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Abstract

A brief review of the findings of a range of studies aimed at describing the influence of the N-doping of TiO, thin films and particles on possible
visible light-induced photoactivity is presented. By way of a new approach to the direct growth of N-doped TiO, thin films, the physical and
photochemical effects of the addition of ammonia during atmospheric chemical vapour deposition (CVD) growth of TiO, are described. It is found
that the addition of ammonia to the CVD reactive gas mixture causes a dramatic change in film morphology and a reduction in growth rates.
In addition, it is found that although we have clear evidence for the incorporation of 3-substitutional N atoms within the growing film, there is
no evidence of any appreciable photocatalytic activity of the doped TiO, films when irradiated with visible light. In fact the degradation in film
morphology results in a decrease in conventional UV-induced photoactivity as compared to that for an undoped film. These findings are discussed
in terms of the findings of other studies of N-doped TiO, films that have been reported.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis is attracting extensive interest
for the degradation of organic pollutants [1-6] and the pro-
duction of self-cleaning [7,8] or anti-bacterial surfaces [9,10].
Much attention has been focussed on the photocatalytic activity
of nanocrystalline TiO, powders or films under supra-bandgap
ultraviolet illumination. In this reaction, UV illumination results
in the photogeneration of electron-hole pairs. The electrons
(conduction band) and holes (valence band) then react with
surface species to produce highly oxidizing species capable of
mineralizing organics adsorbed at the TiO; surface.

In order to observe these effects TiO, thin films or parti-
cles, must be irradiated with light at an energy greater than the
bandgap of 3.0eV (rutile) or 3.2eV (anatase). Another effect
of this type of irradiation is to make the TiO, surface become
superhydrophilic, dramatically increasing the wettability of the
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surface and hence greatly assisting the removal of degradation
products.

Despite the many potential applications of these types of
materials, their use is currently limited to environments where
sufficient UV light can be made to impinge upon the TiO, sur-
face. Thus it has become an important goal in the development
of these materials, to try to modify them such that lower energy,
visible light such as conventional internal light sources, may
also be used to stimulate both the photoacatalytic activity and
the superhydrophilicity that usually accompanies it. With this
aim in mind, there have been a number of studies aimed at
modifying the TiO, material via doping with various moieties
[11-15].

Via the inclusion of specific dopants it should be possible to
improve the efficiency of the photocatalytic behaviour by cre-
ating new band structures or by suppressing the recombination
of photogenerated electron—hole pairs to improve quantum effi-
ciency. In this respect a reduction in recombination efficiency
arising from enhanced charge separation may also be obtained
by coupling two semiconductors with suitable conductance and
valence band potentials [16].
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Many authors have concluded that N-doping of TiO; leads
to visible light photoactivity, but there is a difference in opin-
ion as to how doping achieves this, as well as disagreements
in many of the conclusions drawn from the results. Theoretical
studies [17,18] modelling the density of states within the con-
duction band of doped TiO; suggest that substitution doping
by N is effective because its 2p states contribute to bandgap
narrowing by mixing with the O 2p states. Also, the small
change of ion size from O to N reduces the disturbance in the
crystal lattice, although this will still occur. That the N is sub-
stitutional is in agreement with experimental results from Irie
et al. [19]. However, it is also suggested that the N should be
in an interstitial site [20], or that it is due to N interstitial site
bound to hydrogen [21,22]. Alternatively, it has been suggested
that the photocatalytic reaction occurs via surface intermedi-
ates of O reduction or H>O oxidation and not by direct reaction
with the holes trapped at N induced mid-gap levels [23]. The
formation of the O vacancies, during the nitriding process, is
considered to improve the visible light activity by acting as
colour centres to create absorption sites [24] or by acting as
electron traps [25]. These latter phenomena occur when an elec-
tron is excited to the oxygen vacancy state from the valance band
(even under visible light). These electrons (or the holes formed)
react with atmospheric oxygen (or an oxygen related species)
producing reactive species (O™ or atomic oxygen), which par-
ticipate in the oxidation of surface species. Alternatively, the
same phenomenon has been cited as possibly responsible for
reducing the activity [26] as the trapped photoelectrons cannot
easily reach the surface reaction sites. This last point illus-
trates the level of disagreement that is typical of some work in
this area.

Continuing with the theme that N-doping could actually
reduce activity, it is well known that doping metal oxides with
other elements can lead to electronic mid-gap states associated
with dopants [27]. Subsequent trapping of photogenerated holes
at such mid-gap states leads to a decrease in their oxidation
power. Additionally, doping may induce structural instabilities
in the TiO,, due to introduction of lattice distortions and bond
weakening.

