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Abstract

The electronic properties of antimony doped anatase (TiO2) thin films deposited via
aerosol assisted chemical vapour deposition were investigated by a range of
spectroscopic techniques. The incorporation of Sb(V) into the TiO. lattice was
characterised by X-ray absorption spectroscopy and resulted in n-type conductivity,
with a decrease in sheet resistance by four-orders of magnitude compared to that of
undoped TiO> films. The films with the best electrical properties displayed charge
carrier concentrations of ca. 1x10%° cm™ and a specific resistivity as low as 6x107
Q.cm. Doping also resulted in orange colouration of the films that became
progressively stronger with increasing Sb content. X-ray photoelectron spectroscopy
showed that substantial segregation of Sb(l1l) to the surface of the film was associated
with the appearance of “lone pair” surface states lying above the top of the main O 2p
valence band. Pronounced visible region absorption in the films is attributed to
transitions from Sb(lll) states at surface and grain boundary interfaces into the
conduction band. The segregation of Sb leads to p-type surface layers at high doping

levels.
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1. Introduction

Titanium dioxide (TiO2) is an abundant and non-toxic material that has long been
recognized for its photocatalytic activity. It has many environmental applications in
areas such as water purification, air purification and waste treatment. TiO> has also
been used for catalytic water-splitting and as anti-bacterial coatings or self-cleaning
coatings on glass. There are yet further applications as photoanodes in dye sensitized
solar cells (DSSCs) and in gas sensing devices.!”” More recently, interest has
developed in the use of doped TiO> as an alternative to conventional transparent
conducting oxides (TCOs) such as Sn-doped In.O3 aka indium tin oxide (ITO), F-
doped SnO2 (FTO) and Al-doped ZnO (AZO). This work is driven mainly by the
relatively high and extremely volatile cost of the indium required for ITO, coupled
with the inferior performance of the alternative established TCOs such as FTO and
AZO in terms of electron mobility and sheet conductivity. The cost of indium was
$500/kg in 2009 compared to only $0.53/kg for titanium. Historically the price of
indium has been as high as $1000/kg.%°

The two most important polymorphs of TiO> are anatase and rutile. Both adopt
tetragonal structures, but the volume per formula unit is bigger for the anatase phase.
The bandgap of anatase (3.20 eV) is slightly bigger than that of rutile (3.06 eV) and
the gap is indirect for anatase, whereas rutile has a direct bandgap.'®'! Oxygen
vacancies in both phases can introduce n-type conductivity by generating excess

electrons that can act as charge carriers, leading to reduced sheet resistance:
Op >V, +1/20,, +2¢ (1)

However there is a tendency for the electrons to self-trap onto polaronic Ti(lll)
centres.!> Thus one major drawback of introducing oxygen vacancies is the
subsequent loss of transparency®® due to intense intervalence charge transfer
transitions between Ti(lll) and Ti(IV): on the basis of high resolution electron energy
loss spectroscopy (HREELS) the oscillator strength of these transitions has been
estimated to be as high as 0.10.}* An alternative approach to introducing n-type
charge carriers is the substitution of lattice Ti(IV) with group 5 aliovalent dopant



atoms ions such as V, Nb or Ta. These all have an additional valence electron and and
in principle should act as one electron donors if M(V) occupies a Ti(IV) site without
introduction of further compensating defects. However in V-doped rutile TiO> the
excess electrons are localised onto V(IV) sites and give a characteristic peak whose
vertical ionisation energy is just over 2 eV below the conduction band minimum in
photoemission spectroscopy.®>*" Nb acts as a much shallower donor in rutile TiO2 but
electrons do not occupy the conduction band. Instead they self-trap onto Ti(lll) sites,
at least at low doping levels'®!® and Nb-doped rutile prepared by solid state reaction
between NbO, and TiO, assumes an intense blue colouration similar that in oxygen
deficient rutile. It should also be noted that Nb-doped rutile is susceptible to
compensation by cation vacancy acceptor states when prepared under moderate
oxygen partial pressures®: Ta-doped rutile behaves similarly.?! Thus single crystal
Nb-doped rutile prepared by O-plasma assisted molecular beam epitaxy?? transpires to
be almost completely compensated, with zero occupation of d electron states.'® The
properties of the Nb-doped anatase polymorph of TiO> are completely different.
Material prepared by pulsed laser deposition (PLD)¥% or atmospheric pressure
chemical vapour deposition (APCVD)? is both optically transparent in the visible
region and highly conducting. Nb-doped anatase (NTO) films with resistivites as low
as 4.6 x 10* Q.cm have been prepared on glass substrates using pulsed laser
deposition (PLD), meeting the low resistivites (p < x 10 Q.cm) required for practical
use as a TCO.% The basis of the differences between the two phases is unclear at
present. Computational studies have offered little insight to date: depending on the
Hamiltonian employed in the calculations electrons have been predicted to be either
delocalised?® or localised'®?” in the Nb-doped anatase phase as well as the rutile-
doped phase®®. Experimentally, photoemission studies of the Nb-doped anatase phase
show the signatures of a system close to a metal to non-metal transition with a peak
associated with delocalised coherent states close to the Fermi energy and a broader
incoherent peak arising from localised states deeper in the gap.?

