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We report a study of the electronic properties of Cs overlayers on the narrow-band-gap I1I-V semiconductor
INSh(110) as determined by means of photoemission and high-resolution electron-energy-loss spectroscopy.
The electric and electronic properties of Cs-deposited on(lkiEh presentwo distinguishable phasewhich
can be related to the morphological transition observed in the scanning tunneling microscopy from one-
dimensional chains to the two-dimension@D) Cs layer. The earlier stages of Cs adsorption induce an
accumulation layer, while an additional Cs deposition results in a depletion of carriers in coincidence with the
appearance of Cs-induced states in the semiconductor gap. When a 2D layer of cesium is formed on the
InSh(110) surface, the interface issulatingwith the surface band gap at 0.65 eV, larger than the underlying
InSb bulk gap(0.175 eV at room temperatyre

[. INTRODUCTION the Cs-Cs bond lengths are larger. In particular, Cs-Cs bonds
along the[110] direction lead to Cs-Cs nearest-neighbor dis-
Alkali metals adsorbed on semiconductor surfaces constitances of 8.0 A in the 1D Cs chains, and 5.2 A in a 2D
tute archetype unreactive systems to explore the mechanisa{2x6) Cs layer for the Cs/In§h10) interface[the Cs-Cs
of space-charge-layer formation and the presence of metatlistance in bulk Cs is 5.2 A, and 4.9 A for the 2D Cs/
induced states in the semiconductor bulk gabFurther- GaAg110) interfacd. The areal density and the coordination
more, alkali-metal bidimensional layers on semiconductor®f the Cs atoms are important parameters which drive the
provide an opportunity to probe the physics of two- dielectric propertiegmetallic or insulating of the 2D Cs
dimensional2D) metal systems, with a simple structure eas-layer. It is known that liquid Cs undergoes a metal-insulator
ily accessible for theoretical calculatioHs*2Current issues transitiort® at low density, and that it can be taken as a
subject to active investigation are the charge transfer of thenodel for the Mott-Hubbard transitioff.For this reason the
alkali adatoms, the insulator/metal transition in the 2D alkali-2D Cs layer on InSH10 is an appealing candidate for
adsorbed layers, and the formation of the space-charge laystudying this type of Mott insulator.
at the alkali-semiconductor interface. As far as concerns the insulating properties, from scan-
Among the large amount of experimental and theoreticahing tunneling spectroscopy an opening of the surface gap
literature about alkali-metal interaction with semiconductorshas been reported in the intermediate st@izlayen, while,
the 2D Cs layer deposited on GgA30) has been claimed as when the 3D system is formed, the Cs/G&Ag) (Refs. 1
a prototype of an insulating ordered layer. The atomic strucand 2 and Cs/InSHL10 (Refs. 3 and % system, exhibit a
ture of the adsorption of cesium on GdA$0), conceived nearly metallic character. Thus the insulating character of
from scanning tunneling microscop@TM),!? exhibits three  alkali-metal/Ill-V(110) interfaces seems to be a general char-
different structural phases. At the earlier coverage stage, onecteristic of the 2D Cs overlayer. For the Cs/GHAS) in-
dimensional(1D) isolated Cs chains form along thj&10] terface, an insulator-metal transition has also been observed
direction hundreds of A apart from each other, providing aby direct and inverse photoemisstoand high-resolution
model system for testing theories concerning electronic propelectron-energy-loss spectroscopin particular a clear me-
erties of 1D Cs wires. At additional Cs coverages, a 2Dtallic character has been observed for Cs multilayer growth
overlayer coalesces, and scanning tunneling micrographeat low temperaturé.

show small Cs clusters arranged i@ x 4) superlattice:? The aim of this paper is to follow the formation of the 2D
Saturating the GaA$10) surface with additional cesium at- Cs layer on InS(10) from submonolayer coverage to the
oms, a disordered and clustered 3D layer grows. completion of one monolayer, monitoring either the space-

