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The Schottky-barrier and interface formation of Cs/GaSb(110) and Rb/GaSb(110) at room tempera-
ture are investigated by soft-x-ray core level photoemission spectroscopy using synchrotron radiation. A
large splitting (0.9 eV) is found at the Cs 4d core level and indicates two different adsorption sites (having
a large difference in ionicity) for the alkali-metal atoms on the GaSb(110) surface with bonding to both
cation and anion. The large Fermi-level overshootings observed at very low alkali-metal coverages [0.03
monolayer (ML) Cs or Rb] for the p-type GaSb(110) samples are directly related to the specific donor
character of alkali-metal atoms with charge transfer into the empty Ga dangling bond. The unique
room-temperature growth properties of alkali metals are also likely to be of relevance. Further Cs or Rb
deposition is found to be highly disruptive with large reactive components at Sb 4d but also Ga 3d core
levels and a higher reactivity for the smaller alkali metal (Rb). Interestingly, this interface reactivity,
which results from surface defects, is also significantly higher for p-type than for n-type samples, suggest-
ing that the nature of the doping might play some role in the interface chemistry. The final Fermi-level
pinning position for both p- and n-type GaSb(110) is already achieved at an alkali-metal coverage of
about 0.3 ML, corresponding to significant changes in the mode of growth and to the threshold of sur-
face disruption. This pinning position is located at about 0.1 eV above the valence-band maximum, in

agreement with a defect acceptor state model.

I. INTRODUCTION

The formation of metal-semiconductor interfaces has
been a subject of intense research work for several de-
cades.!™> However, despite a widespread field of appli-
cations for Schottky diodes, the basic mechanisms of
Schottky-barrier formation are still not fully under-
stood.* Several experimental investigations using
ultrahigh-vacuum techniques have been performed to
characterize the structural and electronic properties of
those interfaces. This has resulted in the development of
different models in order to explain the pinning of the
Fermi level during the metal-semiconductor interface for-
mation including defects, surface structural changes, and
metal-induced-gap states.!” In general, the (110) sur-
faces and interfaces of III-V compound semiconductors
have been widely investigated in combination with many
different metals, especially in the case of GaAs.* Alkali
metals are interesting test-case candidates for metal-
semiconductor interface studies, both experimentally and
theoretically.®” Their simple electron configuration and
their tendency to act as donors have motivated growing
interest into the understanding of their basic properties
including the adsorption sites, mode of growth, nature of
the bond, and band bending. 67 Furthermore, the drastic
decrease of the surface work function under alkali-metal
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deposition is of importance in many technological appli-
cations such as negative-electron-affinity electrodes.® In
addition, the specific properties of thin alkali-metal layers
as promoters of passivating reactions®’ were further
centers of interest. In the case of III-V semiconductors,
the presence of an alkali-metal overlayer was found to
promote the oxidation rate up to 13 orders of magni-
tude. ! However, unlike alkali-metal-promoted oxidation
(nitridation) of elemental semiconductors such as sil-
icon,!' 716 the formation of defects at the underlying
metal/III-V semiconductor interfaces was found to play a
crucial role in the oxide (nitride) layer growth,'”!® since
in many cases, a successful promoted nitridation or oxi-
dation could be achieved for reactive interfaces only.
Furthermore, we observed that the reactivity during the
interface formation also depends on the dopant nature. !’
Therefore, it is challenging to systematically investigate
the initial interface formation, the reactivity, and the
electronic properties of alkali metals on n- and p-type
GaSb(110), a III-V semiconductor having a low heat of
formation (10 kcal/mol). Also, GaSb is a small band-gap
semiconductor potentially promising for optoelectronical
technological applications. Unlike the corresponding
Cs/GaAs(110) or Rb/GaAs(110) interfaces, the
Rb/GaSb(110) interface was found to be very reactive, 17
even at liquid-nitrogen temperature.!® So far, there have
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been only a few investigations on the interface formation
of metals on GaSb(110) (Refs. 20-22) including some ear-
ly works on the band bending under Cs and oxygen ad-
sorption limited only to the n-type GaSb(110) sur-
face. 372

In this paper, we investigate the room-temperature
band bending and interface formation of the
Cs/GaSb(110) and Rb/GaSb(110) systems. The two in-
terfaces are found to be strongly reactive. At low cover-
ages, we show that the alkali-metal atoms are adsorbed
on two inequivalent sites having a significant difference in
the ionicity with bonding to both Ga and Sb. In both
cases, we find an overshooting of the Fermi level by 0.25
and 0.35 eV for the p-type GaSb. This overshoot is
shown to result from the donor character of the alkali ad-
sorbate which is associated with the ionic bonding site of
the alkali-metal atom and specific room-temperature
growth properties. The Fermi level is already stabilized
at low alkali-metal coverage near the valence-band max-
imum.

