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The kinetics and the mechanism of the oxidation of the InP(110) surface modi6ed by a cesium
monolayer have been studied by valence-band and core-level photoemission spectroscopy using syn-

chrotron radiation. The presence of a Cs monolayer on the InP(110) surface leads to an exceptional
enhancement of the oxidation rate by 13 orders of magnitude with formation of phosphates such as
InPO&. In strong contrast with cesiated transition-metal surfaces, we 6nd a precursor state of
molecular oxygen prior to the onset of InP(110) oxidation. At higher exposures, both molecular-
and atomic-oxygen states coexist in a dynamic equilibrium.

Surfaces of III-V semiconductors are in general not
very sensitive to oxygen adsorption and therefore not
very easy to oxidize. Although among the III-V semicon-
ductors most of the attention has been focused on gaihum
arsenide, indium phosphide has recently received consid-
erable attention because of its expected greater usefulness
in metal-insulator-semiconductor (MIS} devices. '

Molecular-oxygen exposures between 10'2 and 10'3 L [1
langmuir (L) =10 Torrsecj are generally required to
form thin oxide layers on InP(110) (Refs. 2-4) while 10
L of atomic oxygen is sufficient to obtain the same re-
sult. 2' While the oxide consists mainly of phosphates,
the existence of indium oxide such as In203 has also been
reported. 2 A way to minimize the oxygen exposures
necessary for the oxidation of semiconductors is the use
of catalysts such «s noble metals, transition metals, and
rare-earth metals which have been found to be successful
for silicon in various cases. Recently, alkali metals have
been shown to be efficien electronic promoters of silicon
oxidation. At room temperature, cesium, sodium, and
potassium enhance the silicon oxidation rate by several
orders of magnitude (4-6) forming mainly oxide where
the silicon is primarily bonded to three atoms of oxy-
gen. ' By Gash annealing at moderate temperature a
Si02-Si interface is formed. Furthermore, the alkali-
metal catalysts are desorbed and removed from the sur-
face by this thermal treatment. The three alkali metals
were found to have basically the same efFect on silicon ox-
idation by (i} weakening of the sihcon back bonds, (ii)
enhancing the oxygen sticking coefficien, and (iii) disso-
ciating the oxygen molecule. On III-V semiconductors,
Cs is known to exhibit a signi6cant catalytic activity in
promoting oxidation of GaAs. %e have shown that a Cs
monolayer enhances the oxidation rate of (110) face of in-
dium phosphide by as much as 13 orders of magnitude,
which is the largest promotion efFect ever observed. In

this Brief Report we provide further insight into the
mechanisms leading to this catalytic oxidation by report-
ing the existence of a molecular-oxygen precursor state,
in strong contrast with cesiated transition-metal surfaces.
From this molecular precursor state, oxygen dissociates
into an atomic state thus initiating the oxidation of the
InP(110) substrate.

The photoemission experiments were performed in an
ultrahigh-vacuum chamber at a pressure of 4 &( 10
Torr. The light emitted by the 1-GeV storage ring at the
Synchrotron Radiation Center of the University of
Wisconsin-Madison was dispersed by a Grasshopper
Mark II monochromator. The experimental arrange-
ments are described in more detail elsewhere. ' '

Figure 1 displays the P 2p core level after deposition of
one cesium monolayer, followed by increasing exposures
to molecular oxygen between 0.25 and 64 L. Below I L
of oxygen, the P 2p core-level spectra do not exhibit any
chemical shift„ indicating that no oxidation is taking
place in this range. Exposures ranging from 1 to 64 L of
molecular oxygen leads to a new peak 8 shifted by 4 eV
to higher binding energy compared with the original P 2p
core level. The intensity of this new peak 8 increases
with further Oz exposure. This indicates the growth of
phosphates, mainly InPO4. ' Saturation occurs around
20 L. No evidence for indium oxide formation was
found in the In 4d core-level spectra, but as the corre-
sponding chemical shift is rather small, it is still possible
that a small amount of In203 was formed as reported by
Bertness et al. for the 02jlnP(110) system. Without a
Cs layer, a 10' -L exposure to molecular oxygen is known
to be necessary to obtain a comparable amount of
Inp04. Therefore the Cs overlayer enhances the oxida-
tion rate of indium phosphide by nearly 13 orders of
magnitude, which is the largest oxidation enhancement
ever observed for a semiconductor surface.
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FIG. 1. Phosphorus 2p core-level spectra of 02/1 ML
Cs/InPO4 for molecular-oxygen exposures between 0.25 and 64
I. (Ref. 8) (MI. stands for monolayers). The photon energy was
170 eV. Peak P indicates the chemical core-level shift.