Our purpose is to extend the study of cesium adsorption taharge-layer formation and the presence of cesium-induced
other IlI-V substrates to test the universality and the drivingelectronic states in the semiconductor gap. Interrelated infor-
forces of this interface formation model. We have depositednation on the space-charge layer has been achieved by core-
Cs on the(110) surface of indium antimonide, which has the level photoemission and electron energy loss of collective
largest lattice constant of all the zinc-blende IlI-V semicon-excitations. High-resolution electron-energy-loss spectros-
ductors(15% larger than GaAsFrom a scanning tunneling copy(HREELS is a unique tool, free from radiation-induced
microscopy study;* the structural phases of Cs adsorbed oneffects'® for investigating the accumulatiofor depletion
INSh(110) are similar to those observed on G&Rk)), but  layer evolutiot®~*®because its probing depth can be tunable
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on the typical lengths of the space-charge layer. FurthermeV as measured by the full width at half maximum
more, theextremely high sensitivitgf HREELS to the sur- (FWHM) of the elastic peak; it was degraded to about 15
face excitations allows us to follow the evolution of Cs- meV in the study of gap region electronic properties, to en-
induced electronic transitions in the energy region of thesure a good compromise between energy resolution and sig-
InSb bulk gap. On depositing cesium on If$h0) the inter-  nal intensity.
face appears insulating, with the surface band gap widening The surface cleanness was monitored by checking the ab-
at 0.65 eV, confirming previous scanning tunneling spectrossence of the CH and OH stretching frequencies in the
copy (ST9 results® At saturation coverage, the nearly me- HREEL spectra. Extreme care to avoid contamination was
tallic character of the Cs/In$bl0) interface has not been taken. The Cs/InSA10 interface seems very reactive even
observed, in contrast with STS achieveméntis experi-  at liquid-nitrogen temperature, and the presence of cesium
ment delineates the surface sensitivity of the HREELS techsuddenly catalyzes the oxidation. After a few hours in ultra-
nique. The metal overlayer deposited on a semiconductdtigh vacuum (10*-mbar rangg 0.5-ML Cs(or higher cov-
surface shows an opening of a surface gap larger than treragey deposited on InSA10) is highly reactive, and in-
bulk band gap of the substrat&{=0.175 eV for InSbh at duces additional structures in the photoemission spectra due
room temperatupe and in this experimental condition the to the first phase of oxidation: a clear peak at 5.1-eV binding
bulk contribution in the HREEL spectra can be completelyenergy appears in the valence-band spectrum, and the Cs
neglected. 5p core levels show a broadening, as already observed in
It is particularly noteworthy to follow concurrently the other oxidized alkali-metal/lll-V interface$. For this rea-
evolution of the space-charge layer and the band-gapson, at coverages higher than 0.5 ML, we have measured
induced states at the Cs/In3k0 interface. At very tiny every Cs deposition after the cleavage of the clean semicon-
alkali-metal coverages an accumulation layer forms in theluctor surface in both UP and HREEL spectroscopies.
same coverage range where 1D Cs chains have been de-
tected; then a reversed band bending and a depletion layer
are produced in coincidence with the appearance of the Cs-
induced electronic states. A. Work-function calibration of cesium deposition
The paper is organized as follows: after an experimental

section(ll), Sec. Ill deals with Cs growth morphology, Sec. X . o

. . . . onductors and on metals induces a lowering of the ioniza-
IV collects the results showing the insulating properties of,; . o0 01 . .

. tion energy, i.e., of the work functiof:=* The calibration of
the Cs overlayer, and Sec. V is devoted to space-charge-laygr

formation and band bending. The conclusion will be outlined € IS? dep_osntl)on was pe_rformhed movrnr? a Ioweréng of lthe
in Sec. VI, work function by measuring the shift of the secondary elec-