There are several other theories, which have been cited, in
order to account for the reduction in activity observed following
N-doping. The first of these describes the possible detrimental
effects of N-doping arising from the induction of ionic charge
compensation [28] as N acceptors are easily compensated by
donor levels, which are related to additional O vacancies and
cations, i.e. an increase in electronically reduced Tid* states.
For this reason Diwald et al. have concluded that doping with
substitutional N leads to a blue shift due to the partial filling
of the conduction band by electrons induced by the N doping
[28].

Ion bombardment, apart from the creation of defects,
also leads to entrapment of N atoms in interstitial sites and
hence reduced photocatalytic behaviour [22]. However, it has
also been reported that Ar* bombardment of TiO, leads to
preferential sputtering of O atoms with subsequent reduction
of Ti** to Ti** and Ti** [29], thus dramatically changing the
nature of the sample.

Finally, although no explanations are given, in their study
Frach et al. [30] go as far as to state that no improvement in
visible light activity was found on N-doping.

In terms of those studies that suggest that N-doping leads to
an improvement in visible light photoactivity, we find that direct
comparison of data is extremely difficult for two main reasons.
Firstly, the methods of preparation employed leads to the pro-
duction of materials that vary dramatically in terms of quality
and surface area via the formation of a range of powders, films
or single crystals. For example studies have resulted in materials
where the film thickness has varied from 80 nm [22] to 750 nm
[31]. Secondly, the methods used to test for visible light activity
vary, with no standard test being employed for specific forms
of TiO,. This latter point is particularly significant, since for
conventional photoactivation by UV light, identical TiO, sam-
ples will yield quite different rates of activity if the materials
being degraded are not themselves identical [30—32]. Thus the
need for some kind of standard testing is easily recognised. In the
development of such a testing procedure, factors such as the vari-
ation in crystalline type, surface area, surface reactivity towards
particular species (e.g. enthalpies of adsorption), the intensity
and spectral profile of the light source and the sensitivity of the
method used to detect photoactivity must all be considered.

The difficulties involved in this type of testing can be illus-
trated by considering the work of Diwald, who has shown that the
photo-threshold energy could be shifted either to lower energy
[21] (as also seen by Asahi et al. [17]) or to higher energy relative
to the undoped sample depending on the method used to produce
the doped TiO,. However, examination of these studies reveals
that the group of Diwald use certain methods of measuring the
photo-threshold (O, photodesorption [27] and the photochemi-
cal reduction of Ag* ions (aq.) [21]) while the group of Asahi
uses another (photo-degradation of acetaldehyde [17]). In addi-
tion, this comparison also reveals that each group used a different
crystallographic form of TiO», thus rendering any comparison
essentially invalid.

Another aspect of N-doping that should also be considered
is the study by Li in which it is reported that the nature and
level of activity varies depending on the nitriding compound
employed [33]. However, in this paper the determination of N
content was by elemental methods only as no N was detected
by XPS, so the chemical state of the N could not be determined,
while presumably the presence of other elements at low levels
could also not be detected.

In general, the methods used to date to synthesise N-doped
TiO; can be divided into three types:

(1) Modification of existing TiO; via ion bombardment [22,28].

(2) Modification of existing TiO; in the forms of powder
[17,19,23], films [18] and single crystal [21], or TiN [34,35]
via gas phase chemical impregnation.

(3) Growth of TiN, Oy, from liquid [23,36] or gaseous [37] pre-
Cursors.

In this respect it is relevant to this present publication that,
as far as the authors are aware, no other studies of the direct
growth of N-doped TiO; by atmospheric CVD methods have
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been reported previously, and only one other by low pressure
CVD methods reported [37].

The specific methods that have been employed in order to
try to detect photoactivity in the visible are numerous. In terms
of assessing these approaches, it is informative to consider for
example, the range of light sources that have been employed
in such studies. Sources of visible light ranging from fluores-
cent ‘daylight’ tubes (6 W) [17,31], Xe arc lamps (100-350 W)
[18,22,23] to high-pressure Hg lamps (500 W) [21] have been
used. With these a variety of filters (cut off, band-pass, etc.) have
been employed designed to restrict the wavelengths to those
required, with the visible light region usually taken as >380 nm,
although in at least one study, no attempts were made to filter
out the possible UV components considering these to be of such
small intensity as to be negligible [38]. A further problem with
this particular study was the fact that the reference non-nitrided
sample was the original amorphous TiO; powder. As such no
allowance was made for the thermally induced crystallisation
that would occur, simply as a result of the temperatures employed
during the nitriding process. In terms of the search for visible
light photoactivity, many groups [17,22,31,35] have followed
the decomposition of methylene blue by monitoring changes in
the absorption or transmission at specific wavelengths. Great
care is needed in setting up this type of experiment in order to
differentiate between fading of the dye due to photoacatalytic
activity (decomposition of the dye) and reduction of the dye to
the transparent form as a result of electron transfer reactions
[39]. Other groups have followed the decomposition of gaseous
organic compounds via gas chromatography [17,19] or photoa-
coustic methods [18]. Additional testing methods that have been
used include the photochemical reduction of Ag* ions [21] via
the capture of the photogenerated electrons and hence forma-
tion of metallic Ag clusters, the use of samples in the form of
electrodes and the direct measurement of the photocurrent [23]
and the mass spectral measurement of the photodesorption of
molecular O, under UHV conditions [28]. These methods aside,
possibly the most widely employed method of gauging photo-
catalytic activity, particularly for thin film TiO, samples, is that
which studies the degradation of stearic acid [40—42]. This test
is simple to set up and run, and needs no dedicated equipment
beyond a standard laboratory FTIR spectrometer. Since stearic
acid is a solid at room temperature it is more easily controlled
than a solution or gas, while it also provides a good model for
typical organic surface contamination.

