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Transparent conducting TiO2-doped zinc oxide (ZnO:Ti, TZO) thin films were prepared by radio-
frequency magnetron sputtering and followed by plasma treatments with different H2/(H2 þ Ar) flow
ratio (RH2). The electrical, structural, and optical properties of the TZO thin films were investigated.
Experimental results showed that resistivities of all the TZO thin films decreased after plasma treatment
regardless of ambient gas, and the lowest resistivity was 1.13 � 10�3 U-cm (or 62% reduction) for
RH2 ¼ 50%. All the TZO thin films exhibited a (002) preferred orientation along the c-axis, indicating a
typical wurtzite structure. Surface roughness of the TZO films slightly increased from 1.58 nm to 1.63
e2.75 nm (RMS value) after plasma treatments. Average optical transmittance of the TZO films (con-
taining glass substrates) in the visible region (400e700 nm) did not considerably change after plasma
treatments and ranged from 82.7% to 84.3%. The largest figure of merit (FOM), 5.02 � 10�3 U�1, was
achieved for the plasma-treated film with RH2 ¼ 50%, and it increased by 237% as compared with that of
the as-deposited film. These results indicate that the H2 þ Ar (1:1) plasma treatment is more effective
than pure H2 or Ar plasma treatment in improving opto-electronic properties of transparent conducting
TZO thin films.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Transparent conductive oxide (TCO) films have been extensively
used in optoelectronic devices. Indium tin oxide (ITO) films are the
commonly used transparent conductive oxide at present [1e3].
However, ITO films are unstable in high temperature environment
and indium is rare and toxic; alternative materials for ITO films,
therefore, are continually studied.

Impurity-doped zinc oxide (ZnO) films are promising sub-
stitutes to replace ITO films as transparent conducting films due to
non-toxicity, abundance in nature, and chemical/thermal stability.
The trivalent cation-doped ZnO films such as ZnO:Al [4e7], ZnO:Ga
[8,9], and ZnO:In [9,10] present superior electrical conductivity and
transparency over the visible spectrum and have been widely
studied in past few years. The quadrivalent cation may provide two
free electrons to contribute the conductivity in ZnO thin films. Ti-
tanium (Ti) is a quadrivalent cation and has a radius of 0.068 nm
which is close to that of Zn (0.074 nm). Therefore, it is satisfactory as
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a donor in ZnO. The Ti content in the ZnO film is an important
parameter because excess Ti may exist in interstitial site and act as
the scattering center. Only a small amount of doped Ti4þ could
contribute more electrons and avoid acting as scattering centers. A
few researchers have studied the properties of TZO films [11e16].
For example, Chung et al. [12,13] investigated effects of Ti content,
deposition pressure, and substrate temperature on TZO films pre-
pared by radio-frequency (RF) magnetron sputtering. Our previous
study [16] investigated influence of in situ hydrogen doping and
substrate temperatures on physical properties of TZO thin films and
achieved a low resistivity of 9.2 � 10�4 U-cm under the process
conditions: the H2/(H2/Ar) flow ratio of 7.5% and the substrate
temperature of 373 K. Although these earlier literature indicated
that the appropriate amount of Ti and H in TZO thin films and the
optimal deposition parameters could enhance the opto-electronic
characteristics of TZO thin films, many research efforts for further
improvement on characteristics of various TCO thin films have been
proposed continuously.

A few previous studies [17e24] make use of post-deposition
treatments such as annealing and plasma treatment to enhance
characteristics of TCO thin films. Fang et al. [17] studied the effects
of vacuum annealing on the properties of the ZnO:Al (AZO) films
TiO2-doped zinc oxide thin films: Influence of plasma treatment in H2
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Fig. 1. Resistivity of TZO thin films as a function of RF power of the post-deposition
plasma treatment.

Fig. 2. Resistivity, Hall mobility, and carrier concentration for the as-deposited and
various plasma treated TZO films.
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and indicated that the annealing process led to improvement of
(002) orientation, increased carrier concentration and band-gap of
the AZO films. Oh et al. [18] described that the hydrogen annealing
resulted in decreased resistivity and blue shift of absorption edge in
transmission spectra of AZO films. Ohashi et al. [23] reported the
influence of pulsed argonehydrogen plasma on opto-electronic
properties of ZnO films and concluded that hydrogen was actually
a cause of shallow donors and hence increased carrier concentra-
tion of the films. We previously reported the effects of H2 plasma
treatment on the physical properties of AZO and TZO films with
different substrate temperatures [6,24]. Those results motivated us
to further study the characteristics of plasma treated TZO under
different plasma conditions.

