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In this work, (TiO2)x (ZnO)100-x (TZO) films were prepared on glass substrate at room
temperature by RF-magnetron sputtering. The TZO film with x = 2 wt.% shows a very
low resistivity of 4.7 × 10−4 �·cm which is comparable to that of ITO films and a
high transmittance over 85% in the visible range. In particular, TiO2 (2wt.%)-doped
ZnO (TZO) films with thicknesses ranging from 100 ∼ 500 nm were also prepared on
Polyethylene naphthalate (PEN) substrates under various RF-powers. Their electrical
property were investigated as a function of RF-power. This property was found to be
closely related with the crystallization and density of TZO films. It was also noted
that vaporization of the water and other adsorbed particles, such as organic solvents
contained in most plastic substrate affect the properties of the TCO films.

Keywords TiO2-doped ZnO; thin film; reactive mode; TCO; flexibility

Introduction

Transparent and conductive oxide (TCO) films have been widely used as transparent elec-
trodes for optoelectronics devices such as touch panels, flat-panel-displays (FPDs) and
thin-film solar cells [1–15]. To date, doped oxides such as In2O3, SnO2, and ZnO have been
mainly used. However, these materials have often been limited in their application because
they are chemically and thermally unstable in various environments [16–20]. In particular,
amorphous silicon (a-Si) solar cells have received much attention as low-cost solar cells,
but a higher conversion efficiency is needed for extensive use in power generating systems.
If the conversion efficiency of an a-Si solar cell is to be improved, the stability of the TCO
films used as a front electrode and an optical window layer is very important [21]. TCOs
consist of a degeneration wide-band-gap semiconductor with a low electrical resistivity and
a high transparency in the visible and the near-infrared wavelength range. Recently, ZnO
has attractive interest as a conductive coating material because the material consist of cheap
and abundant elements, is readily produced for large scale coatings, allows tailoring of the
ultra violet absorption, has a high stability in a hydrogen plasma and has a low growth
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temperature. In addition, the electrical resistivity of a ZnO thin film is readily modified by
addition of impurities or by using reactive deposition [22–28].

In this work, titanium (Ti) doped zinc oxide (TZO) films were fabricated on the
glass substrates by RF-magnetron sputtering [13–15]. Transparent metal films with lower
resistivity were achieved by using (TiO2)x (ZnO)100-x targets. The electrical and optical
properties of the deposited TZO films were investigated as functions of film’s thickness
and composition ratio.

In addition, the durability of TZO films were also evaluated when the films were
exposed to hydrogen plasma at various temperatures. These results were compared those
of poly crystalline ITO (p-ITO) films.

On the other hand, the TZO films of x = 2 wt.% with the lowest electrical resistivity,
were deposited on polyethylene naphthalene (PEN) for application to the flexible devices.
Their electrical and optical properties were investigated as a function of applied RF-power.
The electrical stability of TZO film against the damage due to the substrate bending was
also investigated, the result was compared with that of ITO film

Experimental

The composite powders of (TiO2)x (ZnO)100-x, x = 1–5 wt.% were mixed by using ball mill
for 24 hours with additional hand milling and were calcined at 600◦C for three hours to
remove the moisture 2 inch targets were made under a pressure of 12 tons by using a caver
press and were solidified for each one hour at 250◦C and 500 oC in Ar atmosphere. These
sintered pellets were used as the sputter targets for TCO films. The substrates with a size
of 50 × 50 mm2 were cleaned sequentially by distilled water and alcohol, they were placed
parallel to target surface at distance of 60 mm after achieving a base pressure of 10−5 Torr
by using a diffusion pump. The TZO films, 100 ∼ 500 nm thick, were deposited on the
glass substrates at room temperature under a pure Ar gas pressure of 1.2 × 10−3 Torr. Their
electrical and optical properties were investigated as functions of the composition ratio and
the applied RF-power. The crystalline phase of the deposited films were examined by wide
angle XRD with thin-film attachments Cu Kα radiation (λ = 0.154 nm) and 0.02o angle
steps were used. The film thickness were measured by using an α-step profiler (VEECO
Co.) The surface and the cross sectional morphologies of the films were observed by using
a scanning electron microscope (SEM, Hitachi Co.) and an atomic force microscope (AFM,
Digital Instrument Co.).

