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ABSTRACT

The electronic structure of stoichiometric tin dioxide (SnO,) is studied by probing its
unoccupied states using the fine structure in the electron energy-loss spectra (EELS) at the
oxygen K-edge. The spectral measurements were made both at room- and high temperature
(773 K), and compared to ab initio calculations carried out using real-space multiple
scattering and linearized augmented-plane wave methods. Important many-body effects are
included via quasiparticle corrections calculated within the many-pole GW self-energy
approximation. An additional energy dependent damping is calculated to account for
vibrational effects. Results from this study demonstrated that quantitative agreement
between theoretical and experimental spectra can be obtained when non-spherical potentials
and quasiparticle self-energy effects are considered, and vibrational broadening is included.
Modifications of the electronic structure by single oxygen vacancies, both in the bulk and at
the (110) surface, are also predicted. Our predictions support the use of O-K EELS as a
probe of defect structure in SnO; surfaces and nanoparticles.
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I. INTRODUCTION

Tin dioxide (Sn0O,) is a prominent n-type semiconductor with widespread technological
applications, such as gas sensing [1-5], catalysis [6,7], field effect transistors [8,9], organic
solar cells [10,11], lithium ion batteries [12-14] and supercapacitors [15,16]. Knowledge



of'its electronic properties is key to understanding and predicting the efficacy of the
materials used in these applications. In addition, it is well known that the response of
materials to gas sensing strongly depends on its operating temperature [17], since it affects
the electron mobility and electrical conductivity, which in turn depend on the crystal
structure and stoichiometry dependent surface states [18,19]. It has been determined that
the SnO,-based sensors for different gases are generally operated at temperatures below
720 K [20,21].

Current efforts are under way to obtain different nanostructured forms and engineered
facets of SnO; as a way to manipulate and control its band structure and related electronic
properties [22,23]. Most of the observed properties are sensitive to bulk or surface
stoichiometry since they involve removal of electrons from the conduction band, with
oxygen vacancies being responsible for some of the observed effects or its enhancement
[1,2,24-27].

Un-doped SnO; is a transparent wide-bandgap semiconductor; however its electronic
conductivity may be induced by native defects. High temperature gravimetric studies
indicate a very narrow degree of oxygen nonstoichiometry in tin dioxide, namely SnO,.,
with x=2x10"" at 1423 K [28]. The n-type behavior is attributed to these intrinsic oxygen
vacancies [29,30]. A recent computational study has shown that a single oxygen vacancy is
the defect with the lowest formation energy [31], compared to other more complex defect
configurations, like clusters of oxygen vacancies and interstitial tin. The effect of the
oxygen vacancies on the electronic structure is the introduction of shallow levels close to
the minimum of conduction band and deeper intra-gap energy levels [32], which have been
assumed to be responsible for the luminescence and gas sensing properties of SnO;
nanocrystals [24-27]. Although high-angle annular dark-field (HAADF) imaging in
scanning transmission electron microscopy (STEM) allows detection of single impurity
atoms with an appropriate atomic number (Z) difference with the support, imaging of the
impurities or vacancies of low-Z elements, such as oxygen, is substantially more
challenging.

The goal of understanding the mechanisms and properties that lead to enhanced
performance in the above applications has stimulated the study of occupied and near gap
states. Comparison of experiment and theory covers mainly the occupied states or the near
gap states [33]. However, the unoccupied states are also of fundamental interest since they
play a major role in determining material properties when defects or adsorbates are present
at finite temperatures. So far, high quality experimental data related to the unoccupied
states of SnO; has been limited to a few soft x-ray absorption (XAS) measurements at the O
K-edge [34,35] or EELS of both Sn-M, s and O-K edges [36,37]. Both XAS and EELS
involve electronic transitions between an initial (occupied) core-state and a final
(unoccupied) state. In addition, these techniques are dominated by dipole transitions. In
consequence, the information content of EELS is similar to that of x-ray absorption near-
edge spectra (XANES), and the fine structure present in the spectrum reflects a (local)
angular momentum-projected unoccupied density of states [38].

