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Abstract

The evolution of electronic excitation spectra under deposition of Cs on the polar GaAs faces (1 00) and (1 1 1) with
various surface reconstructions is experimentally studied by means of high-resolution electron energy loss spectroscopy
(EELS). Similar to the Cs/GaAs(1 1 0) surface studied earlier, for all crystal faces and surface reconstructions we found two
energy loss peaks in the band gap of GaAs at Cs coverages exceeding 0.5 monolayer (ML). The analysis of the loss spectra
proves that the rise of the loss peaks is due to a phase transition at which dispersed isolated Cs adatoms condense into densely
packed clusters, eventually merging in a two-dimensional overlayer with metallic-type excitations. A simple model of
plasmon excitations in a metallic layer placed on a dielectric substrate explains qualitatively the essential features of EELS

experiments. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

For the past decades semiconductor surfaces
with adsorbed atoms of alkali metals (AM) remain
an object of intensive investigations because of inter-
est for fundamental surface science and important
applications. Due to a similar electronic structure of
various AM with a single electron on the outer shell,
AM-semiconductor interfaces were treated as simple
model systems for studying the basic features of
adsorption [1,2]. Recently both the similarity and
simplicity were questioned by experimental and
theoretical evidence for strong influence of the inter-
action between adatoms and effects of electron

* Corresponding author. Tel.: +7-3832-357508;
fax: +7-3832-351771.

correlations on the structure and electronic properties
of these interfaces. The most complete data are
obtained for the nonpolar GaAs(1 1 0) surface with
cesium overlayers. In particular, low-dimensional
structures of Cs adatoms, such as regular one-
dimensional chains at low coverages and ordered
two-dimensional clusters at coverages ¢ > 0.5 mono-
layers (ML) were observed on the cleaved
GaAs(1 1 0) surface by scanning tunneling micro-
scopy (STM) [3]. DiNardo et al. [4] showed that
the formation of the two-dimensional clusters was
accompanied by the rise of intense peaks with energies
E =~ 0.4eV (peak L1) and 1eV (peak L2) in the
electron energy loss spectra. It was suggested in [4]
that the emergence of these peaks was closely related
to the formation of the Mott—Hubbard insulator state
arising as a result of Coulomb correlation in the

0169-4332/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0169-4332(01)00058-7



176 V.L. Alperovich et al./Applied Surface Science 175-176 (2001) 175-180

system of two-dimensional electrons. For GaAs(1 1 0)
this idea was theoretically substantiated by Pankratov
and Scheffler [5]. Later Pennino et al. [6] compared
loss spectra measured with various AMs (Na, K, Rb,
Cs) deposited on GaAs(1 1 0) and found a song cor-
relation between the position of the L1 and L2 peaks
observed at submonolayer coverages with the energy
of surface plasmons in the respective metal. It was also
shown in [6] that at low temperatures, under deposi-
tion of AM above 1 ML, the peak L2 evolved into a
broad band corresponding to the excitation of surface
plasmons in the AM. These results support an alter-
native picture for the structure and electronic proper-
ties of such a surface. This picture involves the
formation of two-dimensional clusters of adatoms
with the metallic excitation spectrum. In [6] L2 loss
was attributed to the excitation of plasmons localized
in Cs clusters. However, the evolution of the loss
spectra under increasing coverage and the origin of
L1 loss remained unclear. To clarify further the picture
of the formation of interfaces between alkali metal
adatoms and semiconductors, the evolution of the
electronic excitation spectrum under deposition of
Cs on the polar GaAs faces (1 00) and (1 1 1) with
various surface reconstructions is experimentally
studied in this work by means of high-resolution
electron energy loss spectroscopy (EELS). The results
show the universal behavior of the spectra obtained for
different Cs/GaAs surfaces and support the interpreta-
tion of the loss peaks as being due to excitation of
localized plasmons in cesium overlayer. Preliminary
results were published in [7].

2. Experimental

The experiment was done on Zn-doped p-GaAs
layers grown by liquid phase epitaxy on GaAs sub-
strates with (1 0 0), (1 1 1)A and (1 1 1)B orientations.
The concentration of holes was equal to 1 x 10'®
cm . Atomically clean and structurally ordered GaAs
surface was prepared by removing the oxides in the
solution of HCI in isopropyl alcohol in dry nitrogen
atmosphere, transferring the sample in a hermetically
sealed container without air contact into electron
spectrometer ADES-500, with subsequent heating in
ultra-high vacuum [8]. The base pressure in the ana-
lytical and preparation chambers of the spectrometer

was 3 x 107! and 8 x 10! mbar, respectively. The
surface structure and composition were determined by
low-energy electron diffraction (LEED) and X-ray
photoelectron spectroscopy (XPS). Cesium deposition
and all measurements were performed at room tem-
perature. The coverage ¢ of the Cs layer was deter-
mined from the dependence of the Cs3ds,
photoemission peak area on the deposition time
(dose). As the dose increased, the area of the peak,
which is proportional to Cs amount on the surface,
also increased and then saturated. The effective thick-
ness of Cs layer corresponding to the saturated value
of the area was taken as one monolayer, ¢ = 1 ML.
EELS spectra were measured at incident electron
energy E; = 15 eV with total energy resolution better
than 90 meV and angular resolution of 1°.