In this study, TZO films were prepared on glass substrates by
using reactive RF magnetron sputtering and followed by plasma
treatments under various H2/Ar flow ratios. The plasma treatment
was performed with a plasma-enhanced chemical vapour deposi-
tion (PECVD) system because it is convenient and practical for
large-area applications such as flat-panel displays and thin-film
solar cells. Effects of various plasma treatments on structural,
electrical, and optical properties of TZO films were explored.

2. Experiments

Zinc oxide (99.999%) powder mixed with 1.5 mol% titanium
oxide (99.999%) powder was mixed to form a TZO composition.
After being dried and ground, these TZO powders were calcined at
1273 K and then ground again. Next, the powders were uniaxially
pressed into a pellet of 5-mm thickness and 2-inch diameter using a
steel die. After debinding, the TZO pellet was sintered at 1623 K for
3 h to form a ceramic target for sputtering. The TZO thin films were
prepared on glass substrates (Corning 1737 glass) in an RF
magnetron sputtering system. The TZO films with a thickness of
about 330 nm were deposited at substrate temperature of 573 K
with an RF power of 100 W. The base pressure was 6.67 � 10�4 Pa
(6.67 � 10�6 mbar). The working pressure was maintained at
6.67 � 10�1 Pa (6.67 � 10�3 mbar) in Ar (99.995%) gas. The sub-
strate holder spun at 40 revolutions per min. After deposition, the
TZO filmswere treated by plasma under various H2/Ar flow ratios at
573 K for 60 min by using a parallel-plate PECVD system.

The film thickness was determined by a spectroscopic ellips-
ometer (Nano-view, SEMF-1000). The structure of the TZO filmwas
examined by X-ray diffraction (XRD) (PANalytical) analysis with Cu-
Ka radiation (l ¼ 1.54056 Å, q e 2q scan mode). The morphology of
the TZO films was observed using a field emission scanning elec-
tron microscope (FE-SEM) (JEOL, JSM-6700) and an atomic force
microscope (AFM) (Digital Instrument, NS4/D3100CL/Multimode).
The resistivity, Hall mobility, and carrier concentration were
measured using the Van der Pauwmethod (BIO-RAD, HL5500IU) at
room temperature. The optical transmittance was measured by a
UV/VIS/NIR spectrophotometer (Jasco V-570) in the 220e2500 nm
wavelength range.

3. Results and discussion

The influence of RF power of the post-deposition plasma treat-
ment on resistivity of TZO thin films was investigated and shown in
Fig. 1. The plasma treatment time is 60 min. Results show the film
resistivity decreased with increasing RF power up to 80 W, then
increased for a further increase in RF power. It is considered that
high RF power could increase the ion energy in plasma, which
enhances hydrogen doping, surface cleaning, and annealing effect.
However, a higher RF power than 80 W might result in high en-
ergetic ion bombardment leading to deteriorate the structure of the
films. Thus, the following experiments were performedwith a fixed
Please cite this article in press as: F.-H. Wang, et al., Physical properties of
and/or Ar gas ambient, Vacuum (2016), http://dx.doi.org/10.1016/j.vacuu
RF power of 80 W during plasma treatments.
Fig. 2 shows the resistivity, Hall mobility, and carrier concen-

