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The dependence of the surface structure, composition, and electronic properties of three low index SnO,
surfaces on the annealing temperature in vacuum has been investigated experimentally by low energy He* ion
scattering spectroscopy (LEIS), low energy electron diffraction (LEED), scanning tunneling microscopy
(STM), and angle resolved valence band photoemission (ARUPS) using synchrotron radiation. Transitions
from stoichiometric to reduced surface phases have been observed at 440-520 K, 610-660 K, and
560-660 K for the SnO, (110), (100), and (101) surfaces, respectively. Density functional theory has been
employed to assess the oxidation state and stability of different surface structures and compositions at various
oxygen chemical potentials. The reduction of the SnO, surfaces is facilitated by the dual valency of Sn, and for
all three surfaces a transition from Sn(IV) to Sn(Il) is observed. For the (100) and (101) surfaces, theory
supports the experimental observations that the phase transitions are accomplished by removal of bridging
oxygen atoms from a stoichiometric SnO, surface, leaving a SnO surface layer with a 1 X 1 periodicity. For the
(110) surface the lowest energy surface under reducing conditions was predicted for a model with a SnO
surface layer with all bridging oxygen and every second row of in-plane oxygen atoms removed. Ab initio
atomistic thermodynamic calculations predict the phase transition conditions for the (101) surface, but there are
significant differences with the experimentally observed transition temperatures for the (110) and (100) sur-
faces. This discrepancy between experiment and thermodynamic equilibrium calculations is likely because of
a dominant role of kinetic processes in the experiment. The reduction of surface Sn atoms from a Sn(IV) to a
Sn(II) valence state results in filling of the Sn-5s states and, consequently, the formation of Sn derived surface
states for all three investigated surfaces. The dispersion of the surface states for the reduced (101) surface was
determined and found to be in good agreement with the DFT results. For the (110) surface, the 4 X 1 recon-
struction that forms after sputter and annealing cycles was also investigated. For this surface, states that span
almost the entire band gap were observed. Resonant photoemission spectroscopy identified all the surface
states on the reduced SnO, surfaces as Sn derived.
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I. INTRODUCTION

Compositional and structural changes due to defect for-
mation or phase transitions influence the physical and chemi-
cal properties of solids substantially. Oxides are important
materials in this respect. The capacity of some oxides to vary
their oxygen concentration over a wide range has signifi-
cance for many technological applications. The oxygen stor-
age capacity of ceria for instance is exploited in automobile
catalytic converters to adjust the oxygen concentration by
removing or adding oxygen to the exhaust-gas during lean or
rich cycles, respectively.!~

At surfaces, atoms are less coordinated, which allow com-
positional changes to occur even more readily than in the
bulk of many oxides. Indeed, the consumption of surface
lattice oxygen by reactants is believed to be part of the cata-
Iytic cycle in oxide-based oxidation catalysts, i.e., the so-
called Mars—Van Krevelen mechanism.* Compositional
changes at surfaces would also imply significant variations in
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physical and chemical properties, and thus provide a mecha-
nism by which these properties can be tuned. Recent ad-
vances in density functional theory now allow the incorpo-
ration of the chemical potential of the gas phase to calculate
the thermodynamic stability of different surface structures
and composition as a function of changes in the
environment.’> This provides a means to obtain insight with
respect to how surface chemistry may change as one moves
from the ultrahigh vacuum (UHV) conditions of traditional
surface science to more realistic conditions encountered in
applications. These studies find that some oxide surfaces are
oxygen deficient compared to the bulk stoichiometry under
reducing conditions and yet other surfaces can accommodate
excess oxygen at high oxygen chemical potential of the gas
phase. Furthermore, these compositional changes do not nec-
essarily require a restructuring of the surface but can be ac-
complished by occupying or vacating surface sites. The vari-
ability of the surface oxygen concentration may have
important implications for understanding the properties of
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FIG. 1. Photograph of SnO, crystal grown by vapor phase trans-
port (Ref. 17). Natural growth faces are {110}, {100} (equivalent to
{010} in rutile), as well as {101} (equivalent to {011} in rutile)
surfaces.

these materials in technological applications. For example,
the occupation of additional sites (cus sites) by oxygen on
the RuO,(110) surface has been linked with the high effi-
ciency of RuO, as a CO oxidation catalyst.®

In the study presented here the surface properties of stan-
nic oxide (Sn0O,) are investigated. Stannic oxide finds tech-
nologically important applications as a solid-state gas sens-
ing material for detection of oxidizing and reducing
gases,’” !> as an oxidation catalyst,'®!” and a transparent elec-
trode material.'® A review of the applications and material
and surface properties of SnO, is given in Ref. 19.

SnO, crystallizes in the rutile structure. Naturally occur-
ring growth faces of SnO, are the {110}, {101} (equivalent to
{011}) faces, as well as the {100} (equivalent to {010}) faces.
An example of a SnO, crystal grown by vapor transport?’
that exposes these low index faces is shown in Fig. 1. This
particular crystal and similar specimens have been used in
the studies reported here. It appears reasonable to assume
that the same crystal faces like the one for macroscopic crys-
tals are also exposed in micro- and nanocrystalline films. It is
not known how different surfaces contribute to the gas re-
sponse of polycrystalline sensor materials or how they differ
in their catalytic properties. Conductivity measurements on
whiskers with predominantly {010} and {101} planes,'* nano-
belts with {101} surfaces,!> and sheet conductance measure-
ments on (110) surfaces'? indicate that all SnO, surfaces pos-
sess gas sensing properties. The goal of this work is to obtain
a more detailed atomistic understanding and characterization
of the similarities and differences between these surfaces.

The vast majority of previous surface science studies of
single crystal SnO, were performed on the (110) surface.
This is the most common surface, but as Fig. 1 shows other
low index faces are always exposed as well. Calculations
showed that the {110} surface has the lowest surface energy,
followed by the {100} surface; and then the {101}
surface.?!?3 These calculations were performed for bulk
truncated, stoichiometric surfaces, however. In this paper it is
shown that different (reduced) surface compositions may be-
come thermodynamically favored for low oxygen chemical
potentials. In agreement with the results discussed here,
Bergermayer and Tanaka®* have recently performed ab initio
thermodynamics calculations for the SnO, (110) and (101)
surfaces and showed that under reducing conditions the
(101) surface actually posses a lower surface energy than the
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(110) surface. It should be mentioned, though, that the struc-
ture of the reduced (110) surface is still somewhat in dispute.

Experimental surface science studies under ultrahigh
vacuum (UHV) conditions of the (110) surface are summa-
rized in Ref. 25 and references therein. Briefly, this surface
shows a series of reconstructions if prepared by sputtering
and annealing cycles. The most dominant reconstruction is a
4 X1 structure. In order to prepare a stoichiometric 1 X1
surface the surface has to be exposed to high pressures of
0,,227 N,0,28% or oxygen plasma®® at an elevated tempera-
ture of about 700 K. Low-energy He" ion scattering spec-
troscopy (LEIS) showed that the [O]/[Sn] ratio increases
sharply after high pressure oxygen treatment.?® Our previous
studies” showed that exposing the (110) surface to just
102 mbar O, at 800 K sufficed to obtain a 1 X 1 LEED pat-
tern. STM studies of this surface however showed a high
density of defects. Cox et al.?® used ultraviolet photoemis-
sion spectroscopy (UPS) to judge the composition of the
SnO, (110) surface after oxygen treatment. From their stud-
ies they concluded that the samples needed to be exposed to
an oxygen pressure of at least 1 Torr to obtain a stoichio-
metric surface. This conclusion was based on the disappear-
ance of defect states within the band gap of SnO,.

Electronic structure calculations of the bulk valence band
(VB) of SnO, find that the top of the VB is mainly O 2p
derived. In the intermediate region the O 2p orbitals mix and
form bands with the Sn 5p. At the bottom of the VB the O 2p
orbitals overlap strongly with the Sn 55.33> The bottom of
the conduction band (CB) of SnO, is primarily Sn 5s and the
top Sn 5p, with a small amount of O 2p character mixed in
across the entire CB.?! For SnO the Sn 5s states that form the
bottom of the CB for SnO,, become occupied and form the
top of the VB.333* In photoemission spectra of SnO these Sn
5s derived states show up as a peak at a binding energy of
around 2 eV below the Fermi edge.>* The remainder of the
valence band exhibits a resemblance to the SnO, VB struc-
ture. Thus there are four distinct features in the VB-spectrum
for SnO and the total width of the VB for SnO is ~2 eV
wider than that for SnO,.

For stoichiometric bulk truncated surfaces, a surface state
within the bulk band gap of SnO, was predicted in most
calculations.’>=37 Because it has been recognized that the
(110) surface reduces easily, theoretical investigations fo-
cused on the impact of oxygen vacancies and surface reduc-
tion on the electronic structure. A popular choice for a model
of a reduced surface in theoretical calculations has been a
surface with all the bridging oxygen atoms removed from the
stoichiometric bulk termination.3¢-3° Although such a surface
termination had been proposed from the observation of 1
X 1 LEED patterns and surface reduction derived from He*
ion scattering experiments,’® there exists no direct experi-
mental evidence that such a surface structure can be pre-
pared. Nevertheless, the calculations for this hypothetical
surface show a strongly dispersed band gap state that is sepa-
rated by 2 eV from the bulk VB maximum at the M point of
the surface Brillouin zone. This band gap state arises from
the fourfold-coordinated Sn atoms and is mainly of Sn s- and
p-type character.3®37 Other oxygen defect structures have
also been considered.*>*" For all structures with removed
oxygen atoms, defect states within the bulk band gap were
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calculated. For fourfold and even more so for threefold co-
ordinated surface Sn atoms, similarities with tin monoxide
have been proposed. Some of the charge of broken Sn-O
bonds was localized along the direction of the broken bond
in the form of Sn lone electron pairs. Such a charge distri-
bution gave rise to states close to the Fermi level.* In our
calculations we have identified a 1 X 1 structure for the (110)
reduced surface that is lower in energy than others previ-
ously considered. The electronic structure of this surface,
discussed in detail below, also has less strongly dispersing
surface states within the bulk band gap in better agreement
with experiments.

Photoemission studies of reduced SnO,(110) surfaces
consistently showed the existence of band gap
states.3>2641-43 Resonant photoemission studies on a band
gap state at 1.4 eV above the bulk VB maximum, created by
ion sputtering of a (110) surface, indicated that this state was
likely to be of Sn Ss in origin.??