Table 1

In an attempt to produce a definitive study of the possible
role of N-doping in TiO» thin films, we report here the findings
of a study in which N-doping was achieved during growth of
TiO, thin films by chemical vapour deposition (CVD). By using
the CVD approach we adopt a tried and tested method for the
production of highly photoactive TiO; so as to be able to produce
a range of undoped control samples for comparison purposes.
Additionally, we identify the chemical state of the dopant N
atoms directly via XPS analysis. Finally, we compare sample
morphology, composition and photoactivity to produce a clear,
unambiguous view of the role of N-doping in these particular
samples.

2. Experimental
2.1. Growth

An atmospheric pressure thermal CVD coater was used to
grow thin films of TiO, on glass substrates [Saint Gobain],
which possessed a barrier coating of SiO to prevent diffusion
of impurities from the glass. The precursors used were titanium
tetrachloride and ethyl acetate (both from Aldrich), which were
transported through the reactor by a carrier gas of nitrogen. The
concentrations used were 4.9 x 10™% and 3.65 x 1073 mol/min,
respectively. The N-dopant was ammonia (BOC), which was
accurately metered by a mass-flow-controller. The growth con-
ditions, which were varied, are shown in Table 1. The total gas
flow rate was 101 min~"!. Note that great care was needed with
the addition of NH3 to TiCls as these reagents react readily to
form a solid adduct [43], which could lead to equipment block-
ages as well as preventing addition of N to the TiO, within a
transparent film. To reduce the chances of this occurring the NH3
was added just before the reactor baffle and all lines were heated
to prevent precursor accumulation. Interestingly the other com-
monly used titanium precursor, titanium tetraisopropoxide, is
generally considered to contain too much oxygen, and so favours
production of just the oxide rather than the oxynitride [44].

2.2. Characterisation

Standard techniques of X-ray diffraction (Siemens D5000),
micro-Raman 514.5 nm Ar line (Renishaw 1000), UV/vis spec-
troscopy (Hewlett Packard HP895A) and SEM (Philips XL30)
were used to characterise the samples. Film thickness was esti-

Growth conditions employed for the growth of N-doped TiO; films together with the film thicknesses as estimated from the colour fringes

Sample number Ammonia flow (sccm)

Growth time (s)

Substrate temperature (°C) Layer thickness (nm)

N1 188 40
N2 188 80
N3 188 80
N4 188 80
N5 148 80
N6 108 80
N7 88 80
N8 188 80

N9 188 80

650 40
650 80
757 130
650 80
650 60
650 100
650 120
700 120
600 130
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mated by relating the reflected colour to a calibrated chart for
thickness versus refractive index. This method (and chart) is
routinely used within the glass industry and shown by our own
cross-checks to be accurate. X-ray photoelectron spectroscopy,
XPS (Kratos AXIS Ultra) with an Al (monochromated) Ka
radiation source was used to check for the presence of N and
valence band measurements. It was necessary to use a charge
neutraliser as all the samples were insulating. This tends to
shift the peak positions by about 2 eV so both composition and
bandgap measurements are referenced to the residual C 1s sig-
nal at 285eV. Curve fitting used CASA XP software using a
mixture of Gaussian—Lorentzian functions to deconvolute spec-
tra. To test the photocatalytic behaviour under UV (365 nm) and
visible (>400 nm) the degradation of stearic acid was followed
by FTIR (Bruker, Vector 22).

3. Results and discussion

The films were all transparent and varied in thickness from
approximately 40 to 130 nm, as judged by the colour fringes,
see Table 1. A yellowish tinge, which has previously been taken
to imply the presence of the oxynitride [23,33,38], could be
seen on all samples. They generally increased in thickness with
decreasing NH3 input and increasing growth temperature. To
overcome the problems of very weak XRD signals a glancing
angle set-up was used, which led to acceptable results, Fig. 1.

