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2 coatings were deposited by reactive magnetron sputtering at high pressure
(3.4 Pa) on cold soda-lime glass placed at different positions relatively to the magnetron target, which
corresponds to different impingement angles and target-to-substrate distances. The as-deposited coatings
were heated at 450 °C under ambient air to crystallise into the photoactive anatase phase. The structural
analyses combined with AFM experiments have shown a reduction of the crystallites and the lateral grain
size with the removal of the substrate from the target axis inducing a specific area rise. Moreover, the stress
state is all the less as compressive as the substrates are far away from the target. As a result, the
photocatalytic properties are improved with the decrease of the incidence angle and with the target-to-
substrate distance rise.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The overall process of the heterogeneous photocatalysis can be
decomposed into several steps, whose mechanisms were assigned to
the physicochemical properties of the catalyst material [1]. Among
these ones, we can quote the reactants absorption, the photocarrier
generation and diffusion toward the surface. These properties depend
strongly on the synthesis process. The sputtering method presents
some advantages because varied properties can be obtained easily,
which explains the numerous applications of the sputtered films,
especially in the photocatalysis area with the development of
supported anatase TiO2 coatings. Many studies deal with the influence
of the main deposition parameters i.e. the temperature effect [2–4],
the oxygen partial pressure [5,6] and the total pressure [6–11] on the
photocatalytic activity of titanium dioxide. These studies underline
that an optimal pressure around 3 Pa and a post-annealing treatment
seem to be favourable to the photocatalytic activity. In our knowledge,
no article deals with the influence of the substrates position relatively
to the target axis on the physicochemical properties of titanium
dioxide coatings. However some studies have already proved theo-
retically [12] and experimentally the influence of the substrate po-
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sition on the composition of co-sputtered coatings [13] or on the
electrical or electrochemical properties of conductive oxide [14,15]. In
this paper, the evolution of the TiO2 coating properties simultaneously
deposited has been studied according to the substrate position. First,
the distribution of the microstructural properties, the morphology
and surface topography with the substrate position relatively to the
target, i.e. as a function of the incident vapour flux angle will be
underlined. Then, these variations in terms of their influence on the
stress state and the photocatalytic properties of the coatings will be
discussed.

2. Experimental details

2.1. Film preparation

TiO2 photocatalyst coatings about 1 µm-thick were deposited on cold
soda-lime glass by reactive sputtering at high pressure. The experimental
details of the deposition chamber are detailed elsewhere [16]. The
dimensions of the glass substrate are 25×75×1mm3. In order to prevent
the diffusion of the alkali elements from the glass substrate, a SiNx

diffusion barrier was pre-sputtered [16]. The thickness of the SiNx

diffusion barrier is fixed at 1000 nm. Three SiNx/glass substrates were
placed on a rotating substrate-holder at different positions relatively to
the axis, which corresponds to different incident angles α of the
impinging particles and target-to-substrate distances Dt–s (Fig. 1).
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Table 1
Deposition parameters of the TiO2 sputtered on various substrates (SiNx/glass and Si)

Substrates SiNx

barrier
thickness
(nm)

Incidence
angle α
(°)

Target-to-
substrate
distance Dt–s

(mm)

Working
pressure
Pt (Pa)

Intensity
I (A)

Voltage
V (V)

Glass 1000 75 56.9 3.36±0.02 0.5 491±12
Glass 1000 66 60.0 3.36±0.02 0.5 491±12
Glass 1000 48 74.0 3.36±0.02 0.5 491±12
Si – 85 55.2 3.34±0.01 0.5 501±12
Si – 70 58.5 3.34±0.01 0.5 501±12
Si – 58 64.8 3.34±0.01 0.5 501±12
Si – 48 74.0 3.34±0.01 0.5 501±12
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Increasing the distance from the target axis (toward the centre of the
substrate-holder) decreases α and increases Dt–s. The position of each
substrate is identified by the incidence angle associated to the centre of
the sample. The rotation of the substrate-holder leads to an enhancement
of the thickness homogeneity. Nevertheless, the substrate-holder
rotation induces a fluctuation of the parameters α and Dt–s for a con-
sidered area. Indeed, the centre of the substrate-holder receives a con-
tinuous flux with constant incidence and kinetic energy, inversely
proportional to Dt–s. On the contrary, the external ring area of the sub-
strate-holder is alternatively submitted to a flux either energetic when
thesubstratepassesnext to the target (α→90°) orpractically thermalised
with thedisplacementof the substrate far from the target (α→0°) [17]. As
a consequence, the coating is built from a succession of various fluxes.
However, themajority of the coating is formedwhen the substrate passes
next to the target, i.e.with a high kinetic energy of the impinged particles
and a high incidence angle. For the stress measurements, Si beams sub-
strates were used. Their dimensions were 5×50×0.38 mm3. The
preparation conditions for this study are summarized in Table 1. The
ratio of oxygen partial pressure to total pressure PO2/Pt was fixed at 10%
for all the experiments. The as-deposited coatings are amorphous. In
consequence, the TiO2/SiNx/glassmulti-coatings and TiO2/Si systemwere
post-heated at 450 °C under ambient air in order to crystallise the
photoactive anatase phase.
Fig. 1. Schematic representation of the experimental device : (a) cut view and (b) top view. T
and the direction of the vapour flux emitted from the centre of the target.
2.2. Film characterization

