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The electronic and structural properties of dilute solid solutions of SnO, in TiO, have been
investigated. Samples of Sn, Ti;_, 0, with 0.0 < x < 0.1 (i.e., 0—10% Sn doping) were prepared by
solid state reaction of SnO, and TiO, powders at 1200 °C followed by rapid quenching. Narrowing of
the bandgap at low Sn doping level was observed through both diffuse reflectance spectroscopy and
valence band photoemission spectroscopy. This provides an explanation of the visible light photo-
catalytic activity previously reported for this system. X-ray diffraction showed a positive deviation of
the lattice parameters from Vegard’s Law, whereas Raman spectra revealed a red-shift in the £, and
By, peaks and a blue-shift in the 4, peak with increasing Sn content.

Introduction

Mixed oxides of rutile TiO, and SnO, are of interest in the
field of gas sensing, where they give enhanced response to
H, and CO compared to the pure binary oxides,' > and in
the field of photocatalysis, where improved activity under
UV light®'* and visible light'*!*> have been reported,
despite the anatase phase of TiO, usually being considered
more photoactive. In both gas sensing and photocatalysis it
has been found that small additions of SnO, to TiO, give the
most beneficial results.>” In both cases the electronic struc-
ture of the material is critical to the functional behavior.
TiO, and SnO, both adopt the tetragonal rutile struc-
ture, although the lattice parameters for SnO, (¢ = 4.594 A,
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c =295 A) are somewhat bigger than those for TiO; (a =
4737 A, ¢ = 3.360 A). Substitutional solid solutions Sn -
Ti,— O, which retain the rutile structure of the end members
are obtained by reaction between SnO» and TiO, at elevated
temperatures.”'®'” Above 1450 °C solid solutions across
the complete composition range 0.0 < x < 1.0 are thermo-
dynamically stable.'® Below 1450 °C there is a roughly sym-
metrical miscibility gap, within which solid solution under-
go spinodal decomposition into Sn and Ti rich phases.'® !
However, such decomposition is slow at room temperature,
and rapid quenching of compositions close to the end
members (x < 0.2, x > 0.8) gives single phase samples
which are stable for long periods;'**?? alternatively, meta-
stable compositions can be made close to room temperature
under kinetic control.**

While the individual electronic structures of TiO, and
SnO, have been well studied over many years,>> " the
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electronic structures of Sn,Ti;_ O, solid solutions have
been investigated only recently, and chiefly by theoretical
means.>! 733 Rutile TiO, and SnO, both have direct band-
gaps of magnitude 3.062 and 3.596 eV, respectively.>*3°
In SnO, the valence and conduction bands are both offset
to lower energies in comparison with TiO,. Thus when
TiO, and SnO, are bought together in a heterojunc-
tion, photoexcited electrons from TiO, are transferred
across the interface to the SnO, phase with no applied
voltage."**"% This suggests that the SnO, conduction
band minimum is lower in energy than TiO,, a conjecture
corroborated by theoretical calculations.*”

Sensato et al. performed periodic density functional
theory (DFT) calculations on rutile Sn,Ti;_,O, and
predicted a monotonic increase of the direct band gap
with increasing Sn content, but also the presence of a
lower energy (2.9 ¢V) indirect band gap present at low Sn
concentrations.?! Taft et al. performed DFT calculations
on Sn doped TiO, (110) surfaces, and found the nature
and magnitude of the band gap to be highly dependent on
the location of the substitutional Sn cation.** For most
substitutional sites, the direct bandgap of TiO, was found
to increase with the addition of Sn, but one site was found
where an indirect gap smaller than that of the undoped
surface arose as a consequence of Sn doping. Long et al.,
also using DFT, found a decrease in the band gap of rutile
TiO; upon Sn doping caused by the lowering of the
conduction band energy.®® Higher levels of Sn doping
were, however, found to cause an increase in the band
gap. While these theoretical studies are interesting, there
has been little detailed experimental work of the electro-
nic structure of Sn, Ti;—,O».

In this paper we report a study of Sn,Ti;_,O, solid
solutions in the composition range 0.0 < x < 0.10. The
magnitude of the optical bandgap, which is important for
photocatalysis applications, was determined through dif-
fuse reflectance (DR) spectroscopy and changes in the
valence band were measured using high resolution X-ray
photoelectron spectroscopy (XPS). Structural changes
were investigated using X-ray diffraction and Raman
spectroscopy.