To our knowledge there have been only one study combining experimental and theoretical
EELS spectra of O K-edge [37] of SnO,, wherein the observed spectrum of O-K edge could



not be adequately reproduced using current theory. Up to now, there is no adequate
theoretical reproduction of this edge for stoichiometric SnO,.

Here, we use theoretical calculations to investigate the effects of O vacancies on the EELS
and electronic structure of SnO,, together with comparisons with high quality experimental
EELS data of stoichiometric SnO, to validate our theoretical approximations. Although
different theoretical works have shown changes in the density of states with defects [31,30]
there have been no reports on their impact on the EELS spectrum. Here we search for
possible distinctive signatures in the O-K edge EELS due to the presence of oxygen
vacancies. We have calculated the EELS fine structure at the O K-edge edge using real-
space multiple scattering (using the FEFF code) as well as linearized augmented-plane
wave (LAPW) (using Wien2k) which incorporates the effects of non-spherical potentials.
For both approaches we go beyond conventional DFT based methods by including quasi-
particle corrections and lifetimes, as well as vibrational broadening to give a quantitative
accound of inelastic losses [39,40].

The remainder of this paper is organized as follows. Sec. (2) describes the experimental
EELS measurements. Sec. (3) gives details of the calculations, including those of Wien2k
and FEFF, as well as the application of the many-pole self-energy and vibrational
broadening models. Results are presented and discussed in Sec. (4), and concluding
remarks are given in Sec. (5).

II. EXPERIMENTAL METHODS

Commercial powder of SnO, (Aldrich, 99.995+ % purity) was dispersed onto a continuous
carbon film supported on a Mo grid. The sample have particles with a minimum size of
about 40 nm. We measured EELS spectra both at room temperature and at 773 K in a JEOL
2200FS microscope equipped with an in-column Q filter. A Gatan 652 double-tilt heating
holder was used. During heating a slight change in the vacuum level was observed between
373 K and 473 K, suggesting desorption of gases from the sample holder, the microscope
hardware and the sample itself (both from the crystal surface and/or carbon support). The
energy resolution, estimated from the full width at half maximum of the zero loss peak, was
0.9 eV. Energy-loss spectra were measured from many nanoparticles in diffraction mode
with a collection semi-angle of 6 mrad. The diameter of the area illuminated by the beam
was about 20nm. Our spectra were obtained from nanoparticles of size below 60 nm and
from different thin areas with a relative thickness of about 0.25.

III. CALCULATIONS
A. Wien2k

Electronic structure calculations were performed using the full potential

linear augmented plane wave (LAPW) method within density functional theory (DFT)

via the Wien2k code [41], and the energy-loss near edge structure (ELNES) spectra were
simulated using the TELNES3 program [42]. In the calculations we used the experimental
crystal structure parameters [43]. The exchange correlation potential was



treated by the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof 96
[44]. The muffin-tin radii Rmt were 2.1 and 1.7 a.u. for Sn and O atoms, respectively. The
maximum angular momentum of the radial wavefunctions was set to 10, and RmtKmax
was fixed at 7.0 to

set the basis size. The energy cut-off to separate core from valence states is -6.0 Ry. For the
oxygen K spectra we included core hole effects using a supercell, and found convergence
with a 2x2x3 cell, similar to previous findings [45]. We used 1056 irreducible Brillouin-
zone k points for the primitive cell and 36 irreducible k points for the 2x2x3 supercell
when calculating the ELNES spectra. During the self-consistency cycle (SCF) calculation,
the charge and energy convergence were set to 0.00001 e and 0.0001 Ry, respectively. The
core hole effect on the O-K edges was treated by such a way that one electron was removed
from the core level (1s state) of one oxygen atom and then the extra electron was taken as
background charge to the supercell in order to preserve the electric neutrality.

