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Polycrystalline TiO, Thin Films with Different Thicknesses
Deposited on Unheated Substrates Using RF Magnetron Sputtering
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Different film thicknesses of polycrystalline TiO, thin films deposited on various unheated substrates using radio frequency (RF)
magnetron sputtering is investigated. The crystalline structure, optical properties, and surface morphology and roughness were measured using
an X-ray diffractometer (XRD), a field-emission scanning electron microscope (FESEM), an atomic force microscope (AFM), and a UV-Vis
spectrophotometer. Polycrystalline phases were formed on unheated substrates due to the plasma particle bombardment. Crystalline structures
more easily formed on the glass substrate and only nanocrystalline structures formed on the ITO glass substrate due to the surface roughness of
substrates. The absorption edge and optical band gap depended on the crystalline particle size and phase structure. The XRD results indicate that

500-nm-thick film on a glass substrate had the strongest intensities of mixed anatase and rutile phases.
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1. Introduction

Nano-structured semiconductor materials have attracted a
lot of attention due to their unusual optical, electronic, and
photoelectrochemical properties.' Nano-crystalline titani-
um dioxide (TiO;) is one of the most investigated oxide
materials due to its high refractive index, high dielectric
constant, and optical transmittance in the visible and near-IR
region.*® It has been attracted a lot of interest for a wide
range of applications, such as dye-sensitized solar cells,”®
photocatalysts,>® optical coatings,'®!" and capacitors for
large-scale integrated (LSI) devices.'? Fujishima and Honda
discovered the photocatalytic decomposition of water on
TiO,.” Since then, the photocatalytic properties of TiO, have
been studied intensively.!*'® The hydrophilization on a
TiO, thin film surface by UV light irradiation has also been
investigated. When the photon energy exceeds the energy of
the band gap, an electron (e™) is promoted from the valence
band to the conduction band, leaving a hole (h™) behind. In
semiconductors, some of these photoexcited electron-hole
pairs diffuse to the surface and take part in chemical reactions
with the adsorbed donor or acceptor molecules. The holes
can oxidize donor molecules whereas the conduction band
electrons can reduce acceptor molecules. Due to its wide
band gap, TiO, has a strong oxidation power of generated
holes, so they can react with water to produce highly reactive
hydroxyl radicals (*OH). Both the holes and the (*OH)
radicals are very efficient at oxidizing most organic contam-
inants.!” Due to such superb properties, photocatalysts based
on TiO; have been applied to the detoxification of water and
air 1819

TiO, is a wide bandgap oxide that occurs in three
crystalline polymorphs: rutile (tetragonal), anatase (tetra-
gonal), and brookite (orthorhombic).?” Rutile is a tetragonal
crystal with lattice parameters of a = 0.4594nm and c =
0.2958 nm, a refraction index of 2.7, and an optical band gap
of 3.0eV at room temperature. Anatase TiO; is a tetragonal
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crystal with lattice parameters of a = 0.3785nm and c =
0.9514 nm, a refraction index of 2.54, and an optical band gap
of 3.2eV at room temperature. Brookite is an orthorhombic
crystal with lattice parameters of a =0.9184nm, b=
0.5447 nm, and ¢ = 0.5145 nm.?" The photocatalytic activity
of anatase is higher than that of rutile due to the former
having a larger band gap (anatase —3.2eV, rutile
—3.0eV).?? TiO, films prepared by various methods, such
as sol-gel processes,”® the ion beam technique,’® reactive
sputtering,?>2 electron beam evaporation,?” chemical vapor
deposition,”® metal organic chemical vapor deposition
(MOCVD),” plasma enhanced chemical vapor deposition
(PECVD),*® and radio frequency (RF) magnetron sputter-
ing®'=33 have different crystalline structures that strongly
depend on preparation conditions. Among thin film prepa-
ration methods, RF magnetron sputtering is one of the most
easy to industrialize. It is suitable for optical coatings due
to the high density, high adhesion, high hardness, and good
thickness uniformity of the deposited layer over a large area.
The structure and composition of TiO, thin films can be
easily controlled by adjusting the deposition conditions.
However, it is generally recognized that deposition on
unheated substrates usually results in amorphous films.3"
Increasing the temperature to 473 K allows preparation of
TiO, films with a crystalline structure.>® The deposition of
crystalline TiO, films on unheated substrates’? could extend
the range of film applications because it would allow the
deposition of films directly onto a polymer or plastic surface.
It is well known that high-power sputtered plasma produces
secondary electrons that bombard thin films or substrates,
causing them to heat up, which makes accurately controlling
their temperature difficult. However, plasma particle bom-
bardment induced the modification of film structure. It is
meaningful to investigate the properties of TiO, thin films
with different thicknesses deposited on unheated substrates.