II. EXPERIMENTAL DETAILS

The photoemission experiments have been performed
with grasshopper Mark II and 6 m toroidal grating
(TGM 6) monochromator beam lines using the light emit-
ted by the “Aladdin” 1 GeV storage ring of the Universi-
ty of Wisconsin-Madison. The data were collected at a
working pressure better than 4X107!! Torr in an
ultrahigh-vacuum chamber equipped with an angle in-
tegrating double-pass cylindrical mirror analyzer. Using
a gold sample, the overall resolution was determined to
be better than 0.35 eV. Measurements were performed
on (110) cleaved surfaces of n- and p-type GaSb single
crystals, doped with Te and Zn, respectively. Although
surface photovoltage effects are very unlikely in such a
small band-gap semiconductor as GaSb, only degenerated
samples were used (Te, Ep, —E =24 meV; Zn,
Ey—Ep, =38 meV; E¢ is the minimum of the conduc-
tion band; Ey, is the maximum of the valence band; Ep, ,
is the bulk Fermi level for n- and p-type). Ohmic con-
tacts along the side of the whole bars have been made by
evaporating under vacuum conditions Au on p-type GaSb
and Au and Sn on n-type samples followed by a thermal
annealing at 260°C in a mixed hydrogen-nitrogen am-
bient. Only mirrorlike cleaved surfaces have been used
for data collection. The investigation of the Schottky-
barrier formation on alkali-metal-semiconductor systems
has been conducted with extreme care concerning surface
preparation and alkali-metal depositing in order to avoid
the effects of contamination due to the high sticking
coefficient of organic and inorganic molecules on surfaces
modified by alkali-metal overlayers.’ In fact, we have re-
cently shown that traces of foreign atoms could drastical-
ly change the properties of alkali-metal-semiconductor
systems.2® Typically, low metal doses were evaporated
successively on the surface, followed by immediate data
acquisition. The deposition of alkali-metal atoms on the
surface was performed under a maximum pressure rise of
2X 107! Torr during metal deposition using extremely
well outgassed SAES Getters chromate sources. No
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traces of contamination have been observed under these
conditions during data collection. All the other experi-
mental details can be found elsewhere. !’

III. RESULTS

A. Cs/p-type and n-type GaSb(110)

We first look at the Sb 4d core-level spectra for Cs
deposition on p-type GaSb(110), shown in Fig. 1(a). In
order to highlight band bending and reactive changes, we
have scaled all the spectra to a constant maximum
height. The deposition of 0.03 monolayer (ML) of Cs is
shifting the Sb 4d spectrum towards lower kinetic energy
by about 0.25 eV as a result of band bending during the
interface formation. This shift is reversed at higher Cs
coverages with Sb 4d spectra moving back to their initial
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FIG. 1. (a) Cs/p-type GaSb(110): Sb 4d core-level spectra for
increasing Cs coverages on the p- (Zn) doped GaSb(110) surface
at room temperature. The photon energy was 90 eV. (b) Cs/p-
type GaSb(110): Ga 3d core-level spectra for increasing Cs cov-
erages on the p- (Zn) doped GaSb(110) surface at room tempera-
ture. The photon energy was 90 eV. (c) Cs/n-type GaSb(110):
Sb 4d core-level spectra for increasing Cs coverages on the n-
(Te) doped GaSb(110) surface at room temperature. The photon
energy was 100 eV. (d) Cs/n-type GaSb(110): Ga 3d core-level
spectra for increasing Cs coverages on the n- (Te) doped
GaSb(110) surface at room temperature. The photon energy
was 100 eV.
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energy position of the clean surface. Furthermore, for a
Cs coverage above 0.5 ML, one can clearly see by simple
visual inspection the growth of a new shifted component
(peak R) on the high kinetic-energy side of the Sb 44, in-
dicating an interface reaction. Figure 1(b) displays a simi-
lar sequence for the corresponding Ga 3d core level,
which exhibits the same rigid shifts due to the band bend-
ing as observed above for Sb 4d.

We now turn to the n-type GaSb(110) interface. We
can follow the formation of the Cs/n-type GaSb(110) in-
terface for similar Cs coverages in Figs. 1(c) and 1(d). In
this case, the Sb 4d and Ga 3d core-level energy shifts are
moving towards the valence-band maximum on the
higher kinetic-energy side with no overshoot as previous-
ly observed for other alkali-metal atoms on n-type III-V
semiconductors except in the case of low-temperature Cs
and Rb on n-type InP(110).?7 One can also notice that
the lowest deposit of 0.03-ML Cs already results in core-
level shifts of about 0.3 eV to higher kinetic energies for
both Sb 4d and Ga 3d.

B. Rb/p-type and n-type GaSb(110)

We now proceed with the Rb on p-type and n-type
GaSb(110) interface formation using the same Sb 4d and
Ga 3d core levels. Qualitatively, the changes in the spec-
tra during interface formation are the same in this case as
under the Cs deposition shown above. Upon the deposi-
tion of 0.03 ML of Rb, we can see initial shifts by 0.35 eV
towards lower kinetic energy in Fig. 2(a) at the Sb 4d core
level for the p-type GaSb(110). The Ga 3d core levels
show the same behavior and, therefore, are not displayed.
An overshoot takes place at lowest coverages (0.03-ML
Rb), similarly to the case of the Cs/p-type GaSb(110). A
reactive spectral feature (peak R) is clearly visible in the
Sb 4d spectrum already at 0.1-ML coverage. This reac-
tive component is rapidly growing at additional Rb depo-
sition and becomes the dominant feature at 0.9- and 1-
ML Rb coverages. As far as we know, such dominating
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FIG. 2. (a) Rb/p-type GaSb(110): Sb 4d core-level spectra
for increasing Rb coverages on the p- (Zn) doped GaSb(110) sur-
face at room temperature. The photon energy was 100 eV. (b)
Rb/n-type GaSb(110): Sb 4d core-level spectra for increasing
Rb coverages on the n- (Te) doped GaSb(110) surface at room
temperature. The photon energy was 100 eV.
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reactive components have never been observed for other
alkali-metal/III-V semiconductor interfaces.?’ 3! This
behavior is likely due to the fact that GaSb has a lower
heat of formation than GaAs or InP.3? A rather similar
reaction is also observed on the n-doped surface, as
shown at the Sb 4d in Fig. 2(b), although the reactivity is
somewhat lower in this case than for the p-type doping.
The n-type GaSb(110) substrate core-level spectra are
shifting unidirectional towards higher kinetic energy un-
der the alkali-metal deposition.