From Fig. 1 it can clearly be seen that all the samples con-
tained anatase (JCPDS data base 21-1272) but only sample N2
(red trace) shows very weak additional peaks at 18 and 33° that
may relate to the presence of a true oxynitride (JCPDS data base
TiOp34Np.74). It can also be seen that for our samples, there
was no sign of any peaks relating to TiN, which would appear
at 36.6 and 42.6° (JCPDS data base 38-1420) or rutile (JCPDS
data base 21-1276).

This result is in good agreement with most other researchers
who, at low doping levels, see no sign of any other peaks than
those of TiO for their ‘visibly active’ samples, although Suda
etal. [31] show a series of samples of different N concentration,

1400 N1
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L 600
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Fig. 1. A selection of the XRD data obtained from TiO; films grown in the
presence of NH3 in the process gas.

which show anatase and/or TiN. From these data and XPS data
Suda et al. conclude that they have TiO,N,. This conclusion was
based on the observation that the Ti 2p XPS feature consisted of
a broad multiple peak which these authors attribute to a mixture
of TiO, at a higher binding energy than expected 460 eV (rather
than 458.3 eV), possibly due to N incorporation, together with
some TiN. Unfortunately, in this work, no figures are presented
as to the extent of N incorporation in the film. Other papers
dealing with mainly TiN with relatively small amounts of O show
apossible TiO;Ny phase at ca. 41 at.% O, although citing the fact
that the samples were of low crystallinity with broad peaks [45]
while another assumes the peak at 36.6° is for the oxynitride
rather than TiN [37] despite the fact that this assumption could
only be valid for very high N concentrations. Again, in this
latter study, there was no unambiguous measure of the extent of
N incorporation. Indeed this assignment is rather questionable,
since it might be expected that the ‘TiN’ peak at 36.6° should
move to higher 20 values as more O substitutes for N (ionic
radius of O being smaller than that of the N) [46].

Variation in diffracted intensity will relate to either to changes
in crystallinity or to film thickness. Only a small variation in
intensity (4x maximum change) was observed for most of the
samples with N1, N2 and N6 having the lowest intensity. The
exception to this was sample N9, which gave rise to the highest
diffracted intensity recorded from this series of samples.

This sample was grown at a lower temperature (600 °C) and is
a similar thickness (130 nm) to samples N3 and N8, which were
grown at higher temperatures (757 and 700 °C, respectively). All
other conditions were identical and so it is most likely that the
improved crystallinity must relate to the lower growth temper-
ature, the higher temperatures leading to a loss of crystallinity,
albeit for an equivalent growth rate. However, the equivalent
sample grown at 650 °C (N2) and lying between those of N9
and N8 (700 °C) does not fit within this trend. It is much thin-
ner (80 nm) and hence implies a much lower growth rate. Even
if of similar crystallinity would be likely to have lower inten-
sity signals. From evidence produced later within this paper the
much slower growth rate is considered due to the incorporation
of nitrogen.

Raman spectroscopy (Fig. 2) confirmed that the samples all
contained anatase with no sign of any features due to rutile or
other materials. It was noticeable that far more accumulations
and longer exposure times were required in order to obtain data
for these samples as compared to the undoped TiO; samples
of similar thicknesses. This suggests that the samples were less
crystalline, particularly when large amounts of NH3 were added.

The Raman spectra all show the standard features of anatase
at 393.9, 513.2 and 636.3cm™! corresponding to the Big,
Big+Aig and Eg mode symmetries [47]. Here the Bjg mode
relates to O-Ti—O bending type vibrations while the others to
Ti—O stretching type vibrations [48].

SEM micrographs of the films grown in the presence of NH3
films look very different from those grown without NH3 in the
process gas, Fig. 3 (Fig. 3e is the SEM image obtained from a
nominally undoped film of thickness 80 nm). The films grown
with the highest NH3 flows appear less structured, in that the
well-defined crystallites depicted in Fig. 3e are not observed in
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Fig. 2. Raman spectra of a selection of deposited films.
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the presence of ammonia. Thus it may be that the films grown
in the presence of ammonia contain more amorphous material
although this cannot be confirmed directly by SEM.

Similar changes in growth morphology, with NH3 concen-
tration have been reported by Pradhan [37] although the films
deposited are stated to be a mixture of TiO; (rutile) and TiOyN,
(XRD peak at 20 =36.6°, assumed to be oxynitride rather than
TiN by the authors). The formation of rutile opposed to anatase
may relate to the use of an alternative titanium precursor (tita-
nium tetra isopropoxide) and low pressure.