In this paper, TiO; thin films were deposited onto unheated
glass and indium tin oxide (ITO) glass substrates by RF
magnetron sputtering. The crystalline phase, surface mor-
phology and roughness, and optical properties of the
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deposited films were observed using X-ray diffraction
(XRD), field-emission scanning electron microscopy
(FESEM), atomic force microscopy (AFM), and UV-Vis
spectrophotometry, respectively. The effects of film thick-
ness on the characteristics of TiO, thin films are discussed.

2. Experimental Procedure

2.1 Preparation of polycrystalline TiO; thin films

Polycrystalline TiO, thin films were prepared using an RF
magnetron sputtering method with a TiO, ceramic target
(High Purity Chemicals Lab. Corp., Grade: 99.99%, diam-
eter: 100 mm, thickness: 5 mm) as the source material and Ar
gas (99.995%) as the sputtering gas. An RF generator (PFG-
300RF, Huttinger, Germany) operating at a frequency of
13.56 MHz and a power of 200 W was used. A stainless steel
chamber was evacuated using a turbo pump to a base
pressure less than 2.7 x 1073 Pa. Ar gas was then introduced
into the vacuum chamber as the working ambient by a mass
flow controller (PC-540, Protec Instrument Inc.) at 40 sccm
and kept at 1.1Pa as the working pressure. Before the
deposition of the samples, the chamber was kept in the pre-
sputtering regime for 20min (shutter closed) to remove
contamination on the target surface in order to stabilize the
deposition parameters. Samples denoted Ag, By, and Cgy
were deposited onto a glass substrate, and samples denoted
Airo, Biro, and Ciro were deposited onto an ITO glass
substrate. The area of sample was 20mm x 20mm. The
sheet resistance of the ITO glass substrate was 7 2/[1. Glass
and ITO glass substrates were ultrasonically washed suc-
cessively in acetone, isopropanol, alcohol, and deionized
water each for 15min. After the substrates were cleaned,
they were statically placed on a sample holder facing the
target at a fixed distance of 50 mm in a vacuum chamber.
The sample holder with the substrates was neither heated nor
rotated. The thickness of the thin films was monitored in
real-time using a crystal thickness monitor (TM350, Maxtek,
U.S.A.) during the deposition. Samples with film thicknesses
of 100, 500, and 900 nm were prepared. In our experiment,
the deposition rate was 3.2-5.4 nm/min and the deposition
time was 30—-160 min. The temperature of substrate due to
the plasma particle bombardment was 423-430K in the
range of deposition time. Details of the deposition conditions
of the polycrystalline TiO, thin films are summarized in
Table 1.

2.2 Measurement and analysis methods

The film thickness d was determined using surface
profilometry with a Surfcorder ET-4000M (Kosaka Labo-
ratory Ltd., Japan) Alpha-step instrument. The crystal
structures of the TiO, thin films were characterized by
X-ray diffraction (XRD) using a Rigaku D/MAX 2500
diffractometer with Cu Ka (1 = 0.15405nm) radiation
under an applied voltage of 40kV, a current of 100 mA,
and an incident angle of 1° in the region of 20-80°. The grain
sizes (D) listed in Table 1 were calculated from anatase

(10 1) XRD reflections using the Debye-Scherrer equation:>
092 0
" Bcos

Table 1 Thickness, weight percentage of the anatase phase (W,), grain
size (D), surface roughness (R), and optical band gap (Ey) of the studied
samples.

Sample Thickness Wa D R E,

(nm) (%) (nm) (nm) (eV)

Ag 100 — — 1.11 3.27
Arro 100 — — 2.48 3.38
By 500 52 25 2.15 3.25
Biro 500 49 24 1.09 3.23
Cy 900 40 34 1.68 3.26
Crro 900 100 36 1.78 3.25

where B is the peak width, 6 is the diffraction angle, and A is
the X-ray wavelength corresponding to Cu Ko radiation. The
fraction of the anatase phase, i.e., the weight fraction W, of
the anatase phase for samples consisting of both anatase and
rutile phases, was calculated using the equation derived by
Spurr and Mayers:*®

1

Wyam—
1+ 1.265(Ix /1)

@)
where Ip denotes the intensity of the strongest anatase
reflection and Ir is the intensity of the strongest rutile
reflection. For a given sample, the ratio I /Ir is independent
of fluctuations in diffractometer characteristics.’® In our
experiments, the weight fraction (W,) were calculated by
eq. (2) and the results were summarized in Table 1. The
surface morphological features of TiO, thin films were
observed using a Hitachi S-4800 field-emission scanning
electron microscope (FESEM). Before FESEM measure-
ments, the sample surface was covered with a thin platinum
film to prevent charge build-up. The surface roughness and
surface morphology of the TiO, thin films were examined
using atomic force microscopy (AFM) with an etched silicon
cantilever in non-contact mode (Veeco, CP-II). The optical
absorption spectra of the sputtered TiO; films were recorded
using a UV-Vis spectrophotometer (Jasco Corporatin, Jasco
V-670) in the wavelength range of 200 to 800 nm. Further-
more, optical band gaps of the films were calculated from
the indirect allowed transition mode using the formula
const(hy — Eg)2 = (4 /)hv."?