The largest uncertainty in experimental studies arises
from difficulties in preparing well-defined SnO,(110) sur-
faces. STM studies have shown that the 4 X 1 reconstruction
can be prepared uniformly across the surface. However, the
structure and composition of this reconstruction is still a mat-
ter of dispute.” Here we demonstrate that other low-index
SnO, surfaces do not suffer from the same uncertainties as
the (110) surface. The (101) and the (100) surfaces can be
prepared with 1X 1 bulk truncations that exhibit SnO or
SnO, stoichiometries. However, no previous experimental or
theoretical studies of the electronic structure have been re-
ported for these surfaces. Here we report a comprehensive
study of the structure, composition, and electronic properties
of the reduced and stoichiometric (110), (100) and (101)
SnO, surfaces.

II. EXPERIMENTAL AND THEORETICAL TECHNIQUES
A. Experimental

Structural and compositional characterization was per-
formed in a UHV chamber equipped with instruments for
scanning tunneling microscopy (STM), low energy electron
diffraction (LEED), and low energy He*-ion scattering spec-
troscopy (LEIS). STM images were obtained under empty-
state imaging conditions with a positive sample bias voltage
in the range of 1-2 V. LEIS was performed with 1200 eV
He*-ions and a scattering angle of 137°. The ion current on
the sample was ~15 nA. For temperature programmed LEIS
a 0.2 K/s temperature ramp was applied to the sample and a
spectrum was obtained every ~10 K.

SnO, single crystal samples were mounted with Pt wires
spot welded to corrosion resistant Hastelloy™ plates. These
materials were chosen to avoid oxidation of the sample
mounting during high pressure oxygen treatment. In all stud-
ies the natural growth faces of the crystals (see Fig. 1) were
investigated without any further polishing. Samples were
cleaned by standard sputtering (1 keV Ar*) and annealing
cycles. The cleanliness of the sample surface was checked by
LEIS. UHV prepared samples were characterized by LEED
and STM. Subsequently, the samples were exposed to
1-100 mbar O, in a modified loadlock system of the UHV
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chamber. The high oxygen pressure was measured with a
UHV-compatible thermocouple gauge. This “high-pressure
cell” contained a homemade button heater that allowed heat-
ing of the sample to ~600 K at elevated oxygen pressures.
The button heater consisted of a resistively heated Ptg;Rh;3
alloy wire, 0.1 mm in diameter, that was attached with ce-
ramic adhesive** to the backside of a 0.5 mm thick, 10 mm
diameter sapphire disk. Tungsten leave springs pressed the
Hastelloy™ sample plate against the front of the sapphire
disk of the button heater.

The SnO, surfaces were oxidized by exposure to 10 mbar
0O, for ~10 minutes at 300 °C, followed by annealing in
vacuum to ~500-600 °C, and a second oxidation cycle in
the high-pressure cell. Two oxidation cycles were employed
to reduce oxygen deficiencies in the bulk, induced by pref-
erential oxygen sputtering during UHV cleaning procedures.
To avoid thermal desorption of oxygen from the surface, the
samples were cooled down in an oxygen background pres-
sure below ~100 °C before the high-pressure cell was
evacuated and the samples were transferred to the UHV
chamber.

Angle resolved photoemission spectroscopy (PES) experi-
ments were performed at the 3 m TGM synchrotron
beamline® at the Center for Advanced Microstructures and
Devices (CAMD) in Baton Rouge, Louisiana. The end sta-
tion was equipped with an ion gun and e-beam heater for
sample preparation, a front view LEED screen and a rotat-
able electrostatic analyzer allowing measurements over a
wide range of emission angles. The binding energies of all
photoemission spectra are referenced to the Fermi edge mea-
sured on the molybdenum sample holder.

In the synchrotron end station the samples were cleaned
by 1 keV Ne™ ion sputtering and subsequent vacuum anneal-
ing. In order to reoxidize the surfaces after cleaning in UHYV,
the samples were transferred to an attached load lock and
exposed to high pressure (10—100 mbar) O,. The samples
were heated to 300—400 °C during the oxidation process and
cooled down in an oxygen atmosphere. Annealing of the
sample under high oxygen pressure was accomplished by
radiative heating from a resistively heated Pt/Rh wire
brought into close proximity of the backside of the sample
mounting plate. If not otherwise stated the spectra were ac-
quired with incident light at 45° with respect to the surface
normal (s and p polarized light) and the photoelectrons were
collected at normal emission.

B. Theoretical

Total energy calculations and full relaxations were per-
formed using all electron first principles density-functional
theory, the PBE*® generalized gradient approximation to the
exchange-correlation functional and atom-centered, polar-
ized, split-valence numerical basis sets (DNP) as imple-
mented in the DMol® program.*’*8 Optimized bulk lattice
constants were 4.8363 A and 3.2742 A, compared to
47373 A and 3.1864 A for the experimental values. Spin-
restricted calculations were run on periodic slabs containing
fifteen atomic layers for the O-terminated surface and thir-
teen atomic layers for the Sn-terminated surface with 10 A
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vacuum separation in the supercells. No symmetry con-
straints were imposed, and all atoms in the slab were allowed
to relax. The slabs were of sufficient thickness that the cen-
tral layers exhibited the bulk structure. A uniform k-point
mesh with 18 points was used for the entire surface Brillouin
zone. Mulliken population analysis, although not an absolute
measure of the exact charge distribution, does yield a consis-
tent measure of relative charge and was used to determine
relative oxidation states of atomic species. For Sn(IV) in the
bulk SnO,, the Mulliken population was typically 1.95 to
2.0 e. This did not vary by more than +0.05 for Sn(IV) atoms
on the stoichiometric or partially reduced surfaces for all
three low index surfaces investigated. For atoms on reduced
surfaces whose coordination were consistent with Sn(Il) oxi-
dation, the Mulliken population was consistently 0.97 to
1.05 e. These results were crosschecked by Hirshfeld popu-
lation analysis, which uses a slightly different partitioning
scheme. The relative Hirshfeld values were very consistent,
ranging from 0.71 to 0.73 e for Sn(IV) in the bulk and on the
surface, and 0.41 to 0.43 e for Sn(II) on the reduced surfaces.
In all cases for both population analysis techniques, the sur-
face tin atoms with a formal +2 oxidation state had approxi-
mately half the positive charge distribution of the bulk and
surface atoms with a formal +4 state, and were readily dis-
tinguishable.

The O K total energy calculations were linked to the finite
temperatures and pressures encountered in the experiments
through the recently developed method of ab initio
thermodynamics.>%?#49-% The change in chemical potential
Apu; for species i as a function of temperature for Sn metal,
SnO,(c), and O,(g) were taken from thermodynamic refer-
ence tables.™® The change in chemical potential for the
slabs as a function of temperature was assumed to be com-
parable to bulk SnO,. The difference in vibrational entropy
between the surface and the bulk phonons for a metal oxide
(RuO,) when no hydrogen is present has been estimated to
contribute less than =10 meV/A? to the surface free energy
in absolute terms, and considerably less in relative surface
free energies.®

Band structure and density of states (DOS) calculations
were performed on the most relevant, i.e., lowest surface free
energy, structures. Scalar relativistic corrections were added
using methods described in Ref. 57, the slabs were widely
separated on the order of 100 lattice constants. Stoichio-
metric slabs contained 66 atoms in the primitive slab cell.
k-point sampling was done on a 6 X 6 unshifted mesh and
checked with a 12X 12 mesh. In the band structure figures
the surface states are superimposed on the bulk states pro-
jected onto the surface. The Mulliken population of the sur-
face atom is represented by the dot size of the surface bands
in the band structure diagrams. A scissor operator was used
to adjust the calculated band gap to the experimental value of
3.6eV.

III. RESULTS

The composition, structure, and electronic properties of
three low index SnO, surfaces were studied by LEED, LEIS,
STM, and ARUPS. In STM studies, all SnO, surfaces exhib-
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ited an additional modulation or bumpiness with varying
modulation heights of up to 0.1 nm and widths of tens of
nanometers. This has been reported previously for the (110)
surface,” where we also observed spatial variation in the
electronic structure associated with the bumps. Subsurface
structural defects, such as dislocations, and/or variations in
the local oxygen concentration were proposed to explain the
sub-nanometer-height surface modulations. The observation
that this corrugation exists on all three low index surfaces
studied here supports the existence of such subsurface de-
fects. Hence these features will not be discussed further in
the interpretation of the STM images.

The extreme surface sensitivity of He" scattering allows
identification of atomic species in the topmost surface layer.
A quantitative determination of the surface composition is
not possible in most cases, however, because of unknown
scattering cross-sections and neutralization probabilities for
the He* ions interacting with different target atoms and
atomic shadowing effects. These limitations also make ob-
taining absolute numbers problematic for the surface compo-
sition in the case for He" scattering from the various SnO,
surfaces. A variation of the oxygen and tin peak intensities
for identical scattering conditions is significant, however, and
does indicate changes at the sample surface. Intensity
changes in ion scattering may have different origins. Surface
morphologies (roughness) as well as changes in the neutral-
ization probabilities of He* ions at the surface due to, for
example (temperature dependent) electronic changes may af-
fect the measured intensities.’®~% Despite of all these uncer-
tainties, He*-LEIS is an effective tool for measuring relative
compositional changes at surfaces. A decrease in the oxygen
signal concurrent with an increase in the tin signal is an
unambiguous sign for oxygen depletion from the surface
layer. Continuous monitoring of the surface composition
with LEIS while the sample temperature is ramped allows
determination of critical temperatures at which composi-
tional changes occur at the surface. Preferential sputtering of
one surface species by the probing He™ ion beam could also
induce a compositional change in the course of the experi-
ment. For such an effect a continuous change in composition
with time would be expected. In addition we excluded the
possibility for a strong impact due to preferential sputtering
by comparing the LEIS peak ratios directly after oxidation
and high temperature annealing. In the following the findings
for the three low index surfaces are presented separately.