Antimony is an alternative potential n-type dopant. The ground state
configuration of antimony is [Kr] 4d*° 5s2 5p. The bulk solid state chemistry of Sb is
dominated by (Ill) and (V) oxidation states. Given the that the ionic radii of 6-
coordinate Sb(V), Sb(I11) and Ti(IV) are 0.60 A, 0.76 A and 0.61 A, respectively, it is
reasonable to assume that the substitutional doping of Ti (IV) with Sb(V) in TiO>

could lead to the introduction of n-type conductivity. However Sb-doped rutile is a



white, non conducting material and there appears to be almost complete compensation
of Sb(V) donors by cation vacancies?>* On the other hand calculations®’ suggest that
the Sb donor level in Sb-doped anatase should lie at a similar energy to the Nb level.
This naturally raises the question as to whether Sb-doped anatase exhibits TCO
behaviour similar to the Nb-doped material. This paper reports the synthesis of Sh-
doped anatase TiO. thin films by aerosol assisted chemical vapour deposition
(AACVD). The films were found to be highly conducting. The electronic properties
of the Sb doped TiO> films were probed using X-ray absorption spectroscopy (XAS)
and valence and core level photoemission spectroscopy (PES). The results of the X-
ray spectroscopic measurements are discussed in relation to the transport properties

and optical spectra.

2. Experimental

2.1 Sample preparation

Aerosol assisted chemical vapour deposition (AACVD) was conducted using a
horizontal bed cold wall reactor. Glass substrates were place on a graphite block
containing a Whatman cartridge heater, controlled using a Pt-Rh thermocouple.
Sb(OEt)3 was added to Ti(OEt)s (2 g, 8.8 mmol) in dopant quantities (0 mol.%, 1
mol.%, 2.5 mol.%, 10 mol.% and 20 mol.%) and the mixture was dissolved in toluene
(30 mL) and stirred. The resultant solutions were placed in a flat-bottomed Schlenk-
flask and an aerosol of sub-micrometre droplets was generated using a piezoelectric
transducer beneath the flask. A nitrogen carrier gas was passed through the flask at a
flow of 0.8 Lmin™.53! The glass substrates were kept at 500 °C during deposition, and
were subsequently allowed to cool to below 100 °C under a flow of nitrogen once all
of the precursor solution had been exhausted. All films were deposited on 145 x 45 x
3 mm SiO, coated float-glass substrates (NSG) to minimise the effects of ion
diffusion from the soda-lime glass into the film. Substrates were cleaned using

isopropyl alcohol and were subsequently dried using a stream of air.

2.2 Film characterisation



X-ray diffraction (XRD) was patterns were measured in a modified Bruker-Axs D8
diffractometer with parallel beam optics equipped with a PSD LynxEye silicon strip
detector to collect diffracted X-ray photons. This instrument uses a Cu source for X-
ray generation with CuKas and CuKay radiation of wavelengths 1.54056 A and
1.54439 A respectively, emitted with an intensity ratio of 2:1, a voltage of 40 kV and
current of 40 mA. The incident beam angle was kept at 1° and the angular range of
the patterns collected was 10° < 20 < 66° with a step size of 0.05° counted at 2 s/step.
Scanning electron microscope (SEM) images and energy dispersive X-ray (EDX)
spectra were obtained on a JSM-6301F Scanning Microscope Field Emission
machine. Hall effect measurements were carried out using the van Der Pauw method
to determine the sheet resistance, free carrier concentration (N) and mobility (p).
UV/Visible/near IR spectra were measured using a Perkin Elmer Fourier transform
Lambda 950 UV/Vis spectrometer over a wavelength range of 300 nm to 2500 nm in
the transmission mode. X-ray absorption spectroscopy at the Sb K edge were
measured on the BM26A (DUBBLE) beamline on the European Synchrotron
Radiation Facility (ESRF) in Grenoble France which operated at 6 GeV with typical
currents of 100 mA. The beamline incorporates a double crystal Si(111)
monochromator, ion chambers for measuring incident and transmitted beam
intensities and a 9-element monolithic fluorescence detector. All Sb K edge data were
collected in fluorescence mode and and typically 8 scans were averaged to improve
signal to noise. Spectra were processed using ATHENA software®! and subsequent
analysis of extended X-ray absorption fine structure (EXAFS) was performed using
XCURVE software®?, Core and valence level X-ray photoelectron spectroscopy
(XPS) was carried out using a Thermo Scientific K-Alpha instrument with a
monochromatic Al-K, source. Curve fits to the core level peaks were made using
using CasaXPS software after calibration of binding energies using the C 1s peak of