Experimental Section

Rutile TiO, (Aldrich, 99.9%) and SnO, (Aldrich, 99.9%)
powders were weighed in the desired ratio and ground together
in an agate mortar. The resulting mixture was placed in recrys-
tallized alumina boats and heated to 1200 °C in air for 3—6 days.
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To avoid the spinodal decomposition that can occur during slow
cooling, the samples were quenched by removal from the
furnace at 1200 °Cinto air, followed by cooling on the benchtop.
Powder X-ray diffraction (XRD), carried out on a Panalytical
X’Pert Pro instrument using monochromated Cu Ko, radia-
tion, was used to assess phase purity. Samples found to be
multiphase were reground and refired at 1200 °C until a single
phase was obtained. High resolution X-ray photoemission
spectra (XPS) were recorded on a Scienta ESCA 300 spectro-
meter located at Daresbury Laboratory, UK, which incorpo-
rated a rotating anode Al Kot (hv = 1486.6 eV) X-ray source.
The X-ray source was run with 200 mA emission current and 14
kV anode bias, while the analyzer operated at 150 eV pass energy
with 0.8 mm slits. Gaussian convolution of the analyzer resolu-
tion with a line width of 260 meV for the monochromated X-ray
source gives an effective instrument resolution of 400 meV. The
spectrometer was calibrated regularly to set the Fermi edge of a
silver reference sample at zero binding energy. Powder samples
of Sn-doped TiO, were prepared for XPS analysis by pressing
into indium foil. Extra care was taken to ensure that the cover-
age of the indium foil was complete and that no In peaks
appeared in the photoelectron spectra. A weak C 1s peak was
evident in most spectra with a C 1s to O Is intensity ratio
typically around 0.03. After correction for atomic sensitivity
factors this corresponds to a surface C/O ratio of about 0.08.
Given that around 10% of the signal in Al Kot XPS derives from
the topmost atomic layer this corresponds to just under 1
monolayer of surface hydrocarbon contamination. Fortunately
theionization cross sections athv = 1486.6 eV for C 2p (5 barns)
and H Is (0.2 barns) states are much lower than those for O 2p
(60 barns) or Ti 3d (85 barns) states, so that the contamination
layer will contribute around only 1% of the intensity in valence
band photoemission spectra. For most samples it was necessary
to use an electron flood gun to stabilize the surface charge. Use
of a flood gun shifts all spectral features to high kinetic energy.
Photoelectron spectra were therefore charge calibrated using the
weak C Is contaminant peak which was assigned a binding
energy of 285.0 eV. It was confirmed that this calibration
procedure places the Fermi level of metallic thin film samples
on highly insulating substrates (e.g., degenerately Sn-doped
In,03 on zirconia substrates) at zero binding energy. Thus we
may be confident that the binding energies in all our spectra are
relative to the Fermi level of the sample. Diffuse reflectance
(DR) spectra were measured in the visible and near-ultraviolet
(UV) region using a Perkin-Elmer Lambda 750S instrument
incorporating a 60 cm integrating sphere. Raman spectra were
recorded at room temperature using a Perkin-Elmer Raman-
Station 400F spectrometer with excitation by a He/Ne laser.

Results and Discussion

X-ray Diffraction. Figure 1 shows X-ray diffraction
patterns of the Sn, Ti;_ O, solid solution over the range
of concentrations studied. A clean set of diffraction peaks
characteristic of a single rutile phase was observed for all
samples. A shift of the diffraction peaks toward lower 26
angles with increasing Sn content was observed, which is a
consequence of the expansion of the TiO; unit cell due to
substitutional incorporation of Sn onto Ti sites.”*>4

From the positions of the diffraction peaks, the tetra-
gonal lattice parameters a and ¢ were calculated using a
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Figure 1. X-ray diffraction patterns (Cu Ka;) for Sn,Ti;_,O, solid

solutions of the compositions indicated produced by high temperature
solid state reaction. A single set of rutile peaks is observed in each case.
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Figure 2. Experimentally determined lattice parameters and cell volume
of Sn, Ti; -, O, solid solutions with 0 — 10% Sn content. Dotted lines show
linearly interpolated values linking the TiO, and SnO, end members
(Vegard’s Law).