A. Sn0,(100) surface
1. Sn0,(110): Composition and structure—experiment

The structure of the (110) surface after UHV preparation
has been studied extensively. Our STM and LEED studies
confirm the previous observations and are summarized in
Ref. 25 and the brief review given above. For completeness
we mention that a (4 X 1) reconstruction forms after standard
sample preparation, i.e., ion sputtering and vacuum anneal-
ing to ~980 K. It is important to note that exposure to high
oxygen pressure at room temperature, at least up to a pres-
sure of 200 mbar, does not lift the (4 X 1) reconstruction.
Annealing of the sample to 500—-600 K in an oxygen atmo-
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sphere is needed to remove the 4 X 1 reconstruction and to
form a surface that exhibits a 1X1 LEED pattern with a
significantly increased O/Sn ratio in LEIS studies. It was
reported that a 4 X 1 reconstruction reforms if an oxidized
sample is heated under vacuum to ~900-1000 K. Interest-
ingly, we find that the structure one obtains after annealing of
an oxidized surface in vacuum depends on the oxidation
“history” of the sample. Samples that were extensively
cleaned under UHV conditions, i.e., many cycles of sputter-
ing and annealing, revert to a 4 X1 structure upon UHV
annealing to ~900—1000 K of an oxidized sample, in agree-
ment with previous reports. However, if the sample is oxi-
dized and vacuum annealed at least twice, without any fur-
ther sputtering of the sample, then the 4 X 1 reconstruction is
not recovered. Instead, a 1 X 1 LEED pattern is observed up
to ~1000 K followed by the formation of a 1 X 2 superstruc-
ture for higher annealing temperatures. This implies that re-
duction by vacuum annealing of a fully oxidized, stoichio-
metric SnO, sample does not form a 4 X 1 reconstruction but
directly converts from a 1 X 1 structure to a 1 X 2 superstruc-
ture. Consequently, the 4 X 1 reconstruction appears to be an
“artificial” structure that forms only because of the sample
preparation conditions employed, i.e., ion sputtering and
vacuum annealing, which results in an oxygen deficient near-
surface region.

Cox et al. were the first to evaluate the composition of
Sn0,(110) surfaces by LEIS.?® Here similar studies were
performed and the evolution of the oxygen and tin scattering
peaks with sample temperature in LEIS are shown in Fig.
2(a) for the (110) surface. The measurements discussed here
were performed on thoroughly oxidized samples, i.e.,
samples that did not convert to a 4 X 1 reconstruction after
high temperature vacuum annealing. Initially, at low tem-
peratures, the oxygen signal is stronger than the Sn scattering
peak. At higher temperature this is inverted. A transition oc-
curs in a temperature range of 440—520 K. This transition is
somewhat more clearly defined for the oxygen scattering
peak, which stays roughly constant up to ~440 K then up to
520 K the peak intensity sharply drops. For even higher tem-
peratures the oxygen peak continues to decrease (and the tin
peak increases), but at a much smaller rate. The continuous
change in the Sn/O ratio indicates further loss of oxygen
from the surface at higher temperature. In qualitative LEED
studies no transition is discerned at this temperature and only
a 1 X1 pattern is observed. To further characterize the sur-
face structure STM was employed.

STM studies on an oxidized surface are considerably
more difficult than studies on SnO,(110) surfaces prepared
in vacuum. The main reason is that the samples roughen
significantly during the oxidation process and only terraces
of nanometer widths are observed. No atomic-scale resolu-
tion was obtained on these narrow terraces. A typical STM
image for such a surface is shown in Fig. 3(a). Although the
terraces are narrow a clear preferential alignment of the step
edges along the [001], and to a lesser extent, along to the
[110] direction is observed. Bright features of 1-2 nm in
height are frequently observed on these surfaces. The origin
of these features is not clear, but some kind of contamination
cannot be excluded. Upon annealing of the oxidized samples
in UHV to ~900 K, slightly larger terraces form but the
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FIG. 2. (Color online) Temperature programmed low energy
He* ion scattering (LEIS) studies of the SnO, (a) (110), (b) (100),
and (c) (101) surfaces. The samples were fully oxidized by a high
pressure O, treatment prior to ramping up the temperature in UHV.
The oxygen and tin signals were monitored and are plotted with
respect to sample temperature. Concurrent decrease of the oxygen
signal and increase of the tin signal indicate the formation of a
reduced surface phase. Phase transitions are observed at
440-520 K for the (110) surface, 610—-660 K for the (100) surface,
and 600-700 K for the (101) surface. In the right panel the LEIS
spectra for E,=1220 eV are shown before and after annealing to
temperatures above the phase transition.

surface is still quite rough [Fig. 3(b)]. Additionally the ter-
races do not appear atomically flat anymore but exhibit some
corrugation. This disordered appearance of the surface raises
the question of whether the observed 1 X1 LEED pattern
truly reflects the periodicity of the surface, or if the surface
has no long range order with the observed LEED pattern
originating from the subsurface region. At annealing tem-
peratures of 1000 K, a diffuse 1 X2 LEED pattern appears.
In STM larger terraces of tens of nanometers in width are
imaged [Fig. 3(c)]. Figure 3(d) shows rows running along the
[001] direction with a periodicity in the [110] direction of
twice the lattice constant of SnO,. This periodic feature is
responsible for the diffuse 1 X2 diffraction pattern. On the
close-to-atomic scale, however, these rows do not appear
well ordered and regions remain at the surface that exhibit
complete disorder. The corrugation of the rows is in the
range of 0.15-0.3 nm, which is of the order of atomic step
heights. The large variation in the corrugation reflects the
high density of irregularities in this structure.

A 1X2 superstructure has also been observed for
Sn0,(110) surfaces prepared by vacuum preparation only.
Such a 1 X2 structure forms at high annealing temperatures
of ~1200 K subsequent to the formation of the 4 X1
reconstruction.’! Similarities in STM images of the 1X2
high-temperature phase for vacuum prepared samples®' and
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100x100 nm

FIG. 3. STM images of the (110) surface. (a) Surface after high
pressure oxidation; scan area 40 nm X 40 nm. (b) Surface after an-
nealing in UHV to 900 K; scan area 100 nm X 100 nm. (c) and (d)
Surface after annealing to 1000 K, a 1 X 2 reconstruction is formed;
scan area 100 nm X 100 nm (c), and 40 nm X 40 nm (d).

the 1 X2 structures obtained by annealing a fully oxidized
sample in vacuum suggest that these are identical surface
structures. Such a conclusion implies that the “artificial” 4
X1 structure on the sputtered and annealed surfaces hinders
the formation of the 1 X2 phase at lower annealing tempera-
tures.

LEIS and STM indicate that preparation of a fully oxi-
dized surface with large flat terraces is challenging for the
(110) surface. After high-pressure oxidation only small ter-
races are observed. This roughening may be a result of Sn
interstitials diffusing to the surface where they interact with
oxygen to grow SnO, adlayers, similar to oxidation mecha-
nisms observed on TiO,(110).9%%% In order to obtain large,
flat terraces high temperature annealing is needed. However,
LEIS indicates that oxygen is lost from the surface even after
mild annealing in UHV and although larger terraces form,
these terraces exhibit a roughness that indicates a very high
defect concentration consistent with formation of a nonsto-
ichiometric surface layer. The alternative to vacuum anneal-
ing is annealing in an oxygen atmosphere. Attempts at pro-
longed oxygen annealing resulted in a sample with a high
resistance, however, causing charging of the sample during
LEED and making STM measurements impossible.

2. Sn0,(110): Composition and structure—DFT calculations

Ab initio thermodynamics calculations of the free energy
of the stoichiometric 1X 1 surface observed after annealing
in oxygen are consistent with the overwhelming stability of
this surface at the upper limit of the oxygen chemical poten-
tial. The surface energy and structures shown schematically
in Fig. 4 is in agreement with the calculated results for the
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FIG. 4. Ball-and-stick models for (110) surface structures for (a)
stoichiometric surface and (b) reduced surface. The dependence of
the surface energy of these two models on the oxygen chemical
potential is plotted in (c).

stoichiometric surface of Bergermayer and Tanaka.>*

When this fully oxidized stoichiometric surface is an-
nealed at about 500 K, the sample loses surface oxygen but
retains a 1 X 1 LEED pattern up to ~900 K. The lower oxy-
gen signal in LEIS and the 1 X1 LEED pattern led to the
speculation in earlier work®® that the twofold bridging oxy-
gen atoms are removed from the surface. Oviedo and Gillan
did a very thorough theoretical investigation of reduced
(110) surfaces containing either bridging or in-plane oxygen
vacancies.*> Their DFT results indicated that in general, in-
plane vacancies have a lower formation energy for 1X1
structures than bridging oxygen vacancies, particularly at
high concentration. The in-plane vacancies also have an at-
tractive interaction such that rows of in-plane vacancies are
preferred over isolated or staggered arrangements. They did
not examine systems having both bridging and in-plane va-
cancies, however. We have found that the lowest energy 1
X 1 structure in the UHV limit does contain both bridging
and in-plane oxygen vacancies to yield the structure in Fig.
4(b). In this structure, all bridging oxygen atoms are re-
moved, plus every other row of in-plane oxygen atoms, i.e.,
one row per unit cell. The dependence of the surface energies
of the stoichiometric and the reduced surfaces on the oxygen
chemical potential is shown in Fig. 4(c). From this diagram it
can be seen that the surface energy of the reduced surface is
lower than the surface energy of the stoichiometric surface
for oxygen chemical potentials of the system lower than
—2.4 eV. Thus under such extreme reducing conditions the
reduced surface is thermodynamically favored over the sto-
ichiometric surface. The reduced surface structure leaves
threefold coordinated tin and oxygen atoms at the surface
and a surface layer with SnO composition. Thus Sn is attain-
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ing a 2+ oxidation state. Furthermore, such a surface struc-
ture still exhibits a 1 X 1 unit cell.

Annealing the reduced 1X 1 surface at 900 K, however,
showed significant disorder in the STM image. In order to
determine what surface features might contribute to the dis-
order under high vacuum conditions, over 25 different sur-
face structures were evaluated. These structures included
previously proposed structures for 4 X 1 reconstruction with
periodically removed in-plane oxygen atoms,* various dif-
ferent arrangement of removed surface oxygen atoms, as
well as constellations of threefold coordinated Sn atoms in
nonbulk positions. In addition to the lowest energy structure
shown in Fig. 4(b), several other structures very close in
energy were found which may be responsible for the disorder
observed in STM images. One group of structures was found
which resulted from the facile removal of additional in-plane
oxygen atoms from the fully occupied rows in between the
rows of oxygen vacancies. Removal of every other in-plane
oxygen from this row creates a ¢(2 X 2) structure with a sur-
face energy of 0.42 J/m? at the UHV limit (lowest oxygen
chemical potential). Removal of every other pair of in-plane
oxygen atoms is slightly more favorable, producing a (4
X 1) structure with a UHV limit surface energy of
0.41 J/m?. Although this structure, with one complete row of
in-plane oxygen atoms removed and every other pair re-
moved in alternate rows, is lower in energy than other 4
X1 structures proposed previously, including one in which
every row has pairs of in-plane oxygen atoms removed
(0.63 J/m?), it does not describe the experimentally ob-
served 4 X 1 structure because it does not possess the ob-
served glide plane symmetry.® Removal of all in-plane oxy-
gen atoms yields a 1 X 1 structure that is also comparable in
energy, at 0.45 J/m?. This leaves a row of tin atoms that are
almost neutral, coordinated to a single oxygen atom below.
These almost neutral tin atoms can be viewed as the starting
point for formation of metallic Sn. Metallic Sn has a high
vapor pressure and thus would likely desorb from the surface
at high annealing temperatures used for sample preparation.
The presence of many structures with similar energies indi-
cates that there are not sufficiently strong energetic prefer-
ences to induce long-range order in the removal of the in-
plane oxygen atoms to form the structure shown in Fig. 4(b)
only and this may explain the somewhat disordered surfaces
seen in STM images obtained on samples prepared at 900 K.
It also should be noted that the relative stability of these
extremely reduced surfaces is very sensitive to the oxygen
partial pressure due to the high deviation from stoichiometry.