tron cutoff (sample bias-10 V) in ultraviolet photoemission
spectra. As in other alkali metals grown on {14.0 surface
Il. EXPERIMENTAL DETAILS of IlI-V semiconductors, the variation of the work function
with deposition time presents a sudden decrease followed by
The high-resolution electron-energy-loss spectroscopy minimum value that for the present Cs/Ifi&H0) experi-
and photoemission experiments were performed in amnent is at about 8 min of Cs deposition, as reported in Fig. 1.
ultrahigh-vacuum(UHV) system constituted by two cham- At saturation, the work function is reduced from the clean
bers, one containing a high-resolution monochromatorsurface value by about 3 eV. From the Cp Bore-level
analyzer spectrometéreybold Heraeus ELS-22ultraviolet  intensity we find the saturation coverage at 8 min of Cs
photoemission spectroscopfUPS instrumentation and deposition time. Thus we assume that 1 ML corresponds to
equipped with low-energy electron diffractidhEED), the  the saturation coverage and it corresponds to about 8 min of
other vessel containing all the ancillary equipment forCs deposition. We define 1 ML as an overlayer surface den-
sample cleaning and preparation. sity equal to the substrate surface density, thus as two Cs
The base pressure in the main chamber was kept belowdatoms per surface unit cell; in the works quoted in Ref. 6,
7x10" " mbar (7x10° Pa. The InSb single crystals were 1 ML is defined as one Cs atom per surface unit cell. We
n-doped 1=8.5x 10" cm™3) bars and thé¢110) clean sur- would underline the variety of overlayer coverage defini-
faces were obtained by cleaviigsitu. The temperature was tions; in other works the coverage=1 is considered as the
monitored with a chromel-alumel thermocouple positionedalkali-metal density corresponding to a 2D (CK) bcc
close to the surface. Cesium was evaporated from wellclose-packed layet therefore the coverage depends on the
outgassed dispensers, resistively heated, keeping the basgio between the covalent radius of the alkali metal and the
pressure below 1:110™*° mbar during deposition. substrate lattice parameter. Thug=1 corresponds to
Photoelectron spectra were recorded using a He discharge75-ML Cs for Cs, InSH10 and 0.54-ML Cs for Cs/
lamp (He 1 photonshv=21.2 eV; Hell, hv=40.8 e with  GaAg110), according to our definition of 1 ML.
a grazing incidence angle. The photoemitted electrons were
analyzed with an angle-integrating cylindrical mirror ana-
lyzer used at constant energy resolution. The Fermi level was
determined on a gold thick layer deposited in electric contact Cs growth on InS{110) at room temperature is character-
with the sample. ized by a structural transition from 1D chains to a
All HREELS measurements were carried out in specula2D-layer®* as previously discussed. Work-function modifi-
direction geometry with a monochromatic primary beam en-cations in alkali-metal/semiconductor interfaces are deter-
ergy ranging between 3 and 21 eV. The resolution was 8nined by the mutual dipole-dipole interaction as a function

Ill. CESIUM GROWTH ON InSb (110

As is well known, the deposition of alkali metals on semi-

B. Topping model of Cs growth on InSK110
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FIG. 2. Plot of—®/Al as a function o2 as evaluated from
the data shown in Fig. 1. Different symbols refer to different ex-
erimental runs. The solid lines represent model fitting to the ex-
perimental data, according to the Topping model. Two coverage
regions can be singled out, related to different structural phases.

FIG. 1. Work-function changd ¢ vs Cs exposure time, as de-
duced from the cutoff energy for the secondary electrons in the UP
spectra. Different symbols refer to different experimental runs.

of dipole density per surface unit area; thus information on . _ . .
the growth can be achieved by applying the ToppingWh°|e work-function loweringabout 3 eV, as discussed in

: ; o : Sec. V. As can be noticed from Fig. 2, the plot presents a
analysi¢® to the work-function variation at a given . S S ;
adsorbate{dipole) substrate system. In particular, a Top- break point at 0'05. ML. This d|scontlng|ty n thg _Topplng

: 'model can be ascribed to a morphological transition of the

. - : - Cs structure and it occurs at the same coverage where STM
the Cs/GaA€L10 interface, bringing to light three different i :
adsorption silepé Iat increasinglj gls %epolgﬁf’on ! observes the transition from 1D chains to the 2D Ia¥fein

: 20
The work-function changd ¢= Al +e,AVg contains an the cas_e.of Cs adsorpuqn on GaA0), Ortegae; al- re-
adsorbate-induced variation of the ionization enesdyand port a fitting of the Topping model to the experimental data

of surface band bendingVs, whereAVs is positive(nega- with two break points, suggesting two structural transitions

. ] in agreement with STM results for the Cs/G&RK)
tive) when the surface bands bend downweugwarg. Al interface? the first break point corresponds to the transition

kali adatoms on semiconductors establish bond dipoles or{;

o such a to gecease he nzaton enrgy, and s £ 10 AT 0 e 20 2Lt 0 e secon e
the main contribution to the lowering of the work function P yer.

