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Improved properties of Ti-doped ZnO thin films by hydrogen plasma treatment
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This work investigates the effects of substrate temperature (TS) and hydrogen plasma post-treatment on the
properties of TZO thin films prepared by radio frequency magnetron sputter. All films had a (002) preferential
orientation along the c axis at 2θ~34°. As TS increased from room temperature to 300 °C, the structural,
electrical, and optical characteristics of the TZO films were enhanced. The hydrogen plasma was performed by
a plasma-enhanced chemical vapor deposition system at 300 °C. The film resistivity decreased markedly by
60% to 1.20×10−3 Ω cm after a 90-min treatment in comparison with that of the as-deposited film. The
improved characteristics of the plasma-treated TZO films are attributed to the formation of shallow donors
and the desorption of oxygen species at grain boundaries during hydrogen plasma treatment.
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1. Introduction

Zinc oxide (ZnO) is an n-type semiconductor with a large binding
energy of 60 meV and a wide bandgap of 3.3 eV in the UV range. ZnO
has lots of applications in optoelectronic devices such as solar cells [1],
light-emitting diodes [2], blue laser diodes [3], and flat-panel displays
[4]. Doped ZnO films are promising alternatives to replace indium-tin-
oxide (ITO) films as transparent conducting films due to their stable
electrical and optical properties. The doping of Al [5,6], Ga [7,8], and In
[9,10] in ZnO films has been widely studied to enhance n-type
conductivity. The trivalent cation-doped ZnO films present good
electrical conductivity and transparency over the visible spectrum.
Few researches on quadrivalent cation-doped ZnO have been
published. The quadrivalent cation can provide two free electrons to
contribute the conductivity as it substitutes Zn in ZnO films. It has one
more valence than the trivalent cation. Ti is a quadrivalent cation and
has a radius of 68 pm which is close to that of Zn (74 pm). Thus, it is
suitable as a donor in ZnO. Ti-doped ZnO (TZO) thin films have been
prepared by several techniques, including radio frequency (RF)/DC
sputtering [11–14], chemical vapor deposition (CVD) [15], and sol–gel
process [16,17]. Among these methods, sputtering has advantages of
good uniformity, high process controllability, and large-area deposi-
tion. The properties of TZO films are generally dependent on
sputtering parameters such as substrate temperature, working
pressure, type of substrate, and ambient gas. Lin et al. investigated
the effect of the substrate temperature ranging from 50 to 200 °C on
the properties of sputtered TZO films and indicated that the film
resistivity decreased to aminimum of 9.69×10−3 Ω cm at 100 °C [14].
Chung et al. reported that the crystallinity of TZO films was improved
with a low working pressure (5 mTorr) and a high substrate tem-
perature (250 °C) and the lowest film resistivity (2.50×10−3 Ω cm)
was obtainedwhen the Ti addition was 1.34 wt.% [12]. Besides, Tsay et
al. studied the properties of TZO films prepared by the sol–gel process
and presented that the Zn0.88Ti0.12O film exhibited high transmittance
(91%) and small RMS roughness (1.04 nm) but relatively high
resistivity (3.9×106Ω cm) [17]. In this study, RF magnetron
sputtering with TiO2-doped ZnO targets is used to investigate the
effects of the substrate temperature on the structural, electrical, and
optical properties of TZO films. In addition, a post-deposition
hydrogen plasma treatment using the single-chamber plasma-
enhanced CVD (PECVD) system is performed to further improve the
electrical and optical properties of films because it is convenient and
practical for large-area applications such as flat-panel displays and
thin-film solar cells.

2. Experimental details

Zinc oxide powdermixed with 1.5 wt.% titanium oxidewas sintered
to be used as a sputter target. A 13.56 MHz RF magnetron sputtering
source was installed in a deposition chamber to deposit a ceramic thin
film. The TZO filmswith a thickness of about 330 nmwere deposited on
glass substrates (Corning 1737) at various substrate temperatures
ranging fromroom temperature (RT) to 300 °C at anRF power of 100W.
The base pressure was 5×10−6 Torr and the working pressure was
maintained at 5×10−3 Torr in Ar (99.995%) gas. After deposition, some
of TZOfilmswere treated byhydrogen plasma at anRFpower of 80Wat
a temperature of 300 °C for different exposure times.

The structure of TZO films was examined by X-ray diffraction
(XRD) (PANalytical, 18 kW Rotating Anode X-ray Generator, Japan)
analysis with Cu-Kα radiation (λ=0.154056 nm). The morphology of
TZO films was observed using field emission scanning electron
microscopy (FE-SEM) (JEOL, JSM-6700) and atomic force microscopy
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Fig. 2. (a) X-ray diffraction spectra and (b) FWHM and crystal size of the TZO films
prepared at substrate temperatures of RT, 100, 200 and 300 °C.
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(AFM) (Digital Instrument, NS4/D3100CL/Multimode). The resistivity,
Hall mobility, and carrier concentration were measured using the Van
der Pauw method (BIO-RAD, HL5500IU) at RT. The optical transmit-
tance was detected using a UV/VIS/IR spectrophotometer (Jasco V-
570) in the 220–2500 nm wavelength range.