For annealing temperatures above ~1000 K a 1 X2 re-
construction forms. STM images show that this structure is
extremely defective and no atomic scale features could be
deduced from these images that would aid in deriving a
model for this surface phase. It has been speculated previ-
ously that this structure is isostructural to the 1X2 recon-
struction observed on the rutile-TiO,(110) surface.! Two
models have been previously proposed for the 1 X2 recon-
struction: one model suggested by Onishi et al. with a Ti,04
composition,®® and a second consisting of missing bulk units
and removed bridging oxygen atoms.®’ Calculation of the
SnO,(110)-1 X2 model isostructural to the Ti,O; model,

PHYSICAL REVIEW B 72, 165414 (2005)

showed that the surface energy of this structure at 1.36 J/m?
is higher than the 1.21 J/m? stoichiometric surface even un-
der UHV conditions, and becomes less stable as the oxygen
chemical potential increases. Therefore, it is highly unlikely
that this structure, with an improbable oxidation state of +3
for Sn, would ever form. The second structure with missing
bulk units and removed bridging oxygens is also higher in
energy. We have identified a third model with a 1 X2 struc-
ture that is thermodynamically stable over a narrow range
(<0.2 eV) of oxygen chemical potential, as shown in Fig.
4(c). In this structure every other row of bridging oxygen
atoms is removed from the stoichiometric surface. If the oxy-
gen chemical potential is slightly higher, these bridging oxy-
gen vacancies will be filled at equilibrium to restore the sto-
ichiometric surface. If the oxygen chemical potential is
reduced, then all the bridging oxygens will be removed as
well as a row of inplane oxygen atoms to generate the lowest
energy (1X 1) reduced surface shown in Fig. 4(b). It is im-
portant to note, however, that this structure with a 1 X2 pe-
riodicity cannot be the structure observed in STM images.
This is mainly because of the large corrugation observed for
the 1 X 2 structure both in STM and atomic force microscopy
(AFM).°! Thus at the moment no satisfactory model for the
(110)-1 X 2 structure exists.

3. Sn0,(110): Electronic structure

The (110) surface is the only one of the three surfaces
investigated here that has been studied before by photoemis-
sion spectroscopy. Previous studies on the (110) surface
were, however, limited to samples prepared under UHV con-
ditions and specifically focused on the 4 X1 reconstruction
and defective surfaces prepared by sputtering.3>*? The next
subsection shows that the surface electronic structure of the
(110) surface depends critically on preparation conditions
and the consequent state of oxidation, followed by a discus-
sion of resonant photoemission studies. We close the report
for the (110) surface by presenting the results from electronic
structure calculations for a hypothetical surface with only the
bridging oxygen atoms removed, a reduced Sn**O?" surface,
and the bulk-terminated, stoichiometric SnO,(110) surface.

(1) Preparation dependent photoemission. Figure 5 shows
VB spectra of SnO,(110) surfaces prepared in several ways.
It is apparent that one can obtain very different results de-
pending upon the sample treatment. In Fig. 5(a) the sample
was prepared by standard vacuum preparation, i.e., several
cycles of sputtering and annealing to ~700 °C. Conse-
quently the sample exhibited a 4 X 1 LEED pattern. In Fig.
5(b) the sample was exposed to ~20 mbar O, at a sample
temperature around 300 °C. This sample exhibited a 1 X1
LEED pattern. Subsequent annealing in UHV to
600-700 °C resulted in the reformation of a 4 X1 LEED
pattern and the corresponding PES is shown in Fig. 5(c).
Oxidation at oxygen pressures of 100 mbar and at 300 °C
sample temperature caused a disordering of the surface that
resulted in the disappearance of any LEED pattern. This dis-
ordering is also apparent from the broad, poorly defined va-
lence band spectra shown in Fig. 5(d).

The most obvious changes in the valence band spectra of
these surfaces are observed in the band gap region. Only
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FIG. 5. Photoemission spectra for differently prepared
SnO,(110) surfaces acquired with photon energies of 20 eV (left
panel) and 29 eV (right panel). (a) Surface prepared by cycles of
sputtering and vacuum annealing to ~700 °C. This surface exhibits
a 4 X1 LEED pattern. (b) Surface oxidized in ~20 mbar O,. A 1
X1 LEED pattern is observed. (c) Surface in (b) annealed to
~700 °C in vacuum. This annealing procedure reformed a 4 X1
LEED pattern. (d) Surface oxidized at above 100 mbar O, pressure.

surfaces prepared at high oxygen pressures [Fig. 5(d)] ex-
hibit a bulklike band gap with only residual photoemission
from within the gap itself. This residual photoemission inten-
sity may result from surface defects or disorder. The obser-
vation that a bulk-band-gap-like surface forms only after ex-
posure to high oxygen pressures is in agreement with UPS
studies by Cox et al.?®

Surfaces oxidized under milder conditions at somewhat
lower oxygen pressures exhibit photoemission from the band
gap region [Fig. 5(b)]. The maximum emission of the band
gap states is around 2.5 eV and extends up to 1 eV below the
Fermi edge. One can only speculate what exactly the surface
structure is that causes these strong band-gap emissions. It is
clear that it is not a stoichiometric surface and the surface
structure that is assumed to be the most stable reduced sur-
face consists of missing bridging and in-plane oxygen rows
(see Sec. IIT A 2).2* Such a surface has a SnO surface com-
position and as such one could intuitively expect surface
states similar to states of bulk tin monoxide, i.e., with a
Sn-5s derived state around 2 eV below the CBM. Calcula-
tions of the electronic structure of the reduced and the sto-
ichiometric surfaces are presented below.

It is intriguing that the photoemission intensity from the
band-gap region can be very different for 4 X 1 reconstructed
surfaces. Samples prepared by sputtering and annealing
alone [Fig. 5(a)] exhibit weak emission from the band-gap
region. This is in agreement with previous studies.’>*> Some
emission is observed, however, with states spanning almost
the entire band gap up close to the Fermi edge.
(4 X 1)-reconstructed surfaces obtained by vacuum annealing
of an oxidized sample [Fig. 5(c)], on the other hand, show a
much stronger emission from the bulk band-gap region, but a
small band gap of about 0.5 eV remains.

Differences in the Sn/O ratio for the differently prepared
surfaces are apparent from the PES intensity of the Sn 4d
core level measured with a photon energy of 65 eV. Figure 6
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FIG. 6. Wide scan photoemission spectra acquired with a photon
energy of 65 eV for three differently prepared samples: (a) 4 X 1
reconstructed surface, prepared by sputtering and annealing. (b) 4
X 1 reconstructed surface, prepared by vacuum annealing of an oxi-
dized surface. (c) 1X 1 surface prepared by oxidizing in 20 mbar
O,. The spectra are offset for clarity and normalized to the valence
band maximum.

shows PES for the binding energy region from 33 eV to the
Fermi edge for the same samples used for obtaining the spec-
tra shown in Figs. 5(a)-5(c). These spectra include the Sn 4d
and weak O 2s core levels,% as well as the VB region. The
spectra were normalized to the maximum intensity of the
mainly O 2p derived VB. Strong variations in the intensity of
the Sn 4d level are observed. The samples sputtered and
annealed in vacuum show the strongest Sn 4d emission [Fig.
6(a)] consistent with a strong depletion of surface oxygen.
4 X 1 reconstructed samples prepared by vacuum annealing
of an oxidized surface show a much reduced Sn 4d emission,
indicating that although it shares the same reconstruction as
the sputtered and annealed surface it possesses a lower Sn/O
ratio. These differences in the Sn/O ratio for differently pre-
pared 4 X 1 reconstructed surfaces may indicate that the 4
X 1 structure is not just a reconstruction strictly confined to
the surface but may involve underlying layers as well. Such
an interpretation can also explain the differences in the gap-
state emission between the two samples, if most of the band-
gap emission originates from the interface region between
the 4 X1 structure and the “substrate.” Finally, the Sn 4d
emission is smallest for the oxidized sample [Fig. 6(c)]. Ad-
ditionally a small shift of ~0.25 eV for the Sn 4d peak to
higher binding energy is observed. This may be explained by
a small chemical shift in the 4d core levels as is expected for
Sn in a 4+ oxidation state compared to a 2+ oxidation state.

(2) Resonant photoemission. VB spectra for photon ener-
gies in a range from 20 eV to 35 eV were acquired for 4
X1 reconstructed samples prepared by repeated cycles of
sputtering and annealing [Fig. 5(a)], and for samples pre-
pared by annealing in 20 mbar O, [Fig. 5(b)]. The aim of this
study was to use resonant photoemission to verify that the
band-gap states of these surfaces contain a significant Sn
component. A resonance in the photoemission may be ex-
pected if the photon energy is swept through the dipole al-
lowed Sn 4d= Sn 5p transition threshold. A direct recombi-
nation process of the excited Sn atoms with a simultaneous
ejection of a valence band electron gives rise to the increased

165414-8



GAS-PHASE-DEPENDENT PROPERTIES OF SnO,...

