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The oxidation of submonolayer tin films on a Rh共111兲 surface by O2 gas was studied using low
energy electron diffraction, Auger electron spectroscopy, x-ray photoemission spectroscopy 共XPS兲,
and scanning tunneling microscopy. A uniform tin oxide monolayer film formed at oxidation
temperatures around 500 ° C and a partial pressure of 2 ⫻ 10−7 mbar O2. The tin oxide film had
共2 ⫻ 2兲 periodicity on the Rh共111兲 surface, and the resulting tin coverage was determined to be 0.5
ML. Using XPS, the compositional ratio O/Sn was determined to be 3/2. XPS spectra showed a
single component for the Sn and O peaks, indicating a uniform bonding environment. Finally, ab
initio density-functional theory total energy calculations and molecular dynamics simulations were
performed using the projector augmented wave method to determine the detailed structure of the tin
oxide thin film. © 2011 American Institute of Physics. 关doi:10.1063/1.3537871兴
I. INTRODUCTION

Metal oxide thin films that grow on crystalline substrates
often differ from bulk oxides. The structures of the thin films
are affected by the atomic arrangement and chemical reactivity of the substrate surfaces, and the resulting metal oxide
films have unique interatomic distances, structural symmetry,
and surface reactivity compared to the metal oxide substrate.
The oxidation of tin films on metallic surfaces, such as
Au共111兲,1–4 Pt共111兲,5 Pt3Sn共111兲,6–8 and Pd共111兲,9 has been
recently studied both fundamentally and also for its industrial applications, e.g., as applied to gas sensors, catalysis,
and transparent electrodes. All these substrates are less reactive against O2 gas than the tin films, resulting in the formation of commensurate overlayer tin oxide films. The oxidation of a tin film on Pt共111兲 and Pt3Sn共111兲 surfaces yields
an ultrathin tin oxide film that exhibits a 共4 ⫻ 4兲 pattern with
low energy electron diffraction 共LEED兲.5,6,8 On the contrary,
a c共2 ⫻ 4兲 pattern is formed in the case of a Au共111兲 surface.3
In order to distinguish the effects of the substrate chemical reactivity from the atomic distance of the substrate atoms
on the formation of an ultrathin tin oxide film structure, it is
necessary to examine different substrates with the same
structural symmetry and interatomic distances. Rh共111兲 is an
ideal substrate for comparing the chemical reactivity with
Pt共111兲, since they share an identical structural symmetry;
both are face centered cubic 共111兲 surfaces, and their interatomic distances are very similar 共the Rh lattice is about 3%
smaller兲.
We performed a combined experimental and theoretical
study on the growth and structure of ultrathin tin oxide films
on Rh共111兲. The growth processes and the evaluation of the
surface structures were examined using LEED, scanning tunneling microscopy 共STM兲, Auger electron spectroscopy
共AES兲, and x-ray photoemission spectroscopy 共XPS兲. The
combined analysis identified the structure as a 共2 ⫻ 2兲 pata兲
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tern, and determined that the tin coverage was 0.5 ML and
the compositional ratio O/Sn was 3/2. Using these results,
the structure of the film was investigated theoretically by ab
initio density-functional theory 共DFT兲 total energy calculations and molecular dynamics 共MD兲 simulations.
II. EXPERIMENT AND CALCULATION