adventitious carbon, assumed to be at 284.50 eV.

3. Results and discussion

3.1 Film characteristics, phase analysis and morphology.



The depositions resulted in a series of conformal TiO> films with optical interference
fringes indicating that the films were thickest in the middle of the substrate (see below
for discussion of optical spectra). The undoped TiO film was transparent and but
developed a progressively more intense orange colouration with increasing antimony
doping. Transparency was lost and opaque blackened films were deposited at or
above 20 mol.% Sb doping. These were deemed unsuitable for use as a TCO and were
not studied further. Above 2.5 mol.% Sb the films showed an increasing number of
dark aggregates on the surface of the film. These aggregates appeared lustrous under
the microscope and were indicative of elemental antimony, which was confirmed by
XRD. This suggests that the incorporation of Sb in the TiO; lattice may be kinetically
inhibited under these conditions, instead favouring the reduction of Sb(OEt)s to Sh.
Previous solid state studies have shown bulk Sb solubilities of 5% and above are
possible in rutile Ti02.2%%

The XRD patterns for the deposited films are shown in Fig. 1. All of the
deposited films were crystalline giving diffraction patterns corresponding to the
anatase polymorph of TiO.. The texture coefficient (TC) of the films was used to
determine preferred orientation. Preferred orientation was observed in (121) and (123)
planes up to a doping level of 2.5 mol.%. The (123) plane was suppressed at doping
levels of 10 mol.% with preferred orientation occurring in the (121)/(101) planes. The
diffraction pattern for the 20% doped film is given in Figure 1 to demonstrate the

appearance of diffraction peaks for both anatase and elemental antimony.
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Figure 1: (a) Simulated XRD pattern for anatase TiO2. (b) — (f) XRD patterns
for the Sb-TiOz2 films deposited (b) 0 mol.% Sb, (¢c) 1 mol.% Sb, (d) 2.5 mol.% Sb,
(e) 10 mol.% Sb and (f) 20 mol.% Sh. Peaks associated with elemental antimony
are indicated with an asterisk (*).

The SEM images in Figure 2 show the variation in film microstructure with
increasing Sb doping level. The size of the film features grow on initial doping to give
pyramidal features at doping levels of 1 mol.% Sb. Increasing Sb doping levels in
solution to 2.5 mol.% resulted in a change in the film microstructure Sb from
pyramidal particle shapes to a mixture of pyramidal/needle-like features. Narrow and
better-defined needle-like features become increasingly prominent with increased Sh
doping. This needle-like microstructure is somewhat unusual for TiO. films as
pyramidal particles are the most common for TiO. thin films. Film thicknesses were
determined using cross-section SEM and are shown as insets within Figure 2 and
listed in Table 1.



Figure 2 SEM images of the Sb:TiO2 films deposited via the AACVD
decomposition of Ti(OEt)s with (a) 0 mol.% Sb, (b) 1 mol.% Sb (inset shows
cross-section image), (c) 2.5 mol.% Sb (inset shows cross-section image) and (d)
10 mol.% Sb doping (inset shows cross-section image).