1@ ]
i hv
[ . e 1 O e |347eV ]
i s I M 335V ]
1. N s [325eV]
] R R 31.5E:V_"
M| 30.5eV
] 4 ~ . i | 29.56:V_“
w 1IN M| 286V |
§ ! et 2766V ]
_______ e 1267eV
s i Eﬁ]S]c\/ o -
i~ N—] 248 eV_
1. NS M |238¢V ]
N R i A p O
1. S 21.8¢eV ]
i R 208¢eV ]
19.9eV
T T T T T T T T T T
2 10 8 6 4 0 2 10 8 6 4 0
Binding Energy [eV] Binding Energy [eV]
o Statesat VBMat (C) | .\. States at VBM at (d)
el \'\17 €V Binding Energy \ 47 eV Binding Energy
o g 1 %
N o o-
1 seoond orderlght Serotgte Se, ,:‘:’”/n D\D‘\;u
P \ 1 *o F
2 N\ Pa AN s e-e. )
o~
~“°2 Band Gap States at = Band Gap States at
3 eV Binding Energy 2.7 eV Binding Energy
4 g
_?‘_{_ O T i L T L =
20 2 24 26 28 30 32 34 3B

20 2 24 26 28 30 32 34 3B
hv[eV] hv[ev]

FIG. 7. (Color online) Photoenergy dependence of valence band
spectra for an energy range between 20 eV and 35 eV for (110)
surfaces. The spectra are normalized to the valence band area. In (a)
valence band spectra for a 4 X 1 reconstructed surface, obtained by
sputtering and annealing, are shown. In (b) the valence band spectra
of a sample prepared by oxidation in 20 mbar O, are displayed. (c)
and (d) show the photoemission intensity as a function of photon
energy for the binding energies indicated by the lines in (a) and (b),
respectively.

emission for photon energies close to the excitation threshold
value. A similar resonance was reported previously for an
ion-sputtered SnO,(110) surface.’> If we assume that the
processes involved in this resonance are strictly intra-atomic
then it can be concluded that the VB states involved in such
a resonance are Sn-derived.

Figures 7(a) and 7(b) shows VB spectra normalized to the
VB area for different photon energies for the two differently
prepared (110) samples. The photoemission intensity is plot-
ted against photon energies for binding energies of 4.7 eV
and 3 eV for the 4 X 1 reconstructed surface in Fig. 7(c), and
for binding energies of 4.7 eV and 2.7 eV in Fig. 7(d) for the
sample oxidized at 20 mbar O,. In both cases the photoemis-
sion intensity of the band gap states shows an increase for
photon energies between 28 eV and 34 eV. Thus we con-
clude that the band-gap states on the (110) surface are also
Sn-derived in agreement with the measurements performed
by Themlin et al. for the sputtered SnO,(110) surface.? The
intensity plots for the VBM, i.e., a binding energy of 4.7 eV,
do not show an enhanced emission in the region of a possible
resonance. Consequently, the states at this binding energy
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appear to be mainly O 2p derived for the (110) surface, even
for strongly reduced surfaces.

One interesting observation is a strong resonance for the
4 X1 reconstructed surface for photon energies between
28 eV and 31 eV at a binding energy of ~9.6 eV [indicated
by arrows in Fig. 7(a)]. This resonance is only seen if the
surface exhibits a 4 X 1 reconstruction [see also Figs. 5(a)
and 5(c)] and has not been observed for the SnO, (101) or
(100) surfaces (see below). Thus it is a unique signature for
the SnO,(110)-4 X 1 surface. Interestingly, this resonance
state seems to disperse slightly with photon energy, thus it
cannot be a pure surface state. This supports our assertion
that the 4 X 1 structure is not a strictly two-dimensional sur-
face reconstruction. Sinner-Hettenbach er al. observed reso-
nances at similar binding energies, but higher photon ener-
gies, i.e., sweeping through the Sn 4p=>Sn 5s transition.*?
These resonances were also only observed for the 4 X 1 re-
constructed surface but not for a sputtered (110) sample.

Finally we also attempted angle-resolved measurements
(not shown) to identify a band dispersion of the band gap
states. For the sputtered and annealed surface that exhibits a
4 X 1 reconstruction, there was no clear peak in the band gap
so dispersion could not be measured. For the sample oxi-
dized at 20 mbar, a strong band gap state was detected but no
dispersion was observed in angle-resolved measurements.
This is likely due to some degree of disorder of the surface.
Although we observe a 1 X 1 LEED pattern, STM measure-
ments on similar samples showed a significant amount of
disorder in the surface layer (see Sec. IIl A 1). Thus the pho-
toemission in the band gap region may be better described by
a high density of defects rather than a 2D surface state. Nev-
ertheless, the most common type of “defect” would likely
resemble the structure for the reduced (110)-1X1 surface
proposed in Sec. IIl A 2 and in Ref. 24. Two different re-
duced surface structures as well as the stoichiometric bulk
termination have been used for band structure calculations
discussed next.

(3) Comparison of experimental results and DFT calcula-
tions. Results from band structure calculations for three dif-
ferent bulk terminations are presented in Fig. 8. The stoichio-
metric SnO,(110) surface exhibits surface states within the
bulk band gap region [Fig. 8(a)], in agreement with previous
theoretical studies.>37 These two states are nearly flat, with
one just above and the other 0.2 to 0.3 eV above the bulk
VBM. In the experimental studies mentioned above and in
those by Cox et al.’® no surface state for an oxidized (110)
surface was observed. It should be noted, however, that the
fully oxidized surface prepared in this study was very disor-
dered, as indicated by broad, poorly defined valence band
peaks. In addition, the surface band is separated from the
VBM by a small amount and hence may be difficult to iden-
tify in the experimental studies.

Figure 8(b) shows the band structure calculations for a
surface with removed bridging oxygen atoms only. This
structure has been included in this study merely for com-
pleteness because it has been assumed to be the reduced
surface structure of SnO,(110) in earlier experimental®® and
theoretical studies.’*3° However, our own calculations (see
Sec. III A 2) showed that this structure with only the in-plane
oxygen atoms restored and the bridging atoms still missing is

165414-9



BATZILL et al.

(a)? ' r:lX
1 1Y M
3

go

b

'
=N

r vy M r X M
wavevector
(b)?f
1 s I:
7
s | i
ZolL 2
Q
&

'
N

-2

~
(¢}

R

[

Energy [eV]
& o =

'
N

M r X M
wavevector

—
=<

FIG. 8. (Color online) Band structure calculations for
SnO,(110) surfaces with (a) stoichiometric, (b) half-reduced, and
(c) reduced bulk terminations. Gray shaded areas represent the pro-
jected bulk states; dots represent surface states and resonances.
Ball-and-stick models representing the various surface structures
are shown on the right. The dimensions of the surface Brillouin
zone are the same for all three surface structures and are indicated
in the top right corner.

not expected to be accessible, as it is always significantly
higher in energy than either the fully reduced structure [Fig.
8(c)] or the stoichiometric surface [Fig. 8(a)]. Furthermore,
such a surface would have a strongly dispersed surface state
that extends 2 eV above the bulk VBM at the M point of the
surface Brillouin zone, in agreement with earlier calculations
of the same surface structure.®® In the experimental studies
no dispersion of band gap states was observed, clearly indi-
cating that such a surface structure has not been prepared
even for surfaces that exhibited a (1 X 1) LEED pattern.
The electronic structure of the surface with a Sn>*Q*"
composition that has been identified as the most stable under
reducing conditions is shown in Fig. 8(c). This structure also
exhibits surface bands in the bulk band-gap region, but they
only extend less than 1 eV into the bulk band gap from the
VBM. Thus there is some resemblance between the elec-
tronic structure calculations for this surface and the PES of
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the sample prepared at 20 mbar O, [Figs. 5(c) and 7(b)].
Consequently, the agreement between the measurements and
the electronic structure calculations for this surface gives evi-
dence that this is indeed the dominant surface structure that
forms for a reduced SnO,(110) surface.

For the 4 X 1 reconstruction, we are of the opinion that a
good model does not yet exist. Therefore band structure cal-
culations for surface structures with such a periodicity were
not performed.

B. Sn0,(100) surface
1. Sn0,(100): Composition and structure

No previous studies of the (100) surface have been re-
ported. Preparation by sputtering and annealing in a range of
600 K to 1000 K results in a 1X1 LEED pattern. The
sample retains its 1 X 1 LEED pattern even after exposure of
the surface to 10 mbar O, at room temperature or elevated
temperatures (~600 K). Although no changes in qualitative
LEED can be identified, the oxygen to tin peak ratio mea-
sured in LEIS increases significantly after high-pressure oxy-
gen exposure. How the oxygen and tin peaks evolve with
temperature in LEIS measurements on an initially oxidized
surface is shown in Fig. 2(b). From this representation it is
apparent that the surface composition changes in a tempera-
ture range of 610—660 K. The decrease of the oxygen signal
with a concurrent increase in the tin signal indicates a deple-
tion of surface oxygen. Since the dimensions of the unit cell
remain unchanged it is proposed that this transition is a con-
sequence of the removal of bridging oxygen atoms from the
stoichiometric SnO, bulk termination (see the ball-and-stick
models in Fig. 9). This leaves threefold coordinated Sn at-
oms and a surface layer with a SnO composition as indicated
in Fig. 9(b). Justification for this assignment also comes from
STM measurements and DFT calculations that will be dis-
cussed below.

The structure of vacuum prepared surfaces, i.e., with a
reduced SnO surface layer, was studied by STM. These stud-
ies revealed flat terraces separated by two kinds of steps as
can be seen in Fig. 10(a): Type-I steps are straight and are
oriented along the [001] crystallographic direction. Type-II
steps are less well oriented but are mainly aligned along the
[010] direction. The measured step height of step I is close to
unit cell height, i.e., 0.48 nm. It can be seen that step II
consists of a double step, i.e., two steps with half the unit cell
height each. Furthermore, terraces are also traversed by half-
unit cell height steps. These steps define elongated “holes” in
the terraces with long axes of the holes along the [001] di-
rection. Often these elongated holes terminate at full unit-cell
height steps (step I). These elongated holes, and pairs of
steps predominantly along the [010] direction, give the sur-
face a “zebra” pattern.

This step morphology can be understood in terms of au-
tocompensated step edges, i.e., step edges that consist of Sn
atoms in either of their two preferred valencies. Figure 11
shows a ball-and-stick model for step edges along the [010]
and [001] directions of half a unit cell height, the models
represent the size of the supercells used in the DFT calcula-
tions. Formation of such step edges results in fivefold coor-
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FIG. 9. Ball-and-stick model for two bulk terminations of the
(100) surface. (a) Stoichiometric SnO, surface and (b) surface with
a SnO composition. The dependence of the surface energy of these
two models on the oxygen chemical potential is plotted in (c).

dinated Sn atoms on the lower terrace of the steps for both
step edge orientations. However, for the [010] step edges
these fivefold coordinated Sn atoms are bonded to one two-
fold coordinated O atom. In other words, the same number of
Sn to O bonds as O to Sn bonds were broken to form this
step edge and therefore both O as well as Sn can maintain
their oxidation state. For the [001] step edge this is not the
case, only Sn to O bonds are broken and all oxygen atoms at
the step edge are still fully threefold coordinated. Therefore
the oxidation-state of the fivefold Sn atoms at the [001] step
edge is not compensated, i.e., from a charge counting point
of view the step-edge Sn atoms cannot attain a nominal 2+ or
4+ oxidation state if all the oxygen atoms are 2—. Conse-
quently, most step edges of half a unit cell height are oriented
along the [001] direction. One could even speculate that the
elongated holes form by the decomposition, i.e., desorption
of oxygen and tin from the surface layer at elevated tempera-
tures, and that because of the unfavorable coordination of
[001] step edges, this decomposition mainly propagates nor-
mal to this direction leaving elongated holes terminated by
the more stable [010] steps.