3. Results and discussion

In the present experiment we deposited Cs on the
clean As-stabilized GaAs(100)—(2 x 4)/c(2 x 8)
surface, Ga-stabilized GaAs(1 0 0)—(4 x 2)/c(8 x 2)
—(4 x 2)/c(8 x 2) surface, on the surface with inter-
mediate reconstruction (10 0)—(3 x 1)/(3 x 6), and
on other crystal faces, namely, GaAs(1 1 1)A—(2 x 2)
and GaAs(1 1 1)B— (1 x 1). For all surfaces under Cs
deposition we observed gradual blurring of the LEED
spots and increase of the diffuse background. On the
As-stabilized surface GaAs(1 0 0)— (2 x 4)theincrease
of the background and broadening of the spots were
observed starting from ¢ ~ 0.1 ML; atc =~ 0.5 ML the
LEED picture completely vanished. The lack of order
on Cs/GaAs(1 00)—(2 x 4)/c (2 x 8) surface was
directly observed in [9] by STM. The Ga-stabilized
(4 x 2)/c(8 x 2) surface reconstruction was found to
be more stable with respect to Cs deposition. For
coverages up to ¢ < 0.3 ML no degradation of the
LEED pattern was observed, in agreement with the
results of [10]. The reconstruction (4 x 2)/c(8 x 2)
was observed up to ¢ ~ 0.75 ML,; it transformed to
disordered (1 x 1) only at ¢~ 1ML. Under Cs
deposition on GaAs(1 1 1)A—(2 x 2) the reconstruc-
tion (2 x 2) gradually transformed in (1 x 1) at
¢ =~ 0.3-0.5 ML; the picture completely vanished at
¢ ~ 1 ML. The Cs/GaAs(1 1 1)B—(1 x 1) LEED pic-
ture gradually degraded with increasing coverage and
vanished at ¢ =~ 1 ML.
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The evolution of the electron energy loss spectra
under deposition of Cs on the Ga-stabilized
GaAs(1 00)—(4 x 2)/c(8 x 2) surface is shown in
Fig. 1 by six lower curves denoted by circles. It is
seen that on the clean surface there are no losses in the
band gap of GaAs E, = 1.42 eV; interband transitions
are observed in the energy range E > E,. With the
increase of coverage up to 0.5 ML, the increase of
losses in the interband region and the shift of the loss
threshold towards lower energies were observed. At
¢ =~ 0.5 ML two loss peaks abruptly appeared in the
band gap region at E=~05eV (peak L1) and
E =~ 1.1 eV (peak L2). These peaks increased rapidly
with further increase of ¢ and then saturated. Similar
changes occurred in the loss spectra under Cs deposi-
tion on all crystal faces and surface reconstructions
studied in the present work. For comparison, three
upper curves in Fig. 1 show the loss spectra at
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Fig. 1. Evolution of EELS spectra under Cs deposition on the Ga-
stabilized GaAs(1 00)—(4 x 2) surface is shown by six lower
curves denoted by circles. For comparison EELS spectra of
GaAs(1 00)—(2 x 4), GaAs(1 1 1)A—(2 x 2), and GaAs(1 1 1)-
B—(1 x 1) surfaces at monolayer Cs coverages are shown by three
upper curves. For clarity the spectra shown by triangles, crosses
and squares are shifted upward by 2.5, 3.5 and 3.5 units,
respectively. All spectra are measured in the specular reflectance
geometry with the incidence and scattering angles equal to 55°.

monolayer coverages of Cs deposited on GaAs(1 0 0)
—(2x4)/c(2 x 8),GaAs(1 1 1)A—(2 x 2) and GaAs
(11 1)B—(1 x 1). It is seen that the shapes of the
spectra are quite similar.