least-squares fit to all reflections in the range 20° < 26 <
70°. In Figure 2, the values of @ and ¢ are plotted as a
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function of x for Sn Ti;_,O,. The unit cell volumes V' =
a’c are also presented. It can be clearly seen that both
lattice parameters and the unit cell volumes of the solid
solutions increase with x, indicating expansion of the
lattice. However, the increase of the a and ¢ values is
not linear with Sn concentration and in general the values
lie above that expected by linear interpolation between
limiting values for TiO, and SnO,. Deviations from
Vegard’s law have been reported before for this sys-
tem.>>3'*! Although deviation from Vegard’s law is
frequently accompanied by phase separation caused by
spinodal decomposition,*! the phase purity of the samples
found by XRD analysis suggests this decomposition not
to be the cause of the deviation. In their theoretical work,
Sensato et al. found marked deviations from the Vegard’s
law for phase pure Sn,Ti;_,O, solid solutions,®!' in
agreement with the present experimental results. As
shown in Figure 2 the deviation found for the « lattice
parameter was greater than that found for the ¢ para-
meter. This result can be related to the anisotropy in
compressibility («) for the rutile TiO,, being x, = 1.93 x
10~*kbar ! along the ¢ axis and k. = 0.87 x 10~ *kbar ™!
along the ¢ axis.** These values indicate that in TiO, the
displacement of ions in the (100) direction is larger than
the displacement in the (001) direction when external
forces are applied to a crystal. Therefore, the larger
deviation of the a parameter may be a result of a more
effective relaxation of stress brought about by incorpora-
tion of the larger Sn cations onto Ti sites in the (100)
directions than in the [001] direction. However this ana-
lysis will only be valid for low Sn concentrations because
in SnO,, the anisotropy of the compressibilities is reversed
in comparison to TiO,. In SnO; k., > ko, and in studies
of the whole range of compositions for Sn, Ti;—,O, solid
solutions, the variations in @ and ¢ lattice parameters are
found to be complex.?*3!

Raman Spectroscopy. Rutile TiO, and SnO, belong to
the space group Dy, (P4,/mnm) and display four Raman
active fundamental vibrational modes, 4, + By + Bog +
Eg.43 Raman spectra taken on the undoped TiO» sample
showed peaks at 143 cm ™', 447 cm™ " and 610 cm ™! which
are assigned in accordance with the literature to the B,
E,, and A, vibrations respectively (Figure 3).

The broad feature around 235 cm ™' is a combination
band,*** and the B,, vibration, expected at 826 cm s
not observed due to its weak intensity.?? Sn doping did
not cause the appearance of any additional bands, but
increasing Sn doping has differing effects on the frequen-
cies of the fundamental vibrations. The B;, and the E,
vibrations show a general shift to lower frequencies with
increasing Sn doping, while the opposite trend is seen in
the A, vibration, that is, there is a shift to higher
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Figure 3. Raman spectra of Sn, Ti;_,0, solid solutions with 0—10% Sn
content. Dotted vertical lines show the positions of TiO, Raman peaks.
Bottom, expanded views of the E,, A4;,, and B;, Raman peaks. The solid
vertical line shows the TiO, peak position and the arrow indicates the
change caused by increasing Sn doping.

frequencies. In each case, the change in frequency is close
to linear with Sn concentration (Figure 4).

The frequency of vibrational modes can be affected by
particle size for nanoscale crystals. However, since there is
no significant variation in crystallite size in the current
samples as determined from the full width at half-maximum
height (fwhm) of the diffraction peaks, this effect cannot
explain the variations in Raman shifts seen here. In SnO,
(TiO,), the By, E,, and A4, vibrations appear at 123 (143)
ecm™', 475 (447) cm™' and 634 (610) cm ™' respectively.
Thus, while dilute doping of TiO, with Sn causes the A,
and B, to vibrations shift foward their values in SnO,, the E,
vibration shifts away from its value in SnO, value. Hirata
et al. studied the Raman spectra of Sn, Ti;—,O, solid solu-
tions across the whole composition range and found the
frequency of the E, fundamental vibrational mode to vary in
a nonmonotonic fashion as a function of x, but with beha-
vior similar to that found here at low doping levels.** They
also found an increase in the frequency of the 4;, mode at
low doping levels but did not report on variations for the B,
mode. The qualitatively different ways in which the £,
frequency on the one hand and the 4, and B, frequencies
on the other vary with doping in relation to the changes
between the end members TiO, and SnO, may be linked
to the fact that atomic displacements for E, are parallel to
the ¢ axis, whereas for 4,, and B),, the displacements are
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Figure 4. Peak positions of the B, E,, and 4, bands in Raman spectra
of Sn, Ti;_ O, solid solutions with changing Sn content.

perpendicular to the ¢ axis. Nonetheless as noted by Hirata
et al. it is puzzling that the frequencies for both the B, and
E, modes are higher in SnO, than in TiO, even though the
metal oxygen bonds are shorter in the latter oxide.