The optical transmission spectra of the films were measured in the wavelength range
from 200 nm to 1100 nm by means of an ultraviolet-near-infrared (UV-VIS) spectropho-
tometer (Shimadzu Co.). It was confirmed from an electron prove micro-analyzer (EPMA,
Shimadzu Co.) that the composition ratios of the deposited films were almost consistent
with those of the target. On the other hand, to investigate the durability when exposed to a
hydrogen plasma, we used 200-nm-thick TZO film with x = 2 wt.%. This film was placed
on the surface of a cathode in a plasma enhanced chemical vapor deposition (PECVD)
chamber that could deposit an amorphous Si film in a practical manner. The hydrogen
plasma was generated under a H2 gas pressure of 20 mTorr and a RF-power of 60 mW/m2.
The films were exposed to hydrogen plasma for thirty min at various temperature from
100◦C to 300◦C and their durability was evaluated as changes in the optical transmittance
and the electrical resistivity. The durability was compared to that of a commercial poly-
crystalline ITO (p-ITO) film with a thickness of 200 nm that has been already reported in
previous work. Also, in the test of the bending effects for TZO films, deposited on PEN
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b)a)

Figure 1. (a) Deposition rate of TZO films as a function of TiO2 content. (b) X-ray diffraction
patterns for TZO films with different TiO2 content.

substrates, the substrates were bent around a cylinder of radius R, and the changes in sheet
resistance were examined.

Results and Discussion

Figure 1(a) shows the deposition rate as a function of TiO2 content for TZO films deposited
on glass substrates by a RF-power of 120 W. The deposition rate decreases with increasing
TiO2 content. This is because the sputtering yield of TiO2 is smaller as compared with ZnO.
For the films corresponding to each of the TiO2 content, their thickness can be controlled by
using the deposition rate and the deposition time And Figure 1(b) shows X-ray diffraction
patterns of 500-nm-thick TZO films with different TiO2 content. It can be seen that only
the diffraction peaks (002) and (103) are observed for all the TZO thin films, which
have an obvious highly c-axis orientation. However, the intensity of (002) peaks gradually
decreases and broadens with increasing TiO2 content from 2 wt.% up to 5 wt.%. It reasoned
that the crystallinity of TZO film decreased with increasing TiO2 content. In particular, over
x = 5 wt.%, the crystalline peaks so small we could not observed. Therefore it is obvious
that the microstructure of TZO films depends on the composition ratio. That is, as TiO2

content is increased, TZO films are amorphised.
Figure 2(a) shows the sheet resistance changes as a function of thickness for various

TZO films on the glass substrates at room temperature, where an applied RF-power was
100 W. In general, the sheet resistance, inversely proportional to the film’s thickness. For
instance, Rs = ρ/t, where ρ and t are the electrical resistivity and the film’s thickness,
respectively. Thus, the sheet resistance remarkably decreases with increasing thickness
for TZO films with a same TiO2 content while for TZO films with a same thickness, the
lowest sheet resistances are obtained in the films with x = 2 wt.%. However, for over
x = 2 wt.%, the sheet resistance increases as the TiO2 content increases. On the other hand,

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 O

f 
G

uj
ra

t]
 a

t 1
3:

59
 1

1 
D

ec
em

be
r 

20
14

 



Transparent Metal Films, TZO Films on PEN [319]/67

Figure 2. (a) Sheet resistance changes as a function of thickness for TZO films with different TiO2

concentrations deposited on glass substrates at room temperature by RF-power of 120 W, where the
solid lines indicate theoretical sheet resistance of TZO films. (b) Optical transmittance changes for
200-nm-thick TZO film with x = 2 wt.% exposed to a hydrogen plasma for thirty minutes at various
temperatures.

in Figure 1, the solid lines indicate the theoretical resistances as a function of film’s thickness
that were fitted by a typical resistivity (ρ), using the equation of Rs = ρ/t. It is shown that
the theoretical values are in good accord with the experimental values in the films with
thickness of more than 200 nm. TZO film with x = 1 wt.% shows the most poor electrical
conductivity, while the lowest resistivity of 4.7 × 10−4 �·cm is obtained in a TZO film
with x = 2 wt.%. However, the resistivity increases with increasing TiO2 content for over
x = 2 wt.%. This resistivity increase may be closely related the microstructure of the TZO
films, as shown in Figure 1(b). In general, the amorphous TZO films have a smaller mobility
than the crystalline TZO films.