B. FEFF

The O-K edge was calculated for stoichiometric SnO, using the FEFF9 code [46], which is
based on an ab initio self-consistent real space multiple scattering approach [47]. Accurate
and well converged spherical muffin-tin potentials, electron densities and the Fermi level
are calculated in a self-consistent-field (SCF) procedure [48]. The EELS module in
FEFF9.6 allowed us to take into account experimental parameters such as beam energy,
convergence and collection semiangles as well as sample to beam orientation [46].
Convergence of the calculations was evaluated by changing the size of the cluster used
[53]. We found that a cluster of about 60 atoms was sufficient to obtain well converged
SCF potentials. For the FMS calculations a cluster size of 226 atoms was used. The FEFF
calculations were done with the Hedin-Lundqvist self-energy (i.e., complex, energy-
dependent exchange correlation potentials) to account for inelastic losses. In the
construction of the muffin-tin potentials, we allowed for different degrees of overlapping of
the muffin-tins in order to reduce discontinuity effects at the edges of the muffin-tins and to
roughly estimate the need for nonspherical corrections to the potentials [37]. Core-hole
screening effects were included using the RPA (random phase approximation)
approximation. In order to evaluate the changes introduced by oxygen vacancies we used
different potentials for the oxygen and tin atoms closest to the vacancy.

C. Quasiparticle self-energy and vibrational effects

Many-body electronic self-energy and vibrational effects cause shifts in the position, as
well as broadening of peaks in excited state electronic spectra such as EELS or XAS
relative to those calculated using static mean field theories such as density functional
theory. In this study we included the quasi-particle effects through the GW many-pole self-
energy (MPSE) model [39] (GW is the Hedin self-energy model, where G is the Green’s
function and W the screened coulomb interaction), while vibrational broadening was
approximated using an additional imaginary self-energy matched to the Debye-Waller
factors found in EXAFS (extended X-ray absorption fine structure) analysis [40].



The many-pole model is based on a generalization of the Hedin-Lundquist GW plasmon-
pole self-energy commonly used in calculations of XAS, and replaces the single plasmon-
pole with a sum of weighted poles to represent the true loss function of the material, i.e.,

mfe(q, )] =7 ) giw?s(w? = wi(@)?).

Within this approximation, the self-energy is given by a static exchange part plus a sum of
single-pole correlation self-energies,

SE) = Zoll)+ ) giZe(k Ew)),

l
The weights w; and positions g; of the poles are matched to the zero momentum transfer
loss function, which can be approximated within the FEFF code, or provided as input taken
from experimental results or higher quality calculations such as those based on the Bethe-
Salpeter equation (AI2NBSE, EXCITING, YAMBO). Several sum-rules are useful for
correcting calculated and experimental loss functions. Of particular importance are the first
moment or f-sum rule, and first inverse moment which is related to the high-frequency
dielectric constant of the material, i.e.,
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where €4, is the electronic contribution to the static dielectric constant. While the rough
approximations made in the FEFF calculated loss function tend to preserve the f-sum rule,
the inverse moment is more difficult to reproduce ab-initio. Thus the user has the option to
provide the dielectric constant as input, and the sum-rule is enforced by scaling the
positions and amplitudes of the poles to match the inverse moment while preserving the
first moment. In our many-pole calculations, we took the dielectric constant to be 4.95 [49].

Vibrational effects are approximated via an additional purely imaginary self-energy
correction,
ik3aé
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where R, = 2.052 & is the nearest neighbor bondlength, o¢ = 0.0035 A* [50] is the mean

square relative displacement of the nearest neighbor bond and k = /2(E — E;) is the
EXAFS wavenumber as measured from the edge energy E,,. This approximation provides a
reasonable estimate of the energy dependent broadening due to static and vibrational
disorder (as also seen in extended X-ray absorption fine structure). However, this
approximation does not affect the low energy XANES (X-ray absorption near edge
structure) peaks and does not include symmetry breaking which can cause transitions to
dipole forbidden peaks. While this might be problematic for some systems, there is no
indication that this occurs at the O K-edge in SnO,.