The structural properties were investigated by X-ray diffraction in
Bragg–Brentano configuration using a Co Kα radiation. Silicon powder
was dispersed on the coating surface in order to calibrate the diffrac-
tograms. The surface and cross section morphologies were investi-
gated with a Philips XL30 SFEG scanning electron microscope. The
lateral grain size estimation was performed using atomic force micro-
scopy Dimension 3100 in non-contact mode. The TiO2 surface area
he incidence angle α is defined by the lower angle between the surface of the substrate



Fig. 3. Full Width at Half Maximum of the (004) reflection for different incidence angles.
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was calculated by considering the AFM micrograph surfaces like tri-
angles assembly whose peaks are defined by the (x, y, z) coordinates.
So we can estimate the apparent surface area in adding the triangle
area. These calculations were performed thanks to the WsXM soft-
ware using 1×1 µm2 micrograph dimensions.

The in-plane stress was estimated from the simplified Stoney's
formula by measuring the resulting curvature radii of the Si beams:

σ f ¼
Esh2s

6R 1−υsð Þhf
ð1Þ

where Es, υs, hs are respectively, the Young modulus, the Poisson
coefficient and the substrate thickness, hf, the coating thickness and R,
the curvature radius. The simplification criteria are respected [18]. The
beams are placed at different positions along the substrate-holder
with particular incident angles (Fig. 1 and Table 1). The TiO2 coating
thickness was measured using the step method with a Talisurf profi-
lometer. The crack density was evaluated statistically by counting the
number of cracks by unitary length from MEB surface micrographs.

Finally, the photocatalytic activity of TiO2 coatings was assessed by
following the Orange II dye absorbance for 2 h by means of an expe-
rimental setup whose principle is based on that described in a
previous article [16]. The photocatalytic activity is expressed in terms
of apparent rate constant K' in min−1. It must finally bementioned that
the chemical, structural and morphological analyses were carried out
in a localised area in the centre of the samples whereas the photo-
catalytic activity measurements were determined on the overall
sample (75×25 mm2).

3. Results

3.1. Structural and microstructural properties

The structure of the annealed TiO2 coatings synthesised on SiNx/
glass substrates placed at different positions relatively to the
substrate-holder is presented in Fig. 2. All the coatings crystallise
under the anatase structure (00-021-1272 JCPDS card number)
whatever the sample position along the substrate-holder. The XRD
patterns reveal a [001] preferential orientation meaning that a
majority of (001) planes are parallel to the surface whereas the (200)
planes are normal. The full width at half maximum (FWHM) of the
(004) reflection of the TiO2 coatings synthesised at different positions
is presented in Fig. 3. The FWHM falls when the incidence angle rises,
which means that the crystallite size grows in the direction
perpendicular to the surface all the more as the incidence angle
Fig. 2. X-ray diffractograms of the annealed TiO2 coatings for different incidence angles
(A: anatase).
tends to 90°. The texture effect allows the determination of the cell
parameters using the following formulae for a tetragonal symmetry:

c ¼ 4� d004 ð2Þ

a ¼ d101 � 4d004ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16d2004−d

2
101

q ð3Þ

Fig. 4 shows the cell parameters of the TiO2 coatings for different
incidence angles. According to their [001] texture, the comparison of
the a cell parameter with its theoretical value reflects the strain
parallel to the surface and thus the stress state following Hooke's law.
Both parameters are lower than the theoretical ones (a=0.3785 nm
and c=0.9514 nm from the JCPDS 00-021-1272 card number), indi-
cating that the coatings are submitted to compressive stress. More-
over the cell parameters decrease with increasing the incidence angle,
suggesting that the compressive stress is more important at normal
incidence, which corroborates previous studies [19–21].

