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Fabrication and characterization of transparent conduct-
ing titanium-zinc oxide nanostructured thin films®
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Nano transparent conducting titanium-zinc oxide (Ti-ZnO) thin films were prepared on glass substrates by radio fre-
quency (RF) magnetron sputtering technique. The deposited films are characterized by X-ray diffraction (XRD),
four-probe meter and UV-visible spectrophotometer. The effects of Ti-doping content on the structural, optical and
electrical properties of the films are investigated. The XRD results show that the obtained films are polycrystalline with
a hexagonal wurtzite structure and preferentially oriented in the (002) crystallographic direction. The structural and
optoelectronic characteristics of the deposited films are subjected to the Ti-doping content. The Ti-ZnO sample fabri-
cated with the Ti-doping content of 3% (weight percentage) possesses the best crystallinity and optoelectronic per-
formance, with the highest degree of preferred (002) orientation of 99.87%, the largest crystallite size of 83.2 nm, the
minimum lattice strain of 6.263x10™*, the highest average visible transmittance of 88.8%, the lowest resistivity of
1.18x107 Q-cm and the maximum figure of merit (FOM) of 7.08x10°> Q'-cm™. Furthermore, the optical bandgaps of
the films are evaluated by extrapolation method and observed to be an increasing tendency with the increase of the
Ti-doping content.
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Transparent conducting oxide (TCO) thin films have
been widely used as transparent electrodes in optoelec-

tronic devices, such as photovoltaic solar cells[1'3], or-

ganic electroluminescent diodes'*”), flat panel displays'®,
thin film transistors!”’ and chemical sensors®, due to
their excellent electrical and optical properties. ZnO thin
films can be deposited at relatively low temperatures
resulting in polycrystal structure and can be doped with
additional elements, such as boron (B), aluminum (Al),
gallium (Ga) and indium (In), to improve the electrical
resistivity. Moreover, they are also chemically stable in
hydrogen plasma processes that are commonly used for
the production of photovoltaic solar cells!”’. Many tech-
niques have been developed to prepare the doped ZnO
TCO thin films, such as magnetron sputtering!®'*'!,
atomic layer deposition''!, sol-gel process!'>"*!, chemical
spray!', pulsed laser deposition!'”), etc. Among these
deposition techniques, the magnetron sputtering is re-
garded as an effective method for preparing TCO thin
films.

In this work, the ZnO and titanium-zinc oxide (Ti-ZnO)
nanostructured thin films were deposited on glass sub-
strates by radio frequency (RF) magnetron sputtering
technique in an argon environment. The effects of
Ti-doping content on the structural, optical and electrical
properties of the thin films are investigated by means of
X-ray diffraction (XRD), UV-visible spectrophotometer
and four-point probe, respectively.

The TiZnO; ceramic sputtering targets were prepared
with the mixed powder of ZnO (99.99% in purity) and
TiO; (99.99% in purity), containing 0—5% (weight per-
centage, the same below) TiO,, respectively. Glass sub-
strates were dipped into acetone and cleaned with ultra-
sonic washer for 15 min, and then cleaned by alcohol
with ultrasonic washer for 15 min, then dried. The
sputtering chamber was evacuated to a base pressure
below 5.2x10*Pa before argon gas. After vacuum
pumping, the sputtering argon gas with a purity of
99.99% was introduced into the chamber and controlled
by the standard mass flow controllers. Before the thin
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4films deposition, pre-sputtering was conducted for
12 min to attain stability and to remove impurities. The
deposition parameters for growing ZnO and Ti-ZnO
samples are as follows: the target to substrate distance is
70 mm, the substrate temperature is 550 K, the argon
pressure is 0.5 Pa, and the RF sputtering power is 180 W.

The structural, optical and electrical properties of the
deposited thin films are characterized by various techniques.
The crystallographic and phase structures are determined by
XRD. A D8-Advance diffractometer with Cu Ko source
and Ni filter is used for the XRD measurement. The electri-
cal properties are evaluated with an SZ-82 four-probe meter.
The optical transmission measurements are carried out with
a TU-1901 double-beam UV-visible spectrophotometer. The
spectral region used in this work is 200—800 nm.