Finally, the total self-energy can be used within the definition of the Green’s function in
FEFF, or applied to the spectrum via a post processing convolution with an energy
dependent spectral function, as was done for the Wien2k results [51].



IV. RESULTS AND DISCUSSION
A. Stoichiometric SnO,

The spectra obtained at room temperature and at 773 K are shown in figure 1. The
similarity between both spectra is clear. Our spectra for SnO, are in full agreement with
that previously reported for the oxygen edge by EELS [37] and x-ray absorption
spectroscopy at room temperature and ambient atmosphere [34,35]. The fine structure
within the first 10 eV above threshold has two main peaks separated by about 6.6 eV, with
a third peak appearing at about 536.2 eV and a minor one observed as a shoulder at 539.4
eV. The same fine structure was observed in aerogels with a smaller particle size of about
3-5 nm [36]. In consequence we conclude that the observed fine structure corresponds to
the intrinsic bulk electronic properties of this material, which still need to be reproduced
theoretically.
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Fig. 1. EELS spectra of the O-K edge from a SnO, sample, obtained at room temperature
(solid line) and at 773 K (dash-circle line).

Fig. 2 shows a comparison of the FEFF calculated spectra using the single-pole (solid
black), sum-rule corrected many-pole approximations for the self-energy, including the
knowledge of the dielectric constant (EPSO0), using the calculated loss function (light gray),
and experimental loss function (LF) (black dot-dash), along with the experimental data
(open circles). Clearly the use of the many-pole model along with vibrational broadening
improves the calculated spectrum as compared to experiment, providing a roughly 14%
stretch in the peak positions relative to the single pole calculation. The importance of the
energy dependent broadening coming from the combined electronic and vibrational effects
is not clearly apparent in this comparison, but will be seen later when comparing the
Wien2k calculations. The use of the experimental loss function improves agreement with
experiment. This result emphasizes the utility of acquiring the low energy loss function
during EELS experiments, which is relatively easy to do. Note that the present



combination of theory and experimental information is not restricted to the material under
study but is general.
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Fig 2. Oxygen K-edge spectra from SnO,. Experimental: open circles. Calculated using
FEFF: single pole (black solid line), many pole with calculated loss function and EPS0
(light grey) and many pole with experimental loss function and EPSO (black dash-dot line).

Fig. 3 shows the spectra obtained using Wien2k for supercells of two different sizes and
compared to experiment. There are noticeable changes in the spectrum when the bigger
2x2x3 supercell is used. An increase in supercell size to 3x3x3 does not show significant
changes as observed in the figure, consistent with previous findings [45]. The requirement
of a 2x2x3 supercell can be understood in terms of the unit cell parameters of SnO,, with
lattice parameters a=4.737 A and ¢=3.186 A. The size of the 2x2x3 supercell is very
approximately the same and about 9.5 A. This distance seems to be sufficient to prevent
any noticeable effects of core hole periodicity on the spectrum. We can observe a richer
fine structure when using the 2x2x3 cell, showing all the peaks present in the experiment.
The black solid line corresponds to the spectrum of 2x2x3 supercell convolved to account
for the self-energy as described in Sect. (3.3).
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Fig. 3. Oxygen K-edge spectra from SnO,. Experimental: open circles; Calculated using
Wien2k for supercell of different sizes. Black solid line corresponds to 2x2x3 spectrum
convolved to account for the self-energy.



Because FEFF and Wien2k use different potentials, it is not a priori clear whether the
differences in spectra obtained are due to full potential effects or differences in the core-
hole potential. In order to check the muffin tin approximation in Fig. 4 we compare the
local density of states (LDOS) obtained without a core-hole from both WIEN2K and FEFF.
Both DOS have a similar structure except for the peak at about 12.5 eV above Fermi level,
which is not present in FEFF DOS. This finding points to the spherical muffin tin potential
approximation used in FEFF as responsible for the lack of minor details in the fine
structure, like the shoulder at about 539.4 eV.

2.0

1.5+

Wien 2k O-2p

-FEFF O-2p

DOS (states eV atom™)

Energy (eV)

Fig. 4. Oxygen p-DOS obtained from calculations using FEFF (grey) and Wien 2k (black).
The zero of energy is the Fermi level.