C. Sb 4d and Ga 3d peak decomposition

All spectra for the clean and alkali-metal-covered sur-
faces and interfaces have been analyzed using a least-
squares fitting of the experimental data by a comparison
of peaks, convoluted from a Gaussian with the theoreti-
cal Lorentzian line shape. The only open parameters
were the peak intensities and the energy positions. The
experimental and theoretical linewidths have been kept
fixed (see Table I). The reactive components (R) were
treated with the same line shapes as bulk (B) and surface
(S) components while a linear background was subtract-
ed during the fit. As an example, we show the decompo-
sition of Sb 4d [Fig. 3(a)] and Ga 3d [Fig. 3(b)] spectra for
the 0.5-ML Cs coverage on p-type GaSb(110). The react-
ed components are chemically shifted by 1.0 eV in the Sb
4d spectrum and by 0.3 eV for Ga 3d. We have per-
formed the complete Sb 4d and Ga 3d spectral peak
decomposition at different Rb coverages for both n- and
p-type GaSb(110) and have published it already else-
where.

D. Band bending

We have used the bulk peak positions obtained by peak
decomposition to plot the Fermi-level movement for the
p- and n-type GaSb(110) surfaces at various Cs or Rb
coverages. The typical band-bending diagrams are shown
in Figs. 4(a) and 4(b) for the Rb/p-type and n-type
GaSb(110) and Cs/p-type and n-type GaSb(110) inter-
faces. The deposition of 0.03 ML of Rb already induces a
dramatic Fermi-level movement towards midgap by 0.35
eV on p-type and 0.33 eV on the n-type samples [Fig.
4(a)]. Then, further Fermi-level motion upon increasing
Rb coverages is about the same for both p- and n-type
samples with a final pinning position near the valence-
band maximum already reached at 0.2-ML Rb. We now
examine a similar sequence for the corresponding
Cs/GaSb(110) interface. The deposition of Cs on p- and
n-type GaSb(110) shows a very similar behavior with

TABLE 1. Parameters used for curve fitting of Cs 4d, Ga 3d,
and Sb 4d core levels (all the energies are in eV).

Cs 4d Ga 3d Sb 4d
Spin-orbit splittings 2.3 0.48 1.24
Branching ratio 1.5 1.5 1.5
d spectral width 0.35 0.24 0.34
(full width at half maximum)
Instrumental linewidth 0.35 0.35 0.35
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FIG. 3. (a) Peak decomposition of the Sb 4d core-level spec-
trum for 0.5-ML Cs coverage on p-type GaSb(110) into bulk
(B), surface (S), and reacted (R) component. The photon ener-
gy was 90 eV. (b) Peak decomposition of the Ga 3d core-level
spectrum for 0.5-ML Cs coverage on p-type GaSb(110) into bulk
(B), surface (S), and reacted (R) component. The photon ener-
gy was 90 eV.

similar band-bending curves [Fig. 4(b)] as for Rb, with an
overshoot level that seems to be lower in this case by 0.1
eV. However, it is rather difficult to estimate the exact
overshoot energy value, since the overshoot position
strongly depends on very small variations in the alkali-
metal coverage. The final pinning position for p and n
type is found to be near the valence-band maximum and
is already achieved at a Cs coverage around 0.3 ML, as
observed also above for Rb at room temperature. Howev-
er, it is interesting to notice that, while the final Fermi-
level pinning position is the same at both room and low
temperatures, it is significantly delayed to higher Rb cov-
erages in the case of the low-temperature interface. !’

E. Mode of growth

In order to relate the band-bending behavior more
specifically to the interface formation, we have also inves-
tigated the Cs and Rb mode of growth on the studied
GaSb(110) surfaces. The alkali mode of growth is moni-
tored using Sb 4d and Ga 3d substrate core-level total-
integrated-intensity analysis as a function of the alkali-
metal (Rb, Cs) coverage [Figs. 5(a) and 5(b)]. We look at
the Rb/p-type GaSb interface [Fig. 5(a)] as the most reac-
tive and at the Cs/n-type GaSb(110) interface [Fig. 5(b)]

O 8 T T T T 0 8 T T 71 T |
= (a) ® pGaSh e (b) * pGasb
g S n-GaSb S o n-GaSb
g 0.6} . : 0.6 1
] ©
3 045 4 2 04+ b
2 e = P
E 4 E ©

0.2 4 £ 021 B
2 % i R
E 0 ¢ o P E O . ¢ ¢ E
wy * 2 < w

-0.2 : -0.2

. IS T E— R
1 0 02 04 06 08 1
Cs coverage (ML)

0 02 04 06 0.8
Rb coverage (ML)

FIG. 4. (a) Band bending for the interface formation of Rb
on p-type and n-type GaSb(110) at room temperature. (b) Band
bending for the interface formation of Cs on p- and n-type
GaSb(110) at room temperature.
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FIG. 5. (a) Ga 3d and Sb 4d integrated peak intensity for the
interface formation of Rb on p-type GaSb(110) at room temper-
ature. (b) Ga 3d and Sb 4d integrated peak intensity for the in-
terface formation of Cs on n-type GaSb(110) at room tempera-
ture.

that is the less reactive one of all the systems investigated
here or previously.'!” A linear decrease of Ga 3d and Sb
4d core-level total spectral intensities is found for both in-
terfaces at the very beginning of the adsorption range un-
til about 0.1-ML coverage. When the reaction between
the alkali adsorbate and the surface takes place, we can
see a clear change in the slope of the intensity decrease in
both cases. In fact, the lowered bulk and surface com-
ponent intensities are compensated by the growth of the
reacted spectral part. However, further adsorption of Rb
over 0.3-ML Rb does not induce additional significant
changes in the Sb 4d or Ga 3d substrate core-level shapes
and intensities [Fig. 5(a)], in contrast to the behavior of
the less reactive Cs/n-type interface for which the inten-
sity lowering continues with a decreased slope.