Optical Band Gap. The UV —visible absorption spec-
trum of a semiconductor contains information on its
band gap. TiO» has a strong and broad absorption feature
in the UV region due to inter band electronic trans-
itions.***>4¢ The variation in absorption coefficient (o)
as a function of photon energy (/v) close to a band edge
can typically be fitted to a power law relationship of the
following sort:

ma(v) = Bl —A,)" (1)

where B is a constant, A, is the band gap energy, and n
takes on a value that depends on the nature of the transi-
tion at the bandedge. Values of n = '/,and n = 2 resultina
linear fit for direct and indirect transitions respectively.*’
This approach has been extensively used in the study of
optical properties of many type of samples, for example,
TiO, thin films*’ and powders, CdS thin films,*®, and SnO,
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thin films and nanopowders.* Optical transmission in the
bulk powder samples studied in this work is very low, and
hence the absorption coefficient could not be directly
measured. However, the diffuse reflectance spectrum of a
sample also contains information on the absorption of the
material.® The Kubelka—Munk remission function F(R)
relates the reflectivity R of a sample to an absorption
coefficient a and a scattering coefficient s as follows:

F(R) = (1—R)*/2R = a/s (2)

Assuming a constant scattering coefficient s, F(R) is seen to
be proportional to a and thus to represent the absorbance
of the sample.”' This assumption is commonly made in the
study of optical properties of powdered materials.**>>

From the UV—visible diffuse reflectance data, the
absorption spectra of the samples were calculated by
means of the Kubelka—Munk function (eq 2). Figure 5
shows the absorption spectra of selected samples in the
range of concentration studied. The spectra of all samples
show the characteristic broad absorption band that TiO,
presents due to its fundamental band gap transition. A
close examination of the band absorption in the spectra of
the samples shows that the spectral edges of the doped
samples are shifted toward higher wavelength compared
with the undoped TiO».

The band gap of the samples was calculated by fitting
the absorption band edge of the spectratoeq 1. As F(R) is
proportional to @, it can be seen that the linear portion of
aplot [F(R) hw]"" versus hv intercepts the abscissa at hv =
A,, and this type of plot is commonly used in the estima-
tion of the band gap energy of semiconductors.*>*+>2
Since the fundamental interband electronic transition for
both TiO, and SnO, is direct, a value of n = '/,, that is,
the model for direct band gap transitions was used, and
good linear fits were obtained as shown in Figure 5(c).
Figure 5(d) and 5(e) show values of band gap as a function
of Sn concentration for all the samples studied in the
present work. It can be seen that the band gap decreases
with increasing Sn content at low doping levels and
reaches a minimum for 2% Sn doped TiO,. At higher
Sn doping levels the band gap increases monotonically
with increasing Sn doping although it does not converge
onto the value obtained by linear interpolation between
the limits for TiO, and SnO» within the range of composi-
tions investigated. Thus it appears that negative band
bowing occurs in the Sn,Ti;—, O, system at low doping
levels. It should be noted that some experimental and
theoretical studies have found a monotonic increase of
the band gap as the Sn concentration increases.’'>* How-
ever these earlier investigations involved the complete
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Figure 5. (a) Kubelka—Munk remission function F(R) derived from
diffuse reflectance spectra, for several representative samples of
Sn, Ti;_,O, of the compositions indicated close to the band edge. The
shift in band edge with doping is apparent. (b) Comparison of F(R) for
undoped and 2% Sn doped TiO, over the visible region, showing a
pronounced tail into the visible region in the doped sample. (¢) Band gap
plots of (F(R)hv)? for several representative samples, showing extrapola-
tion of the straight line portion to determine the direct band gap. (d) and
(e) Variation in optical band gap of Sn,Ti;—,O, with varying Sn con-
centration. Dashed line is a linear interpolation between the band gap
values for TiO; (3.062 eV) and SnO; (3.596 eV). Negative band bowing is
apparent.
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composition range with broad steps of x = 0.1 between
different samples. Thus the behavior at very low doping
levels was not identified. In more recent theoretical work,
Long et al.** found a band gap reduction of 0.12 eV when
one Sn is substituted for Tiin a rutile 2 x 2 x 2 supercell
(i.e., 1 Tiin every 16) to give a material with 6.25% Sn
doping. The band gap increases by 0.06 eV from this
reduced value when the doping level is increased to 12.5%
(corresponding to one Sn atom in a 2 x 2 x 1 supercell)
although there still an overall reduction in the bandgap of
0.06 eV at this doping level as compared to undoped TiO».
Qualitatively at least these theoretical results mirror our
present experimental findings.