The work was performed using two very similar
ultrahigh-vacuum systems, one in Nagoya and the other in
Vienna. Each system consisted of a preparation chamber
with a base pressure below 2 ⫻ 10−10 mbar, and an analysis
chamber with a base pressure below 10−10 mbar. They were
equipped with four-grid LEED optics, an electron gun, an
x-ray source, a hemispherical analyzer used in AES and
XPS, and STM. First, the Rh共111兲 crystal surfaces were
cleaned in the preparation chamber by 2 keV Ar+ ion sputtering; this was followed by annealing to 800 ° C. The cleanliness and quality of the Rh surfaces were checked by AES
and LEED in the analysis chamber. No contamination such
as from C and O was observed within the detection limits.
The clean Rh共111兲 surface exhibited a distinct 共1 ⫻ 1兲
LEED pattern. Submonolayer tin films 共0.2 to 1.0 monolayer兲 were deposited on the Rh共111兲 surface at room temperature 关we define one monolayer 共ML兲 to be an overlayer
having the atomic density of a Rh共111兲 layer兲. The deposition rate was monitored using a quartz crystal microbalance.
After deposition, the tin films on the Rh共111兲 surface were
annealed at temperatures between 300 and 600 ° C in O2 at a
partial pressure between 2 ⫻ 10−6 and 2 ⫻ 10−8 mbar, and
were cooled to room temperature at the same oxygen pressure. The surface structure and elemental concentrations of
these tin oxide films were investigated by LEED, AES, and
XPS. The AES peak-to-peak heights were converted into
concentrations using the sensitivity factors 0.80 for Sn 共432
eV兲, 0.50 for O 共503 eV兲, and 0.65 for Rh 共305 eV兲.10 XPS
data were recorded with a VG CLAM2 analyzer using a
Mg Ka x-ray source 共h = 1253.6 eV兲. The overall resolution
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FIG. 1. 共Color online兲 Oxidation temperature dependence of the surface
composition and LEED patterns of the 共Sn,O兲/Rh共111兲 system.

III. RESULTS

Figure 1 show the dependence of the surface composition as measured by AES and LEED patterns for the 0.5 ML
tin film on Rh共111兲. The film has been oxidized at different
temperatures. The LEED patterns exhibited a distinct c共2
⫻ 4兲 pattern before annealing, which is consistent with a
previous study.11 The tin film was annealed in an oxygen
atmosphere of 2 ⫻ 10−7 mbar for 10 min at temperatures
from 400 to 600 ° C. The tin peak maintained a constant
intensity in the AES spectra up to 500 ° C while the oxygen
peak increased up to 500 ° C. As shown in Fig. 1, when the
temperature is under 400 ° C, a 共1 ⫻ 1兲 LEED pattern was
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of the spectrometer was 0.1 eV. A SnO2 bulk specimen was
used as a standard sample for the XPS measurements, which
was used to estimate the compositional ratio O/Sn of the tin
oxide film on Rh共111兲. STM measurements were performed
using a customized Omicron room temperature micro-STM
in Vienna, and a customized UNISOKU room temperature
STM in Nagoya. These were the same instruments used in
Refs. 11 and 12, respectively. All STM images were obtained
in constant current 共It = 0.5 nA兲 mode with the sample negative 共Vs = −1.0 to ⫺0.01 V兲.
Ab initio DFT total energy calculations were performed
to study the detailed structural determination of the tin oxide
film, using the Vienna ab initio simulation package 共VASP兲.13
These calculations used the projector augmented wave
method to describe the interaction between the electrons and
ions.14 The calculations had a plane wave cutoff of 250 eV
and generalized gradient corrections.15 The forces acting on
particular atoms were smaller than 0.05 eV/Å in the structural optimization. To examine the total energy, a grid was
chosen that corresponds to 10⫻ 10⫻ 1 k points in the primitive surface cell. With this setup, we estimated that the typical errors in the calculation of the adsorption energy were
less than 10 meV per adatom. The structural model was initially obtained using simulated annealing in the MD simulation. The temperature was decreased from 1500 to 500 K.
There were 5000 steps with a time step of 1.0 fs/step. Details
about the MD program are provided elsewhere. The ab initio
DFT total energy calculations were subsequently performed
to determine the tin oxide structure.
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FIG. 2. Large-scale STM images of tin oxide films on a Rh共111兲 surface
after annealing at temperatures of 共a兲 300, 共b兲 400, 共c兲 500, and 共d兲 600 ° C.
共e兲 is a section profile along the black line in 共d兲.