(see Sec. ¥ The dipole moment as a function of coverage is?rhe Topping model fitting of our results on the Cs/I\5L)

given by the Helmholtz equation. On the basis of these asnterface does not exhibit a second structural transition from

X . S . the 2D region to the 3D compressed layer at 0.5 ML of Cs.
sumptions, the expression for the ionization potential is This discrepancy between these two Cs/IIEY0) interfaces

can be attributed to the lower density of the Cs atoms and to
Al =(eleg)O[po/(1+ka @3], D the larger intralayer Cs-Cs bond Ienéths at the Cs/hSb
wheree is the electron charges, is the vacuum dielectric ~ Interface with respect to the Cs/GaAg0) interface. At the
constant,® is the atomic surface densitp, is the dipole completion of 1 ML of Cs on InSH10, unlike Cs/
moment, a,g is the polarizability of the dipoles, ankl a ~ G2AS110, the Cs atoms are not compressed; in fact STM
constant determined by the geometry of the adlayerd determines the Cs-Cs nearest-neighbor distance at 6.4 A,

for square and triangle symmetries of the 2D I&jefFrom  While the Cs-Cs distance is 5.2 A'in Cs/Gda%0).

this equation the induced dipole moment decreases as a func-

tion of coverage and the mutual dipole distances reduce agy. |s THE 2D Cs LAYER METALLIC OR INSULATING?

the number of adatoms per unit area increases. According to

the Topping model the curve ®/Al versus®3? yields a The scattering efficiencies in the energy-loss region of the

straight line if the geometry of the 2D adlayer preserves théemiconductor bulk gap in the clean I$b0 surface and

same symmetry constan), as has been observed in the for sequential Cs exposures are collected in Fig. 3. The clean

case of Cs and K on @i00,%* while in other interfaces [NSK(110 surface exhibits a clear absorption structure with

[Cs/GaA$110)] straight lines with different slopes have been the onset at 175 meV. The main energy-loss feature peaks at

singled ouf? indicating different geometrical arrangements. 300 meV, representing the maximum of the joint density of
In Fig. 2 we report the plot of @/Al versus®3?for the  States, involving the filled and empty electronic surface

Cs/InSK110) interface. The ionization potential has been de-States. Angular-resolved photoemission on the (230

duced subtracting the surface band-bending contributioslean surface singles out a filled surface state af’tpeint,

from the work function. However, the band-bending poten-resonant with the bulk projected band, that disperses down-

tial makes a minor contribution|VY,,~0.25 eV to the ward toX andX'.? This state, labeled5, can be assigned
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FIG. 4. Scattering efficiency of the clearinSK(110 and of the
1-ML Cs deposited at room temperature on I(tSlf). Primary
FIG. 3. Scattering efficiency of the @sInSh(110) interface as  peam energyE,=15 eV. Arrows mark the onset energy of the
a function of Cs coverage in the energy region of the InSb semiabsorption(surface energy gap
conductor bulk gap. Primary beam enefgy=15 eV. Spectra are