3.2 Tranpsort measurements and optical spectra.

The results of Hall effect measurements for the deposited films are shown in Table 1.
Two-point probe measurements of the undoped TiO2 showed too high a resistance (>
1 MQ) for Hall effect measurements. At Sb doping levels of greater than 1 mol.%
there is a decrease in the magnitude of the sheet resistance of the films compared to
that of undoped TiO- by four orders of magnitude. Sb doping at a level of 2.5 mol.%
resulted in the lowest sheet resistance of 130 Q/sq. The sheet resistance subsequently
increased when the Sb doping increased further to 10 mol.%. Hall effect
measurements indicated that the films displayed n-type conductivity. Charge carrier
concentration increased monotonically with Sb doping level as expected, whereas the
mobility of the charge carriers decreased at the highest level of Sh doping after an
initial increase with maximum mobility at 2.5 % doping. The carrier mobility is a
function of carrier scattering time t, which usually increases with scattering due to
Coulombic interactions with ionised dopants amongst other species. The initial
increase as the Sb doping level increases from 1% to 2.5% is therefore unusual.



Table 1: The dopant concentrations and electrical properties as determined by
EDX and Hall effect measurements (respectively) of the AACVD deposited films .

Sb doping [Sb]/ Film Sheet Resistivity p Mobility / Carrier

in solution  [Sb]+[Tilouk thickness  resistance /Qcm cm?/\/s concentration
/mol.% / pm / Q/sq N /cm3

0 0 2 - - - -

1 0.011 3 93500 2.9x10! 1.4x107? -1.5x10%
2.5 0.014 5 130 6.5x1072 8.2x10! -1.2x10%
10 0.036 4 211 9.7x1072 4.2x101 -1.5x10%°

Optical spectra are shown in figure 4 in a Tauc plot of (Ahv)Y? versus photon energy

hv (here A is the absorption coefficient) as is appropriate for an oxide such as anatase

with an indirect bandgap.1%!
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Figure 3: Optical absorption spectra of Sb-doped anatase as a function of doping

level.

At low doping levels the main band edge at around 3 eV is well-defined and an

optical bandgap value Eg4 for the films can be derived from linear extrapolation. The



value for anatase itself is close to 3.2 eV, in agreement with values reported
elsewhere.®® The band edge moves to lower energy with 1% Sb doping, but at the
same time there is increased absorption across the visible region. For doping levels
above 5% the main absorption edge merges completely with the visible region
absorption and already by 2.5% doping the main edge is ill-defined. The red shift in
the absorption edge is surprising given that a blue Moss-Burstein® shift might be
anticipated due to conduction band filling. However in the closely related system
where Sn is doped into TiO, bandgap narrowing is also observed.*® The pronounced
visible region absorption is also somewhat puzzling in that both the host TiO2 and the
oxides Sb,03 and Sh20s are white solids.>® We return to this topic after discussion of
valence band photoemission structure in section 3.4. However here it should be noted
that a declining absorption in moving from the blue through to the red region of the
electromagnetic spectrum in itself accounts empirically for the pronounced yellow-

brown colouration of the Sh-doped films.

3.2 X-ray absorption spectroscopy

K shell X-ray absorption spectra for 5% and 10% Sh-doped TiO; are shown in figure

5 along with reference spectra for Sb2O3 and Sh20s. The absoption peaks for the

doped samples were quite weak and the signal to noise in the spectra for samples with

the two lower doping levels was rather poor so these spectra are not reproduced here.
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Figure 4: K shell X-ray absorption spectra 5% and 10% Sb-doped TiO2 along
with reference spectra for Sb203 and Sbh20s.

The reference spectrum for Sb.Os contains a well-defined peak at 30500 eV, in
agreement with previous work.3"3® As expected there is a shift to higher energy for
ShoOs — the peak here is found at 30505 eV. The absorption onsets for the doped
samples overlap the onset for Sh20s3, but the K-edge structure is much broader and the
peak maximum is found at even higher energy than for Sb,Os at 30510 eV. This
suggest incorporation of the majority of the Sb in the (V) oxidation state, possibly
with a minority Sb(l1l) component. Berry et al. have previously demonstrated, using
1215 Mossbauer spectroscopy, that Sb doping of rutile-TiOz results in the bulk
substitution of Ti(IV) for Sb(V)**! | in agreement with the results presented here. In
a related study Rockenburger et al.*? carried out XANES/EXAFS measurements on
Sh:SnO; to probe the nature of Sb doping in the bulk of the material. The Sb Li-edge
IS sensitive to the oxidation state of Sh. As XANES/EXAFS is atom specific, both the
Sb3*/Sh%* show electronic transition from Sb 2sa/, levels into partially unoccupied Sb
5p states, the distinction in Sb**/Sh°* respectively. The results showed that when Sb'"
precursors were used to prepare samples that there was a strong tendency to form SbY
and more than half the antimony in the samples was oxidised containing Sb in both
Sh3*/Sh°*oxidation states. When SbY was used almost no reduction to Sb"' species
was observed. They also showed that samples containing both Sb3*/Sh>* had a strong
yellowish/brownish colour attributed to intervalence transitions whereas samples with
Sb exclusively in the ShV state remained colourless.