Therefore, we hypothesized that the resistivity increase in the TZO films with increas-
ing TiO2 content is a result of the decrease in the mobility due to a phase transformation
of the films from a crystalline phase to an amorphous phase with increasing TiO2 content.
Figure 2(b) shows optical transmittance changes for 500-nm-thick TZO film with x = 2 wt.%
after they were exposed to a hydrogen plasma for thirty min at various temperatures. It was
found in the previous work [28] that the transmittance of a p-ITO film decreased signifi-
cantly as the temperature was increased when the ITO film were exposed to a hydrogen
plasma for thirty minutes at various temperatures, in particular, the transmittance dropped to
20 ∼ 30% and the conductivity also decreased after being exposed to a hydrogen plasma
for thirty minutes at 300◦C. However, in the case of the TZO films, there was no optical
loss, but the absorption edge was blue shifted due to hydrogen incorporation into the film,
indicating the Burstein Moss effect, as shown in Figure 2(b). The TZO films showed very
excellent optical and electrical stabilities when they were exposed to hydrogen plasma.
We, therefore, suggest that TZO films are sufficiently transparent and have a high enough
conductivity and excellent durability under the hydrogen plasma so that they can be applied
to TCO films for displays and a-Si solar cells.
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Figure 3. (a) Deposition rate as a function of RF-power and (b) sheet resistance changes as a function
of film thickness, where the solid lines indicate theoretical sheet resistance fitted to the measured
sheet resistance for TZO films with x = 2wt.% deposited on PEN substrates.

In this work, the TZO films with x = 2 wt.% were also deposited on the polyethylene
naphthalate (PEN) substrates, and their deposition characteristics and electrical property
were investigated as a function of applied RF-power. The results are shown in Figure 3.
The deposition rate increases remarkably with increasing RF-power, as shown in 3 (a).
By using this deposition rate, the film’s thicknesses corresponding to each of the applied
RF-power were determined by controlling the deposition time. For the TZO films deposited
on PEN under different RF-powers, the sheet resistance as a function of film thickness were
also plotted in Figure 3(b). The thickness dependence on the sheet resistance of TZO film
was already described in Figure 2, and the theoretical resitivities fitted from the equation
(Rs = ρ/t) between the sheet resistance and film thickness, were also shown in Figure 3(b).
The lowest resistivity of 1.2 × 10−3 �·cm was obtained in a TZO film deposited under the
RF-power of 80 W. However, this resistivity is much larger than that of the film deposited
on the glass, shown in Figure 2(a). Because the PEN substrate contains water vapor or other
adsorbed particles, such as organic solvents, vaporization of these particles deteriorates the
adhesion of the TZO film to the PEN substrate. Mixing of these vaporized gases in the
sputtering process will also affect the electrical property of the deposited TZO films. If
a proper gas barrier is coated on the PEN substrate, it would be reasonably expected to
suppress the diffusion of vapors from the substrate so that a TZO film with an improved
quality might be obtained.

On the other hand, in Figure 3(b), it is notable that the RF-power have a significant
impact on the electrical property of TZO films. In other words, the sheet resistance of
TZO film decreases with increasing RF-power for TZO films with a same thickness, in
particular, the decrease becomes more noticeable in the thickness below 200 nm. Such a
sheet resistance difference with RF-power originates mainly from the different deposition
rates. It may be attributed to the difference in the adatom mobility and resulting surface
diffusion during the film growth. It is generally considered that the adatoms have a lower
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Transparent Metal Films, TZO Films on PEN [321]/69

