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ABSTRACT: It is shown that there are deposition conditions
in reactive sputtering of TiO, in which the anatase and rutile
crystals can coherently arrange in a convenient way that
predominantly exposes the anatase facets, a configuration that
is expected to favor the photocatalytic activity of the films. The
latter process plays at present an important role in environ-
mental conservation related to energy generation and water
cleaning. Therefore, our results present an experimental path
for obtaining highly photoreactive TiO, films.
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1. INTRODUCTION

At present, photocatalytic processes play a critical role in
environmental conservation related to energy generation and
water cleaning. Within this context, because of its desired
characteristics for photocatalytic applications, TiO, has been
intensively investigated, and several findings have brought the
understanding of the properties of TiO, phases to a new
level.'™ For anatase TiO,, several results indicate that its
{001} facets are the most efficient for photocatalysis.*””
However, few works report experimental routes for 0btainin§
anatase crystallites with a high percentage of {001} facets,"”
since rutile is the most stable TiO, phase against temperature
and also because near-equilibrium anatase growth tends to hide
the highly reactive {001} facets."' These difficulties bring
additional challenges for improving the number of {001} facets
of anatase TiO, crystals and reveal the importance for
controlling the growth kinetics and the role of interfaces
during TiO, film formation.

Furthermore, in different reports, it was observed that TiO,
samples composed by both polymorphs anatase and rutile
present enhanced photocatalytic activity over the single-phase
one."”™"” The key factor for this synergistic effect is the
favorable band alignment between anatase and rutile phases
that allows spatial charge separation avoiding the electron—
hole pair recombination.'®"”

Therefore, anatase—rutile TiO, samples with anatase {001}
facets are desirable for highly efficient photocatalysis. In this
sense, here we demonstrate that the growth of TiO, films onto
c-plane sapphire is an efficient combination to promote a
peculiar distribution of anatase and rutile crystallites, in which
the anatase {001} surface is obtained. Moreover, a type II band
alignment between anatase and rutile crystals is likely to occur,
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which is a configuration that favors the photocatalytic activity
of the films.'®"

2. EXPERIMENTAL METHODS

The films were prepared in a radio frequency reactive magnetron
system using a pure Ti target (S N purity) and a mixture of Ar and O,
gases (flow rates: 40.0 sccm/S.0 scem Ar/O,, 6 N purity both).
Sapphire c-plane was used as substrates. The target diameter was 75
mm, and the target to substrate distance was 70 mm. A deposition
power of 180 W, with reflected fraction below 2 W, and measured
RMS bias of 138 V were kept constant with a regulated source and RF
matching box (Advanced Energy RFX 600). A relatively high
substrate temperature (S50 °C) and relatively low total pressure 2.5
X 107 Torr were used to produce film crystallization and significant
rutile fraction.”® The discharge parameters were stable within 4%
during all depositions. The main variations were observed in the total
pressure, being the other variations of the order of 1%. The method
has the potential to be used for production in large areas, provided the
power density of the discharge is kept by suitable power supply and
target dimensions. Before depositions, a cleaning procedure was
performed in the target. This consists of sputtering the target in pure
Ar, 120 W, for 3 min, and then in a stabilization of the Ar/O, mixture
(40.0 sccm/5.0 sccm) and plasma parameters for more 3 min before
the start of depositions.

Cross-section samples of the grown films were prepared using a
focused ion beam (FEI Helios NanoLab 450S). A 2 ym protective Pt
layer was deposited over the thin film to reduce sample damage and
ions’ implantation on the subsequent sample preparation, and then 30
kV Ga" ions were used to cut off a thin lamella containing the TiO,—
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sapphire interface. The lamella final thinning/polishing was carried
with 2 kV Ga" ions to ensure a minimized amorphous layer.

High-resolution transmission electron microscopy (HRTEM) and
electron energy loss spectroscopy (EELS) measurements were
performed on a FEI Titan3 Themis 300 operating at 80 kV. EELS
experiments were performed in scanning transmission electron
microscopy (STEM) mode with a monochromatic beam with energy
spread lower than 0.13 eV. Spectra were collected using a Gatan
Enfinijum ER 977 spectrometer with a 0.01 eV/pixel dispersion to
retain the high energy resolution from the monochromated source.
Low-loss spectra were collected with 0.2 s frame time and 20 s total
time, and core-loss spectra at Ti—K and O—K edge energy were
collected with S s frame time and 350 s total time.

The film morphology was investigated by scanning electron
microscopy (SEM) with a Helios 4S50S (FEI). The structural
characterization was performed by X-ray diffraction (XRD) using a
PANalytical X’PERT X-ray system with Cu Ka, radiation. The pole
figures were performed by electing a diffraction angle, 26, with the tilt
angle, y, varying from 0 to 90° and the azimuthal angle, ¢, varying
from 0 to 360°, for each value of y.