observed while for higher temperatures 共450– 500 ° C兲, a
clear 共2 ⫻ 2兲 LEED pattern was observed. Thus, the tin film
appears to be fully oxidized around 500 ° C. While the tin
coverage was deposited between 0.25 to 1 ML, the 共2 ⫻ 2兲
LEED spots at 0.5 ML become the sharpest. Both the Sn and
O concentrations started to decrease at an oxidation temperature above 550 ° C. After annealing in the oxygen atmosphere at higher temperatures, a faint 共9 ⫻ 9兲 pattern characteristic of the trilayer oxide on Rh共111兲 共Ref. 17兲 was found,
in addition to the 共2 ⫻ 2兲 spots. This meant that the Rh共111兲
surface that was not covered by the tin film started to oxidize.
Figures 2共a兲–2共d兲 show STM images of tin oxide films
on a Rh共111兲 surface formed by the Sn deposition of 0.5 ML
and annealing in oxygen at temperatures of 300 ° C, 400 ° C,
500 ° C, and 600 ° C, respectively. We see disordered films
after oxidization at 300 ° C. Tin oxide monolayer films start
to grow at 400 ° C 关Fig. 2共b兲兴 while still coexisting with the
disordered areas. An area not covered by the tin oxide films
is also seen in the figure. At a temperature of 500 ° C, an
almost uniform tin oxide overlayer formed, although defects
and islands are also seen on the terrace. After oxidation at
600 ° C, the tin oxide two-dimensional 共2D兲 films started to
shrink, and many isolated clusters of unknown identity were
found on the rhodium terraces. We also see dark lines on the
tin oxide 2D islands and the rhodium trilayer oxide17 at the
step edges. The section profile at the line in the STM image
from Fig. 2共d兲 is shown in Fig. 2共e兲. The step height forming
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FIG. 3. 共Color online兲 Atomically resolved STM images of tin oxide films
on a Rh共111兲 surface after annealing at temperatures of 共a兲 400, 共b兲 500, and
共c兲 600 ° C. 共d兲 A schematic illustrating of the protrusions extracted from
共c兲.

a tin oxide film only on an upper terrace was obtained to be
0.62 nm. Since the step height is sum of the thickness of the
tin oxide film and monatomic step height of Rh共111兲, which
are 0.22 nm, the thickness of the tin oxide film was determined to be 0.40 nm. When the initial amount of tin deposition was less than 0.5 ML, the tin oxide film partially covered the surface. Thus, the nominal Sn coverage for the tin
oxide film was estimated to be 1/2 ML.
In order to identify the role of rhodium atoms in the tin
oxide film, a Sn–Rh surface alloy with a 共冑3 ⫻ 冑 3兲 superstructure was prepared by a deposition of 0.5 ML Sn on
Rh共111兲, followed by annealing at 500 ° C for 5 min. Then,
the Sn–Rh surface alloy was annealed at 500 ° C in an oxygen atmosphere of 2 ⫻ 10−7 mbar. The LEED pattern
showed faint 共9 ⫻ 9兲 spots, and no spots of 共2 ⫻ 2兲 were observed. Therefore, once Sn and Rh form the surface alloy at
the Rh共111兲 surface, Sn will not contribute an overlayer tin
oxide film.
Figures 3共a兲–3共c兲 show atomic resolution STM images
of the tin oxide 2D film or island on a Rh共111兲 surface after
annealing at 400 ° C, 500 ° C, and 600 ° C, respectively.
Bright spots are visible in a locally hexagonal arrangement at
400 ° C, which indicates that tin oxide films start ordering at
the atomic scale. At 500 ° C, an atomically flat and uniform
tin oxide film was formed, with atomic defects observed locally. From the atomic distance of these bright spots, it was
determined that they were arranged in a 共2 ⫻ 2兲 pattern.
When the annealing temperature was above 500 ° C, the tin
oxide film started to shrink 关Fig. 2共d兲兴 and line defects became observable in addition to the atomic defects in tin oxide 2D islands. Figure 3共d兲 shows a schematic illustration of
the protrusions, atomic defects, and line defects extracted
from Fig. 3共c兲.
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FIG. 4. 共Color online兲 XPS spectra at the Sn 3d and Rh 3p core levels of
0.4 ML of Sn film on Rh共111兲 at RT 共a兲, and after annealing in an O2 gas
atmosphere at 400 共b兲 and 500 ° C 共c兲. Fitted metal, oxide, and intermediate
Gaussian components are also shown.