3.2. Morphology

The evolution of the coatings morphology with the incidence angle
canbeobservedonSEMtop surfaceandbrittle-fracture cross section (see
Fig. 5). Accordinglywith thehighworkingpressure and the lowsubstrate
temperature, the coatings are constituted by columns separated by void
Fig. 4. Evolution of the anatase cell parameters with the incidence angle.



Fig. 5. SEM micrographs of the top surface and cross-section of the annealed TiO2 films elaborated at different incidence angles.
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boundaries. The surface and the columns seem to be rougher at low
incidence. SEM micrographs show that the TiO2 films present stronger
andwider cracks for the low impingement angle. The highest cracking at
low incidence angle could explain the reduction of the magnitude of the
compressive stress [21]. The top-surface morphology observation has
also been performed by atomic force microscopy. The corresponding
micrographs at different magnifications are presented in Fig. 6. We can
distinguish that each column is composed by nanometric grains
separated by porosities [22]. The lateral size of these particles, presented
in Fig. 7 as a function of the incidence angle α, indicates that this size
increases with the incidence angle. From the XRD and AFM results, we
conclude that the growth with an oblique impingement induces a
Fig. 6. AFM micrographs of the annealed TiO2 co
reduction of the grain volume. As a consequence, the surface area pre-
sented in Fig. 7 undergoes a strong increase with the reduction of the
grain size.

3.3. Internal stress in TiO2 films

Fig. 8 represents the evolution of the in-plane stress in TiO2 depo-
sited on Si beams before (solid line) and after annealed at 450 °C
(dashed line). The stress state in the amorphous as-deposited films is
characteristic of the intrinsic stress. This stress is in tensile, according
to the high pressure and the columnar morphology [23,24]. At α=70°,
we can note compressive stress apparition due to the bombardment
atings as a function of the incidence angle.



Fig. 7. Evolution of the lateral grain size and of the developed surface area estimated
from 1×1 µm2 AFM micrographs of the annealed TiO2 coatings as a function of the
incidence angle.

Fig. 9. Cracks number per length unity in the TiO2 films synthesised on Si beams at
different incidence angles before and after annealing at 450 °C.
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by energetic particles emitted from the erosion track of the target. The
crystallisation treatment induces a shift of the biaxial stress toward
negative values with a magnitude of 100–200 MPa, synonym of com-
pressive stress. The shape of the curve is quite conserved and dis-
placed towards compressive values, which should indicate that the
thermal stress is practically equal whatever the substrate position. The
discrepancy between the thermal expansion coefficients of the
substrate and the coating is assumed to generate thermal stress,
during the post-annealing treatment, defined by [23]:

σ th ¼ Ef αf−αsð Þ
1−�fð Þ ΔT ð4Þ

where Ef, νf, αf and αs are respectively the Young modulus (290 GPa),
the Poisson coefficient (0.28), the thermal expansion coefficients of the
coating (7.6 ·10−6 K−1) and of the Si substrate (3 ·10−6 K−1) [25]. ΔT is
the temperature discrepancy between room temperature and the an-
nealing temperature. As a consequence, during the heating, the coating
is submitted to compressive stress whereas the cooling induces tensile
stress.Moreover the anatase crystallisation creates tensile stress due to
the volume reduction. However, the resulting stress of the films after
heat treatment is compressive. This phenomenon could be explained
by the consumption of lattice defects and/or by the porous character of
the TiO2 film. Indeed, the water adsorption by capillarity along the
columns should disturb the Van deWaals links across the grain boun-
Fig. 8. Internal stress of the TiO2 coatings synthesised at different incidence angles on Si
beams before and after annealing at 450 °C.
daries leading to a stress magnitude decrease [26]. Nevertheless, these
results are in agreement with the anatase cell parameters. This hypo-
thesis is supported by other results which are not presented in this
paper, i.e. for dense TiO2 films elaborated at low pressure, the
crystallisation treatment induces tensile stress according to the
volume reduction and the thermal expansion coefficient discrepancy
of the substrate and the coating [27].