Itisimportant to note that as well as leading to a shift in
the band edge, Sn doping leads to a very broad but quite
weak tail of absorption that extends across much of the
visible region down to around 700 nm (corresponding to
anenergy of 1.7eV), as shown in Figure 5(b). As discussed
below this extra structure is tentatively assigned to re-
duced Sn*" cations occupying sites at surfaces or grain
boundary interfaces.

X-ray Photoelectron Spectroscopy. The reduction of the
band gap of Sn,Ti;—,O, at low Sn concentrations ob-
served by optical spectroscopy can be caused either by an
increase in energy of the valence band maximum (VBM)
or a decrease in energy of the conduction band minimum
(CBM), or both effects simultaneously. XPS is able to test
these possibilities through measurement of the filled
valence band states, and it may be determined whether
filled states exist in doped samples above the VBM of
undoped TiO,. Here the peaks in the valence band
spectrum serve as an internal reference from which it is
possible to gauge if the valence band edge has moved up in
energy. The second possibility can be tested through
measurement of the shift in core spectral lines that would
be caused by a lowering of the CBM. In n-type semicon-
ductors, the Fermi level is pinned near to the CBM by
donor states. Thus a reduction in energy of the CBM will
lead to a reduction in energy of the Fermi level and a
consequent shift of all structure in the photoelectron
spectrum (including the core lines) to low binding energy.
In practice there are several caveats to this use of XPS to
investigate valence band structure and Fermi level posi-
tion. The short mean free path of electrons within a solid
means that Al Ka XPS necessarily measures surface
rather than bulk electronic structure. At the surface, the
valence band and conduction band are likely to be offset
(bent) away from their bulk positions by surface electro-
nic states, and correspondingly, the Fermi level at the
surface may be different to that in the bulk. Second, filled
surface states within the band gap may be present in
photoemission spectra which do not reflect the bulk
electronic structure. Finally binding energies in XPS are
affected by both initial and final state effects.

Valence band and shallow core level photoelectron
spectra of TiO, and several Sn-doped TiO, samples are
shown in Figure 6. For comparison, the intensity in each
spectrum in Figure 6 has been normalized to the O 2s peak
which appears at a binding energy of 22.2 eV, with less
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Figure 6. (a) Valence band photoelectron spectra of TiO, and
Sn, Ti;—,O, solid solutions (Sn concentrations 1, 2, 3, 4, and 6%)
encompassing O 2p bands, the O 2s band and shallow core Sn 4d levels.
Spectral intensities are normalized relative to the O 2s core line at 22.2 eV.
(b) Detail of the O 2p valence bands of TiO, and 3% Sn,Ti;—.O,. The
vertical line at 3.06 eV denotes the bandgap of undoped rutile TiO5. (c)
Difference spectrum (3% Sn doped—undoped) showing changes due to
Sn doping. Labels refer to contributions of metal orbitals to the total
density of states.

than 0.1 eV variation in energy between samples. The
most readily identified change in the spectra on addition
of Sn is the emergence of a doublet whose principle
component lies at a binding energy of 25.7 eV, with a
splitting of 0.7 eV. This peak increases in intensity with
increasing Sn content and is assigned as the Sn 4d shallow
core line.>* The valence band itself straddles binding
energies between 3.0 and 12.0 eV and is shown in detail
forundoped TiO, and 3% Sn doped TiO, in Figure 6. Our
experimental spectra are referenced to the Fermi level,
which is pinned to the bottom of the conduction band in
n-type semiconductors such as TiO, and Sn0,.>> Sn
derived states in the valence band of Sn,Ti;_ O, with
small values of x will appear at lower binding energies
relative to the Fermi level than they do in SnO,, since
SnO, has a significantly larger band gap (3.60 eV) than
TiO, (3.06eV). Therefore in order to compare Sn-induced

(54) Themlin, J. M.; Chtaib, M.; Henrard, L.; Lambin, P.; Darville, J.;
Gilles, J. M. Phys. Rev. B 1992, 46, 2460-2466.