tration of TZO thin films treated by plasmawith various H2/(H2þAr)
flow ratio (RH2). The resistivity, Hall mobility, and carrier concen-
tration of the as-deposited filmwere 2.97� 10�3U-cm, 7.84 cm2/V-
s, and 2.47 � 1020 cm�3, respectively. After plasma treatment, the
film resistivity remarkably decreased regardless of flow ratio
compared to the as-deposited sample. The plasma treatment with
RH2 ¼ 50% achieved the lowest resistivity of 1.13 � 10�3 U-cm, a
reduction of 62% as compared to the as-deposited films. We pre-
viously reported that in situ hydrogen doping and pure hydrogen
plasma treatment effectively improved the conductivity of TZO thin
films [16,24]. For the 573 K-deposited TZO thin films, the former
TiO2-doped zinc oxide thin films: Influence of plasma treatment in H2
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reduce the resistivity by 30% (from 2.97 to 2.07 mU-cm) with 1%
hydrogen in Ar ambient; while the later reduce the resistivity by
51% (from 2.97 to 1.45 mU-cm) with RH2 ¼ 100% and a treatment
time of 1 h at 573 K. In this work, we demonstrate that an appro-
priate H2/(H2þAr) flow ratio (i.e. RH2 ¼ 50%) in plasma gas is more
effective in improving the conductivity of TZO thin films than those
earlier studies [16,24]. In the H2þAr plasma atmosphere, Ar ions
may collide with H ions and film surface and thus increasing the
hydrogen ionization efficiency and clean the film surface. These
phenomena imply that the H2þAr plasma may produce more
hydrogen, which may contribute to shallow donor formation, sur-
face/defect passivation, and extraction of oxygen from the TZO
films by H-atoms [30]. It is worth noting that the pure Ar plasma
treatment (RH2 ¼ 0%) also causes a reduction of 27% in the re-
sistivity of TZO films. This improvement may be attributed to
hydrogen doing/passivation effect from a small amount of residual
hydrogen and H2O vapor in the PECVD chamber, and Ar cleaning
effect through removing the chemisorbed oxygen on film surface
and grain boundaries [19], as well as annealing effect during the
573 K plasma treatment. Cai et al. reported that the incorporated
hydrogen in H2 plasma treated ZnO films not only passivated most
of defects and present acceptors, but also introduced shallow donor
states such as the VOeH complex and the interstitial hydrogen Hi

[25]. Besides, the incorporated hydrogen might remove negative
charged oxygen species on the grain boundaries which formed
depletion regions near the grain boundaries decreasing carrier
concentration and Hall mobility [7,18,26]. The fact that the in-
crements of the carrier concentrations of the H2-conatining plasma
treated films are more than that of the pure Ar plasma-treated film
supports these arguments, as Fig. 2(b) shows. The Hall mobilities of
the H2-containing plasma-treated films markedly increased in
comparison with that of the pure Ar plasma-treated one. It may be
attributed to desorption of oxygen species on film surface and grain
boundaries, hydrogen passivation of defects, as well as the reaction
of Ti replacing Zn through hydrogen incorporation, which de-
creases segregate Ti and related defects in grain boundaries [22,23].
The increased carrier concentration and Hall mobility both
contributed to the decrease of the film resistivity and the optimal
resistivity was obtained with the Ar/(H2 þ Ar) flow ratio of 50%.

Fig. 3 exhibits the qe2q XRD spectra of the TZO films prepared
without andwith various plasma treatments. All TZO films had only
a (002) preferred orientation, regardless of plasma treatment. It is
attributed to ZnO thin films having lowest surface energy at (002)
crystal orientation and thus the continuous growing of the films
along this orientation. Moreover, film crystallinity slightly varied
with different plasma treatments. The 2q angle of (002) peak
shifted from 34.30� slightly to the higher angle of 34.37� for the Ar
and H2 þ Ar plasma-treated samples, while it was almost the same
Fig. 3. X-ray diffraction spectra of the TZO films without and with various plasma
treatments.

Please cite this article in press as: F.-H. Wang, et al., Physical properties of
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for the H2 plasma-treated one. Oh et al. reported that the position of
the ZnO (002) peaks shifted toward higher diffraction angles from
34.32� to 34.36� as hydrogen annealing time increased, implying
relaxation of the residual strain introduced in the films during the
deposition process [18]. On the other hand, Liu et al. reported that a
smaller diffraction angle (2q) was found for Al-doped ZnO films
sputtered in Ar þ H2 ambient due to that hydrogen atoms were
situated in the ZneO bond centers [27]. The plasma treatment may
cause thermal annealing effect and hydrogen incorporating into
films. The former results in residual strain relaxation and increases
the diffraction angle, while the latter decreases it [7,18,27,28]. Re-
sults reveals that effect of thermal annealing is larger than that of
hydrogen incorporating into films for the Ar and H2 þ Ar plasma-
treated samples, while these two effects balance for the H2
plasma-treated case.