3. Results and Discussion

3.1 X-ray diffraction measurements

Figure 1 shows the XRD patterns of TiO, films deposited
on various unheated substrates. Each pair of samples,
(Aglv Arro), (Bgl» Bito), and (Cgls Ciro), was obtained from
the same deposition run (same conditions) but on different
substrates (glass and ITO glass, respectively). Figure 1(a)
shows that the TiO, film is amorphous for sample A, and
that sample B, has a mixed anatase and rutile structure. The
grain size (D) and weight percentage (W) of the anatase
phase are 25nm and 52%, respectively, as calculated with
egs. (1) and (2). Sample Cy also has a mixed anatase and
rutile structure; the grain size (D) and weight percentage
(Wy) are 34 nm and 40%, respectively. Generally speaking,
crystalline structure of TiO, thin films needed to heat
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Fig. 1 XRD patterns of samples (a) Ay-Cy, (b) Arro-Crro, and (c) a
comparison of By and Brro.

substrates upto 473 K. In this study, crystalline structures of
TiO, were successfully obtained by the temperature of
plasma particle bombardment that was also found by Zeman
et al.’) The film changed from being amorphous to having a
mixed structure with increasing film thickness. 500-nm-thick
film thickness had a much stronger intensity of the mixed
anatase and rutile structure than did 900-nm-thick film.
Therefore, we suggest that the structure is related to film
thickness on the glass substrate. Figure 1(b) shows that
sample Arro has an amorphous TiO, film. Sample Brp has a
mixed anatase and rutile structure, but the intensity is very
small. Sample Ciro has a weak-intensity anatase structure.
The intensity of the characteristic peak of ITO glass
decreased with increasing thickness of TiO, film. That is
due to the thickness of the upper film affecting the lower film,
as detected from the signal from the grazing incident angle
method. The weak intensity of the mixed anatase and rutile
structure indicates that the film grain size is on the nanoscale.
Figure 1(c) shows a comparison of samples Biro and Byg.

Fig. 2 Surface morphologies of glass (a) and ITO glass (b) substrates.

The crystallinity of films deposited under a given set of
parameters depended on the type of substrate, which in
consistent with results obtained in a previous study.?®

3.2 SEM analysis

Figure 2(a) and (b) show the surface morphologies of glass
and ITO glass substrates observed by FESEM, respectively.
The glass substrate has a smooth surface, whereas the ITO
glass substrate is rough due to its crystalline structure.

Figure 3(a)—(c) and (d)—(f) show FESEM images of TiO,
thin films deposited at various thicknesses onto glass
substrates (Ag-Cg) and ITO glass substrates (Arro-Crro),
respectively. Sample Ay was formed many cluster partly
(Fig. 3(a)). Both sample By (Fig. 3(b)) and sample Cg
(Fig. 3(c)) had a polycrystalline structure. However, the
crystalline structure of sample By was more polygonal than
that of sample Cg. Samples Arro-Cro (Fig. 3(d)—())
formed clusters over the entire surface of the thin film. The
magnitudes of the average clustered size were calculated as
37.4nm, 44.2 nm, and 43.8 nm, respectively. The results of
Fig. 3(a)—(c) and 3(d)—(f) correspond to Fig. 1(a) and 1(b),
respectively. The difference of surface morphology of TiO,
thin films deposited onto glass and ITO glass substrates for
a given set of parameters could be related to the growth
mechanism of thin film for the sputter technique. It is well
known that the film is deposited through nucleation, grain
growth, coalescence, filling of channels, and film growth
processes. The surface morphology of the ITO glass substrate
had higher roughness and deeper crevices than those of the
glass substrate. When TiO, particles were deposited on a
substrate, they filled the crevices before the process of
nucleation occurred. The crystalline phases formed more
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Fig. 3 FESEM images for (a)—(c) TiO; thin films deposited onto glass substrates (Ag-Cg) and (d)—(f) TiO; thin films deposited onto ITO

glass substrates (Arro-Crro)-

easily upon nucleation on the glass substrate than it did on
ITO glass.