3. Results and discussion

Fig. 1 shows the deposition rate of the TZOfilms at various substrate
temperatures. The film thickness was determined by spectroscopic
ellipsometer (Nano View, SE MF-1000). The deposition rate is an
important parameter for practical thin-film deposition. Results
showed that the deposition rate increased slightly first and then
decreased with increasing substrate temperature. The maximum
deposition rate was 10.31 nm/min at 200 °C. The reduction in the
deposition rate at a high temperature was attributed to the diffusive
ability of atoms or molecules that increased with the increase of the
substrate temperature [18]. This trend is similarwith the earlier report
[19].

Fig. 2(a) exhibits the XRD spectra of the TZO films deposited at
substrate temperatures of RT, 100, 200, and 300 °C. All patterns
exhibited a (002) preferential orientation along the c axis at diffraction
angles (2θ) near 34°±0.3° and no characteristic peak of TiO2 was
found. The peak intensity increased with increasing substrate
temperature, revealing that the film crystallinity was enhanced at a
high temperature. The 2θ diffraction angle shifted from 33.8° to 34.3°
as the substrate temperature increased from RT to 300 °C. It may be
attributed to that more Ti atoms replace substitutional Zn at a high
deposition temperature. Since the ionic radius of Ti4+ (68 pm) is
smaller than that of Zn2+ (74 pm), the position of the (002) peak is
expected to shift to a larger 2θ value.

Fig. 2(b) shows the full-width at half-maximum (FWHM) and
crystal size of the TZO films for various substrate temperatures. The
crystal size was estimated with Scherrer's formula [20],

D =
0:94λ
βcosθ

; ð1Þ

where λ=0.154056 nm, D is crystal size and β is FWHM. The FWHM
decreased with the increase of the substrate temperature, indicating
the increase of the crystal size. The crystal size increased from 20.4 to
30.3 nmwhen the substrate temperature increased from RT to 300 °C.
This phenomenon is similar to the previous report [14].
Fig. 1. Deposition rate of the TZO films as a function of substrate temperature.
Fig. 3 shows the FE-SEM images of the TZO films deposited at RT and
300 °Cwith a tilt angle of 45°. It was found that the surfacemorphology
clearly altered with the substrate temperature. At a higher substrate
temperature (300 °C), the film surface was smoother and the columnar
structure appeared denser. The results of the XRD and SEM analysis
suggest that the high substrate temperature increases the energy of
adsorbed ions and thus improves the structural properties of TZO films.

Fig. 4 shows the resistivity, Hall mobility, and carrier concentration
of the TZO films deposited at various substrate temperatures. The film
resistivity decreased from 1.08 to 2.95×10−3 Ω cm when the sub-
strate temperature increased from RT to 300 °C. Meanwhile, the
carrier concentration and Hall mobility both increased from
8.64×1018 to 2.47×1020cm−3 and 0.68 to 7.84 cm2/Vs, respectively.
At a substrate temperature of 300 °C, the resistivity, carrier concen-
tration, and mobility attained the optimal values. The higher mobility
and carrier concentration are due to better crystallinity and more
intrinsic donors at a higher substrate temperature. The lower
resistivity is achieved at a higher substrate temperature, as it occurs
in the AZO films reported by Fang et al. [21]. However, Lin et al. [14]
indicated that for the TZO film deposited at temperatures of 50–
200 °C, the lowest resistivity was attained at 100 °C. They ascribed the

image of Fig.�2


Fig. 3. FE-SEM images of the TZO films deposited at substrate temperatures of (a) RT
and (b) 300 °C.

Fig. 5. (a) Optical transmittance spectra and (b) optical energy gap of TZO films
prepared at various substrates temperatures.
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phenomenon to that re-evaporation at a high temperature possibly
reduced the vacancies inside the film, thus causing the decrease in
carrier concentration and mobility.

Fig. 5(a) and (b) shows the optical transmittance spectra and
optical energy gap (Eg) of the TZO films prepared at various substrate
temperatures. In Fig. 5(a), all films had high transmittances (N82%)
in the visible wavelength region (400–700 nm) and a strong ab-
sorption in the UV region. The transmittance increased slightly with
Fig. 4. Resistivity (ρ), Hall mobility (μ) and carrier concentration (n) of the TZO films as
a function of the substrate temperature.
the substrate temperature, and the average transmittances in the
visible region for the films prepared at RT, 100, 200, and 300 °C were
82.8%, 82.2%, 83.1%, and 84.7%, respectively, while that of the glass
substrate was 92.6%. Fig. 5(b) shows the α2 vs. photon energy for the
TZO films, whereα is the optical absorption coefficient. The calculated
Eg was from 3.337 to 3.500 eV. The TZO film deposited at a higher
temperature exhibited a stronger blue shift phenomenon. The
broadening in the bandgap, known as the Burstein–Moss effect,
pointed out that the Eg would increase with increasing carrier
concentration [22]. This is in accordance with the results of the carrier
concentration in Fig. 4.