F. Cs 4d core levels

Additional very valuable information on the interface
formation can be found by looking at the Cs 4d core level
at various Cs coverages. In Fig. 6(a), we show a set of Cs
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FIG. 6. (a) Peak decomposition series of the Cs 4d core levels
for the interface formation on GaSb(110) for increasing Cs cov-
erage. The spectra have been taken at 120-eV photon energy.
(b) Cs 4d integrated peak intensity for the spectral components
C and D in the interface spectra of Cs on p-type GaSb(110) [(a)].
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4d spectra for different Cs coverages on a p-type
GaSb(110) surface. It is obvious from a direct visual in-
spection of the experimental data that the spectra consist
of two doublet components separated in energy by about
0.9 eV. A similar large splitting (3E) of the adsorbate
core-level spectra in the submonolayer coverage of alkali
metals has already been reported for several other III-V
compound semiconductor surfaces (room temperature)
including Cs/GaAs(110), Cs/InP(110), and Na/InP(110),
with oE values of 0.7 eV (Cs 4d), 1.0 eV (Cs 4d), and 1.3
eV (Na 2p), respectively.?73%33 Although a similar
splitting should also be expected on the corresponding
Rb 3d core level, we were not able to observe it. This is
likely to result from the fact that this phenomenon for
the case of the Rb/GaSb(110) surface, is overshadowed
by the Rb 3d core-level spin-orbit splitting (1.2 eV),
which has about the same energy value as the expected
‘“structural” split. In fact, we have observed a clear
broadening of the Rb 3d core level for the low Rb cover-
ages.

The existence of this large splitting (dE =0.9 eV) at
the Cs 4d core level indicates that the Cs atoms are ad-
sorbed on two different inequivalent adsorption sites hav-
ing a significant difference in ionicity. Based on the same
alkali-metal core-level splittings, but also on inverse pho-
toemission spectroscopy experiments, double adsorption
sites have already been proposed for other III-V com-
pound semiconductor surfaces covered with alkali metals
such as Cs and/or Na/GaAs(110) and/or InP(110) inter-
faces. 2873034 The difference in ionicity between these
two Cs adsorption sites on the GaSb(110) surface is larger
than for the GaAs(110) one?® but slightly below the value
obtained for the corresponding Cs/InP(110) interface.?
Both sites are already partially occupied at low Cs cover-
ages as can be seen for Cs/GaSb(110) in the 0.06-ML Cs
spectrum [Fig. 6(a)l. We have used the same peak-
separation method as for the substrate core-level spectra
in order to evaluate the intensities (doublets C and D)
corresponding for each site [Fig. 6(b)] at increasing Cs
coverages. At low coverages, between 0.06—0.1-ML Cs,
peak C on the low kinetic-energy side is the more intense
feature. But, this relation is changing at a Cs coverage of
0.3 ML since peak D, on the Cs 4d high-kinetic-energy
(low-binding-energy) side, is growing further at higher Cs
doses, while peak C intensity remains basically constant
[Fig. 6(b)]. At a Cs coverage of 0.7 ML, peak D is clearly
the dominant spectral feature of the Cs 4d core level.

IV. DISCUSSION

Comparing our experimental results on the initial ad-
sorption and the interface formation of alkali-metal
atoms on GaSb(110) with studies of alkali-metal atoms on
other III-V semiconductors, we get some common
features but also interesting major differences concerning
the adsorbate-substrate chemistry. As already indicated
above, a similar double-adsorption site of alkali metal
(Cs, Na) has been observed previously on GaAs(110) (Ref.
28) and InP(110) (Refs. 29 and 30) as shown by a splitting
of the corresponding Cs 4d (Na 2p) core-level doublets in
the submonolayer Cs (Na) coverage regime. The large
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energy difference (0E =0.9 eV) between the two com-
ponents C and D indicates that the Cs atoms have a very
different ionicity depending on the site. Peak C located
on the higher binding-energy (lower kinetic-energy) side
corresponds to a rather ionic type of bonding. However,
in the low coverage regime ( <0.3-ML Cs), this “ionic”
component (peak C at lower kinetic energy) is clearly
more intense than peak D. In fact, at the earliest stage of
adsorption, this interesting feature indicates that Cs
atoms preferentially bond to the Ga atoms (which have
an empty dangling bond) in a rather ionic type of bond-
ing. In that case and in agreement with their well-known
donor character, the Cs atom would transfer its valence
electron (at least in part) to the Ga empty dangling bond,
which would result in a reduced Cs-atom radius. In con-
trast, the Cs 4d component D (separated by about 0.9 eV
from component C) is very likely to indicate that the cor-
responding emission is coming from Cs atoms bonded to
Sb. Further support for our interpretation could be
found by looking at the coverage dependence of peak-D
intensity that increases with the Cs coverage. In fact, it
is known that, when a reaction between a metal (includ-
ing alkali) and GaSb(110) surface takes place, Sb stays on
the surface.?°~2? This behavior will in turn, facilitate the
bonding between the alkali-atom adsorbate and Sb, espe-
cially in the monolayer regime, when the reaction be-
comes the dominant feature. !’