normalized to the el_astic peak height and displaced along the vertisftactive charge is not screened by the presence of the alkali-
cal axes for convenience. metal overlayer. The persistence of the dipole-active FK
phonon and the decrease of the elastic peak intensity are
to the initial state of the observed electronic transition at theconsequences of the insulating character of the interface. A
edge. contribution from a disordering of the surface and/or the
On depositing Cs on the In§HL0) surface, we can follow presence of a clustering of the Cs atoms cannot be excluded.
the evolution of the surface gap as reported in Fig. 3. At 0.4n fact, we observe a diffuse background in the LEED pat-
ML a bump appears at high-energy loss, and coexists withern without any evident structural reconstruction, confirm-
the prominent structure at 0.3 eV; when a further amount ofng the short-range local order of the structure of the 2D Cs
Cs is depositedat 0.5 ML), the surface gap widens and the deposited on InSi10. Thus thec(2X6) symmetry de-
contribution from the InS{.10) surface states is quenched. tected by STM(Refs. 3 and Areveals Cs clusters disposed
For the sake of clarity, we compare the scattering efficienciewith short-range local order.
of the clean InSEL10 and the 1-ML Cs/InS@E.10 in an From the high-resolution electron-energy-loss spectros-
extended energy-loss ran¢féig. 4). At Cs saturation cover- copy results, the insulating character of the 2D Cs layer de-
age, the surface electronic gap is widened at 0.65 eV, angosited on the110 surface of InSb has been clearly ob-
two broad absorption features are detectable at higher-energgrved, confirming STS results. It is well known that bulk
losses. The clear absorption edge at 0.65 eV observed fonetallic cesium is close to the Mott limit;**and can behave
Cs/InSki110 seems related to a transition between a filledas an insulator. This counterintuitive behavior for the 2D Cs
localized Cs-induced intergap state and the conduction-banldyer, already observed on the Cs/G&AS) interface, has
minimum. As we will show below, Cs induces a clear struc-been justified with different explanations, all of them based
ture at 0.45 eV below the Fermi energy in the photoemissioron electron correlation effecfs’? In fact, if an odd number
spectrum. This state could act as an initial state for the obef electrons is present in the unit cell and the cation surface
served electronic transition. states are partially occupied, the interface should be metallic.
It is noteworthy to emphasize that high-resolution However, the large Cs-Cs nearest-neighbor distance and the
electron-energy-loss spectroscopy is extremely surface sefew coordination can induce a localized state and electron-
sitive, and that, in a suitable scattering condition such as irorrelation effects. The presence of a correlated electronic
this experiment, the bulk contribution in the cross sectionsystem is inappropriate for a one-electron picture, and a Hub-
can be completely neglected. In fact the HREEL spectra aftdpard correlation has been claimed to explain the electronic
Cs deposition show an opening up of the semiconductor gaproperties of the 2D insulating alkali laygrindeed, this
larger than the bulk one. model has been proposed to explain the semiconducting be-
The elastic peak height, in correspondence to the openinlgavior of the 2D Cs layer on GafklL0Q). The occurrence of
of the gap, is rapidly attenuated, and approaches a valufe Mott limit can be even more justified for the Cs/
about one order of magnitude lower than on the clean sunSh(110) interface, where the nearest-neighbor distance for
face. Furthermore, at 1 ML of Cs coverage, the optical activéahe 2D Cs layer is larger and the areal Cs density on the
Fuchs-Kliewer(FK) phonon is still present, and its dipole surface is much lower than on bulk metallic Cs.
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As already observed from the Topping mofieh clear

structural transition on Cs/In&hl0) from the 2D layer to the . ' ' '

3D compressed phasthas not been observed. Also in the "—.,b ) Cs/InSb(110)

HREEL spectra, we do not distinguish two different behav- st

iors in the dielectric response of the Cs/If8L)) interface, " IML W%w-""c‘%

but only the formation of an insulating interface in the cov- N e AN

erage range 0.3—1 ML, due to the highly correlated elec- s "“‘"'”‘"\, 0.75 ML _ami™, L

tronic 2D system that lies below the Mott limit. At saturation A*?‘a.,,,»*”z S p " h

coverage, scanning tunneling spectrosédpypbserves a e 0:;;‘{ e Nl

nearly metallic character with a narrowing of the gap below ‘\_;“g LY ~ %S,

0.1 eV for Cs/InSKL10) (at the limit of the energy resolution = ] X ff's {\

in scanning tunneling spectroscdpynd a metallic behavior > 3,02 ML s r

for Cs/GaA$110 interface®? The narrowing of the band =k %"Mf %

gap has been justified by an increase in Cs density and co- & ""‘-};\f % A \_..

ordination, reducing the electron correlation and the surface & © W6 ML, S

gap value. On the other side, the nearly metallic behavior for E \\ '\.\ I e 3

both interfaces has not been confirmed by HREELS re8ults. AN o

This apparent discrepancy can be ascribed to the local sen- 5\ /i

sitivity of STS spectroscopy, while from the HREELS scat- \ \"'\/ :

tering efficiency the dielectric response is averaged on the @

whole surface. T .
Further information on the evolution of the surface elec- g p 4 5 0

tronic structure of cesium deposited on 180 has been
achieved by means of photoelectron spectroscopy. The pho-
toemission energy distribution curves in the valence-band
(VB) region as a function of sequential Cs deposition at g 5. Angle-integrated UPS spectra in the valence-band re-
room temperature are collected in Fig. 5. gion of the cleam-type InSi§110) and of the Cs-InS{110 inter-