(55) Egdell, R. G.; Eriksen, S.; Flavell, W. R. Solid State Commun. 1986,
60, 835-838.
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features in the current spectra with valence band spectra
of SnO» it is necessary to take account of a shift to low
binding energy of about 0.5 ¢V. Despite significant cova-
lency in both TiO, and SnO, bandstructure calculations
show that the valence bands in both TiO, and SnO, are
composed primarily of O 2p states with smaller contribu-
tions from the metal cations.>>>® As a consequence, the
valence band shows only small changes upon substituting
Sn onto Ti sites within the doping range investigated in
this study, and these changes are best illustrated in the
difference spectra as shown in Figure 6. Each Sn doped
sample showed very similar changes in this region, and so
for clarity, in Figure 6 only spectra from undoped TiO,
and 3% Sn doped TiO, are shown. Upon Sn doping, there
is an increase in spectral weight between binding energies
of 8.0—11.5 eV, with the greatest increase at a binding
energy of 8.5eV. There is also a separate sharp increase in
spectral weight centered at a binding energy of 6.5 eV.
After inclusion of the 0.5 ¢V correction, these two energies
correspond to the regions of the valence band of SnO,
where there is pronounced hybridization of Sn 5s and Sn
5p states, respectively, with O 2p states.’® The broad
feature with maximum at 8.5 ¢V is therefore assigned to
hybridized Sn 5s—O 2p states, whereas the sharper feature
at 6.5 eV is assigned to hybridized Sn 5p—O 2p states.
Both Longet al. and Sensato et al. in their respective DFT
studies of bulk Sn,Ti;_ O, predicted contributions from
Sn to the valence band states at energies close to those
found in the present work.*"** We also observe a decrease
in spectral weight upon Sn doping at a binding energy of
7.5 eV. This binding energy corresponds to the region of
valence band of TiO, where there is a maximum con-
tribution from Ti 3d states.> Therefore the changes in the
valence band can be linked with the introduction of Sn
derived states and the removal of Ti derived states that
would occur upon substitutional doping of Sn for Ti. As
expected from the calculations the top of the valence band
spectra from 5.5 to 4.0 eV shows almost no change upon
Sn doping, as this region is composed almost entirely of O
2p derived states and has close to zero contribution from
the metal cations. However, there is another significant
change in the valence band spectra: an increase in spectral
weight above the VBM of TiO, upon Sn doping, which
can clearly be seen in the difference spectrum in Figure 6.
The changes involve a very small upward shift in the main
valence band edge relative to the peak in the valence band
spectrum at around 5 eV in addition to the appearance of
weak but well-defined structure which straddles the lower
half of the valence band. Each Sn doped sample showed
an increase in these effects, and the difference spectra for
several samples between binding energies of 3.0—0.0 eV
binding energy are shown in Figure 7(a).

It can be seen that the integrated area of structure above
the VBM of TiO5 a (taken as 3.0 eV) increases from 0 to
4% Sn doping and then falls from 4 to 6% Sn doping. The
increase is dominated not by the small shift in the position
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Figure 7. (a) Difference spectra (Sn doped — undoped) showing the
region above the valence band maximum of TiO,. (b) Integrated area of
the normalized photoelectron spectra below 3.0 eV (i.e., within the
bandgap) of Sn, Ti;_, O, solid solutions presented in Figure 6a.