Figure 4 shows Sn 3d XPS spectra before and after annealing a tin film, at both 400 and 500 ° C in an O2 gas
atmosphere. The binding energy of Sn 3d5/2 for a tin film on
Rh共111兲 was shown to be at 485.0 eV. It is clear that the
Sn 3d3/2 spectrum overlapped with the Rh 3p3/2 spectrum.
The Sn 3d5/2 spectrum exhibited three components after annealing at 400 ° C. When the specimen was annealed at
500 ° C, the Sn spectrum showed a single component at a
peak energy of 486.7 eV. It is considered that tin films are
fully oxidized at a temperature of 500 ° C. The two components with peak energies of 485.0 eV and 486.7 eV were
determined to be a metallic tin film and tin oxide film, respectively. The component with energy at 485.6 eV is considered to be the intermediate oxide state.
The O 1s XPS spectra were also obtained, as shown in
Fig. 5. After annealing at 400 ° C, the O 1s spectrum exhibited two components at the peak energies of 530.4 eV and
531.1 eV, which were an intermediate partial oxide state and
a fully oxide state, respectively. When the annealing temperature increased to 500 ° C, the O 1s spectrum showed
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FIG. 5. 共Color online兲 XPS spectra at the O 1s core level after annealing
the 0.4 ML of Sn film on Rh共111兲 in an O2 gas atmosphere at 400 共a兲 and
500 ° C 共b兲. Fitted tin oxide, rhodium oxide, and intermediate Gaussian
components are also shown.
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FIG. 6. 共Color online兲 共a兲 Top and 共b兲 side views of the most stable Sn2O3
structure on Rh共111兲 obtained by DFT. 共c兲 Simulated STM image of the
Sn2O3 film as obtained by the Tersoff–Hamann approach in 共a兲. 共d兲 STM
image of the Sn2O3 film on Rh共111兲.

three components at the peak energies of 531.1, 530.2, and
532.9 eV. The main component of 531.1 eV originated from
the tin oxide film, and the remaining components were from
the trilayer oxide on Rh共111兲.17 Therefore, the surface was
not completely covered by the tin oxide film, and some part
of the rhodium surface was oxidized. The compositional ratio O/Sn for the tin oxide film was estimated to be 1.45,
using the area intensity of the Sn 3d5/2 and O 1s components of the tin oxide film in comparison with the XPS spectrum of the SnO2 bulk specimen.
We now examine the structure of the tin oxide film in
more detail. As already confirmed by LEED and STM, the
tin oxide film forms a 共2 ⫻ 2兲 structure. The tin coverage was
determined to be 0.5 ML using AES. The compositional ratio
O/Sn was determined to be 3/2 by XPS. Using these experimental facts, we surveyed the structural model by the simulated annealing of MD simulation. The structural model that
showed minima in the simulated annealing was examined by
ab initio total energy calculations to obtain the energetically
most stable tin oxide structure. Figure 6 shows the energetically most stable tin oxide structure on Rh共111兲. It is seen
that the tin oxide film forms a bilayer honeycomb structure.
The simulated STM image, as obtained by the Tersoff–
Hamann approach,16 showed good consistency with the experimental STM image, as seen in Figs. 6共c兲 and 6共d兲, respectively. It is also found that the bright spot correspond to
the position of Sn atoms at the upper layer.