In the angle-integrated UPS spectra of the clealype  face at different Cs exposures. The vertical marks the Fermi energy
doped InSK110 surface the valence-band maximum is position. Photon energy of 21.2 elHel). Spectra are displaced
found 0.2 eV below the Fermi levelEg), indicating flat  along the vertical axes for convenience.
bands. The first prominent peak at 1.3 eV belBw is as-

e GCS Meracton Wit he 2D ayer cause by th e Cs
9 9 ' real density on InSt10 than on GaA&L10).

lone pair surface resonance is depressed and a shoula%r ; .
P b The insulating character of the 2D Cs layer grown on

above the VB maximum{VBM) grows up at 0.25-ML Cs . .
coverage. At about 0.4 ML, a Cs-induced filled state appearg‘sdllo) has been established by the complementary infor-

at 0.45 eV(labeledS1), and the valence-band edge shifts toMation inferred from photoemission and HREELS. An open
0.1 eV belowEy while the anion dangling-bond states are duestion concems the dielectric response of Cs{hED at
drastically quenched. The saturated 2D Cs overlayer is in §1€ Very early coverage stage that has been identified below
semiconducting state since no photoelectron emission h&s05 ML by Topping analysis, corresponding to a structural
been detected at the Fermi level, within our experimentaPhase where 1D Cs chains have been observed by $TM.
uncertainty. At very low Cs coverag€0.04 ML), the HREELS scattering

Photoemission experiments have also been performed &fficiency shows a broadening of the quasielastic peak and
low temperaturgLT) (T~120 K) on LT-deposited Cs lay- the presence of a background underlying the 0.3-eV absorp-
ers, in order to investigate whether a multilayer Cs growthtion structure, as reported in Fig. 6. The low-energy tail in
and an insulator-metal transition took place. We do not obthe spectrum at 0.04 ML can be interpreted in terms of an
serve significant differences with respect to the room-ncrease in the free-carrier concentration contributing to the
temperature experiment. The evolution of the Cs-induceglasmon losses, as will be discussed in Sec. V. A contribu-
states presents the same features, though the Cs-inducieh to the tail from a continuum of intraband transitions in
filled state appears clearer and better resolved than at roothe conduction band cannot be excluded, thus meaning a
temperature. This spectral analogy indicates that the chemitearly metallic character of the 1D chains. At the same cov-
cal interaction between the Cs layer and Iff3lf) is not erage range, in the valence-band photoemission spectra,
substantially modified upon lowering the temperature fromemission of electrons from filled states upEp has not been
300 to 120 K. Moreover, we observe a saturation of the Csletected. The absence of a contribution at the Fermi level
growth on InSi110) at low temperature, while a multilayer can be ascribed to the very low density sfike states
growth has been achieved on G&®80).5° It is important  present in the valence band. In our opinion, the apparent
to notice that the insulator-metal transition occurs for themetallic character of the 1D chains is not due to a proper
Cs/GaA$110 interface when it undergoes from the 2D metallicity of the 1D Cs chains, but mainly derives from the
layer, with a surface density approximately equal to that offormation of a 2D free-carrier accumulation layer in the InSh
bcc C%110), to the 3D film. The absence of an insulator- conduction band. This behavior will be discussed in detail in
metal transition in Cs/InSh10 might be due to a lesser Sec. V.

Binding Energy (eV)
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FIG. 6. Selection of HREEL spectra of the 84nSh(110) in-  (0-0.015-ML Cs, in the energy region of the phonon and plasmon
terface in the energy region of the electronic excitations at very low/0SSes. Primary beam enery =5 eV. Spectra are normalized to
Cs coverage. Primary beam enefgy=15 eV. Spectra are normal- the elastic peak height and displaced along the vertical axes for

ized to the elastic peak height and displaced along the vertical axg@nvenience. The phonon and plasmon energies shift to_higher-
for convenience. energy losses on increasing Cs coverages. This behavior indicates

the formation of an accumulation layer at the interface.