In these views, it is also interesting to notice the gradu-
al increase of the Sb reactive component (R) when com-
pared to the growing intensity of the Cs 4d component D
versus the alkali-metal coverage, with both peaks becom-
ing dominant spectral features at higher coverages. This
would support our above interpretation that associates
peak D to Cs atoms bonding primarily to Sb atoms. Simi-
lar doublet components observed at the Cs 4d core level
have been interpreted for the low-temperature
Cs/GaAs(110) interface to correspond to single-atom ad-
sorption and to dimers, trimers, or island coordination,
respectively.3® It is definitively not the case here since
the linear decrease of the integrated substrate core-level
peak intensities clearly indicates a uniform growth mode
in the low-coverage regime. Furthermore, in contrast to
other metals such as Ag or In where a Volmer-Weber
growth mode was observed, 2~ ?? alkali-metal adsorption
on III-V compound semiconductor surfaces is, in general,
characterized by a slightly stronger adsorbate-substrate
interplay (as compared to the adsorbate-adsorbate in-
teraction) avoiding clustering at low coverages even at
room temperature.’> At higher coverages above 0.3-ML
Cs, the D component of the Cs 4d core level becomes the
dominant feature (Fig. 6). Initially, this behavior might
result from depolarization effects taking place when the
distance between two Cs atoms decreases with the in-
creasing coverages. However, it is likely that, at a cover-
age of 0.7-ML Cs, the emission coming from the D com-
ponent results primarily from the reaction between Cs
and the GaSb(110) surface as stressed above and evi-
denced by looking at the substrate core levels.

The existence of two alkali-atom adsorption sites on
the GaSb(110) in the low-coverage regime as observed be-
fore for other III-V semiconductor surfaces® % is also
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likely to imply some significant changes of the substrate
surface structure. These structural changes are likely to
be driven by an electronic redistribution resulting from
establishment of the bonding between the alkali atoms
with both Ga (primarily ionic bond) and Sb (mainly co-
valent bond) atoms. In fact, even at very low coverages,
it is well established that alkali metals induce important
substrate surface structural changes (establishment or re-
moval of reconstruction or relaxation). This has been
shown for many substrates having very different surface
properties such as full (or almost full) d-band metals such
as Ag(110), Cu(110), Au(110), or Pd(110),%¢~ transition
metals such as Mo(100) (Ref. 39) and W(100),* as well as
elemental and compound semiconductors.”?®*! In the
case of III-V semiconductors, the Na atoms, which also
have two adsorption sites (cation, anion) on the InP(110)
surface in the low-coverage regime,® also modify
dramatically the structure of the substrate surface. It in-
cludes reconstruction and removal of the clean InP(110)
surface relaxation as demonstrated by very surface sensi-
tive photoemission extended x-ray-absorption fine struc-
ture experiments. *! Similar structural changes are very
likely to take place also here on the GaSb(110) surface
when covered by Cs, Rb, or other alkali metals.

We now discuss the band bending and Schottky-barrier
formation of the Cs/GaSb(110) and Rb/GaSb(110) inter-
faces. We observe a clear overshoot in the Fermi-level
position for both alkali metals as previously reported also
at low temperature for the Rb/GaSb(110) system. ! It is
interesting to notice that such a Fermi-level overshooting
at room temperature is rather unique to alkali-metal-
covered III-V semiconductor surfaces?® 3! and is not ob-
served for other metal/GaSb and many other III-V semi-
conductor interfaces,' 320722 except in the case of
alkali-earth metals.*? At this point, one should also re-
mark that, for the Cs/p-type GaSb(110) interface, this
Fermi-level overshooting takes place already at the very
low Cs coverages [Fig. 5(b)], corresponding precisely to a
regime where the Cs atoms present on the surface are
predominately ionic as already discussed above. Evident-
ly, there is a direct correlation between charge transfer
from Cs atoms to the surface and the GaSb(110) Fermi-
level overshoot. This view is also valid for the other
alkali-metal/III-V semiconductor interfaces for which
similar double adsorption sites have been reported.2®~3°
An adsorbate-induced donor level at 0.3 eV above the
valence-band maximum proposed for GaSb(110) sur-
faces* would correspond to the experimentally observed
overshoot levels.

Nonequilibrium effects as previously proposed for oth-
er systems* are not likely to play a role in the present
case. In fact, photovoltaic band-flattening effects are very
unlikely in a small band-gap semiconductor, especially at
room temperature and also when have sufficiently high
doping levels (p =6.7X10%!8 cm™3). Furthermore, the
same overshoot on a GaSb(110) surface covered by Ag
has been observed at low temperature by both Kelvin
probe measurements, avoiding radiation-induced effects,
and core-level photoemission spectroscopy.?"?? This fur-
ther indicates that Fermi-level overshooting on these
GaSb(110) surfaces does not result from surface photo-
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voltage effects. It stresses our interpretation that the ob-
served Fermi-level overshoot for alkali-metal/GaSb(110)
interfaces results from the donor character of the alkali
adsorbate. Also of interest, one can notice that the mode
of growth at low alkali-metal coverages is similar at room
and liquid-nitrogen temperatures, in contrast to many
other metals such as Ag or In where a Volmer-Weber
mode of growth is taking place at room temperature in-
stead of a laminar growth mode at low temperatures.?!
Having the same growth mode in the low-coverage re-
gime is also likely to be of relevance in the observed simi-
lar behavior of alkali-metal/GaSb(110) band bending at
both room temperature (here) and low temperatures. !’