IV. DISCUSSION

Oxidation of the tin film on a Rh共111兲 surface shows a
periodic 共2 ⫻ 2兲 superstructure. The 共2 ⫻ 2兲 superstructure
appears to be due to an ultrathin tin oxide film on Rh共111兲,
since the superstructures differ for rhodium oxide on a
Rh共111兲 surface 共共9 ⫻ 9兲 superstructure17兲 and the surface alloy formation of tin on a Rh共111兲 surface 共共冑3 ⫻ 冑 3兲R30°
superstructure18兲. While the 共2 ⫻ 2兲 structure indicates that
the Sn coverage is 1/4, 1/2, or 3/4 ML, the 共2 ⫻ 2兲 LEED

spots become the sharpest at a coverage of 0.5 ML. The
STM image also indicates that the nominal tin coverage is
0.5 ML.
Since the oxidation of the Sn–Rh surface alloy on the
Rh共111兲 substrate shows a 共9 ⫻ 9兲 LEED pattern, it appears
that tin atoms cannot be formed in the oxygen atmosphere, if
tin atoms are incorporated within the Rh共111兲 substrate.
These results indicate that the tin oxide film is an overlayer
film. Since the bond enthalpies are 532 kJ/mol for Sn–O and
405 kJ/mol for Rh–O, and considering that the Rh–Rh bond
is much stronger than the Sn–Sn bond, Rh is much less likely
to oxidize than Sn. This also suggests that a “true” tin oxide
is much more likely to occur than a Sn–Rh oxide. However,
if stronger oxidants like ozone or nitrous oxide are exposed
to a Sn–Rh surface alloy, a ternary surface oxide might be
formed, like the Sn–Pt surface alloy.5,19
The STM images indicate that 2D tin oxide islands start
to grow, not from the step edge but randomly from the terraces. However, these tin oxide 2D islands shrink from the
outside at oxidizing temperatures above 550 ° C. Although
the LEED patterns show the 共2 ⫻ 2兲 spots above 500 ° C, the
STM images at atomic resolution show that a 共2 ⫻ 2兲 superstructure is locally formed even at 400 ° C 关Fig. 3共a兲兴. The
LEED pattern shows that almost perfect ordering is reached
at 500 ° C.
Close inspection of the image shows that the protrusions
do not form a perfect 共2 ⫻ 2兲 ordered lattice at a position
close to the line defects; however, some atoms are slightly
shifted from their position in an equidistant lattice. We also
find that the distance between the protrusions in the
共2 ⫻ 2兲-like areas next to the line defects is often shorter than
the distance in a perfect 共2 ⫻ 2兲 pattern. This possibly indicates a preference of the film to form a structure with a
lattice constant that is slightly shorter than that of an ideal
共2 ⫻ 2兲 structure, or provides for some defects, e.g., oxygen
vacancies. From the structural model shown in Fig. 6, it is
considered that the line and atomic defects arise from the
missing of the upper Sn atoms, whose positions correspond
to the bright spots. The STM image along the line defects
indicates a local rearrangement of lower Sn atoms and the
surrounding O atoms.
The STM images show one protrusion 共bright spot兲 per
共2 ⫻ 2兲 unit cell. In the case of tin oxide films on Pt共111兲 and
Pt3Sn共111兲 surfaces, protrusions in the STM images are located at Sn positions.5,6,8 In comparison with the STM image
and the simulated image of the optimized Sn2O3 film structure, the protrusions in the STM images here are also found
to the Sn positions as well. Only one of the two Sn atoms is
visible in the STM, since these Sn atoms form a bilayer film.
The binding energy of the Sn 3d5/2 peak for the tin film
on Rh共111兲 is determined to be 485.0 eV, which corresponds
well to a metallic Sn0 state.20 When the tin film is oxidized
on Rh共111兲, the Sn 3d5/2 peak shifts to the higher binding
energy of 486.7 eV. The single component for the peak indicates a uniform bonding environment. This is consistent with
the bilayer honeycomb structural model that every Sn atom
is bound to three O atoms. Because the Sn 3d5/2 peaks for
the SnO2 and SnO substrates occur at 487.1 eV and 486.2 eV,
respectively,21 the tin oxide film shows Sn 3d5/2 peaks be-
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V. SUMMARY