3.3 AFM analysis

The surface roughness of TiO, thin films deposited at
various thicknesses onto glass substrates (Ag-Cg) and ITO
glass substrates (Ajro-Ciro) was measured using AFM; the
results are shown in Table 1. Theoretically speaking, the
surface roughness of a crystalline structure is bumpier than
that of an amorphous structure.!” Therefore, sample By had
the bumpiest surface of the glass substrate samples; the value
of roughness is 2.15nm. The filling of crevices by TiO,
particles deposited on ITO glass substrates could affect the
surface roughness. Comparison Fig. 4(a) and (b), it shows the
surfaces with a small cluster size (see Fig. 3(d)) were rougher
than those with a large one (see Fig. 3(e)). Thus, sample Aro
was the roughest of the ITO glass substrate samples; the
value of roughness is 2.48 nm.

3.4 Optical properties
3.4.1 Absorption

Figure 5 shows the absorption spectrum of TiO, thin films
deposited on glass (a) and ITO glass (b) substrates detected
by a UV-Vis spectrophotometer with an integrating sphere in
the wavelength range of 200 to 800 nm. Samples Ay -Cg and
Arr0-Cito both absorbed UV light (200400nm); the
intensity of absorption increased with increasing film thick-
ness. The discrepancy between absorption spectra in the
range of 200-300nm for samples Ay -Cq and Arro-Ciro
can be attributed to the difference of absorption between the
glass substrate and ITO substrate. When the film thickness
decreased, the absorption edges shifted to a shorter wave-
length. Vorontsov>? found that the absorption edge shifted to
a shorter wavelength due to the quantum-size effect when the
particle size was very small. Thus, we can deduce that the
quantum-size effect influenced the absorption edges in our
experiments.
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Fig. 4 AFM images for (a) and (b) TiO, thin films deposited onto ITO
glass substrates (Arro and Birp).

3.4.2 Optical band gap
Close to the fundamental absorption, experimental results

often satisfy the following relationship:3®

a=d 'In(1/T) 3)

where T is the transmittance, d is the thickness of the film,
and « is the absorption coefficient at a photon energy hv.

The optical band gap, E,, of TiO, films can be correlated to
the absorption coefficient, «, using the Tauc expression for
indirect allowed interband transitions:

const(hv — Eg)2 = (4 / D)hv @)

where hv is the photon energy, 4mk/A is the absorption
coefficient (o) at wavelength A, and « is the extinction
coefficient. The Tauc plots of (ahv)!/ 2 as a function of the
photon energy are shown in Fig. 6(a) and (b) for TiO, thin
films deposited on glass and ITO glass substrates, respec-
tively. The E, value of the TiO, thin films can be obtained by
extrapolating the linear portion of the curve to the photon
energy axis, which is shown in Fig. 6. The optical band gap
values are summarized in Table 1. The band gap of the 500-
nm-thick film deposited on the glass substrate was the
smallest (Fig. 6(a)), because the crystalline particle size
influences the absorption edge of the thin film. For a small
particle size, electrons in a nano-material exhibit different
behavior from that in bulk materials. The properties of
electrons in small particles depend on the crystallite size and

(a)

35

Absorbance (a.u.)

200 300 400 500 600 700 800

Wavelength, A/ nm

(b)

Absorbance (a.u.)

. " : - T
200 300 400 500 600 700 800
Wavelength, 1/ nm

Fig. 5 Results of light absorption measurements for samples (a) Ag-Cy
and (b) Arro-Crro.

shape due to the quantized motion of electrons and holes in a
contained space.*” As a result of the constraint, the band gap
increases and the band edges shift.*! The blue shift increases
with decreasing particle size. Therefore, the quantum size
effect influences the absorption edge. Our results are
consistent with those reported in previous studies.***?) The
band gap of the 500-nm-thick film deposited on the ITO
substrate was the smallest (Fig. 6(b)), because of the mixed
crystalline structure. According to reports by Diana et al.’®
and Pihosh et al.,'” we can presume that the optical band gap
of a mixed crystalline structure is smaller than that of a pure
anatase structure.

4. Conclusion

The structure, optical properties, and surface morphology
and roughness of polycrystalline TiO, thin films deposited at
various thicknesses on unheated substrates by RF magnetron
sputtering were investigated. The XRD results show that the
crystalline structures vary with film thickness due to plasma
particle bombardment. The intensity of mixed anatase and
rutile structures was highest for the 500-nm-thick film
deposited on a glass substrate. The SEM images and the
roughness data obtained using AFM indicate that the surface
morphology and roughness of glass and ITO glass substrates
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Fig. 6 Results of optical band gap measurements for samples (a) Ag-Cy
and (b) Arro-Crro.

affect the properties of TiO, thin films. All prepared TiO,
thin films absorbed UV light. The band gap of samples was
calculated using the Tauc expression. The band gap of 500-
nm-thick film deposited on glass and ITO glass substrates
was the smallest. The thin films prepared in this study can be
applied to flexible plastic substrates.
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