Thehydrogenplasma treatmentwas performed at 300 °C to further
improve the properties of TZO films. Fig. 6 shows the resistivity, Hall
mobility, and carrier concentration of TZO films as a function of plasma
treatment time. The carrier concentration increased from 2.47×1020

to 4.25×1020cm−3 (or by 72%) as the plasma exposure time varied
from 0 (as-deposited) to 90 min. This is attributed to the formation of
shallow donors as a result of hydrogen having been inserted into the
films [23,24]. The Hall mobility increased from 7.84 to 12.3 cm2/Vs (or
by 57%). The increasedmobility may be attributed to the desorption of
oxygen species at grain boundaries, which decreases the barrier
potential and grain boundary scattering [21]. The film resistivity is the
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Fig. 6. Resistivity (ρ), Hall mobility (μ) and carrier concentration (n) of the TZO films
with various hydrogen plasma treatment times.
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combined result of the Hall mobility and the carrier concentration. The
film resistivity decreased from 2.91×10−3 to 1.20×10−3 Ω cm (or a
reduction of 60%) after a 90 min plasma treatment. Further extending
Fig. 7. (a) Optical transmittance spectra and (b) optical energy gap of the TZO filmswith
various hydrogen plasma treatment times.
the plasma treatment time did not result in noticeable changes in film
resistivity.

Fig. 7(a) and (b) shows the optical transmittance spectra and
optical energy gap (Eg) of TZO films for different plasma treatment
times. In Fig. 7(a), the average transmittances in the visible region
decreased slightly after plasma treatment and were 83.8%, 78.6%, and
82.6% for the films treated by plasma for 30, 60, and 90 min,
respectively. It has been reported that the decrease of optical
transmittance of the ZnO:Al film could be ascribed to the enhance-
ment of scattering and absorption of light caused by the increase of
surface roughness and carrier concentration [25,26]. In current
experiments, the surface roughness and carrier concentration of the
films both increase after plasma treatment. Thus, a decrease in the
optical transmittance of TZO films is to be expected. The optical
bandgaps shown in Fig. 7(b), increased to 3.525 eV as the plasma
treatment time was 90 min. After plasma treatment, the blue-shift of
the absorption edges is attributed to the Burstein–Moss effect [22].
This is consistent with the increase of carrier concentration in Fig. 6.

Fig. 8 shows the XRD spectra of TZO films for various plasma
treatment times. After plasma treatment, the 2θ angle and the
FWHM of the (002) diffraction peak remained almost unchanged for
the films treated within 60 min as compared to those of the as-
deposited one. Therefore, the plasma treatment has a negligible
influence on the film structure. This phenomenon is similar with
previous research [6,27].

Fig. 9(a)–(d) displays the AFM images of TZO films without and
with the plasma treatment for 30–90 min. The measured root mean
square (RMS) roughness increased slightly from 0.94 (as-deposited)
to 1.23–1.33 nm (plasma-treated). The increase in surface roughness
may cause deterioration of the electrical and optical properties [28].
However, the difference in the RMS roughness was relatively small
and did not deteriorate the electrical properties of the films in this
study. The increase of surface roughness may be attributed to the
etching effect of active hydrogen radicals [29]. The increase of surface
roughness is helpful for light diffusion and trapping for transparent
electrode application in solar cells.
Fig. 8. X-ray diffraction spectra of the TZO films as a function of hydrogen plasma
treatment time.
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Fig. 9. AFM images of the TZO films over 1 μm×1 μm area with various hydrogen plasma treatment times: (a) 0 min (as-deposited), (b) 30 min, (c) 60 min, and (d) 90 min.
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4. Conclusions

TZO thin filmswere deposited on glass substrates by RFmagnetron
sputtering. The structural, electrical, and optical properties of TZO
films were strongly dependent on the substrate temperature. From
the XRD and SEM analysis, all films exhibited a (002) preferential
orientation along the c axis at diffraction angles (2θ) near 34°±0.3°
and the film crystallinity and crystal size were enhanced with
increasing substrate temperature. At a substrate temperature of
300 °C, the resistivity, carrier concentration, and Hall mobility
attained the optimal values, 2.95×10−3 Ω cm, 2.47×1020cm−3, and
7.84 cm2/Vs. The optical transmittance increased slightly with the
substrate temperature and all the average transmittances in the
visible region were more than 82.2%. For the TZO films treated by
hydrogen plasma, the crystallinity did not significantly change but the
surface roughness slightly increased; the electrical resistivity de-
creased by 60% to 1.20×10−3 Ω cm and the optical bandgap increased
by 0.025 eV to 3.525 eV after a 90 min plasma treatment in com-
parison with the as-deposited films. The improved electrical proper-
ties are due to the desorption of negatively charged oxygen species
and the formation of shallow donors as a result of hydrogen having
been incorporated into the films.
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