To determine the evolution of the position, intensity
and width of the observed losses, the spectra were
decomposed into L1 and L2 peaks plus a broad band
centered around E ~ 2 eV. Fig. 2 shows the depen-
dence of the intensities of L1 and L2 peaks on the Cs
coverage for the Ga-stabilized GaAs(1 00)—(4x
2)/c(8 x 2) and As-stabilized GaAs(1 0 0)—(2 x 4)/
¢(2 x 8) surfaces. A threshold increase of the inten-
sities is observed for both peaks at ¢ < 0.5 ML. It is
seen that the dependences for both surfaces are the
same within the experimental error. This was also true
for the other surfaces studied here. The positions and
widths of the peaks did not depend on coverage within
10%.

Similar to the results obtained earlier for Cs/
GaAs(1 1 0) [4], the measurements of the loss spectra
at a fixed incident angle and various scattering angles
showed no substantial dispersion: the positions of both
peaks remained constant within 10%. On the other
hand, we observed a strong angular dependence of the
relative intensities of peaks L1 and L2. Fig. 3 shows
EELS spectra measured at various angles in the
specular reflectance geometry after deposition of
0.7 ML of Cs on GaAs(l 1 1)A—(2 x 2). It is seen
that the intensity of the peak L2 is higher for larger
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Fig. 2. The intensities of L1 and L2 losses as a function of cover-
age for Cs deposition on GaAs(1 0 0)—(4 x 2) and GaAs(1 0 0)—
(2x4).
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Fig. 3. EELS spectra measured at various angles in the specular
geometry after deposition of 0.7 ML of Cs on GaAs(l 1 1)-
A—(2 x 2). For clarity the spectra measured at 55 and 70° are
shifted upwards by 2.5 units. The inset shows the ratio of the
intensity of L2 loss to the intensity of L1 loss as a function of
the angle.

angles, i.e. for more glancing incidence. The inset
shows the ratio of intensities of peaks L2 and L1 as a
function of angle. With the angle increasing from 30 to
75°, the intensity ratio increases more than twice.
The similarity of the loss spectra measured earlier
in [4,6] at Cs/GaAs(1 1 0) and in the present work at
Cs/GaAs surfaces with different faces and surface
reconstructions proves that the formation of electron
excitation spectra of Cs/GaAs interfaces has universal
features, despite substantial differences in the struc-
ture and electronic properties of the initial clean
surfaces. It can be inferred that the appearance of
the loss peaks L1 and L2 on all GaAs surfaces studied
here, just as on Cs/GaAs(1 1 0) surface, is due to a
phase transition, which can be explained similar to the
case of AM deposited on the metal substrates [11-16].
At low coverages the electrostatic repulsion between
the adatom-induced microdipoles should keep the
adatoms uniformly dispersed. At increasing coverage,
the decrease of the mean distance between adatoms
and partial depolarization of the surface dipoles facil-

itate overlapping of the valence electron wave
functions of adjacent adatoms. At a critical coverage
the repulsion changes to attraction due to the direct
cohesive force. Therefore, dispersed adatoms start to
be condensed and form two-dimensional islands. This
condensation is considered to be a first order phase
transition, which is characterized by discontinuity of
the chemical potential and by coexistence of two
phases [12]. Although direct STM study is available
only for As-stabilized Cs/GaAs(100)—(2 x4)/
¢(2 x 8) surface [9], the existence of two-dimensional
Cs clusters on Ga-stabilized surface was indirectly
confirmed by photoreflectance spectroscopy [17].

In [4] the condensed phase formed on Cs/
GaAs(110) at ¢ > 0.5ML was assumed to be a
Mott—Hubbard insulator, L1 loss was interpreted as
a transition over the Hubbard gap, and L2 loss — as a
transition in the Cs—Ga complex. Alternatively, cor-
relation between the positions of the loss peaks with
the energy of surface plasmons for various AM [6] and
similarity in the dose behavior of the peaks observed
in the present work suggest that the loss peaks L1 and
L2 have a similar origin and are related to the excita-
tion of localized plasmons in Cs islands, which have a
metallic rather than insulating spectrum. However, the
origin of plasmons responsible for the loss peaks on
Cs/GaAs surface is still not clear in detail. To elucidate
the origin of these plasmons we considered a simple
model of a metallic layer with thickness d placed on a
substrate with a dielectric constant ¢.. The calculations
were done in the same manner as for the plasmons in a
metallic slab in vacuum [18], except that in the
boundary conditions the presence of the dielectric
medium on one side of the metal layer was taken
into account. The lateral dispersion w(g) of the two
types of plasmons is shown in Fig. 4. Here ¢ is the
lateral wave vector. In the long wavelength limit
(gd < 1) the lower branch 1 corresponds to the long-
itudinal plasma oscillations with the dispersion
w X ,/q characteristic of the two-dimensional plas-
mons [18], and the upper branch 2 corresponds to the
transverse oscillations with the frequency approaching
the bulk plasmon frequency w,. In the short wave-
length limit (¢d > 1) the lower branch approaches the
frequency of plasmons localized on the interface
between the metal and dielectric substrate i, =
wp/+/¢s + 1, while the upper branch approaches the
frequency of plasmons localized on the surface of
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Fig. 4. The calculated dispersion of plasmons in a metallic layer
with thickness d placed on a dielectric substrate. The energy
E, = 1.7 eV of bulk plasmons in the metal is assumed. The vertical
dashed line denotes the wave vector of a plasmon localized in a
metallic island with lateral dimension L.