The situation is different for steps of a full unit cell height
(step I- type). The STM image reveals a clear predominance
of step edges along the [001] direction, and indeed these are
by far the lowest energy features on the reduced (100) sur-
face found by our DFT calculations. The surface energy for
this step edge at the UHV limit is —0.44 J/m?, compared to
0.34 J/m? for the reduced (100) terrace, and hence will form
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FIG. 10. STM images of the (100) surface after UHV prepara-
tion. (a) Large scale scan with a scan area of 200X 200 nm. Two
kinds of step edges are observed. Unit-cell height steps along the
[001] direction (step I) and half-unit cell height steps (step II). (b)
Details of “holes” in the terraces surrounded by step II-type step
edges; scan area 45 nm X 45 nm. (c) Atomic rows along the [001]
direction; scan area 20 nm X 20 nm. (d) Atomic resolution image
with the 1 X 1 unit cell indicated; scan area 4.7 nm X 4.7 nm.

spontaneously from a thermodynamic perspective. This step
edge can be viewed as a (110) microfacet, i.e., a face iden-
tical to the lowest energy reduced (110) surface with both
bridging and in-plane oxygens removed, as shown in Fig.
11(c). The unique feature of this step edge is that there are no
“dangling” bonds if we accept that the surface prefers to be
Sn?*, i.e., all Sn and O atoms at the step edge have the same
coordination as atoms on terraces. The fact that this step
edge maintains a SnO stoichiometry rationalizes this favored
step edge orientation. It also explains the experimental ob-
servation that full unit-cell height steps are observed along
the [001] direction although half a unit cell step would give
a similar terrace termination [see Fig. 11(b)].

The atomic corrugation on the terraces corresponds to the
surface unit cell of SnO,(100)-1X 1. Figure 10(c) shows a
row structure with the rows running along the direction of
the close packed Sn atoms, i.e., the [001] direction. Figure
10(d) shows an atomically resolved STM image that allows
clear discernment of the unit cell. The measured dimensions
of the unit cell agree well with the dimensions of a 1 X1
SnO, surface, i.e., 3.62 A X4.66 A, thus indicating that the
surface exhibits a bulk truncation.

2. Sn0,(100): Electronic structure

The (100) surface converts from a stoichiometric 1 X 1
surface termination to a reduced 1 X 1 surface by removal of
twofold coordinated bridging oxygen atoms under reducing
conditions. The reduced (100) surface also attains a Sn>*Q*"
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FIG. 11. Ball-and-stick model of step edges on the (100) sur-
face. (a) Step edges oriented along the [010] crystallographic direc-
tion. Autocompensated step edges form for half-unit cell height step
edges with fivefold coordinated Sn** and twofold coordinated O>~
atoms at the step edge. Models for step edges oriented along the
[001] crystallographic direction are shown in (b) and (c). Half-unit
cell height steps (b) are not autocompensated in this direction and
therefore are not observed experimentally. Full-unit cell height steps
(c) form (110) microfacets [identical to the reduced surface model
shown in Fig. 4(b)] and therefore are energetically favored.

composition. As for the (101) surface, the reduced structures
are formed after annealing in UHV and the stoichiometric
surface termination is obtained by high-pressure oxygen
treatment.

Figure 12(a) shows normal emission PES for the stoichio-
metric and reduced (100) surfaces at a photon energy of
26 eV. There is a pronounced increase in photoelectron
emission for the reduced surface in the region of the valence
band maximum. This additional state at the VBM for the
reduced surface was observed for all photon energies inves-
tigated, i.e., in the range of 20 eV to 84 eV. This VBM state
did not disperse with photon energy in normal emission
spectra, implying that this is a surface state. Polarization-
dependent photoemission studies verify the two-dimensional
nature of this state. Figure 12(b) shows normal emission
spectra for the same reduced (100) surface acquired with
incident light at 70° and 40°, i.e., for s and p polarized light.
For a 70° incidence angle with the vector potential A of the
incident light almost normal to the sample surface, emission
from the state at the VBM is almost completely suppressed,
as is expected for a surface state. Thus a surface state exists
at the VBM for the reduced (100) surface. Although we do
not have resonant photoemission data for this surface to pro-
vide more direct evidence for the origin of this state, it is
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FIG. 12. (Color online) Normal-emission PES of the SnO,(100)
surface. (a) Comparison of photoemission from a stoichiometric
(closed circles) and a reduced (black squares) surface, measured
with a photon energy of 26 eV and a photon incidence angle of 45°.
(b) Photoemission from a reduced surface with predominately
s-polarized (open circles) and p-polarized (black squares) light.

reasonable to postulate that such a surface state would form
from the filling of the Sn-5s states upon reduction of the
surface atoms from Sn(IV) to a Sn(Il).

C. Sn0,(101) surface
1. Sn0,(101): Composition and structure

The structure and compositional changes of the (101) sur-
face has been published in a previous paper.”” Here we
present a more detailed discussion of this surface in context
with its electronic properties. Preparation of this surface by
sputtering and annealing under UHV in a range of
600 K to 1000 K results in a 1 X1 LEED pattern. In high-
resolution STM images shown in Fig. 13(a) the unit cell of

FIG. 13. STM images of the (101) surface. (a) Atomic resolu-
tion image with the unit cell indicated. (b) Large scale scan of
140 nm X 65 nm showing the high step edge density of this surface
after vacuum preparation.
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FIG. 14. Ball-and-stick models for different surface terminations
of the (101) surface. (a) Stoichiometric, SnO,, bulk termination. (b)
A proposed 2 X 1 structure with every second bridging-oxygen row
removed, leaving alternating double rows of Sn>* and Sn**. (c)
Surface layer with a SnO composition and with all surface-tin and
oxygen atoms threefold coordinated. The dependence of the surface
energy of these three models on the oxygen chemical potential is
plotted in (c).

the (101) surface can be easily discerned. It consists of bright
protrusions in the corner of a rectangle and a bright protru-
sion in its center. The center protrusion, however, appears to
be asymmetric with respect to the symmetry axis of the rect-
angle described by the corner protrusions. The protrusions
are consistent with positions of Sn atoms in an unrecon-
structed 1 X1 bulk termination of the SnO,(101) surface.
The asymmetry of the center protrusion is due to the asym-
metric coordination of the central Sn atom. These features
are consistent with the SnO surface composition of the
model reduced structure shown in Fig. 14(c). The calculated
surface energy phase diagram shown in Fig. 14(d) indicates
that under reducing conditions, this (1 X 1) reduced model is
indeed the lowest energy surface structure.

Oxidation of the surface reveals considerable sensitivity
of the resulting structure to experimental conditions. Expo-
sure of the reduced (101) surface to 10 mbar O, does not
result in a change of the qualitative 1 X 1 LEED pattern un-
der most conditions. A few times, however, a 2X 1 LEED
pattern was observed, which converted to a 1 X1 pattern
upon vacuum annealing. Attempts to form this 2 X 1 pattern
reproducibly were unsuccessful. These experimental results
can be understood in terms of the calculated minimum free
surface energy pathway from the reduced surface to the fully
oxidized, stoichiometric structure. As can be seen in the sur-
face free energy diagram in Fig. 14(d), the lowest energy
structure under UHV, oxygen-poor conditions is the reduced
structure in Fig. 14(c). As the oxygen chemical potential is
increased (moving left to right), there is a very small region,
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from ~-2.0to —1.7 eV, in which a (1 X2) partially oxi-
dized stoichiometry is lowest in energy. Above this region,
the fully oxidized, stoichiometric (1 X 1) structure becomes
the most stable under oxygen-rich conditions. In the (1X2)
structure, every other row of Sn atoms has been oxidized
from +2 to +4, as shown in Fig. 14(b). The narrowness of the
region in which this (1X?2) structure is the most stable is
consistent with the experimental difficulty in obtaining it.
Annealing this surface in vacuum will readily regenerate the
(1X1) reduced structure. The atomic corrugation in STM
images of the oxidized surfaces looks qualitatively the same
as those for vacuum reduced surfaces. This can be under-
stood if the contrast observed in empty-state STM images is
dominated by Sn atoms for both oxidized and reduced sur-
faces. In LEIS the O/Sn ratio increases significantly after
high-pressure oxygen exposure.

Figure 2(c) shows temperature dependent LEIS of an ini-
tially oxidized sample. An increase of the Sn peak is ob-
served in a temperature range of 560—660 K. This indicates
a depletion of oxygen atoms from the surface.

On vacuum prepared (101) surfaces a much higher step-
edge density is observed compared to the (100) or the
vacuum prepared (110) surfaces. Often very narrow terraces
of only a couple of unit-cell widths are observed [see, e.g.,
Fig. 13(b)]. The preferential orientation of the step edges is
along the [—101] direction. The high step edge density indi-
cates a low formation energy for step edges.

2. Sn0,(101): Electronic structure

Secondary electron cutoff measurements show that the
work function of the reduced (101) surface is ~1 eV lower
than for the stoichiometric (101) surface. The experimental
values for the reduced and stoichiometric surfaces are
~4.7 eV and ~5.7 eV, respectively. DFT calculations on the
two fully relaxed surfaces are in good agreement with the
experimental values. The theoretical values obtained for the
reduced and stoichiometric surfaces are 4.7 eV and 6.1 eV,
respectively. Such a pronounced difference in the work func-
tion is consistent with surfaces that exhibit two different bulk
terminations with different oxygen contents. The somewhat
lower experimental value for the stoichiometric surface com-
pared to the DFT results may indicate the presence of oxygen
vacancies at the surface, i.e., an incompletely oxidized sur-
face.

Normal emission and angle-resolved photoemission data
were collected on the VB for reduced and stoichiometric
surfaces in order to identify surface states and characterize
their band dispersion. These data are presented in the next
two subsections. In Sec. III C 2 (3) the experimental results
are compared with theoretical band structure calculations.