V. SPACE-CHARGE-LAYER FORMATION

AND BAND BENDING fore, the blueshift experienced by the plasmaron modes, in

the earlier stage of Cs deposition, is a clear indication of

Space-charge-layer formation has been studied througgarrier accumulation in the space-charge layer.
core-level photoemission spectra and collective excitations The HREEL spectra of the plasmaron modes at higher Cs
observed by high-resolution electron-energy-loss spectrogoverage are collected in FiggaBand 8b). As in Fig. 7, the
copy. Some significant HREEL spectra, taken in the vibra-
tional loss energy range at different Cs coverage, are re-
ported in Figs. 7(low Cs coverages, 0—0.015 Mland 8
(high Cs coverages, 0.03—-1 ML

For the clean nonpolar Ingbl0 surface two modes can
be clearly resolved; the plasmonlike mode at 15 meV and the
phononlike mode at 25 meV. The infrared-active transverse-
optical phonon is the Fuchs-Kliewer mode, and the plasmon
loss is due to the dopant-induced free-carrier concentration.
The plasmon and phonon modes, termed plasmafoas
strongly coupled, and the coupling can determine a disper--
sion of the two modes.

We first discuss the low-coverage staghown in Fig. 7.
When as little as 0.002 ML of cesium is deposited, both
plasmaron excitations move toward higher energy losses; as
the alkali exposure increases the energy-loss shift reaches a
maximum above 0.015 ML of coverage. This shift in the b b e Ll b Lo Lo Lo L
energy position and the modification of the intensity of the -50 0 50 100 =50 0 50 100

o L Energy Loss (meV) Energy Loss (meV)
plasmaron losses are sensitive to the variation of the free-
carrier density at the surface. In fact, the plasmon frequency
Wy is FIG. 8. Selection of HREELS spectra at the iGHSh(110)
interface as a function of Cs coverage in the higher-coverage stage
ho,=[(2mnpe?/m*e..) ]2, (2 (0.03-1-ML, Cs, and clean surface shown for compajisionthe

. . I . energy region of the phonon and plasmon los&sPrimary beam
wherenyp is the free-carrier densityn* the effective elec- energyE,—3 eV. (b) Primary beam energl,= 21 eV. Spectra are

tron mass, andx the infrared frequenqy Value for InSb di- normalized to the elastic peak height and displaced along the verti-
electric function. If the electron density, increases(de- ¢4 axes for convenience. Above 0.03 ML the phonon and plasmon

creases as in an _aCCUmU|ati0r(dep|eti07) layer, the  energies shift to lower-energy losses, thus inducating a depletion of
plasmaron losses shift to high@ower) loss energies. There- carriers at the interface.

E,=21 eV b)

Intensity
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maximum energy-loss value of the plasmaron modes occurs

at about 0.03-ML Cs. At further Cs deposition, the plasma- ' ' '

rons shift to lower energy. At 0.2 ML the data recover the In 4d

same spectral shapg@lasmaron intensity and enenggb-

served for the clean In$b10), while at higher Cs coverage a ] -

slight redshift suggests the formation of a depletion layer. IR I e 1ML
This behavior, characterized by two distinct stages in the 40

space-charge-layer configuration, can be confirmed through "-«—,_w.f""a_f" e . 0.6 ML

the analysis of core-level photoemission spectra. Thedn 4 ol T

core level of the Cs-InSb(110 interfaces at selected Cs R '. e 025 ML,

coverages detected by ultraviolet photoemission spectros- FAN

copy are collected in Fig.(8). A clear shift to lower kinetic LAY '. ""~------.....‘.’.'.9.‘.‘...1.‘.’!.':

energy is achieved up to a coverage of 0.04 ML, with a ~ S

subsequent inverse behavior at higher coverages, in strict s, ;..--._~.’_; 0.02 ML,

analogy with what has been observed for the plasmaron e

losses. At the cleam-type doped InSH10 surface, the -~ 1 e 001 ML

Fermi-level position has been measured as coincident with M ;"',.

the conduction-band minimur(CBM), within our experi- 3 B N 0.002 ML,

mental uncertainty. Thus we can correlate the thehergy L

position to the surface Fermi level as a function of Cs cov- ) A , "'-—-,-—u--.-_f.lff"

erage, as reported in Fig(l9. Since the interface is unreac- 16.5 18.5 20.5 22.5

tive and nondisruptive, the Inddcore-level energy shifts are @) Kinetic Energy (eV)

related to the surface band bending. When the surface is

exposed to an extremely small amount of Cs, the Fermi level \

enters by 0.25 eV into the conduction band, leading to a 0.4 \ T T e
band-bending potentiadl ,,= —0.25 eV, thus indicating the I ]
formation of the accumulation layer. This maximum value of | Jr
the downward band bending for the accumulation layer oc- 02 F + +
curs at the same Cs coverage for which the highest energy- !

loss shift of the plasmaron modes is achieved. Further ce-
sium exposures induce an opposite trend: the Fermi level
moves back below the conduction-band minim(ah about
0.2-ML Cs9 up to a saturation value of 0.15 eV below the
CBM, reached at a Cs coverage of 0.6 ML. In this second
stage, the space-charge layer is depleted of carriers.