of the valence band edge but by the tail of states extending
into the bandgap. It is notable that the maximum in the
intensity of structure above 3 eV is found for 4% Sn
doping,whereas the maximum shift in the optical onset
deduced from diffuse reflectance spectra is found a simi-
lar value (2—4% Sn doping, accounting for the magni-
tude of the error in the optical band gap measurement: see
Figure 5e). A similar tailing of filled states above the
VBM has been observed in SnO,, and such states have
been assigned to hybridized 5s—5p “lone pair” states
associated with Sn(II) occupying surface sites. The reduc-
tion from Sn(IV) in the bulk to Sn(II) at the surface arises
from oxygen deficiency at the surface.?®*3%7 If the
cause of the states we observe above the VBM is oxygen
deficiency, it is interesting to note that the characteristic
band gap feature of oxygen deficient TiO, surfaces, the
Ti(IIT) 3d peak with binding energy 0.7 eV,”> was not
observed in any of our samples. In accordance with the
idea that there is a significant concentration of Sn(II)
occupying surface sites it was found that the intensity of
the Sn 3d core level peaks relative to that of Ti 2p was
always higher than expected from the bulk doping level as
is evident from data presented in table I. As has been
discussed in detail elsewhere “lone pair” cations such as
Sn(II) are more easily accommodated in surface sites than
in bulk sites, thus providing a driving force for surface
segregation.”’
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Figure 8. (a) Sn 3d core line photoelectron spectra of Sn,Ti;— O, solid
solutions with the Sn contents indicted. (b) Variation in O 1s and Ti 2p
core level binding energies in Sn, Ti;—,O, solid solutions with increasing
Sn content.

The Ti 2p and O s core lines show a shift to higher
binding energy upon increasing Sn doping (Figure 8),
while the Sn 3d core line shows no systematic variation in
binding energy. If the CBM, and consequently the Fermi
level, had decreased in energy, then a decrease in binding
energy would be expected for the whole spectrum. How-
ever, the small change in CBM energy, estimated to be
around 0.12 eV by Long et al.** might be masked by a
larger core line chemical shift arising from final state
effects. The averaged high frequency dielectric constant
of SnO; (g,4(e0) = 3.91) is much smaller than that of TiO,
(€av(20) = 7.37)> so that final state screening will be less
pronounced in the former material as it is less polarizable.
This will lead to a contribution to the chemical shift
toward higher binding energy.

Conclusion

Phase pure Sn,Ti;—,0O, solid solutions have been pre-
pared and characterized. Diffuse reflectance spectro-
scopy has clearly shown that Sn doping leads to narrow-
ing of the band gap of TiO, in the concentration range

(58) Taverner, A. E.; Rayden, C.; Warren, S.; Gulino, A.; Cox, P. A.;
Egdell, R. G. Phys. Rev. B 1995, 51, 6833-6837.
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Table I. Comparison of Bulk and Surface x Values Defined by Formula
Sn,Ti;—,0,

bulk value of x“ surface value of x”

0.01 0.020
0.02 0.049
0.03 0.048
0.04 0.060
0.06 0.091

“Defined by stoichiometry of starting mixture. ” From XPS measure-
ments on Sn 3d and Ti 2p core lines after correction with atomic
sensitivity factors.

investigated, with a minimum band gap of 2.995eV at 2%
Sn doping. In addition Sn doping leads to a broad tail of
absorption that extends down to around 1.77 eV. XPS
showed changes in the valence band density of states
consistent with the substitution of Sn(IV) onto Ti(IV)
sites, and additionally the presence new states above
valence band maximum of undoped TiO, probably asso-
ciated with segregated Sn(Il) cations occupying surface
sites. A small shift of the main valence band edge to low
binding energy was also observed. The shift of the band
edge is correlated with the shift in the main optical
absorption onset, whereas the surface gap states produce
a tail of weak absorption extending across the visible
range. Systematic change in the CBM, which may also
lead to band gap narrowing, was not observed but may
have been masked by final state effects. Band bowing of
the sort found here has been very extensively studied in
III-V semiconductors.” However there has been less
work on oxide systems and the extent of band bowing in
oxide “alloys” such as A, Zn;_,O (4 = Ca, Cd, Mg)60
and Si,M,_,0, (M = Zr or Hf)®' is expected to be rather
small. Moreover no distinct minimum in the band gap is
predicted by first principles calculations when the “wide
gap” cation is substituted onto the host site. It has been
argued that pronounced band bowing is only expected
when the host and substituent ions have very different
electronegativities.> The present finding of a distinct
minimum in the band gap when Sn substitutes for Ti is
somewhat surprising given that that the difference in
electronegativity (on the Allred-Rochow scale) between
Sn (1.72) and Ti (1.32) is less than between say Si (1.74)
and Hf (1.23) or Zr (1.32). Further theoretical work is
needed to explain the apparently anomalous behavior in
Sn, Ti;—,O5 solid solutions.
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