FIG. 2. Valence-band spectra of 02/1 MI. Cs/InP(110) for
molecular-oxygen exposures between 0.25 and 64 L The pho-
ton energy eras 82 eV. The Fermi level of the cesiated InP(110)
surface is chosen as reference for the binding energies.

Figure 2 shows the corresponding valence-band spectra
for a cesium monolayer deposited on an InP(110) surface
and subjected to increasing molecular oxygen exposures
between 0.25 and 64 L. With the deposition of a mono-
layer of cesium a new electronic structure appears at 5.5
eV below the Fermi level. It is likely due to a Cs-induced
interface state. A similar peak is also observed on the
K/GaAs(110) and Cs/GaAs(110) interfaces. 'o We will
discuss this point in detail elsewhere. At an oxygen expo-
sure of 0.25 L, a new peak A corresponding to the oxy-
gen 2p level appears at 4 eV binding energy. This peak is
related to the existence of molecular oxygen. " The com-
parison of this result to the direct interaction of molecu-
lar oxygen with the (110) face of indium phosphide
shows that the cesium monolayer dramatically enhances
the oxygen sticking coefficient. The intensity of peak A

grows with increasing exposures up to 1 L At this last
exposure, two additional peaks, 8 and C, also related to
0 2p levels, emerge at 6 and 8.5 eV below the Perdu level,
respectively. The appearance of peaks 8 and C corre-
sponds to the formation of atomic oxygen and it also
marks the onset of indium phosphide oxidation as seen
from the P 2p core-level spectra (cf. Fig. 1). Peaks 8 and
C are related to nonbonding and bonding 0 2p states, re-
spectively. Their binding energies agree with the
valence-band measurements of excited oxygen adsorbed
on InP(110) by Hollinger et al. , but their relative inten-
sities are somewhat diferent. Our results demonstrate
that the dissociation of oxygen plays a crucial role in the
catalytic oxidation of indium phosphide. Furthermore,
the intensity of the 0 2p levels increase with increasing
molecular exposures. However, the relative intensities of

peaks A and 8 remain about the same for oxygen expo-
sures between 2 and 64 L. This indicates the coexistence
of both molecular and atomic oxygen in a dynamic equi-
librium. It is consistent with the rapid saturation of
InPO4 growth which is observed at oxygen exposures
above 20 I..

This equilibrium is disrupted in favor of atomic oxygen
by the addition of another equivalent cesium overlayer on
top of the 64 L 02/Cs/InP(110) system, as can be de-
duced from the increased intensity of peak 8 relative to
peak A (Fig. 2). It is evident from the corresponding P
2p spectra in Fig. 1 that the InPO4 thickness also in-
creases as does the chemical shift (4.5 instead of 4 eV),
likely due to the formation of more stoichiometric phos-
phates. Interestingly, cesium does not give rise to a simi-
lar precursor state of molecular oxygen on transition-
metal surfaces, ' where oxygen is dissociated at very low
exposures as evident by the appearance of the atomic-
oxygen species only. In addition to the enhancement of
the sticking coefficient of molecular oxygen and to its-dis-
sociation, the cesium is also found to promote oxidation
by weakening the surface atom back bonds as in the case
of silicon.

The Cs 5p semicore levels (as Cs 4d core levels' ) are
shifted to lower binding energies by 0.3 eV (Fig. 2).
Much larger shifts (0.75-1.5 eV) to lower binding ener-
gies have been observed on transition metals, ' where ox-
ygen reacts both with the metal surface and the cesium.
This con5rms that, on indium phosphide, oxygen reacts
more strongly with the substrate than with the promoting
cesium adsorbate.