Sb has five valence electrons (5s25p®) so it is reasonable to expect that
substitutionally doped Sb(V) would also give rise to additional charge carriers,

according to the equation (2):
Sh,0, —™%52Sh;, + 40} +1/2 O,y +2¢ 2

In addition to the scheme shown in (2), competing compensation mechanisms include
the formation of Ti vacancies (3) and the formation of interstitial oxygen (4), neither

of which will give rise to increased electrical conductivity.

28b,0, —2—48b’. +100% + VI 3)



Sb,0, —2228b’, +40% + 0 (4)

Subtracting (2) from (3) gives rise to the reversible redox reaction (5) in which the
introduction of n-type conductivity requires that the thermodynamic equilibrium of

this reaction favours the forward reaction:

1"

205 +Vy; «>0,, +4¢ (5)

The presence of mobile charge carriers implies that compensation is much less
complete than that found for Sh-doped rutile.

3.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to determine the surface atomic
concentration of Sb and Ti in the films. The ([Sb]/[Sb]+[Ti])surface ratio, along with the
peak positions are shown in Table 1. The O 1s and Sb 3d peaks for 1% and 10% are
shown in Fig. 6. The Sb 3ds, peak overlaps with the O 1s peak, which itself consists
of two components. A lower binding energy this is due to lattice oxygen, whereas the
higher binding energy peak arises from adventitious surface hydroxide or carbonate.
Thus the 3ds» peak was used to determine the surface Sb concentration and to probe
the Sb oxidation state. The curve fit to the overlapping Sb 3ds2 and O 1s peaks
assumed a spin orbit splitting of 9.46 eV and that the 5/2 intensity was 1.5 times
greater than the 3/2 intensity. Energy-dispersive X-ray spectroscopy (EDX) was used
to determine the ratio ([Sb)/[Sb]+[Ti])ouk. Both ([Sb}/[Sb]+[Ti])buk and
([Sb)/[Sb]+[Ti])surface increase with increasing Sh concentration in the solution used
for deposition as can be seen in Fig. 7 but the surface Sb concentration is much higher
and far exceeds the nominal bulk doping level. At the same time it is apparent that
incorporation of Sb into the bulk is not complete at higher nominal doping levels.

The Sb 3ds2 peak occurs around 539.5 eV in all of the films, which is close to
literature values for Sb2Os. The corresponding values for Sb2Os are around 541.0 eV,
thus suggesting that the photoelectron spectra from our samples are dominated by
Sb(lll). The surface Sb to Ti ratios are very much greater than the bulk ratios which
suggests that there is a large amount of Sb segregation at the film surface. However as

was seen earlier the electrical properties of the films and the X-ray absorption spectra



strongly suggest that Sb is entering the bulk of the material as Sb(V), which in the
absence of compensation acts as a one electron donor. In contrast Sb(l1l) would not
give rise to n-type conductivity based on simple electron counting arguments. It is
therefore evident that there is a significant amount of Sb(lll) surface segregation in
the deposited films. Sb(lll) surface segregation is well documente in Sb doped
Sn0.** Gulino et al?®*? also demonstrated Sb surface segregation in Sh doped
rutile made via a co-precipitation method . Using TEM it was shown that at high
doping levels (bulk ratios of 4.5% and upwards) an amorphous surface layer a few
ionic layers thick was found.?® Gas phase Sb(Ill) cations have an electronic
configuration of [Kr] 5s2. In the solid state the internal electronic energy is lowered if
Sb(II) occupies non-centrosymmetric sites where mixing between occupied 5s states
and nominally empty 5p states is mediated by interaction with O 2p states to give
stereochemically active lone pair states.*®4” Surface sites of necessity lack inversion
symmetry, whereas bulk cation sites within the anatase structure are essentially

centrosymmetric. This provides a driving force for surface segregation.

10% Sb
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Figure 5: XPS spectra of the O 1s and Sb 3d peaks for (a) 1 mol.% Sb and (b) 10
mol.% Sb doping. The Sb 3ds2 and Sb3dsz components are shown in red and the
O1s components in blue.



Table 2: ([Sb]/[Sb]+[Ti])buk and ([Sb]/[Sb]+[Ti])surtace measured using EDX and
XPS, respectively, as well as the position of the Sb 3ds2 and Ti 2ps2 peaks.