B. Oxygen deficient SnO,

Although FEFF does not clearly reproduce the fine and minor details present in the O-K
spectrum, we consider it important to realize that FEFF reproduces the main fine structure
consisting of three peaks which is useful as an experimental fingerprint of this compound,
particularly in phase identification of nanostructured materials. In other words, if important
changes appears in the fine structure FEFF could be used for these studies, allowing us to
still take advantage of the efficiency and flexibility of the real space multiple scattering
method, yielding fast, ab initio EELS results for clusters of arbitrary shape and
stoichiometry.

Due to the tetragonal symmetry of SnO,, there are four O-O distances within the
coordination octahedra of tin, i.e., each oxygen has four different oxygen nearest neighbour
(NN) at distances 2.586 A (A-O1 atoms), 3.186 A (along z axis) and 4.103 A (diagonal) in
the octahedron basal plane; and at 2.905 A, the distance between the oxygen atoms in the



basal plane and the apical oxygen (see Fig. 5). Single oxygen vacancies should be
compensated by reduction of the Sn atoms NN to the vacancy to Sn2+ state.

In the description of defective SnO, we use different potentials for atoms near neighbours
to the vacancy and more distant atoms. The charge transfer is obtained self-consistenly
during SCF procedure by subtracting the total charge counts (obtained from the occupation
numbers in the self-consistent calculations) from the neutral pure atomic configurations.
Table I shows the charge transfer for stoichiometric and defective SnO, containing a single
oxygen vacancy. The ratio of the charge transfers are proportional to the formal valence
numbers of Sn and O in the stoichiometric compound and for the atoms located outside the
first coordination shell of O and Sn (ie. not nearest neighbours). This ratio approaches to
one for the oxygen vacancy at a second or third NN position, indicating tin is reduced to 2+
oxidation state as expected.

Fig.5. Schematic polyhedral representation of the tetragonal structure of SnO, along c-axis.
Red circles represent oxygen atoms and bigger circles in the center of the octahedron
represent tin atoms. The black dash line indicates the (110) plane.

Table I. Charge transfer for stoichiometric and defective tin dioxide . Sn-NN and O-NN are
tin and oxygen atoms neighboring the oxygen vacancy.

Charge
Sn -0.663
o 0.331

Sn-NN vac -0.383



O-NN vac 0.348

The calculated DOS for the stoichiometric and oxygen defficient materials present similar
structures and a few differences. For comparison we shift and align the valence DOS of the
stoichiometric structure to the DOS of the oxygen defficient one. The main differences are
visible in the near band gap region as can be appreciated in Figure 6 (upper panel).

The comparison clearly shows that the oxygen vacancy introduces occupied states at about
1 eV above the top of the valence band and empty states below the minimum of the
conduction band of the stoichiometric material, reducing the band gap. The conduction
band is shifted to higher energies by about 0.4 eV. Thus the vacancy is responsible for both
the blueshift of the conduction band states and the appearance of a strong peak at about 1
eV above Fermi level. The trend observed here is in agreement with previous calculations
[32] and experimental literature that places donor levels for oxygen vacancies up to 0.3 eV
below the conduction band upon reducing a stoichiometric surface [26,27,52], these donor
levels would be responsible for the low temperature gas sensing properties. Theoretical
work usually report total density of states or partial density of states without detail of
variations for each component in this energy region. Our results shown in Fig.6 bottom
panel, indicates that the unoccupied Sn p states moves to lower energies by 0.4 eV and that
the oxygen states lying at about 3 eV above Fermi level are split in the presence of the
oxygen vacancy.