Further evidence of the importance of the molecular-
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oxygen dissociation by the catalyst was obtained by com-
paring the effect of cesium with that of sodium on the
same InP(110) surface. In the presence of a sodium
monolayer and in strong contrast vrith cesium, there is no
phosphorous 2p chemically shifted peak corresponding to
phosphates for molecular-oxygen exposures between 0.25
and 116 L. The absence of catalytic activity for sodium
(even above an exposure of 100 L) is rather puzzling since
both Cs and Na, as well as K, have similar efFects on the
oxidation of silicon. ' As with cesium, the In 41 core
level does not exhibit any significant changes with oxygen
exposures. '

Valence-band spectra from the sodiated InP(110)
shows the presence of a new broad electronic structure
around 6 eV with sodium deposition as observed for the
Cs/InP(110) interface (Fig. 2) but with a larger intensity.
The nature of this electronic structure is also likely due to
a sodium-induced interface state. A similar peak was
also observed both on Cs/GaAs and K/GaAs systems
where, interestingly, the state induced by potassium
(which also has a smaller radius than cesium) is also
larger in intensity when compared to the one induced by
cesium. '0 We will discuss these points in a forthcoming
paper. The exposition to molecular oxygen of the
Na/InP(110) interface shows that oxygen remains in the
molecular form as evident from the oxygen 2p level (peak
A, Fig. 3) but not in the dissociated one. This indicates
that like cesium, sodium increases the oxygen sticking
coefficient dramatically. However, in contrast to Cs, Na
does not dissociate the molecular oxygen at similar expo-
sures. Therefore, this explains the absence of electronic
promotion and further confirms that the dissociation
plays a central role in the mechanism of promotion.

The above results provide new insight at the atomic
scale into the role of alkali metals for the oxidation of the
InP(110) surface. However, interesting new questions
arise, such as why cesium and sodium behave differently.
This point appears even more puzzling since both Na/Si
and Cs/Si interfaces have been found to have the same
basic electronic properties, and to enhance the oxidation
rate of silicon (the onset of oxidation was 2 1. of oxygen
for either one monolayer of Cs or Na) on Si(100)2X 1. '

Furthermore, Chang et al. '4 recently found evidence of
the catalytic activity of sodium in GaAs oxidation at
various coverages below as well as above the monolayer.
It is therefore reasonable to assume that the absence of
oxygen dissociation at the above exposures by the sodium
overlayer adsorbed on the InP(110) also involves the na-
ture of the substrate. This behavior could possibly be
connected to structural differences. For InP, the indium
radius is larger by 30% than the phosphorus one (1.44 in-
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stead of 1.10 A, while for gallium and arsenic, they are
about the same (1.26 and 1.18 A, i.e., 6% difference).
Thus the site selectivity as well as the height of the alkali
adatom above the surface could be of relevance.

In conclusion, we have shown the crucial role of the
oxygen dissociation in the process of catalytic oxidation
by alkali metals. In contrast with Cs adsorbed on
transition-metal surfaces, a precursor oxygen mole:ular
state exists on the cesiated InP(110) surface. The dissoci-
ation of this precursor molecular state occurs at a critical
oxygen exposure corresponding to the onset of oxide for-
mation. During oxide growth, both precursor and disso-
ciative states coexist, which implies a dynamic equilibri-
um between molecular and atomic oxygen. Most
signiffcantly, the cesium overlayer was found to dramati-
cally enhance the indium phosphide oxidation rate by 13
orders of magnitude, which is the largest catalytic pro-
motion effect ever observed for a semiconductor.
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FIG. 3. Valence-band spectra of 02/1 ML Na/InP(110) for
molecular-oxygen exposures between 0.25 and 8 L. The photon
energy was 82 eV. The Fermi level of the clean InP(110) surface
covered with a sodium monolayer is chosen as reference for the
binding energies.
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