the AM metal gt = wp/+/2. With the dielectric
constant of  GaAs e = 12.9, the ratio
Osurf / Wine = 2.6 is close to the ratio of experimental
energy positions of L2 and L1 peaks Ej,/FEp; = 2.2.
Therefore, we tentatively associate L1 and L2 peaks
with the excitation of plasmons corresponding to the
lower and upper branches, respectively. Due to lateral
localization in Cs islands, plasmons corresponding to
non-zero values of ¢ = n/L are excited in EELS
experiment, where L is the lateral dimension of an
island.

To reach an agreement between the calculated and
experimental values of the peak positions, one has to
assume /iwp, = 1.7 eV, which is considerably smaller
than the energy of plasmons in bulk cesium which is
equal to =3 eV. This discrepancy can be partly
explained by the electron charge transfer from the
Cs adatoms to the surface atoms of GaAs. The charge
transfer partially depletes s-band of Cs and thus leads
to a decrease of plasmon frequencies. The simple
model of a metallic layer explains the essential fea-
tures of the low-temperature experiments [4,6] with
deposition of Cs above 1 ML: with increasing thick-
ness of Cs layer the L2 peak was shifting to the
frequency of surface plasmon of cesium, while L1
peak was gradually vanishing due to the increased
screening of the interaction between incident electrons
and interface plasmons. The model is also in a qua-

litative accord with the observed angular dependence
of EELS spectra. Due to electrostatic repulsion, probe
electrons in the layer are pushed by an incident
electron preferentially in the direction perpendicular
to its trajectory. Thus, at glancing incidence the
transverse plasmons are more readily excited as com-
pared to the longitudinal plasmons. This explains the
observed increase of the relative intensity of L2 loss
with increasing angle (see Fig. 3).

The question is why the plasmon L1 and L2 losses
are not distinctly observed on other AM/semiconduc-
tor and AM/metal surfaces. A possible answer is that
the observation of narrow resonances corresponding
to the overlayer plasmons is favorable on Cs/GaAs
surface because these resonances fall in the bulk band
gap. In contrast, on AM/metal surfaces plasmons are
in resonance with the continuum of bulk states and are
strongly broadened. The broadening may take place
on semiconductor substrates if the plasmon energy is
larger than the band gap. Besides, on AM/metal
surfaces the longitudinal plasmons are effectively
screened by conduction electrons and thus should
be suppressed in the loss spectra. The observation
of longitudinal (intraband) plasmons was reported
earlier for the K/Si(1 1 1) surface, where it revealed
as a weak shoulder on the low-energy side of the EELS
peak corresponding to the transverse (interband) plas-
mon [14]. Various types of plasmons were also
observed on Cs/Si(1 0 0) surface by photoelectron
spectroscopy [19].

To describe quantitatively the observed loss spectra,
a theory should be used, which takes into account
rigorously the chemical nature of the semiconductor
and AM, and also electron—electron correlation
effects. It should be noted that unlike Cs/GaAs(1 1 0),
the surfaces studied in this work are disordered at
1 ML Cs coverages. Therefore, it is not appropriate,
strictly speaking, to describe elementary surface exci-
tations by a dispersion law. In a comprehensive theory
the AM/GaAs surface should rather be considered as a
two-dimensional ““granular metal”, in other words, as
a disordered ‘‘effective” medium [20] with electri-
cally coupled plasmon oscillations in a randomly
distributed array of two-dimensional metallic islands
of adatoms.

In conclusion, it was experimentally shown that the
electron energy loss spectra of Cs/GaAs surfaces are
similar for various crystal faces and reconstructions.
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Intense loss peaks, which appear in the band gap at
coverages above 0.5 ML, are due to the phase transi-
tion from dispersed gas of adatoms to densely packed
two-dimensional islands. These peaks correspond to
the excitation of plasmons localized in Cs islands.
Thus, at coverages above 0.5 ML, the surface of Cs/
GaAs is a ‘“‘granular” metal rather than Hubbard
insulator.
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