(1) Normal photoemission. Figure 15(a) shows normal
emission PES for photon energies between 24 eV and 40 eV.
The spectra were normalized to the integrated area of the
photoemission intensity in the VB region with a binding en-
ergy between 0 eV and 12 eV. No compensation for the sec-
ondary electron background was made. The VB extends from
3.7 eV to 12.6 eV, thus we obtain a smaller width of the VB
of 8.9 eV for this particular direction of the Brillouin zone
than the previously reported value of ~10 eV for polycrys-
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FIG. 15. (Color online) Dependence of valence band spectra of
the SnO,(101) surface on photon energy. (a) VB spectra for photon
energies in a range of 24 eV to 40 eV for stoichiometric (dashed
lines) and reduced (solid-black lines) surfaces. All spectra are nor-
malized to the valence band area in a range of 0—12 eV binding
energies. (b) Comparison of photoemission intensities for the re-
duced (black squares) and stoichiometric surface (triangles) at
4.7 eV binding energy. An increased photoemission intensity is ob-
served for the reduced surfaces compared to the stoichiometric sur-
face at photon energies between 30—36 eV. This is explained by a
resonance with the Sn-4d core level. (c) Similar to (b) but for a
binding energy of 2.8 eV.

talline SnO,. The VB can be clearly divided into at least five
sub-bands, which is more complex than the previous simpli-
fied division into O 2p, Sn 5p, and Sn 5s bands. Also, the
bands show a clear dispersion with photon energy. It should
be noted, however, that the (101) crystallographic direction
is not a low symmetry direction of the bulk Brillouin zone.
Thus no attempt has been made to characterize the dispersion
of the bulk bands.

Comparison of the VB spectra of the reduced and sto-
ichiometric SnO,(101) surfaces show significant differences
at the top of the VB. The reduced surface exhibits a state
within the bulk band gap of SnO, that extends up to a bind-
ing energy of 2 eV with a maximum at ~2.8 eV. This band
gap state does not disperse as a function of photon energy,
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which is indicative of a surface state. For the oxidized sur-
face only a very small intensity is detected in this range.
Additionally, there appears to be a higher photoemission in-
tensity at a binding energy of ~4.7 eV at the VB maximum
(VBM) for the reduced surface compared to the stoichio-
metric surface. Resonant photoemission has been used to
identify the origin of the increased intensities for the reduced
surface in the band gap and VBM regions. Figures 15(b) and
15(c) shows plots of the photoemission intensities at binding
energies of 4.7 eV and 2.8 eV, respectively, as a function of
photon energy. Increased photoemission is observed for pho-
ton energies between 30 eV and 36 eV for the reduced sur-
face for both binding energies. The residual intensity in the
band gap region at 2.8 eV for the stoichiometric surface also
shows an increased intensity for the same photon energies
[Fig. 15(c)], which suggests it is due to the same feature as
the pronounced band gap state for the reduced surface.

The increased intensities at 30—36 eV can be explained
by resonant photoemission of Sn-derived states as the photon
energy is ramped through the threshold value for the dipole-
allowed Sn 4d=>Sn 5p transition [see Sec. III A 3 (2)]. Thus
resonant PES indicates the presence of two Sn-derived sur-
face states at the top of the VB for the reduced (101) surface,
which are not present for the stoichiometric surface. Further-
more, the fact that the residual photoemission intensity in the
band gap region shows the same behavior as the band gap
state of the reduced surface implies that this intensity is due
to oxygen vacancies at the surface, i.e., an incomplete oxi-
dation of the surface during the sample preparation proce-
dure.

(2) Surface band dispersion. In order to characterize the
dispersion of the two surface states for the reduced SnO,
(101) surface, angle-dependent PES were acquired along the
I'-X, I'-Y, and I'-M directions of the rectangular surface Bril-
louin zone. For comparison the same angle-resolved data
were collected for the oxidized surface. This comparison of
the two bulk terminations is made particularly easy in the
case of SnO, (101) because both the stoichiometric and re-
duced surfaces have a 1 X 1 structure and thus share the same
dimensions for the surface Brillouin zone. Figure 16 shows
angle-resolved data along the three low symmetry directions
for photon energies of 31.5 eV for the entire valence band
region, and at 20 eV for the band gap region alone. PES for
stoichiometric as well as for reduced surfaces are displayed.
To guide the eye the position of the maxima of the surface
states at the reduced surface are indicated in Fig. 16.

For surface states the momentum vector parallel to the
surface (k) is conserved in the photoemission process. The
kinetic energy of the photoelectron defines the total momen-
tum vector and the k; component varies with the emission
angle. Consequently, the emission angle can be related to a
point in the surface Brillouin zone along the investigated
azimuth direction according to the following relationship:

k= (2m, Ey;y)"*27/h sin ©, (1)

where ® is the emission angle, m: the effective electron
mass, Ey;, the kinetic energy of the photoelectron, and / is
Planck’s constant. ® and E\;, are measured directly, but the
effective electron mass must be estimated from the symmetry
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FIG. 16. (Color online) Angle resolved photoemission spectra
for stoichiometric (gray lines) and reduced (black lines) SnO,(101)
surfaces. The spectra were taken along low symmetry azimuth di-
rections of the surface Brillouin zone as indicated on the left side:
(a) T'-X, (b) T'-Y, and (c) I'-M. The polar angles, measured from the
surface normal, are indicated at each spectrum. Spectra for 31.5 eV
(left panel) and 20 eV photon energy (right panel) are shown. The
positions of the two identified surface states for the reduced surface
are marked by black and gray dashes for each spectrum.
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FIG. 17. Band dispersion of the surface states along (a) I'-X, (c)
I'-Y, and (d) T'-M directions of the reduced SnO,(101) surface de-
duced from the angle resolved PES shown in Fig. 2. The band
dispersion was fitted to the symmetry points of the surface Brillouin
zone by assuming an effective electron mass of 0.7 times the elec-
tron mass of a free electron. The same effective electron mass was
used for all bands. (b), (d), and (f) show the reduced Brillouin zone
scheme with all data points folded back into the first Brillouin zone.
The solid lines represent calculated surface states (see Fig. 4).

of the band dispersion. The symmetry point of the band dis-
persion has to coincide with the Brillouin zone center or
boundary. Thus the known dimensions of the surface Bril-
louin zone provide a fitting parameter for the effective elec-
tron mass. Figure 17 shows the band dispersion of the sur-
face states obtained from the PES in Fig. 16. In order to fit
the symmetry of the band dispersion to the Brillouin zone
dimensions, an effective electron mass of 0.7 times the free
electron mass was used. The right hand panel of Fig. 17
shows the reduced zone scheme with all the data points
folded back into the first Brillouin zone for the three sym-
metry directions investigated.

(3) Comparison of experimental results with DFT calcu-
lations. Figures 18(a) and 18(b) show the electronic surface
structure for the fully relaxed reduced and stoichiometric
Sn0,(101) surface structures, respectively. The binding en-
ergy in the calculations is referenced to the VBM, which is
set to 0 eV. The bulk bands projected onto the (101) surface
are indicated by the gray shaded area and surface states and

165414-15



BATZILL et al.

r Y M r X M
wavevector

r Y M r X M
wavevector

FIG. 18. (Color online) Band structure calculations for (a) the
reduced and (b) the stoichiometric SnO,(101) surface. Gray shaded
areas represent the projected bulk states; dots represent surface
states and resonances.

resonances by the red dots. The calculated surface states for
the reduced structure shown in Fig. 18(a) are in excellent
agreement with the experimental results as indicated by the
solid lines in the right hand panel of Fig. 17. The binding
energies of the calculated bands are shifted in order to match
the experimental data points, as the band gap is not accu-
rately reproduced in DFT. The same shift has been used for
all three symmetry directions. Agreement between theory
and experiment for the second state is not as good as for the
band gap state, which may be explained by difficulties in
tracking this state in the experiments due to overlap with
strong bulk states.

For the oxidized surface the calculations indicate surface
states that are also distinct from the bulk VB, but only a
weak emission was observed in the band gap region in the
experiment, which was attributed to oxygen vacancies. Simi-
lar surface states within the band gap have been predicted for
divalent bridging oxygen atoms for the (110) surface, but
were also not observed [see Sec. IIT A 3 (2)].337 These
theoretically predicted states are due to the two lone pairs of
the surface oxygen atoms, which are twofold coordinated.
Unlike the Sn 5s states, these orbitals are highly localized
and directional as in any typical tetrahedral, divalent oxygen
molecule. From the molecular perspective, the oxygen va-
lence shell is complete and is not undercoordinated. Because
these orbitals are highly localized and directional, the photo-
emission may be highly angular dependent. This is in con-
trast to the metallic Sn 5s bands. Thus one may speculate
that the predicted band gap states for the stoichiometric sur-
face are not observed because of the symmetry of the wave
function of the initial states. On the other hand, photoemis-
sion data were collected over a wide array of emission angles
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TABLE I. Calculated surface energies for fully relaxed stoichio-
metric (110), (100), and (101) surfaces.

(110) (100) (101)

Surface energies 1.21 1.29 1.60
[J/m?]

and no significant intensity in the band gap region was de-
tected for any emission angle. This makes a highly angular
dependent photoemission an unlikely reason for the lack of
band gap states in the experimental studies. Another possible
reason for the discrepancy between experiment and theory is
that the complex sample preparation procedure of the sto-
ichiometric surface may allow for contaminations, in particu-
lar hydrogen, and defects to be present at the surface. These
deviations from a perfect stoichiometric surface may play a
role in suppressing the predicted band gap states. Finally, the
energy eigenvalues calculated by DFT for these lone pair
states may simply be too high. In general strong surface
states for stoichiometric oxide surfaces are very unusual.”

IV. COMPARISON OF THE THREE LOW INDEX
SURFACES

Ab initio atomistic thermodynamic calculations were per-
formed to evaluate the surface energy of different surface
structures as a function of the oxygen chemical potential. For
all surface orientations studied the stoichiometric, i.e., SnO,,
bulk termination was the energetically favored surface only
at high oxygen chemical potentials. The surface energies cal-
culated for the fully relaxed stoichiometric surfaces are given
in Table I. The same order for the surface energies of the
three low index surfaces has been found as in previous
calculations,?'=23 i.e., the surface energy increases in the or-
der: (110), (100), and (101). At lower oxygen chemical po-
tential, oxygen depleted surface phases become energetically
favored. This is in agreement with the experimental LEIS
studies that showed compositional transitions of the surfaces
upon vacuum annealing. Plotting the surface energies for dif-
ferent surface compositions against the chemical potential
allows a direct assessment of the thermodynamically favored
surface structure at a given temperature and pressure, and a
direct determination of the thermodynamic conditions at
which a phase transition would be expected to occur.

