: Deconvoluted Cs 5p spectra for selected cover-
ages illustrating the development of two components as a function of coverage.
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ages (6 <0.1 ML). The lower binding-energy component
appears around the onset coverage for the Cs-induced sur-
face state and its growth predominates up to coverages
where the compressional phase begins to form. At that
coverage, other component(s) prevent unambiguous spec-
tral deconvolution. Presently, the growth of individual Cs
5p components cannot be correlated with the density of Cs
atoms in specific sites or bonding environments, but we be-
lieve the coincidence of the onset between core and
valence spectra is significant.

To further support a structural origin of the Cs-induced
surface state, its behavior has also been studied as a func-
tion of annealing. After room-temperature Cs exposure,
annealing to 7~200°C caused partial attenuation of the
state without Cs desorption (based on the Cs 5p intensi-
ty). The Cs 5p spectrum of this annealed interface is
similar to that of the room-temperature saturation Cs
phase. These observations suggest that the Cs-induced
surface state is related to a metastable structural phase
formed at room temperature which is irreversibly altered
after annealing.
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In conclusion, we have observed the development of an
occupied Cs-induced surface state in the GaAs band gap
using angle-resolved photoemission spectroscopy. We
have correlated the appearance of this state with structur-
al phases observed in a previous STM study.” Theoretical
calculations and future experiments such as near-edge x-
ray-absorption fine structure, x-ray photoelectron
diffraction, or low-energy electron diffraction may further
correlate local geometric structure with the electronic
properties of the Cs-induced surface state and with the be-
havior of the Cs Sp core-level components.
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