Figure 4. (a) X-ray diffraction patterns of 200-nm-thick TZO films deposited on PEN substrate
under different RF-powers and (b) the sheet resistance changes as a function of bending times around
a cylinder with a bending radius of 9 mm for ITO and TZO films with a thickness of 200 nm deposited
on PEN substrates by 80 W.

mobility as the RF-power is lower, which results in low-density films since the adatoms
with the lower mobility are condensed as soon as they reach on the substrate. In contrast,
the adatoms have relatively higher mobility under the higher RF-power, which enhances
their surface migration in sputtering process, thus inducing a higher density. These results
can be also confirmed in Figure 4, for XRD patterns of TZO films deposited on PEN.

Figure 4(a) shows XRD patterns for 200-nm-thick TZO films deposited on PEN under
different RF-powers. All films showed a similar pattern, containing two crystalline peaks
corresponding to the (002) and the (103) peaks. The intensity of the (002) peak increased
with increasing RF-power. This means that the crystalline phase increased in the TZO
films with increasing RF-power. The grain size was calculated from the XRD patterns of
Figure 4, using Scherrer formular

D = 0.9λ/(β cosθ ) (1)

where λ (0.154 nm) is wavelength of X-ray (Cu Kα), β is full width at half maximum
(FWHM) of (002) peak, and represents the grain size. The calculated grain size was also
shown in the Figure 4(a). The grain size was found to be increased from 16.1 nm to
28.2 nm with increasing RF-power. This means that the TZO films are more crystallized
with increasing RF-power. Therefore, the resistivity decrease with RF-power, as shown
in Figure 4(b), is caused by the mobility increase due to crystallization of the TZO film.
In general, since the conventional sputter apparatus has a system of the target and the
substrate facing with each other, the particles with high energy such as γ -electrons, neutral
Ar particles, and negative oxygen ions collide with the substrate. Therefore, when the
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TZO films are deposited on the polymer substrate by the conventional sputter technique,
the bombardment of energetic particles and thermal heat generated during the sputtering
process can result in damage to the underlying polymer substrate [9]. We, therefore, suggest
that the applied RF-power should be as large as possible within a range that does not damage
the polymer substrate to obtain TZO films of high quality on the polymer substrates by
using RF magnetron sputtering. In Figure 4(b), we present the sheet resistance change as
a function of the number of bending times for 200-nm-thick TZO film prepared on PEN
by 80 W. For comparison, that of ITO (In2O3 : SnO2 = 90 : 10 wt.%) with a thickness
of 200 nm prepared by 80 W, is also shown. Here, the PEN substrates are positively bent
around a cylinder with a radius of 10 mm. Compared to ITO film, the TZO film shows a
poor electrical conductivity, while a superior electrical stability due to the bending stress.

Conclusions

In this work, TZO films with composition ratios of (TiO2)x (ZnO)100-x, x = 1, 2, 3,
4, 5 wt.% were fabricated on slide glass at room temperature by using RF magnetron
sputtering method. Their electrical resistivity was investigated as a function of the TiO2

content. The lowest resistivity of 4.7 × 10−4 �·cm was obtained in a (TiO2)x (ZnO)100-x

film with x = 2 wt.%, this film also showed an excellent transmittance with an aver-
age of over 85.% in the visible range with a wide band gap, which were comparable
to those of ITO. In addition, TZO films were found to be electrically and optically sta-
ble when they were exposed to a hydrogen plasma. On the other hand, TZO films with
x = 2 wt.% were also deposited on the polyethylene naphthalate (PEN) substrates. It
was found that the electrical resistivity of the films was greatly influenced by the applied
RF-power and the vaporizations of moisture and organic solvents the diffused from the sub-
strates in the sputtering process. If a proper buffer layer is coated on the PEN to suppress
the diffusion of vapors from the substrate, a TZO film with an improved quality might be
obtained, The TZO film on deposited on PEN is also found to be electrically stable against
the bending stress as compared with that of ITO film. We, therefore, suggest that TZO films
are sufficiently transparent and have a high enough conductivity and a high stability when
exposed to the hydrogen plasma so that they can be applied to TCO films for displays and
thin-film solar cells.
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