The basic argument that surface structures that exhibit
either a SnO or a SnO, composition are favored applies to
the (100) and (101) surfaces. The difference between these
surfaces and the (110) surface is that a conversion from a
SnO, to a SnO surface layer can be readily accomplished by
removal of the bridging oxygen (twofold coordinated surface
oxygen) from the stoichiometric surface for the (100) and
(101) surface, whereas on the (110) surface such a removal
of bridging surface oxygen alone does not suffice to form a
SnO surface layer. Additional in-plane oxygen atoms have to
be removed from the (110) surface to obtain a surface layer
that exhibits only Sn** surface atoms. This additional re-
moval of some, but not all, in plane oxygen atoms is likely
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TABLE 1II. Surface relaxations for stoichiometric and reduced
(100) and (101) surfaces.

(100) (101)

Stoichoimetric  Reduced  Stoichoimetric ~ Reduced
D1-2 13.9% 13%
D2-3 -6.9% -6.3% -13.4% -4.5%
D3-4 24.6% 30.3% 12.7% 5.2%
D4-5 -3.7% -3.1% -9.6% -0.2%
D5-6 -1.8% -3.2% 1.3% 0.7%
D6-7 5.7% 8.9% -0.2% -1.1%
D7-8 -1.5% -1.8% 0.4% 1.0%
DS8-9 -0.3% -0.4%
D9-10 0.2% 0.09%

responsible for the complex reconstructions and disorder ob-
served on the (110) surface experimentally.

For the (100) and (101) orientations simple bulk termina-
tions of the crystal exist that have surface tin atoms in either
the 4+ or 2+ oxidation state. The absence of significant sur-
face reconstructions has been verified experimentally by
LEED and STM, which show the same unit cell for both the
reduced and oxidized surfaces. Relaxation of the two surface
terminations for the (100) and (101) surfaces have been cal-
culated by DFT calculations. The vertical relaxations com-
pared to the bulk planes are given in Table II. Ab initio ato-
mistic thermodynamic calculations of fully relaxed surfaces
confirm the experimental observation of a dual surface ter-
mination. Figures 14(c), 9(c), and 14(d) show that the oxy-
gen rich surfaces are preferred at high oxygen chemical po-
tential while the reduced surfaces become favored if the
oxygen chemical potential is reduced. For the (101) surface
an intermediate structure is found with a 2 X 1 superstructure
consisting of alternating rows of bridging oxygen and rows
with the bridging oxygen atoms removed, i.e., alternating
double rows of Sn** and Sn’* [Fig. 14(b)]. Such a structure
has the lowest surface energy in a narrow range of oxygen
chemical potentials and this is consistent with the infrequent
observation of a 2X 1 LEED pattern after high-pressure
treatment. The phase transition chemical potentials can be
read off in Figs. 4(c), 9(c), and 14(d). According to these
figures the (101) surface reduces at somewhat higher chemi-
cal potential (—=1.8 eV) than the (100) surface (=2.1 eV) but
both surfaces reduce at higher oxygen chemical potentials
than the (110) surface (=2.4 eV). At 10~'* mbar, chemical
potentials of —1.76, =2.1, and —2.4 for the (101), (100), and
(110) surfaces correspond to ~650 K, 765 K, and 865 K,
respectively. Lower pressure would shift these threshold tem-
peratures downward; higher pressure would increase them.

For all three low index surfaces investigated, Sn-derived
surface states were identified for reduced surfaces with a
Sn**0O?" composition. Surface states for stoichiometric sur-
faces predicted by DFT calculations could not be detected
experimentally.

It was hypothesized that the Sn**O?~ composition of the
reduced surfaces would exhibit electronic characteristics
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similar to that of tin monoxide with a Sn 5s derived state at
a binding energy of ~2 eV. The greatest similarity was
found for the reduced (110) surface with a Sn-derived state
with a maximum at 2.5 eV and extending up to a binding
energy of 2 eV. For the reduced (101) surface a band-gap
state was also found but at slightly higher binding energies of
~2.8 eV. The (100) surface exhibited surface states close to
the VBM of SnO,. Thus the surface electronic structure
clearly depends on the crystallographic face with surface
states forming at different binding energies. Nevertheless for
all three reduced surfaces, Sn-derived states were found at
the top of the VB or within the bulk band gap of SnO, and
thus show some analogy to the band structure of SnO.

V. DISCUSSION

One would hope that the experimentally measured transi-
tion temperatures can be related to the theoretically calcu-
lated transition oxygen chemical potentials. Setting the par-
tial oxygen pressure in the vacuum chamber to 10~'% mbar,
an extremely low but reasonable value for an UHV chamber,
allows converting temperatures into chemical potentials be-
cause the chemical potential is a function of pressure and
temperature only. Thus if the thermodynamic approach was
valid the experimental values should be comparable to the
theoretical ones. However, since low temperatures corre-
spond to high chemical potentials at constant pressure, one
can see at a glance that the experimentally measured trend in
the reduction temperatures for the different surface orienta-
tions (see Fig. 2) is opposite to the one predicted by thermo-
dynamics calculations. What impedes the thermodynamic
description of the experiments is that no equilibration of the
gas phase with the surface takes place at the time scales of
the experiment. At these low pressures practically no oxygen
reaches the surface from the gas phase and therefore it would
take an extremely long time for the gas phase to equilibrate
with the surface even in the absence of any kinetic barriers.
This may be best illustrated by the fact that it would take of
the order of 107 s for a monolayer of O, to reach the surface.
Thus under the experimental conditions with annealing rates
of 0.2 K/s the gas phase can be neglected. Consequently any
transition temperatures observed must be governed by kinet-
ics, i.e., activation barriers. Efforts for calculating kinetic
barriers for O, desorption are currently underway. A conse-
quence of the fact that under UHV conditions no equilibra-
tion with the gas phase can be obtained is that only kinetic
barriers determine the surface phases that can be prepared.
This means that intermediate phases thermodynamically fa-
vored for certain oxygen chemical potentials can only be
obtained under UHYV if they are also associated with a kinetic
barrier preventing the formation of a lower energy surface at
lower chemical potential. For instance this may explain why
a Sn0,(101)-2 X 1 could not be prepared under UHV by an-
nealing of a fully oxidized SnO,(101)-1 X1 surface, but in-
stead the fully reduced surface is always obtained under
UHV. Thus we conclude that in the experiments described
here the activation barriers for desorption of oxygen from the
surfaces is measured and not the thermodynamic equilibrium
conditions. Thermodynamics may however be important un-

165414-17



BATZILL et al.

der realistic operation conditions at elevated pressures. Un-
der such conditions the calculations show that the (101) sur-
face reduces the easiest and the (110) surface stays
stoichiometric for the longest if the oxygen chemical poten-
tial is reduced.

Surface reduction is not just limited to single crystal sur-
faces under UHV conditions but has also been observed for
polycrystalline, sol gel-prepared SnO, gas-sensing materials
upon exposure to reducing gases.”! Thus the question is
raised if changes in the electronic structure are contributing
to the gas response signal in gas sensors and if so, which
surface orientation contributes most. It is important to point
out that although the (110)-4 X 1 reconstructed surface ex-
hibits almost metallic properties and thus may be expected to
influence the conductivity of gas-sensing materials signifi-
cantly, this surface is not encountered in gas-sensing appli-
cations because it only forms after sputtering and annealing
under UHV conditions. Nevertheless, the reduced (110)-1
X1 surface exhibits the strongest surface states with the
smallest band gap of the three low index surfaces investi-
gated in this study. This implies that the (110) surface has
potentially the largest impact on a surface-state-mediated gas
response. However, all surface states observed on the re-
duced (110) and more so on the (101) and (100) surface are
relatively low lying in the band gap region. Therefore it is
not obvious that these surface states can impact the sample
conductivity directly. It was previously speculated that elec-
trons from surface states close to the Fermi edge could be
injected into the bulk conduction band and thus contribute to
the conductivity.”” This hypothesis can be rejected because
no surface states close to the Fermi edge were found in this
study. It is more likely that a change in the conductivity for
the reduced surface would be due to band bending induced
by surface charges associated with the additional surface
states. Charge neutrality is conserved by reducing the surface
layer from Sn4+022_ to Sn?>*0%, however, and no unambigu-
ous indication of a band bending effect was found in the
photoemission spectra. In any case, additional negative
charges associated with the identified surface bands would
cause an upward band bending and thus a reduced surface
conductivity that is opposite to the measured gas response
for SnO, gas sensors under reducing conditions. Thus we
conclude that the surface states identified for the reduced
surfaces do not directly contribute to the gas response. They
may, however, play an indirect role because surface states are
known to be important in the adsorption mechanism of mol-
ecules that ultimately trigger the gas response due to charge
transfer from the SnO, surface to the adsorbate. The impor-
tance of the surface termination on the interaction with gas
phase molecules has been recently demonstrated for water
adsorption on reduced and stoichiometric SnO,(101) sur-
faces. It was found that water dissociatively adsorbs on the
reduced surface but only interacts weakly with the oxidized
surface.”

PHYSICAL REVIEW B 72, 165414 (2005)

Finally, surface states are also important in (opto)elec-
tronic devices that use SnO, as a transparent electrode ma-
terial. If used as an electrode these surface or interface states
may influence the charge transfer across the interface.
The presence and possible control of these surface states
by oxidation or reduction during processing provides a
valuable guide for device fabrication.”* Furthermore, the
strong changes and degradation of the band gap that is en-
countered on the (110) surface may make this crystallo-
graphic orientation of SnO, an undesirable interface for elec-
tronic applications.

VI. CONCLUSIONS

Compositional changes at surfaces of SnO, are facilitated
by the dual valency of Sn. This results in surfaces dominated
by a stable SnO or SnO, composition. The rutile structure of
SnO, easily facilitates formation of SnO and SnO, composi-
tions for bulk terminations of the (100) and (101). We found
experimentally and theoretically that these are indeed the
preferred surface terminations and that a phase transition
from one surface termination to the other occurs with a varia-
tion of the oxygen chemical potential. For the (110) surface
the lowest surface energy structure at the UHV limit was also
found to be SnO with bridging and in-plane oxygen rows
removed. The complex surface structures observed on the
(110) surface make it a difficult surface for fundamental
studies and it appears that the (100) and (101) surfaces are
much better suited in this respect. The dependence of the
surface composition on the oxygen chemical potential of the
system and thus the gas phase properties was quantified by
ab initio thermodynamics calculations. These calculations
verified the tendency of SnO, to form a reduced SnO surface
layer at low oxygen chemical potential. The possibility to
prepare unreconstructed (100) and (101) surfaces with either
a tin or oxygen termination will allow probing the depen-
dence of interface properties of SnO, on its surface compo-
sition in future studies.”>7*

Electronic structure measurements showed that all re-
duced SnO, surfaces exhibit surface states due to the filling
of Sn-5s states upon reduction of surface Sn atoms from
Sn** to Sn”*. These states are observed at the top of the VB
or fairly deep within the bulk band gap of SnO,.
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