Characterisation using UV/vis spectroscopy (Fig. 4) shows
that there was no large shift in the position of the main peak
(315 £ 2 nm) for samples grown in the presence of NH3 as com-
pared to the position of the peak in the spectrum obtained from
a nominally undoped sample of similar thickness (316 2 nm).
Thus there is no evidence of any change in the position of the

148

Fig. 3. SEM images of films grown under different NH3 flow rates: (a) 188 sccm NH3, 80 nm thick; (b) 148 sccm, 60 nm thick; (c) 108 sccm, 100 nm thick; (d)

88 sccm, 120 nm thick; (e) undoped TiO; film of thickness ca. 80 nm.
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Fig. 4. UV/vis absorption spectra measurements of some of the N-doped TiO,
samples, together with the spectrum recorded from two nominally undoped
samples (heavy black line and heavy red line).

main absorption edge, although this would not be expected for
small changes in composition. The appearance of a peak, rather
than an edge, is due to removal of the background from the
glass substrate (so only the effect of the TiO; film is seen) and
the uncorrected spectral response of the spectrometer.

In contrast, large shifts were seen by Suda et al. [31], but
this was for samples of very high N content, as judged from the
XPS. Unfortunately, no figures for the levels of N incorporation
were given in the paper, but the Ti 2p XPS shown confirms pres-
ence of peaks for TiO; and TiN. Other papers (for <1% N) show
broadening to higher wavelength [18,19,34], which is related to
doping. From Fig. 4 it may be seen that for three of the samples
grown in the presence of NH3, namely N1, N2 and N6, the spec-
trum shows a distinct broadening towards longer wavelengths
which would be consistent with these previous studies if these
samples were to contain incorporated nitrogen [18,19,34]. Fig. 4
also reveals that the spectrum for sample N3 (green trace), which
was grown at the highest temperature employed in these experi-
ments (757 °C), has an additional broad peak at 405 nm. Like the
peak broadening referred to above, an additional peak at higher
wavelength (450 nm) has previously been used as evidence that
the nitrogen has been successfully incorporated as a dopant [23],
despite a lack of evidence for this from XPS (N 1s) measure-
ments, presumably because the levels of N incorporation were
below the detection limits for XPS.

Thus it would seems that for samples grown at a temperature
of ca. 650°C in the presence of NH3 some broadening of the
main peak to longer wavelengths is observed which may be due
to N incorporation. Similarly, for the sample grown at the higher
temperature of 757 °C in the presence of NH3, a new feature
appears which could also arise from N incorporation. However,
although broadening to higher wavelength and these additional
peaks can be related to doping there is another possibility. With
sufficient refractive index contrast (between substrate and film)
and a uniform film it is possible to get Fabry—Perot interference.
Depending on the period of the oscillations (related to film thick-
ness) and spectrometer resolution this could lead to additional
peaks and/or broadening of the main peak.

Fig. 4 also shows UV/vis absorption spectra obtained from
two nominally undoped films. The undoped sample spectrum
depicted as the heavy black line effectively tracks the spectrum
obtained for sample N3, apart from the lack of the additional
feature near 405 nm. However the undoped sample spectrum
depicted as the heavy red line shows clear signs of both broad-
ening and an additional feature at longer wavelengths.

Thus we conclude that the presence of broadening and/or the
appearance of additional longer wavelength features does not
correlate directly with N incorporation and as such arises via
Fabry—Perot interference. This is an important point for experi-
ments of this nature, since it demonstrates the fallibility of using
UV/vis absorption spectroscopy alone to detect changes in band
structure.

In order to provide a definitive answer as to whether N was
incorporated XPS was used. As noted earlier, of all the samples
grown only three produced the N 1s peak at 396 eV, which is
attributed to atomic (3-substituted N [49]. These were samples
N1, N2 and N6 (Fig. 5). Samples N1, N2 and N6 were grown at
650 °C, under N, with flow rates of NH3 in excess of 100 sccm.
Thus it would be tempting to identify these parameters as those
required in order to achieve (3-substituted atomic N.

However, if one examines the conditions depicted in Table 1,
this would then raise questions as to why other samples grown
in the presence of NH3, and in particular samples N4 and N5,
did not yield the feature in question in the XPS. In order to
try to address this inconsistency, it is first necessary to consider
further the nature of the XPS data obtained from those samples
that appear to contain nitrogen.

For samples N1, N2 and N6 XPS spectra obtained showed
no evidence of any signal at 397 eV, which has previously been
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Fig. 5. N 1s XPS of the films: (a) N1; (b) N3; (c) N2; (d) undoped film; (e) N6.
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assigned to N3~ (TiN)[50,51]. The N 1s spectra all showed other
fairly weak (and hence noisy) signals at 400 and 402 eV which
have been assigned to molecular, chemisorbed N2 [17,19,28,49],
NH,, species located in interstitial sites (399.6 eV) [52], NO, (or
NH,) (400 eV) [23,35], or an oxynitride (399.3 eV) of stoichiom-
etry equivalent to TiNg 50¢ 5 [53]. For the samples prepared in
this work, this latter oxynitride compound can be ruled out, since
the XPS peak would be considerably more intense if there were
a 1:1 stoichiometry between N and O. Also, for the oxynitride
compound there would be strong Ti 2p signals relating to the
different chemical species, which is not the case here as will be
discussed in more detail below. It is important to note that sam-
ples grown without addition of any N precursor also showed this
signal. As an example the XPS data for a thin, colourless film
is also shown in Fig. 5d. Here it can be seen that there is still
signals round 400 eV, but as expected no signal at 396eV for
the substitutional nitrogen. A similar result for an undoped sam-
ple was seen by Morikawa et al. [34], although this observation
was not commented on. As the signal is also seen in undoped
samples, grown in a carrier gas of N, we assign this signal to
trapped molecular N».