All the structures in the DOS appearing within the first 10 eV above Fermi level arise from
a covalent mixing of O 2p and Sn 5s-p. In particular, in stoichiometric SnO; the Sn
contribution to the peak at about 3eV in SnO, is mainly due to s states [37]. In the reduced
material the shift of the Sn 5, states to lower energy makes the peak at about 2 eV more
equally contributed by Sn s and p states, resulting also this peak in hybridized O,,-Sns;.,
states.
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Fig. 6. (upper) Oxygen p-DOS of stoichiometric SnO; (black) and with a 1st NN oxygen
vacancy (gray). (bottom) Detail of the Sn s-DOS (solid lines) and p-DOS (dash lines). The
zero of energy is the Fermi level of oxygen deficient SnO,.

We explore the effect of the changes in the electronic structure reflected by the fine
structure of the electron energy-loss spectrum, due to the presence of oxygen vacancies for
the different locations of the vacancy. In Fig.7, the calculated spectra are shown for an
incident electron beam along the (001) orientation with a collection angle of 10 mrad, for a
vacancy located as first nearest neighbor (1st NN), second NN and third NN. The
corresponding spectrum for stoichiometric SnO; is included for comparison. In all cases we
see a distinctive additional peak at about 529 eV, with subtle but distinguishable variation
in the energy position as shown in the inset of Fig. 7. The presence of this pre-peak is the
main change in the spectrum. The intensity of this peak is higher for the 1st NN vacancy
and decreases with the distance of the vacancy to the absorber. Another effect is the
modification of the peak intensity ratio, being stronger for the 1st NN vacancy. Note that
the spectra contain the experimental broadening present in our experiment. In the inset this
broadening is not included, suggesting that detection of this pre-preak would benefit by the
use of a monochromator.

To the best of our knowledge there are neither experimental reports nor predictions of such
changes in the spectrum. Because the concentration of oxygen vacancies in SnO; is
intrinsically very low, we suggest that detection of such changes should be favored by
using STEM-HAADEF in an aberration corrected electron microscope.
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Fig. 7. Oxygen K-edge spectra from SnO, with a single oxygen vacancy located at different
positions, as labeled in the legend. The spectrum for stoichiometric compound is included.
The inset show the energy region of the pre-peak and its subtle variation in the energy
position.

Low temperature sensing response has been correlated to oxygen vacancies on surface
(110) [26,27]. In this surface all oxygen atoms in the terminal layer indicated in Fig. 5 are
2nd NN to oxygen atoms on the (110) plane and 1st NN to atoms lying in the subsurface
layer (site A in Figure 5). We have calculated the DOS for both the stoichiometric (110)
surface and for this surface with an oxygen vacancy 1st NN. In Fig.8 we show the oxygen -
DOS of the stoichiometric SnO, and stoichiometric and defective (110) surface. Changes in
the band gap are clearly observable. The stoichiometric surface shows a reduction in the
band gap. For the non stoichiometric surface a dispersed band arises in the band gap
showing a significant density of states that reduces it to about 0.5 eV. These results are in
agreement with previous experimental results and ground state calculations [32,46]. The
effect of such a broad intragap band on the EELS spectrum is to produce a broad pre-peak
at the same energy of those in Fig.7, with a long tail to lower energies (not shown).
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Fig. 8. Oxygen p-DOS of stoichiometric bulk SnO, (black), stoichiometric (110) surface
(grey dash dot) and (110) surface with an oxygen vacancy (grey).

V. CONCLUSIONS

In this work, we have investigated the effects of oxygen vacancies on the EELS and
electronic structure of SnO, using calculations based on real-space multiple-scattering, as
well as LAPW. Comparison to high quality experimental EELS data of stoichiometric SnO,
shows that quantitative agreement can be achieved when fully non-spherical potentials are
used, and quasiparticle and vibrational effects are accounted for. We have also investigated
the effects of single oxygen vacancies on the DOS and EELS spectra of SnO, and evaluated
the impact of vacancies on the (110) surface. Our results show the sensitivity of the EELS
and unoccupied states to oxygen defects, producing a pre-edge peak related to the
unoccupied defect sate. Due to this sensitivity, high quality theoretical modelling combined
with the high spatial and energy resolution of EELS experiments makes EELS a powerful
tool for characterizing defects in SnO2.
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