Fig. 4 shows the full-width at half-maximum (FWHM) and the
grain size of the TZO films without and with various plasma
treatments. The grain size is estimated using Scherrer's formula
[29],

D ¼ 0:94l
b cos q

(1)

where l ¼ 0.154056 nm, D is grain size and b is FWHM. The Ar
plasma-treated film exhibited the smaller FWHM value, indicating
the larger grain size than the others. It may be attributed to the
thermal annealing effect during Ar plasma treatment. The grain
sizes for the H2 and ArþH2 plasma-treated films slightly decreased
after treatment. However, the differences of the grain sizes be-
tween different plasma treatments were not obvious.

Fig. 5(aed) display the FE-SEM micrographs of the TZO films
before and after various plasma treatments. The surface
morphology of the as-deposited film showed continuous and dense
surface grains. This result is similar to the observation of Chung
et al. [12]. From Fig. 5(bec), it could be seen that surface grains were
etched and a lot of small holes appeared. This phenomenon may
result from etching effect of hydrogen radicals. Baik et al. had
investigated effects of hydrogen plasma treatment performed by
photochemical vapor deposition on ZnO films and concluded that
the film surface was etched by the hydrogen treatment process
[22]. The surface roughness of the as-deposited and the various
plasma-treated TZO films was also investigated by AFM, as
Fig. 6(aed) show. The scan area is 1 mm � 1 mm for all samples. The
root-mean-square (RMS) roughness of the as-deposited film was
1.58 nm, while it increased to 2.75, 1.97, and 1.63 nm for the H2,
Ar þ H2, and Ar plasma-treated films, respectively. The data in-
dicates that more hydrogen in the plasma ambient makes film
surface rougher. It is believed that hydrogen radicals etch small
Fig. 4. Full-width at half-maximum and grain size of the TZO films without and with
various plasma treatments.

TiO2-doped zinc oxide thin films: Influence of plasma treatment in H2
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Fig. 5. FE-SEM micrographs of the TZO films: (a) as-deposited, (b) H2 plasma treated,
(c) H2 þ Ar plasma treated, and (d) Ar plasma treated.

Fig. 6. AFM images of the TZO films over 1 mm � 1 mm area: (a) as-deposited, (b) H2

plasma treated, (c) H2 þ Ar plasma treated, and (d) Ar plasma treated.

Fig. 7. (a) Optical transmittance spectra and (b) optical energy band-gap (Eg) for the
as-deposited and various plasma-treated TZO films.
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grains growing among large ones on the film surface [22]. This
result is in accordance with the observations in Fig. 5.

Fig. 7 shows the optical transmittance spectra and the optical
energy band-gap (Eg) for the as-deposited and the various plasma-
treated TZO films. The light illuminated from the glass side. From
Fig. 7(a), after transmission through the substrate and TZO film, all
the films had high average optical transmittances (>82%) in the
visible wavelength region (400e700 nm) and strong absorption in
the UV region. After plasma treatment, the average visible trans-
mittance seemed no significant change for the different plasma
treated samples. This behavior is similar to those observed in the
work of Das et al. [30]. They also reported the transmission of the
ZnO films prepared with Ar or Ar þ H2 remained unaltered after
hydrogen plasma exposure [30]. However, it has been reported that
Please cite this article in press as: F.-H. Wang, et al., Physical properties of
and/or Ar gas ambient, Vacuum (2016), http://dx.doi.org/10.1016/j.vacuu
the plasma-treated ITO and SnO2 films showed only 60% trans-
mission in the visible range [31]. It is evident that the stability of the
optical transmittance of the TZO film under plasma exposure is
better than ITO and SnO2 films. The high visible transmittance after
plasma exposure demonstrated that the developed TZO films
exhibited superior stability of optical properties for TCO applica-
tions. Furthermore, the inset figure exhibited that the absorption
edges of the plasma-treated samples shifted to the short wave-
length side in comparison with that of the as-deposited one. The
blue shift of the absorption edge could be explained by broadening
of optical band-gap, as discussed later. In near IR region, the optical
transmittances decreased with the increasing wavelength and the
TiO2-doped zinc oxide thin films: Influence of plasma treatment in H2

m.2016.11.005



Fig. 9. Figures of merit for the as-deposited and various plasma-treated TZO films.
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decrement was larger for the plasma-treated samples. From
Fig. 7(b), it was observed that the transmittance at 2400 nm
decreasedwith increasing carrier concentration for these TZO films.
This result suggests that the decrease in NIR transmittance is due to
free carrier absorption. This type of IR cut-off material was reported
by Das et al. [30,32].