Details of further structural characterizations may be found in the
Supporting Information.

3. RESULTS AND DISCUSSION

A plan-view SEM image of a thick (2.5 ym) TiO, film
deposited onto c-plane sapphire is shown in Figure la. It is
possible to observe that the film surface is composed of
parallelepiped, pyramidal grains, and flat regions between
them. In the inset of Figure la the three morphologies are
respectively numbered as 1, 2, and 3. A cross-section STEM
image is presented in Figure 1b. A columnar structure is
observed, where higher and brighter columns are associated
with two different shapes on the top: trapezoidal (column 1)
and triangular (column 2). The darker ones are flat on the top
(column 3). The brighter columns grow by increasing width at
the expense of neighboring ones (darker columns) which
assume a prism-like shape. These three shapes match to the
parallelepiped, pyramidal grains, and flat region observed from
above in the SEM image. Figure 1c displays a high-resolution
TEM image of the interface between structures 2 and 3, and in
that interface no amorphous phase is observed.

To identify the nature of the observed regions seen in Figure
1, EELS measurements were carried out. The Ti L,; main
edges associated with columns marked as 1, 2 and 3, in Figure
1 are shown in Figure 2a. EELS Ti L, 5 results from columns 1
and 2 showed practically identical spectra and are similar to
spectrum obtained in column 3. The L; and L, edges are
separated by ~5 eV due to the 2p core—hole spin—orbit
coupling. The phase identification relies on the details of the
spectra. The oxygen atoms, surrounding each titanium atom,
create a strong crystal-field splitting that subdivides both Ti L;
and Ti L, edges. In columns 1 and 2 the splitting of the L,
edges is 2 eV, while in column 3 the splitting is 2.4 eV. These
are the values expected for anatase and rutile phases,
respectively.”’ The L, edge of columns 1 and 2 presents a
more prominent low-energy component, which is a feature
attributed to anatase phase.”’ Meanwhile, the L, edge of
column 3 shows a stronger component at the higher energy
side, characteristic of a rutile crystal.”'

The EELS O-K edges are shown in Figure 2b. The main
peaks, marked with vertical dotted lines, display splittings of
2.5 eV (column 1) and 2.7 eV (column 3). These splittings are
expected”’ for anatase and rutile, respectively. Additionally,
there exist differences between column 1 and 3 O-K spectra in
the broad peaks ~8—1S5 eV far from the main peak at 532.4 eV.
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Figure 1. (a) Scanning electron microscopy of a TiO, film grown on
c-sapphire substrate and (b) transmission electron microscopy bright-
field image of the cross section of the same film. In the transmission
image the columns are numbered accordingly. The predominantly
columnar morphology of the internal parts of the TiO, film is visible.
Using the EELS results presented in the sequence, the underneath
triangular-shaped smaller grains near the substrate interface were
identified to have the same phase as the columns labeled 3. The inset
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Figure 1. continued

in (a) shows, with higher magnification, the surface morphology
formed by cubic and pyramidal grains and a flat region, numbered as
1, 2, and 3, respectively. (c) High-resolution transmission electron
microscopy of interface between columns 2 (anatase) and 3 (rutile)
shown on the rutile [001] axis zone.
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Figure 2. EELS spectra associated with the different regions shown in
Figure 1. (a) Ti L,; main edges measured on regions 1 and 2,
attributed to anatase, and measured on region 3, attributed to rutile.
(b) EELS O-K edges measured on region 1, related to anatase, and
measured on region 3, attributed to rutile. From the EELS O-K edge
it is observed a peak splitting of 2.5 eV (column 1) and 2.7 eV
(column 3), characteristics of anatase and rutile phases, respectively.
The vertical dotted lines are traced to serve as guides to the peak
splittings.

Such features are in accordance with EELS and XAS spectra
found in the literature for anatase and rutile TiO, phases.”!
EELS low-loss spectra of columns 1 and 3 are presented in
Figure 3. The peak near 14 eV that shows up clearly in the
curve of column 3 can be attributed to rutile,”” in agreement
with the previous analysis. The low-intensity region, from ~3
to 8 eV, corresponds to electronic transitions from the valence
band edge (O 2p orbitals) to the bottom of the conduction
band (Ti 3d orbitals). The fittings for an indirect band gap™’
are depicted in the inset of Figure 3 by continuous lines. This
procedure yields an E, of 3.09 and 3.28 eV for rutile (column
3) and anatase (column 1), respectively. Such values agree
with the ones found in the literature for rutile** and anatase.”
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Figure 3. Low-loss EELS measurements of columns 1 and 3 according
to the attribution made in Figure 1b. The inset shows a zoom in the
2.8—4.0 eV range, and the red lines are the Tauc fittings obtained for
each column.