Further XPS analysis established that the incorporation of N
only extended to the first 3 cm of the substrate (along the flow
path of the gases into the reactor) indicating that the reaction
occurred almost as soon as the reactants entered the reactor.
This result is suggestive of the involvement of the high chemical
affinity known to exist between TiCly and NHj3. Curve fitting
analysis was performed on the spectra that displayed the XPS
peak at 396eV. If it is assumed that this feature does indeed
represent incorporated N, then the curve fitting analysis suggests
levels of incorporation of between 1.5 and 5 at.%, Table 2.

The O 1s XPS scan confirmed the presence of 0>~ attached to
Ti** at 530.3 eV, along with a peak at 531.6 eV, which is assigned
to absorbed water [54].

Most previous reports relating to N-doped TiO; for visible
light activity where XPS was also used, although addressing the
nature of the N 1s XPS feature, do not make mention of the cor-
responding Ti 2p XPS data. Previous research into the nature of
the Ti 2p signal has focussed upon either TiN or high N contain-
ing oxynitrides [29,50,51,55]. These all show the presence of at
least two distinct Ti species, relating to the TiO, and TiN compo-
nents. Suda et al. [31] reasoned that a shift from 460 to 458.3 eV
of the Ti 2p3» relates to N incorporation (although this work also
showed additional Ti 2p signals relating to TiN). In this present
work, the high resolution Ti 2p XPS data (Fig. 6) showed only
the presence of one distinct species of titanium—that of Ti**
attached to O?~ at 458 eV (2p3s2) [54]. The main peak posi-
tions for the doped and undoped samples are similar so there
is no major change in chemical environment for the titanium.

Table 2
B-Substitutional N within titanium dioxide

Sample % incorporated N
N1 4.59
N2 2.13
N6 1.47

(b)
B

sl N

A s B RN e e s
468 466 464 462 460 458 456 454
Binding Energy (eV)

472 470
Fig. 6. High resolution XPS for Ti 2p for: (a) N-doped TiO, (N1); (b) TiO5.

Fig. 6 shows the Ti 2p spectra for both a doped and undoped
sample grown by the same method and of a similar thickness.
At the very low levels of incorporated N little change would be
expected. There was no obvious sign of any peaks at 455.2¢V,
which would relate to TiN [49]. However, according to the lit-
erature [56] there is a small peak at 457.4 eV, relating toTi3",
which maybe contributing to the peak broadening. To check if
this species might be present in our samples, additional curve
fitting peaks were added using constraints for area and position
(2p3y2 relative to 2py/2), but we could only fit reasonable values
for the sample of lowest N content (N6) giving ca. 4% Ti?* (of
the total Ti present) at 457.58 eV. For the other samples no rea-
sonable fit could be obtained as their Ti 2p peaks tended towards
that of the maximum constraint values of 548 eV (or those of the
Ti** if no constraints) along with poorer fit values (i.e. residual
standard deviation).

The Ti 2p signals showed a broadening (as measured from
the full width at half maximum peak height) due to the 3-N with
values between 1.03—1.3eV (2p3,2) and 0.74-0.87 eV for non-
doped samples. This may be also due to an increase in disorder
or defect structure [50]. The values for the non-doped samples
compare well with much thinner, highly crystalline commercial
TiO, samples, e.g. the peak position recorded from a sample
of the St Gobain product Bioclean™ was 0.86 eV. However, in
terms of possible disorder-induced broadening, by comparison
with the work of Prieto and Kirby [50] it is concluded that our
undoped samples were not particularly disordered. For compar-
ison, in the work of Prieto et al., a disordered sample gave rise to
a line broadening on the order of 1.62 eV opposed to 1.20 eV for
a ‘good’ (presumably highly crystalline) sample [50]. It is there-
fore concluded that the line broadening of 1.03—1.3 eV observed
for our doped samples represents samples that possess some
considerable order, although this is certainly less than the order
present in the undoped samples.