Fig. 7(b) shows the graph of (ahn)2 vs. photon energy of the TZO
films. The optical absorption coefficient, a, is defined as [33].

I ¼ I0e
�at (2)

where I is the intensity of transmitted light, I0 is the intensity of
incident light, and t is the film thickness. In the direct transition
semiconductor, a and the optical energy band-gap (Eg) are related
by [34].

ahn ¼ A
�
hn� Eg

�1=2 (3)

where h is Planck's constant, n is the frequency of the incident
photon, and A is a constant.When (ahn)2 is plotted against hn, Eg can
be estimated by extrapolating the linear portion against hn. The plot
showed that the calculated Eg increased from 3.41 eV (as-depos-
ited) to 3.54, 3.56, and 3.45 eV, respectively, for the H2, Arþ H2, and
Ar plasma-treated films. The broadening of band-gaps agrees with
the increases of the carrier concentrations, as Fig. 2(b) shows. This
phenomenon consists with the BursteineMoss effect [35], which
indicates that the increase of the Fermi level in the conduction band
of degenerate semiconductor leads to energy band-gap widening
(blueshift effect). The energy band-gap widening (DEg) is related to
the carrier concentration (ne) through the following equation,

DEg ¼ h2

8m*

�
3
p

�2=3
n2=3e (4)

where h is Planck's constant and m* (m* ¼ 0.28 m [36]) is the
electron effective mass in conduction band. Fig. 8 shows the blue-
shift (the difference of the band-gap) of the TZO films as compared
to the stoichiometric ZnO film (Eg ¼ 3.3 eV) as a function of carrier
concentration [35e37]. The blueshift of TZO films was approxi-
mately proportional to ne

2/3 and the experimental exponent in this
study was 0.65, which was close to the theoretical value (0.667) in
Eq. (4). This result shows that the optical band-gap of these TZO
films follows the BursteineMoss effect without the many-body
perturbation effect [38].

Fig. 9 exhibits the figures of merit for the as-deposited and the
various plasma-treated TZO films. The figure of merit, FOM
(r) ¼ T10/RS, as defined by Haacke [39], provides a way for
Fig. 8. Optical band-gap widening (blueshift) as a function of carrier concentration.

Please cite this article in press as: F.-H. Wang, et al., Physical properties of
and/or Ar gas ambient, Vacuum (2016), http://dx.doi.org/10.1016/j.vacuu
evaluating the opto-electronic properties of TCO films. T is the
average optical transmittance in the visible wavelength region and
RS is the sheet resistance of films. The result showed that r

increased from 1.49 � 10�3 (as-deposited) to 4.38 � 10�3,
5.02 � 10�3, and 2.26 � 10�3 U�1 for the H2, Ar þ H2, and Ar
plasma-treated films. This result indicates that the Ar þ H2 plasma-
treatment is more effective than H2 and Ar plasma treatment in
improving opto-electronic properties of the TZO thin films.
4. Conclusions

The structural, electrical, and optical properties of TZO thin films
deposited by RF magnetron sputtering are dependent on the
ambient gas of the post-deposition plasma treatment. The XRD
analysis showed that all TZO films had a (002) preferred orienta-
tion, regardless of plasma ambient gas. The FE-SEM and AFM im-
ages displayed that the surface grains of the H2 and ArþH2 plasma-
treated filmswere noticeably etched and caused rough surfaces due
to etching effect of hydrogen radicals, while the Ar plasma-treated
film exhibited the larger grain size than the H2 and Arþ H2 plasma-
treated ones. The resistivities of all the plasma-treated films
decreased and the lowest value was 1.13 � 10�3 U-cm for the
Ar þ H2 plasma-treated sample. The decrements of resistivities for
the Ar þ H2, H2, and Ar plasma-treated films were 62%, 51%, and
27%, respectively. After plasma treatment, the average visible
transmittance slightly increased over 82% (including glass sub-
strate) and the optical energy band-gap broadened. The Haacke's
figure of merit (r) increased for all the plasma-treated films and the
Ar þ H2 plasma treatment made r increase more than the others.
Therefore, this work concludes that the ArþH2 plasma treatment is
more effective than H2 and Ar plasma treatment in improving opto-
electronic properties of the TZO films. The developed Ar þ H2
plasma-treated TZO films are suitable as TCO material for opto-
electronic device applications.
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