We now turn to the interface formation in the higher
alkali-metal coverages regime, where adsorbate-substrate
reactions are predominant and to its correlation to the
Fermi-level pinning. We have seen above in Fig. 5 that
the Fermi-level pinning is achieved at the earlier stages of
the reaction between the alkali adsorbate and the
GaSb(110) substrate. The observed Fermi-level pinning
position near the valence-band maximum is, therefore, in
agreement with a model of a defect-acceptor state located
around 0.1 eV above the valence-band maximum. Reac-
tions between metal adsorbate and a semiconductor sur-
face are generally driven by the presence of surface de-
fects. In fact, the heat of adsorption of alkali metals on
III-V semiconductor surfaces is considerable, since, e.g.,
the heat of adsorption of Cs and GaAs(110) at low cover-
ages is about 60 kcal/mol (Ref. 45) as compared to the
low heat of formation of GaSb of 10 kcal/mol.3? It is,
therefore, evident that, at a certain alkali-metal coverage,
a breaking of the substrate bonds begins, leading to major
structural changes as can be seen by the broadening of
the substrate core-level spectra with growing reacted
components (R) and slope changes in the core-level in-
tensity curves, see Figs. 5(a) and 5(b) and Ref. 17. In this
context, it is also interesting to notice that, unlike the
Rb/GaSb(110),'® the Cs/GaAs(110) and Cs/InP(110) in-
terfaces have been found to be nonreactive at room tem-
perature. 273! Differences in the degree of surface dis-
ruption of p-type (Zn doped) and n-type (Te doped) sam-
ples at higher coverages, that we have observed systemat-
ically under Cs and/or Rb deposition, seem to stem from
different mechanisms of defect creation and possibly,
different cleavage properties between n- and p-type sam-
ples.* We have recently shown that these differences be-
tween n- and p-type GaSb(110) are also very important in
the surface-interface reactivity of these systems.!” Most
interestingly, the Fermi level is found to be pinned at Cs
or Rb coverages corresponding to significant changes in
the growth mode [Figs. 5(a) and 5(b)] and to the subse-
quent appearance of surface disruption, giving rise to im-
portant reactions between the alkali adsorbate and the
GaSb(110) surface. These reactions have been shown to
result from surface defects in the case of other alkali-
metal-III-V semiconductor systems?®~3! and are, there-
fore, very likely to explain the Fermi-level pinning ob-
served here for both interfaces.

The common Fermi-level pinning position near the
valence-band maximum for the p- and n-type GaSb(110)
samples is in agreement with previous experimental stud-
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ies for Cs on n-type GaSb(110).2%2*~25 In this context it
is interesting to remark that a defect-related acceptor lev-
el, due to missing Sb and located at 0.1 eV above the
valence-band maximum, has been proposed*’ to explain
the Fermi-level pinning at adsorbate coverages where
overlayer metallization is not yet reached. This situation
is very likely to be similar here in the case of alkali-
metal-covered GaSb(110) surfaces. Finally, it should be
stressed that the room-temperature Fermi-level
overshooting observed here on p-type GaSb(110) as well
as on other III-V compound semiconductors?® 3! for
very low coverages, appears to be a rather unique feature
of alkali- and alkali-earth metal-covered III-V compound
semiconductor surfaces. As far as we know, a similar
behavior has not been observed at room temperature for
other metal/III-V semiconductor interfaces.

V. CONCLUSIONS

In conclusion, we have investigated the room-
temperature Schottky-barrier and interface formation of
Cs and Rb/p-type and n-type GaSb(110) systems. We
have shown that, unlike the case of GaAs(110) and
InP(110) surfaces, the interface formation of Cs (Rb) on
GaSb(110) is strongly reactive at room temperature with
a larger reactivity for the small alkali metal. The inter-
face reactivity has also been found to be significantly
higher for the p-type than for n-type GaSb(110) suggest-
ing that the nature of the dopant might play some role in
the interface chemistry. The alkali atoms are found to
occupy two different adsorption sites having a large
difference in ionicity with bonding to both cation and
anion. The ionic site is associated with a significant
charge transfer into the Ga empty dangling bond taking
place already at the very initial stage of alkali-metal
deposition. The large Fermi-level overshoot observed for
the p-type GaSb(110) surfaces at very low alkali-metal
coverages clearly results from this alkali-atom adsorbate
donor character. Due to rather similar growth proper-
ties, the room-temperature Schottky-barrier formation
for both Rb and Cs on p- and n-type GaSb(110) is found
to present common features with the corresponding low-
temperature one. The final Fermi-level pinning position
on p- and n-type samples, which is already achieved at
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low alkali-metal coverages (0.3 ML), is located at about
0.1 eV above the valence-band maximum in agreement
with a defect acceptor state model.

Note added in proof. A theoretical study on alkali
metals/GaAs(110) by Pankratov and Scheffler (PS) ap-
peared in Phys. Rev. Lett. 71, 2797 (1993). The authors
predicted removal of surface relaxation by alkali metals
that, as mentioned above, we have already evidenced ex-
perimentally some time ago for the Na/InP(110) sys-
tem.*! This unrelaxation could appear as being a rather
general mechanism valid also for other III-V semicon-
ductor surfaces including GaSb(110) as addressed in the
present work. In addition, PS have verified another very
interesting feature, namely, a negative-U behavior for Na
and K atoms on the GaAs(110) surface—see also Allan
and Lannoo (AL), Phys. Rev. Lett. 66, 1209 (1991) and J.
Vac. Sci. Technol. B 9, 2135 (1991). In their work, PS
have assigned this negative-U behavior to double adsorp-
tion sites for the alkali atoms. From the negative-U trend
when going from Na to the larger K atom, PS have es-
timated a positive U for the Cs atom which, according to
their view, would imply a single adsorption site on
GaAs(110) and perhaps also on other (110) III-V semi-
conductor surfaces. However, the suggestion of PS is not
consistent with clear experimental evidence of two Cs ad-
sorption sites on GaAs(110),72%3* InP(110),”%* and
GaSb(110) (present work) surfaces. It suggests that all al-
kali metals should exhibit a similar negative-U behavior,
in agreement with AL’s general arguments.