To confirm the validity of the XPS curve fit Rutherford
Backscattering was performed on samples N1 and N2. For sam-
ple N1 the 4% value was confirmed, with the RBS showing a
small signal for N and a corresponding dip in the O rising edge.
For sample N2 no N was detected, but from the modelling it was
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Fig. 7. (a) Valence band spectra of doped samples; (b) near Fermi level bandgap of N1 (black), N2 (blue), N6 (pink), undoped 40 nm (red).

obvious that the sensitivity of the RBS was not high enough to
detect less than ca. 2% N. The problem here arises mainly due to
the large O background from the glass substrate and TiO; film
masking such small signals.

XPS was also used to study the valence band structure for
samples N1, N2 and N6 (Fig. 7). All the samples show the same
major features which are assigned to O 2s (23 eV), adsorbates
such as OH or CO (10.8¢eV), O 2p o-bonding (7.4eV) and O
2p m-bonding (5.4eV) [56]. The Ti 3p state is at 37.3eV (not
shown in Fig. 7a) for both the doped and undoped samples. If
there were any sign of Ti** defect states they would be located
near the Fermi level (round 0.8 eV) [57]. No sign of this signal is
seen, even for sample N6 (which is considered to contain a low
amount of Ti3+). However, N6 does seem to tail off at energies
closer to the Fermi edge than for the other samples. Unfortu-
nately, XPS lacks the resolution required for low-level detection
(use of synchrotron radiation is more common for this type of
study), and this, coupled with the low X-ray photoelectron cross
sections in the valence band region makes it particularly difficult
to observe these defect states [58].

Fig. 7b shows the region of the bandgap near the Fermi level.
It can be seen that the peak is broadest for the more highly
doped samples as compared to the undoped samples. This would
suggest that there is more electron emission near the edge with
the doped samples.

Thus, for samples N1, N2 and N6 the XPS data is strongly
suggestive of the existence of B-N incorporation, while there
is little direct evidence of the existence of Ti** defect states in
these samples.

Since the XPS data clearly indicated the presence of 3-N
incorporation for samples N1, N2 and N6, these samples were
then analysed as to their photocatalytic activity. However, before
these results are discussed it is necessary to return to the question
of why other samples grown at similar temperatures and using
similar quantities of NH3, did not yield the necessary XPS fea-
tures. At present we do not have a definitive explanation for this
obvious inconsistency in our data other than to note that firstly,
it is possible that there was indeed N incorporation in these sam-
ples but at levels that were below the limits of detection by XPS.
Secondly, given that under the conditions employed reaction was
observed to occur at the leading edge of the substrate, with the
N incorporation localised into a very narrow region of the sub-
strate. Due to this, it would be quite possible to take samples for
analysis from areas where incorporation was not favoured and

thus obtain misleading data. This said, we accept that as a result
of these uncertainties, we cannot define the exact parameters
by which it is possible to directly incorporate nitrogen into the
growing TiO» film. However, we believe that the results obtained
for samples N1, N2 and N6 are likely to point the way towards
these conditions, but that more control is needed over gas mixing
and flow conditions before these can be fully confirmed as the
necessary parameters. While this is a little disappointing, it is
typical of a CVD process which may be dramatically influenced
by a wide range of parameters some linked directly to equip-
ment design. Despite this uncertainty, having obtained samples,
which do show N incorporation, we have been able to assess
these for photocatalytic activity in both the visible and the UV,
which was the primary purpose of these studies.

The samples that did contain 3-N were tested for photoac-
tivity using the stearic acid test described earlier, using both a
xenon arc lamp (75 W) and a household security light (300 W)
with a 400 nm cut off filter specifically designed to remove all
photons of wavelength less than 400 nm, to see if the addition of
the B-N allowed the films to degrade contaminants when irra-
diated with visible light only. Emission spectroscopy was used
to check the energy range of the lamps and the effectiveness
of the filter. Contact angle measurements were also carried out
but they proved to be inconclusive. Fig. 8 shows the results for
photoactivity testing in the visible light region using the Xe arc
lamp. The results are then summarised in Table 3.

0.6
?00000
T Poo o oob o o o
5 04p"vg ww
<
o
©
©
2
o
o2 0.2
"2 v N3
e o N2
o N1
0O 500 1000 1500 2000
time, mins

Fig. 8. Graph of integrated area under the stearic acid C-H stretching peaks
(wavenumber range = 29802820 cm™!) of stearic acid against time.
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Table 3
Summary of the visible light photoactivity testing results for both doped and
undoped samples

1

Sample Light source Activity rate (cm ™! min~")
N1 Xe arc lamp 5.86E—5

N2 Xe arc lamp 4.28E—5

N3 Xe arc lamp 4.64E—5

N6 Security lamp 1.83E-5

Barrier glass UV lamps 15E-5

Bioclean™ Fluorescent room light 15E-5

As can be seen from Fig. 8 and Table 3, there is little change
in the concentration of stearic acid with time for any of the
sample, even that of sample N2 which was tested to nearly 30 h.
To attempt to see any activity in the visible light region a much
more powerful lamp was tried with the sample containing the
lowest level of N (N6, 1.5%), Fig. 9. This sample was chosen
since the results presented earlier show quite clearly how the
conditions used to incorporate higher levels of N also result in
a severe degradation in morphology, which is likely to have a
highly detriments effect on the photoactivity of any film. Thus
the use of sample N6 represents a trade-off in that the sample
does contain (3-nitrogen, but at a level where the degradation in
morphology is not particularly significant.