The low values of tensile stress in the as-deposited coatings could
result from their amorphous character [24] and by the relaxation
phenomenon produced by the transversal cracking, as shown by Fig. 9.
Before annealing (solid line) the cracks number increases at low inci-
dence angles, demonstrating that the tensile intrinsic stress is more
important in the coating elaborated at low incidence angle. After the
annealing of coatings deposited for intermediate incidence angles,
when the accumulation of tensile stress (intrinsic and crystallisation)
becomes sufficient, the transversal cracking produces and shifts the
cracks number curve toward intermediate angles (dashed line).

3.4. Photocatalytic properties

The photocatalytic activity has been determined by following the
degradation of the Orange II vs time under irradiation using a Xe lamp.
Fig. 10 reveals the evolution of the apparent rate constant K' of the
TiO2 coatings elaborated at different incidence angles. A slight in-
crease of the constant K' of about 20% is observed with decreasing the
Fig. 10. Apparent rate constant of the annealed TiO2 coatings synthesised on SiNx/glass
substrates in function of the incidence angle.
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incidence angle. This evolution is lower than that expected owing to
the increase of about 40% of the developed surface area with de-
creasing the impingement angle α from 48° to 75° (see Fig. 7). Such a
lower evolution of the photocatalytic activity compared to the
increase of the developed surface area has to be related to the rather
large area of the glass substrate owing to the deposition reactor
dimension, e.g. the glass slide located at α=48° (centre of the glass
slide) corresponds to real impingement angles α distributed between
32° (closest edge of the glass slide) and 80° (farthest edge of the glass
slide). As a consequence, the developed area of the coating surface
over the whole glass slide support is lower than that measured for the
reference angle at the centre of the glass slide. This clearly explains the
lower photocatalytic activity enhancement than that expected from
the specific area increase resulting from the measurements localised
at the centre of the samples.

4. Discussion

Three SiNx/glass substrates placed at different positions on a ro-
tating substrate-holder have been simultaneously covered by a TiO2

film. The as-deposited amorphous coatings always present tensile
stresses, conformably with the rather high deposition pressure [28]. A
model proposed by Hoffman argues that tensile stress is a natural
consequence of interactions at the grains boundaries [24]. The attrac-
tion between neighbour grains throughout the void space creates a
localised tensile stress. Moreover the transversal cracking becomes
more important at low incidence angle, meaning that the tensile
stress is higher. A low incidence angle implies a high Dt–s, hence a
strong loss of the kinetic energy of the impinging particles which
condense without diffusion on the cold substrate. The coatings are
amorphous and columnar with a porosity intra and extra columnar all
the most than the incidence angle is low. During the annealing at
450 °C, the anatase structure crystallises with a [001] preferential
orientation. The TiO2 coatings synthesised at low incidence angle with
a low kinetic energy of the impinging particles present a lower grain
volume attributed to the more important porosity. It results in an
increase of the developed surface area. Besides, the heat treatment
under air shifts the stress towards compressive state and new cracks
appear due to the crystallisation. The stress relaxation associated with
the cracks development is then more pronounced for the lower
incidence angle, i.e. for the strongest tensile stress. From this consi-
deration, the photocatalytic activity increase at low incidence angle
should be attributed to the surface area development (rising of the
adsorption sites) and/or to the relaxation (decreasing of the number of
recombination centres).
5. Conclusion

In this article, we have demonstrated that TiO2 films present a
properties distribution as a function of their position on a rotating
substrate-holder. Due to lower energy and incidence angle with in-
creasing the distance between the substrate and the axis of the Ti target,
the films acquire a more developed surface and become more relaxed,
which is favourable for their photocatalytic activity. Despite the rotation
of the substrate-holder to improve the thickness homogeneity, the
coatings developed a gradient of the nanostructural properties even at
high pressure. The understanding of such a phenomenonparticipates to
the enhancement of the coating reproducibility. Moreover we have
shown that annealing treatments performed to crystallise the amor-
phous coating under the desired anatase phase can yield compressive
stress despite their initial extensive stress and that occurred during the
coating crystallisation. This phenomenon should be attributed to the
absorption of water vapour in nano size intercolumnar porosity of the
coatings deposited at high pressure.
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