Therefore, from EELS results, we confirmed the presence of
rutile and anatase phases in our TiO, films. Moreover, we note
that the SEM image in Figure la and the TEM bright-field
cross section image of Figure 1b combined with the EELS
results show that the anatase phase is predominant over the
surface areas and also in the film volume. Raman spectra were
performed (see Figure S4), and there is a qualitative agreement
between the Raman spectrum and the composition that can be
deduced from TEM and SEM images.

The growth of rutile phase on top of c-sapphire is expected
due to a lower lattice mismatch than the one formed in the
anatase/c-sapphire interface.”® However, in the Ti—O
equilibrium phase diagram the stable phase below ~600 °C
is the anatase one.'’ For this temperature condition, Chang et
al”® suggested that below a critical film thickness (d.) the
growth of rutile grains is favored due to the better lattice
mismatch with c-sapphire and that above d. anatase growth
prevails. Another important factor determining the phase of
the films is the energy distribution of the plasma particles
hitting the substrate. As pointed by Mraz and Schneider,”
processes involving higher energy distributions of the particles
colliding with the film surface favor the formation of the rutile
phase, while processes at lower powers and/or larger values of
the pressure X distance parameter, proportional to the number
of gas collisions and thermalization of the particles coming
from the target, favor the anatase phase. On the present
conditions, the pressure X distance is 23.3 Pa-mm, which is
expected to favor the rutile growth.”

Considering these main factors of the growth, we can
conclude that, in spite of the relatively low substrate
temperature used, the films present a high rutile component
due to the interface energy (film—substrate and anatase—
rutile) and to the energetic collisions of plasma particles during
growth. This complex relationship among the main growth
components may explain the mixture of the anatase and rutile
phases shown for the grown films. Considering these factors it
is possible to understand why other groups, working on similar
but not exactly the same deposition conditions, had reported
different results.”’

The orientation texture of the observed crystallites on both
phases in the overall film is a relevant feature concerning the
surface morphology and reactivity. In the following the texture
is analyzed using pole figures of selected planes.
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Figure 4a shows the anatase {101} pole figure. Intensity
spots centered at y equal to 41.0° and 68.2° are observed,

90

a)

150

x (®)

210

L] L)
Sapphire {104}; y =38.3°
Anatasc {101}; y=68.2°
Anatase {101}; y=41.0°

Intensity (arb. unit)

180 240 360

© )

Figure 4. (a) Anatase {101} pole figure performed at 26 = 25.224° for
sample grown on c-sapphire. In the color scale bar red (blue) indicates
high (low) counts. (b) Azimuthal scans for sapphire {104} at y =
38.3° and for anatase {101} at y = 68.2° and y = 41.0°.

300

which are the angles of anatase {101} planes with anatase
{112} and anatase {001} planes, respectively. It indicates the
presence of anatase crystals with (112) and {(001) out-of-plane
orientations, which is consistent with the observation of
anatase (112) and (004) peaks in the Bragg—Brentano
measurement (see Figure S1).

Azimuthal scans for anatase grains growing in the (001) and
(112) directions and sapphire (0001) are presented in Figure
4b. For anatase (001) 12 peaks spaced by 30° with respect to
each other are observed. The presence of 12 peaks is due to the
4-fold and 3-fold symmetry of anatase {001} and sapphire
{0001} planes, respectively. Anatase {112} planes also have 4-
fold symmetry and consequently 12 peaks in the azimuthal
curve. The double-peak structure and variation in the peak
intensity are possibly related to lattice relaxation processes
during anatase (112) growth. Similar double-peak structure has
been previously observed for anatase films grown on
lanthanum aluminate and associated with lattice relaxation.”®

To analyze the texture of rutile grains, the rutile {110} pole
figure was performed by setting 20 = 27.434° (Figure Sa). It
shows six sharp peaks centered at an angle y = 45°, which
exactly matches the angle between rutile {110} and {100}
planes. Therefore, the (100) directions of rutile grains line up
to the normal of both sapphire c-plane and substrate surface,
allowing the {100} plane diffractions to be observed in Bragg—
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Figure 5. (a) Pole figure of rutile {110} (20 = 27.434°) and (b)
azimuthal scans for the TiO, film grown on c-sapphire substrate. In
the color scale bar of (a), red (blue) indicates high (low) counts.
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Brentano scans (Figure S1). The dependence of the film
texture on the substrate nature was verified by growing a TiO,
film on a-plane sapphire using the same deposition conditions
employed for TiO, growth on c-plane sapphire. The rutile
{110} pole figure (Figure S3) for the TiO, film grown on a-
sapphire shows very different features if compared with Figure
Sa, demonstrating distinct out-of-plane and in-plane orienta-
tions for TiO, films grown on a-sapphire and c-sapphire.