The result shown in Fig. 9 again indicates that no significant
reduction in the amount of stearic acid occurred over the period
of the experiment (over 30 h), clearly establishing that no visible
light activity was detected, although there do appear to be some
minor fluctuations of the integrated area. These may be due to
the heat of the lamp affecting the stearic acid film, rather than
any changes caused by the sample.

From these photocatalytic tests results it is apparent that there
isno noticeable activity in the visible light region. This is particu-
larly obvious when sample data are compared to reference values
where no change is expected, such as with barrier glass. How-
ever, these samples were also tested using the standard stearic
acid test conditions (365 nm UV light, activated and tested at
3mW/cm?) to determine if the activity had been completely
diminished. The data presented in Fig. 10 establishes clearly
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Fig. 9. Graph of integrated area of stearic acid against time.
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Fig. 10. UV activity of N-doped TiO; films.

that in contrast to the visible light activation experiments, the
samples possessed noticeable activity when irradiated with UV
light.

It can be seen that samples N1 and N2 have a much lower
activity in the UV than sample N3, which although grown under
similar conditions to those used for samples N1 and N2, did not
yield the appropriate N XPS feature. The presence of ammonia
during the growth process has clearly affected the UV photocat-
alytic activity of the nitrogen doped samples, while the higher
temperatures employed during the growth of sample N3 not only
may have helped to inhibit the incorporation of nitrogen, but also
helped to maintain the crystallinity and morphology needed to
sustain higher levels of photoactivity. This said, it is clear that
the activity of sample N3 is still much lower than for undoped
samples, as may be seen from the comparison of activities shown
in Table 4.

Some reduction of the activity of the doped TiO; films in
the UV has been previously reported [18,19,30], although most
researchers do not mention whether doping has any effect in
changing the UV activity, over that of the undoped samples. One
possible explanation of the reduction in UV activity observed
here is that annealing in a reducing atmosphere such as NHj
may lead to oxygen depletion via water formation, which in
turn results in an increase in either Ti** defects or oxygen
vacancies. Oxygen vacancies in particular are known to act as
electron—hole recombination centres and hence reduce photo-
catalytic efficiency [59].

Table 4
Calculated photocatalytic rates under UV (365 nm)

Sample Photoactivity Thickness (nm)
(cm™! min~!) (average)
(over 60 min)

N1 0.001 40

N2 0.001 80

N3 0.004 130

Colourless non-doped 0.006 40

Brown non-doped 0.005 80

Violet non-doped 0.011 120
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4. Conclusions

Films of polycrystalline anatase have been grown by CVD
using titanium tetrachloride and ethyl acetate in the presence of
ammonia. Some films display absorption features, which extend
towards the visible light region of the spectrum. However, since
the spectra obtained from nominally undoped films also pos-
sess these features we suggest that N incorporation cannot be
assumed on the basis of changes in the absorption spectroscopy.
While some inconsistencies have been noted in terms of the pre-
cise CVD growth parameters that result in detectable levels of
N incorporation as detected by XPS, it appears that a growth
temperature in the region of 650 °C is necessary to facilitate N
incorporation at levels of between 1.5 and 5 at.%. For selected
samples, clear evidence of 3-N incorporation has been obtained,
while no direct evidence for the existence of Ti** defect states
has been obtained.

Despite the presence of B-N incorporation and absorption
spectra, which possess features extending towards the visible, no
visible light-induced photocatalytic activity has been observed
whatsoever, while the conventional UV light-induced photoac-
tivity of these films is severely reduced as compared to films
grown in the absence of ammonia. Thus the presence of 3-
nitrogen alone cannot be cited as a means of inducing visible
light activity in TiO» films.

Perhaps the most interesting finding of this work is that the
morphology of the films is dramatically influenced by the addi-
tion of ammonia to the process gases, with the deposited film
appearing less well defined in terms of the appearance of clearly
defined crystallites. Since ammonia addition also reduces the
growth rate, it is proposed that the surface chemistry of TiO»
growth is strongly influenced detrimentally by the presence of
ammonia.

These effects are believed to be directly related to the reduc-
tion in photocatalytic activity as measured under UV illumina-
tion, possible via the introduction of defects, which may act as
charge carrier recombination centres.
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