0 CBM

+ .EVBM

Fermi Energy position (eV)

In this section, we have shown that an extremely low 0.2 T T
amount of cesium deposited on IM(SMLO at room tempera- I
ture induces an electron accumulation layer at the surface. I
Further deposition of the alkali metal reverses the described 0.4 \ T R B
behavior up to the formation of a depletion layer. Generally, ) \ 0.01 0.1 1
when a metal is deposited on a narrow-gap semiconductor, () Cs Coverage (ML)
the Fermi energy might move inside the conduction band.
For example, Cs and Ag deposited on IGRE) (Refs. 27 FIG. 9. (a) In 4d core-level photoemission spectra as a function

and 28 or Ag on InSK110 (Ref. 29 induce a giant band ot cs coveragd0—1 ML) and the Csi-InSh(110) interface, taken
bending with a Fermi level pinned into the conduction banda¢ photon energyh»=40.8 eV (He ). (b) Surface Fermi-level

A tentative explanation of this inversion can be related to thgosition with respect to the conduction-band minimy@BM) at
formation of the Cs-induced filled electronic levels when thethe n-InSh(110 surface, as a function of Cs coverage at room
structural transition from 1D chains to the 2D layer occur. Astemperature. The zero energy line corresponds to the CBM.

can be observed comparing Figs. 7-9 and 2 the inversion of

the Fermi-level pinning occurs at the same coverage range

where the Topping analysis revealed a transition due to formation of the space-charge layer can be related to the
different interaction between the Cs atoms and the substratgructural transition from 1D chains to the 2D layer.
[structural transition from the 1D chains to the 2D layer as
observed by STMRef. 3]. Furthermore, the depletion of
the carrier concentration starts when Cs-induced filled states
appear in the semiconductor bulk gap, as observed by pho- The electronic and electric properties of the Cs overlayer
toemission. These Cs-induced states can behave as a trap f@posited at room temperature on the IASI0) present a

the electron carriers, depleting the accumulation layer at th&ransition between two discernible phases. This behavior can
interface. In conclusion, we have observed that differenbe related to the structural transition, as observed by STM,
electrical properties of the Cs/In@1.0 interface and the from 1D chain formation to the 2D Cs layer.

VI. CONCLUSIONS
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We have shown that a tiny amount of cesium deposited onlensity than on GaA410); thus the insulator-metal transi-
INSh(110) at room temperature induces a quantized electroion has not been observed at additional Cs deposition on
accumulation layer at the surface, and changes drastically tHeSb(110), even at low temperatureT ¢ 120 K).

Fermi-level position within the conduction band. When a  Furthermore, the 2D Cs layer presents a space-charge

two-dimensional(2D) layer of cesium is formed, the inter- layer depleted of carriers. The depletion of the carrier starts

face becomes insulating with the surface band gap at 0_Gg/hen the Cs-induced filled states appear in the semiconduc-

eV, larger than the InSb bulk ga|.175 eV at room tem- ﬁgglrjéﬁggﬁiggs Cs-induced states can act as a trap for the
peraturg. The energy value of the 2D Cs/In8l0) surface This is a clear observation, achieved with distinct tech-

gap, similar to that observed on the Cs/GEAS) interface  pjques, of different band-bending mechanisms in a single
at 0.5-ML Cs coverage, seems a property of the 2D Cs layeg|kali-metal/semiconductor interface, depending on the
deposited in 111-(110. In conjunction with photoemission- structure of the Cs layeflD chains and 2D laygr This
observations, this is a clear signature that Cs/(@50 and  evidence confirms that the Fermi energy position in metal/
Cs/GaA$110 represent correlated electron systems acting asemiconductor systems is strictly correlated with the atomic
insulators. The 2D Cs layer on In@4.0) has a lower surface structure at the interface.
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