FIG. 7. 共Color online兲 Bird’s eye view of the Sn2O3 film on Rh共111兲.

tween these values. Therefore, we conclude that the composition of the tin oxide film is Sn2O3. This result is in good
agreement with the peak areal intensity analysis for the tin
oxide film and the standard SnO2 bulk specimen. In the
present study, the intermediate state with a peak at 485.6 eV
is considered to be the SnO film. From these results, the
binding energies of the 1s peak for the Sn2O3 and SnO films
are also determined to be 531.1 eV and 530.4 eV, respectively. These O peaks showed a single component, which
indicates a uniform bonding environment.
The energetically most stable tin oxide structure has
been obtained by ab initio total energy calculations using
experimental results: a 共2 ⫻ 2兲 structure with two tin atoms in
the unit cell, and a compositional ratio O/Sn of 3/2. Figure 6
shows that the Sn2O3 obtains a bilayer honeycomb structure.
The thickness of the Sn2O3 film is estimated from DFT calculations to be 0.38 nm, which is in good agreement with the
height of 0.40 nm obtained from the STM image. Each O
atom is bound to two Sn atoms; one at the upper layer and
the other at the lower layer. The bonding direction of each O
atom is either parallel or perpendicular to the surface. Thus,
the O atoms stabilize the bilayer structure 共Fig. 7兲.
The SnO and rutile SnO2 structures with their 共111兲
faces have nearly triangular unit cells, with side lengths of
538 and 615 pm for SnO, and 571 and 670 p.m. for SnO2.
The angles of the unit vectors at the 共111兲 faces for SnO and
SnO2 are 64° and 72°, respectively. Since the tin oxide films
are formed on a Rh共111兲 surface with an atomic distance of
269 pm, the films form a 共2 ⫻ 2兲 structure that has a smaller
triangular unit cell, with dimensions 538 pm⫻ 538 pm
Also, in contrast to the 共111兲 planes of bulk oxides, the tin
oxide film forms an equilateral triangle structure consistent
with the Rh共111兲 surface.
The surface structure of tin oxide films on Rh共111兲 is
found to differ from those formed on Pt3Sn共111兲, Pt共111兲,
and Au共111兲 surfaces.1–8 Especially, it is interesting to observe various tin oxide superstructures on Rh共111兲 and
Pt共111兲 surfaces, since the lattice constants of these metals
are very similar: 0.27 nm and 0.28 nm, respectively 共the Rh
lattice is about 3% smaller兲. The different superstructures
formed on different substrates seem to be closely related to
the chemical reactivity of the substrate. It has been found
that Sn atoms form overlayer films of a c共2 ⫻ 4兲 structure on
a Rh共111兲 surface at room temperature,11 while Sn atoms
react and mix with Pt atoms on a Pt共111兲 surface.7 This possibly indicates that the chemical reactivity of Pt–Sn is higher
than that of Rh–Sn, which may result in more complex surface reconstructions for tin oxide films on a Pt共111兲
surface.5,6,8

Commensurate monolayer tin oxide films with p共2 ⫻ 2兲
symmetry were formed on a Rh共111兲 surface, in an oxygen
atmosphere of 10−7 mbar at temperatures around
450– 500 ° C. The tin coverage for the uniform tin oxide film
was estimated to be 0.5 ML, using a combined analysis of
LEED-AES-STM. Using XPS, the compositional ratio Sn/O
was estimated to be 2/3. Using these experimental results,
the simulated annealing and ab initio DFT total energy calculations were performed to obtain the energetically most
stable structure. It was found that the Sn2O3 film forms a
bilayer structure. An O atom bridge is bound to two Sn atoms; one in the upper layer and the other in the lower layer.
Although the lattice constants for Rh共111兲 and Pt共111兲 are
very similar, the surface structures of the tin oxide films were
found to be totally different from each other. This is due to
the chemical reactivity of the Rh and Pt atoms with the Sn
atoms.
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