ACKNOWLEDGMENTS

This work was supported by the U.S. National Science
Foundation under Contract No. DMR-92-23710. It was
based upon research conducted in part at the Synchro-
tron Radiation Center, University of Wisconsin-Madison
which is supported by the U.S. National Science Founda-
tion under Contract No. DMR-92-12658. We are grate-
ful to Dr. A. Gouskov, Dr. L. Gouskov, and V. Coronato
for providing the GaSb ingots and for Hall effect mea-
surements and to the staff of the Synchrotron Radiation
Center for expert and outstanding technical assistance.

*Also at Department of Physics, Northern Illinois University,
DeKalb, Illinois 60115-2854.

IL. J. Brillson, Surf. Sci. Rep. 2, 123 (1982); L. J. Brillson, in
Handbook on Semiconductors, 2nd ed., edited by P. T.
Landsberg (Elsevier, Amsterdam, 1992); Vol. 1, Chap. 8, and
references therein.

2W. Monch, J. Vac. Sci. Technol. B 6, 1270 (1998); Rep. Prog.
Phys. 53, 221 (1990), and references therein.

3A. Kahn, K. Stiles, D. Mao, S. S. Horng, K. Yu, J. McKinley,
D. G. Kilday, and G. Margaritondo, in Metallization and
Metal-Semiconductor Interfaces, Vol. 195 of NATO Advanced
Study Institute, Series B; Physics, edited by 1. P. Batra (Ple-
num, New York, 1989), p. 163, and references therein.

4E. H. Rhoderick and R. H. Williams, Metal-Semiconductor

Contacts (Clarendon, Oxford, 1988).

5V. Yu Aristov, G. Lelay, Le Thanh Vinh, K. Hricovini, and J.
E. Bonnet, Phys. Rev. B 47, 2138 (1993).

SPhysics and Chemistry of Alkali Metal Adsorption, Materials
Science Monographs, Vol. 57, edited by H. P. Bonzel, A. M.
Bradshaw, and G. Ertl (Elsevier, Amsterdam, 1989), and
references therein.

TP. Soukiassian, in Fundamental Approach to New Materials
Phases— Ordering at Surfaces and Interfaces, edited by A.
Yoshimori, T. Shinjo, and H. Watanabe, Springer Series in
Materials Science Vol. 17 (Springer-Verlag, Berlin-
Heidelberg, 1992), p. 197, and references therein.

8R. L. Bell, Negative Electron Affinity Devices (Clarendon, Ox-
ford, 1973).



49 SCHOTTKY-BARRIER AND INTERFACE FORMATION OF . .. 5497

9P. Soukiassian and H. I. Starnberg, in Physics and Chemistry of
Alkali Metal Adsorption, Vol. 57 of Materials Science Mono-
graphs, edited by H. P. Bonzel, A. M. Bradshaw, and G. Ert
(Elsevier, Amsterdam, 1989), p. 449.

10p_ Soukiassian, M. H. Bakshi, and Z. Hurych, J. Appl. Phys.
61, 2679 (1987); P. Soukiassian, M. H. Bakshi, H. 1. Starn-
berg, A. S. Bommannavar, and Z. Hurych, Phys. Rev. B 37,
6496 (1988).

11p, Soukiassian, T. M. Gentle, M. H. Bakshi, and Z. Hurych, J.
Appl. Phys. 60, 4339 (1986); P. Soukiassian, M. H. Bakshi, Z.
D. Hurych, and T. M. Gentle, Phys. Rev. B 35, 4176 (1987).

12M. C. Asensio, E. G. Michel, E. M. Oellig, and R. Miranda,
Appl. Phys. Lett. 51, 1714 (1987); E. G. Michel, E. M. Oellig,
M. C. Asensio, and R. Miranda, Surf. Sci. 189/190, 245
(1987).

135, Kennou, M. Karamatos, S. Ladas, and C. A. Papageorgo-
poulos, Surf. Sci. 216, 462 (1989); C. A. Papageorgopoulos
and M. Kamaratos, ibid. 221, 263 (1989).

143 A. Schaefer, F. Lodders, Th. Allinger, S. Nannarone, J. An-
derson, and G. L. Lapeyre, Surf. Sci. 211/212, 1075 (1989).

15G. Boishin, M. Tikhov, and L. Surnev, Surf. Sci. 257, 190
(1991); G. Boishin, M. Tikhov, M. Kiskinova, and L. Surneyv,
ibid. 261, 224 (1992).

16p, Soukiassian, M. H. Bakshi, H. I. Starnberg, Z. Hurych, T.
M. Gentle, and K. P. Schuette, Phys. Rev. Lett. 59, 1488
(1987).

I7K. M. Schirm, P. Soukiassian, P. S. Mangat, Z. Hurych, L.
Soonckindt, and J. J. Bonnet, J. Vac. Sci. Technol. B 10, 1867
(1992); Appl. Surf. Sci. 68, 417 (1993).

18P, Soukiassian, H. 1. Starnberg, T. Kendelewicz, and Z.
Hurych, Phys. Rev. B 42, 3769 (1990); P. Soukiassian, T.
Kendelewicz, H. 1. Starnberg, M. H. Bakshi, and Z. Hurych,
Europhys. Lett. 12, 87 (1990).

193, J. Bonnet, L. Soonckindt, K. M. Schirm, S. Nishigaki, K.
Hricovini, J. E. Bonnet, and P. Soukiassian, Appl. Surf. Sci.
68, 427 (1993).