Azimuthal scans of TiO, film grown on c-sapphire for y =
45.0° at 260 = 27.434° and y = 38.3° at 20 = 35.167° are
presented in Figure Sb. The first and second scans select rutile
{110} and sapphire {104} planes, respectively. The expected
presence of three peaks for sapphire is in accordance with the
3-fold symmetry of sapphire {0001} planes. For rutile six peaks
spaced by 60° are observed and there is a 30° offset with
respect to the sapphire ones. The quantity of six peaks is due to
the 2-fold symmetry of rutile {100} plane and its three
equivalent orientations on top of c-sapphire.”’

According to SEM, TEM, and XRD results, the TiO, film
deposited on c-sapphire presents a coherent growth, the
anatase and rutile phases having in-plane and out-of-plane
crystalline texture. Rocking curves (RCs) of rutile (200),
anatase (004), and anatase (112) demonstrated that both
phases present a low out-of-plane mosaicity. This is especially
valid to rutile grains since rutile (200) RC has a full width at
half maximum (fwhm) of only ~0.1° (as shown in Figure S2).
This value is very similar to the ones obtained for TiO, grown
via atomic layer deposition, chemical vapor deposition,”**'
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and molecular beam epitaxy.”” Therefore, the present growth
conditions produce samples of high crystallinity, and the
presence of amorphous material, in the grain interfaces, is
difficult to detect, as seen by the tight fit between anatase and
rutile crystals shown in Figure 1c. Both of these characteristics
are favorable for transport and spatial charge separation of
electron—hole pairs formed from light absorption.

Besides possessing desired crystalline and electronic proper-
ties for photocatalysis, the film also presents exposed anatase
{001} facets, which are known to be the most reactive anatase
facets.*™” In the films, the anatase grains with parallelepiped
shape (see structure 1 in Figure 1a) have (001) out-of-plane
orientation, and consequently the upper face of these grains is
{001} facets. The growth of TiO, crystals with exposed {001}
facets is generally thermodynamically unfavorable and grains
with {101} facets are more favorable to be obtained."'
However, the employed deposition conditions of the analyzed
film allowed the growth of an expressive number of anatase
grains with exposed {001} facets. The high reactivity of the
{001} facets allied to the crystallinity, and favorable band
alignment of the film is likely to promote high performance in
photocatalytic reactions.

In spite of the fact that the electronic microscopy and
Raman scattering results show the predominance of the
anatase phase on the film bulk and indicate that the surface is
dominated by the anatase phase, a direct and specific
measurement of the contribution of each phase on the film
surface could not be directly performed here. Concerning the
XPS analysis, the difficulty is due to the fact that the differences
in binding energy of photoelectrons in the Ti 2p;/, are the
order of 0.1 eV, while the fwhm of the peaks is about 1.3
eV."#333* These small peak shifts and wide line profiles result
in a large superposition of the contributions related to anatase
and rutile, making the deconvolution inaccurate. The Ti 2p
peaks are shown in the Supporting Information (Figure SS),
but because of the mentioned superposition, no reliable
deconvolution procedure was possible.

In this way, besides maximizing the exposure of anatase
{001} on the surfaces of films, it was possible to reach our goal
in developing a technique with the potential to produce cost-
effective films over large areas to favoring industrial
applications of TiO, films to photocatalysis. Even though the
sapphire (0001) substrates are still relatively expensive, as com-
pared to borosilicate glass or commercial stainless steel, those
are much cheaper than LAO (001) substrates, used many
times in the growth of epitaxial TiO, with the desired (001)
surface using MBE'”* and PLD.>*™** Also, the natural
capability of the reactive sputtering in producing homogeneous
films over large areas provides remarkable advantage in terms
of costs as compared to MBE production. Moreover, using the
present set of parameters, we obtained rutile crystals in close
contact with the anatase ones which is considered beneficial to
the photocatalytic activity of the films."*~"”

4. CONCLUSIONS

In summary, we demonstrated that the combination of
substrate surface symmetry with the growth by reactive
sputtering is found to produce peculiar arrangement in the
growth of TiO, films. Rutile and anatase microcrystals grow
coherently (articulately) onto sapphire substrates. In the
arrangement the rutile phase presents highly ordered out of
plane texture and three different in plane orientations, while
the anatase presents two out of plane preferential axis ((100)
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and (112)). The more reactive anatase {001} facets are
predominantly exposed on film surfaces. Because the
sputtering technique allows the deposition over large areas,
the process developed here could promote an efliciency
improvement in photocatalytic applications of TiO,.
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