Sample  ([SbJ/[SbI+[Ti])ouk ([SPJ/[SOI+[Ti])surface Sb 3d32/eV  Ti 3pa/eV

0 mol.% 0 0 - 459.0
1 mol.% 0.010 0.13 539.4 458.1
25mol.% 0.014 0.21 539.5 458.1
10 mol.% 0.036 0.81 539.5 458.0

0.8 - pu]

nominal y: 7
Zol s 4
0.6 - /

0.4

[Sb)/[Sb]+[Ti]

0.2 1

0.0

0.00 0.02 0.04 0.06 0.08 0.10

([Sb)/[Sb]+([Ti])

nominal

Figure 6: The variation in ([Sb)/[Sb]+[Ti])ouk and ([SB]/[Sb]+[Ti])surface With
nominal doping level (i.e the Sb concentration in the precursor solution),
measured using EDX and XPS respectively. The solid line shows values expected
from the nominal doping level.

Valence band XPS are shown in figure 8 for samples with nominal doping levels of
1% Sh, 5% Sb and 10% Sb. The spectrum of the O 2p valence band for the sample
with 1% Sb nominal doping level resembles that of undoped anatase and presents two
main features: there is a broad peak labelled | at lower binding energy and a
somewhat sharper peak labelled Il at higher binding energy. In simple terms |
corresponds to essentially no bonding O 2p states whereas Il derives from bonding
states derived from hybridisation between O 2p and Ti 3d or Ti 4s states. A much
weaker peak labelled 111 absent for anatase itself is found on the high binding side of

the main valence band. The intensity of peak Ill increases dramatically with Sbh



doping, with indication of a complex lineshape involving two overlapping
components. By comparison with photoemission data and DFT calculations for Sn-
doped TiO2 and DFT calculations on Sb oxides, this third peak may be assigned to
bonding states derived from covalent mixing between Sb 5s and O 2p states.

In parallel with the growth of peak 11, Sb doping leads to growth of intensity
above the original O 2p valence band edge. At the lowest (1%) doping level the top
off the valence band in the photoemission spectrum is found just over 3 eV below the
Fermi energy. This energy corresponds to the bandgap of anatase and implies that the

14 12 10 8 6 4 2 0]
Binding energy (eV)

Figure 7: Valence band XPS for thin film samples with nominal doping levels of
1% Sh, 5% Sb and 10% Sb. The solid vertical lines delineate the bandgap of 3.2
eV characteristic of the anatase polymorph of TiO-.

Fermi energy is pinned close to the minimum of the conduction band, as is to be
expected for an n-type material. As the Sb doping level increases spectral intensity
increases above the valence band edge, resulting at the highest (nominal 10%) doping
level in structure straddling the whole of the bandgap region up to the Fermi energy.
This new structure may be assigned to Sb(lll) lone pair surface states that arise from
an antibonding combination of O 2p and Sb 4s states, that further hybridise with Sh
5p states to give characteristically directional Sb(l11) lone pair states. Indeed the XPS



for the 10% Sb doped sample resembles the calculated density of states for Sh2Os
where the lone pair character of the uppermost occupied states is revealed by
decomposition of the total density of states into its atomic components.“® Moreover,
the fact that occupied states extend all the way to the Fermi energy implies a
switchover from n-type to p-type behaviour at the surface. Finally we note that
characterisation of filled states extending all the way to the conduction band
mimimum explains the pronounced visible region absorption noted earlier. This may
now be assigned to transitions from Sb(lll) lone pair states associated with segregated

Sb at surface and grain boundary interfaces into Ti 3d conduction band states.

Conclusion

Antimony doped TiO2 (Sb:TiO2) was deposited on glass substrates via aerosol
assisted chemical vapour deposition (AACVD) resulting in electrically conductive
thin films. The films with the best electrical properties displayed charge carrier
concentrations of ca. 1x10%° cm™ and a specific resistivity as low as 6x102 Q.cm
essential for emerging titania based TCOs. The incorporation of Sb into the TiO>
lattice resulted in n-type conductivity, leading to a decrease in sheet resistance by
four-orders of magnitude compared to that of undoped TiO2 films. Doping also
resulted in orange colouration of the films. Incorporation of Sb into the anatase TiO>
structure also resulted in a marked difference in the film microstructure compared to
undoped TiO potentially useful if nanostructured TiO> films are required for a given

application.
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