205, A. Walters and R. H. Williams, J. Vac. Sci. Technol. B 6,
1421 (1988).

21D, Mao, A. Kahn, and L. Soonckindt, Phys. Rev. B 40, 5579
(1989); D. Mao, L. Soonckindt, A. Kahn, A. Terrassi, and G.
Margaritondo, J. Vac. Sci. Technol. A 8, 1983 (1990); Z. M.
Lu, D. Mao, L. Soonckindt, and A. Kahn, ibid. 8, 1988
(1990); Y. Chang, D. Mao, A. Kahn, J. J. Bonnet, L. Soonck-
indt, and G. Lelay, ibid. 9, 2349 (1991).

223, 3. Bonnet and D. Doukkali, J. Vac. Sci. Technol. A 9, 2239
(1991).

23p, E. Viljoen, M. S. Jazzar, and T. E. Fischer, Surf. Sci. 32,
506 (1972).

24p, W. Chye, 1. A. Babalola, T. Sukegawa, and W. E. Spicer,
Phys. Rev. Lett. 15, 1602 (1975); P. W. Chye, T. Sukegawa, 1.
A. Babalola, H. Sunami, P. Gregory, and W. E. Spicer, Phys.
Rev. B 15,2118 (1977).

25p, W. Chye, I. Lindau, P. Pianetta, C. M. Garner, C. Y. Su,

and W. E. Spicer, Phys. Rev. B 18, 5545 (1978); W. E. Spicer,
P. W. Chye, R. R. Skeath, C. Y. Su, and I. Lindau, J. Vac.
Sci. Technol. 16, 1422 (1979).

26p_ Soukiassian, J. A. Kubby, P. Mangat, Z. Hurych, and K.
M. Schirm, Phys. Rev. B 46, 13471 (1992); L. Spiess, P. S.
Mangat, S. P. Tang, K. M. Schirm, A. J. Freeman, and P.
Soukiassian, Surf. Sci. Lett. 289, L631 (1993).

27R. Cao, K. Miyano, T. Kendelewicz, I. Lindau, and W. E.
Spicer, Phys. Rev. B 39, 12655 (1989); J. Vac. Sci. Technol. B
7, 919 (1989); K. E. Miyano, R. Cao, C. J. Spindt, T. Ken-
delewicz, I. Lindau, and W. E. Spicer, ibid. 9, 2100 (1991).

28T. Kendelewicz, P. Soukiassian, M. H. Bakshi, Z. Hurych, I.
Lindau, and W. E. Spicer, Phys. Rev. B 38, 7568 (1988).

29T. Kendelewicz, P. Soukiassian, M. H. Bakshi, Z. Hurych, I.
Lindau, and W. E. Spicer, J. Vac. Sci. Technol. B 6, 1331
(1988).

30p, Soukiassian and T. Kendelewicz, in Metallization and
Metal-Semiconductor Interfaces, Vol. 195 of NATO Advanced
Study Institute, Series B: Physics, edited by 1. P. Batra (Ple-
num, New York, 1989), p. 465.

3IM. Prietsch, M. Domke, C. Laubschat, T. Mandel, C. Xue,
and G. Kaindl, Z. Phys. B 74, 21 (1989).

320, Kubaschewski, C. D. Alcock, and P. J. Spencer, Materials
Thermochemistry, 6th ed. (Pergamon, Oxford, 1993).

33T. Maeda Wong, D. Heskett, N. J. DiNardo, and E. W. Plum-
mer, Surf. Sci. Lett. 208, L1 (1989).

34K. 0. Magnusson and B. Reihl, Phys. Rev. B 40, 7814 (1989).

35L. J. Whitman, J. A. Stroscio, R. A. Dragoset, and R. J.
Celotta, Phys. Rev. Lett. 66, 1338 (1991); Phys. Rev. B 44,
5951 (1991).

36B, E. Hayden, K. C. Prince, P. J. Davie, G. Paolucci, and A.
Bradshaw, Solid State Commun. 48, 325 (1983).

37R. J. Behm, in Physics and Chemistry of Alkali Metal Adsorp-
tion (Ref. 9), p. 111.

38C. J. Barnes, M. Lindroos, D. J. Holmes, and D. A. King, in
Physics and Chemistry of Alkali Metal Adsorption (Ref. 9), p.
129.

39R. Riwan, P. Soukiassian, C. Guillot, J. Lecante, and S.
Zuber, Vide Couches Minces 216, 125 (1983); R. Riwan, P.
Soukiassian, S. Zuber, and J. Cousty, Surf. Sci. 146, 382
(1984).

40P, Soukiassian, R. Riwan, J. Lecante, E. Wimmer, S. R.
Chubb, and A. J. Freeman, Phys. Rev. B 31, 4911 (1985).

4IK. M. Choudhary, P. S. Mangat, H. I. Starnberg, Z. Hurych,
D. Kilday, and P. Soukiassian, Phys. Rev. B 39, 759 (1989).

42D. Mao, K. Young, K. Stiles, and A. Kahn, J. Appl. Phys. 64,
4777 (1988); J. Vac. Sci. Technol. A 7, 744 (1989).

43Y. J. van der Meulen, J. Phys. Chem. Solids 28, 25 (1967).

44M. H. Hecht, J. Vac. Sci. Technol. B 8, 1018 (1990).

453. Derrien and F. Arnaud d’Avitaya, Surf. Sci. 65, 668 (1977).

46G. M. Guichar, C. A. Sébenne, and C. Thuault, Vide Couches
Minces Suppl. 185, 260 (1977).