Fig.1 shows XRD patterns of ZnO and Ti-ZnO sam-
ples with different Ti-doping contents, and the XRD
analysis results are summarized in Tab.1. Note that all
the samples exhibit a dominant (002) peak with slight
(100) and (110) peaks in the displayed 2@ region. Nei-
ther metallic titanium and zinc characteristic peaks nor
titanium oxide peak can be observed from the XRD
patterns, which implies that Ti atoms substitute Zn in
the hexagonal lattice and Ti ions may occupy the inter-
stitial sites of ZnO or probably Ti segregates to the
non-crystalline region in grain boundaries and forms
Ti-O bond. From Fig.1, it can be noticed that the inten-
sity of (002) peak (/(902)) is much stronger than the oth-
ers. Corresponding to the Ti-doping contents of 0%, 2%,
3% and 5%, the /g2 values are found from Tab.1 to be
6.305 3x10°%, 2.868 2x10°, 1.596 7x10° and 9.009 0x10°
cycles per second, respectively. Obviously, the o) is
observed to increase initially and then decrease with the
increase of the Ti-doping content. The degree of pre-
ferred (002) orientation (Pgo2)) of the thin films can be
defined as!'”!:

P ]ng)

(002) =
[<1u()) +1(002) +1(110)

x100% , (1)

where (100), J(002) and I(1¢1y are the intensities of (100),
(002) and (101) diffraction peaks, respectively. The
degrees of preferred (002) orientation Pz can be
calculated using Eq.(1) to be 88.81%, 99.83%, 99.87%
and 99.81% for the Ti-ZnO samples with Ti-doping
contents of 0%, 2%, 3% and 5%, respectively. Clearly,
all the deposited films present (002) plane as the pre-
ferred orientation. This (002) preferred orientation is
due to the fact that the most densely packed (002)
plane in wurtzite ZnO has the lowest surface free en-
ergy!'®. The results indicate that the deposited films
are single phased with a hexagonal structure charac-
teristic of pure ZnO. All the samples exhibit preferen-
tial orientation with c-axis perpendicular to the sub-
strate surface.
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Fig.1 XRD patterns of ZnO and Ti-ZnO thin films

Tab.1 The XRD analysis results of the deposited thin
films

Content  Jop) (cycles Pony FWHM D
(%)  persecond) (%) ©) (nm) €
0 63053x10' 8881 0785  10.6  4.939x10°
2 2.8682x10°  99.83  0.112 742  7.063x10*
3 1596 7x10°  99.87  0.101 832  6.263x10*
5 9.0090x10°  99.81  0.136  61.1  8529x10*

From Tab.1, we note that the full width at half maxi-
mum (FWHM) of (002) peak for the deposited films de-
creases significantly with the Ti-doping content up to 3%,
and then it increases slightly above 3%. The decrease of
the FWHM indicates the increase of crystallite size of the
thin films. The crystallite size (D) is evaluated according
to the well-known Scherrer’s formulal'” as follows:

0.90-1

=, (2)
FWHM -cos @

where A is the wavelength of used X-rays (4=0.154 06 nm),
is the Bragg’s diffraction angle and FWHM is the full
width at half maximum in radians of the (002) diffraction
peak. The lattice strain (£) can be estimated using the
following relation®!:

A _FWHM

E= 3
D-sin@ tan @ 3

The values of FWHM and 6 from the XRD peaks are
estimated by Gaussian fitting. The values of D and & for
ZnO and Ti-ZnO samples with different Ti-doping
contents are calculated and listed in Tab.1. The crystallite
size is found to be in the range of 10.6—83.2 nm with the
Ti-doping content ranging from 0% to 5%, and reaches
the highest value of 83.2 nm at the Ti-doping content of
3%. From Tab.1, the change tendency of the lattice strain
is observed to be opposite to the crystallite size.
Obviously, the Ti-ZnO sample prepared with the
Ti-doping content of 3% possesses the best crystal
quality, with the minimum FWHM of 0.101°, the
maximum D of 83.2 nm and the lowest € of 6.263x10™.
The results suggest that the crystalline quality of the
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Ti-ZnO thin films depends on the Ti-doping content
significantly.

Fig.2 displays the optical transmittance (7)) of ZnO and
Ti-ZnO samples with different Ti-doping contents. As
can be seen, all the samples have high transparency in
the visible region. Also, all the transmittance curves ex-
hibit oscillations due to the interference effect of light
between two interfaces of the air/film and film/substrate,
indicating that these thin films have low surface
roughness and good homogeneity. The average optical
transmittance (7,y) in the visible range exceeds 84.5% for
all the deposited films, as shown in the inset of Fig.2.
The T,, increases with the increase of Ti-doping content
up to 3%, reaches the maximum of 88.8%, and then
decreases to 86.4% at Ti-doping content of 5%. The
highest 7,, of 88.8% is obtained at the Ti-doping content
of 3%.
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Fig.2 Optical transmittance spectra of ZnO and Ti-ZnO
thin films

Fig.3(a) presents the electrical resistivities (p) of ZnO
and Ti-ZnO samples with different Ti-doping contents.
As the Ti-doping content increases from 0% to 5%, the p
decreases firstly and then increases. The minimal p of
1.18x107 Q-cm is obtained for the sample prepared with
the Ti-doping content of 3%. The decrease of resistivity
can be attributed to the improvement of crystallinity and
the increase of crystallite size, which is confirmed by the
results of XRD discussed above. In order to quantify the
optoelectronic performance of the deposited TCO thin
films, the figure of merit (FOM) is introduced and de-
fined as!":

B 1
pn(YT, )’

where T,, is the average transmittance in the visible
range and p is the resistivity of the thin films. The higher
the figure of merit, the better the performance of the
TCO thin films. Fig.3(b) shows the variation of FOM
values for the samples prepared with different Ti-doping
contents. The FOM is found to rise initially and then fall
with the increment of the Ti-doping content. With the
best combination of high transmission and low resistivity,

FOM 4)
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the highest FOM of 7.08x10° Q'-cm™ is obtained at
Ti-doping content of 3%. This high FOM for the Ti-ZnO
thin films implies that they are suitable for transparent
contacts in various optoelectronic devices.
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Fig.3 (a) Resistivity and (b) figure of merit for ZnO and
Ti-ZnO thin films

The band edge of the films is estimated using the rela-
tion where the absorption coefficient (¢) is a parabolic
function of the incident photon energy (£) and the optical
bandgap (E,), i.e.,

(- E) =C(E-E,), )

where C is an energy-independent constant. Using Eq.(5),
the bandgap edge of the deposited film is evaluated by
plotting (a-E)* as a function of the energy E of the inci-
dent radiation, and extrapolating the linear part of the
curve to intercept the energy axis®”. Fig.4 shows the
Tauc’s plots of (¢E)* versus E for all the samples. The
obtained optical bandgaps are found to be about 3.319
eV, 3.453 eV and 3.465 eV for the Ti-ZnO samples with
Ti-doping contents of 2%, 3% and 5%, respectively.
These E, values are larger than that of undoped ZnO
(about 3.237 eV), which is due to the Burstein-Moss
(B-M) effect!!*2,

In conclusion, transparent conducting Ti-ZnO nano-
structured thin films were prepared by RF magnetron
sputtering, and the effects of the Ti-doping content on
the structural and optoelectronic properties of the thin
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Fig.4 Plots of (aE)?-E for ZnO and Ti-ZnO thin films

films are investigated. It is observed that all the depos-
ited films are of polycrystalline nature. The Ti-ZnO thin
film deposited with the Ti-doping content of 3% exhibits
the best crystallinity and optoelectronic properties, which
has the highest degree of preferred (002) orientation of
99.87%, the maximum crystallite size of 83.2 nm, the
minimum lattice strain of 6.263x10™, the highest average
visible transmittance of 88.8%, the lowest electrical re-
sistivity of 1.18x10° Q-cm and the highest figure of
merit of 7.08x10° Q'-cm™. The optical bandgaps of the
deposited films are estimated by Tauc’s law. A blue shift
of the optical bandgap is observed with an increase of the
Ti-doping content.
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