Sensors and Materials, Vol. 33, No. 11 (2021) 3941-3948 3941
MYU Tokyo

S & M 2735

Effects of Annealing Temperature
on Structural and Optoelectronic Properties
of Zr-doped ZnO Thin Films for Photosensors

Ming-Yu Yen,! Tao-Hsing Chen,2* Po-Hsun Lai,?
Sheng-Lung Tu,'™* and Yun-Hwei Shen!

IDepartment of Resources Engineering, National Cheng Kung University, Tainan City 701, Taiwan
ZDepartment of Mechanical Engineering, National Kaohsiung University of Science and Technology,
Kaohsiung City 807, Taiwan

(Received May 29, 2021; accepted November 8, 2021)
Keywords: Zr-doped ZnO, annealing temperature, optical property, electrical property

We investigated the effects of the annealing temperature on the optoelectronic properties of
Zr-doped ZnO (ZZO0) thin films deposited on glass substrates by radio frequency sputtering and
annealed at 200, 300, and 400 °C. It was found by X-ray diffraction analysis that all the deposited
thin films had a hexagonal crystal structure with polycrystalline grains oriented along the (0 0 2)
direction. Furthermore, the film annealed at 400 °C had the lowest resistivity among the films
due to the growth of grains, as well as the lowest resistivity of 1.5 x 1072 Q-cm, a mobility of
35 cm?Vls7!, and a carrier concentration of 4.2 x 109 cm™. It also had a maximum
transmittance of 95% and an energy gap of 3.2 eV. These results show that ZZO thin films
subjected to annealing at 400 °C are promising for use as stable photosensors.

1. Introduction

To meet the requirements of high-performance photosensors and solar cell applications, the
development of transparent conducting oxides (TCOs) with enhanced electrical and optical
characteristics is necessary.!3) Zinc oxide has been widely utilized for domestic and industrial
applications such as liquid crystal displays, light-emitting diodes,® and sensors.5~% Indium tin
oxide (ITO) thin films were the first materials to be widely used in these electrical devices.
However, ZnO is a TCO with a wide direct band gap of ~3.37 eV at room temperature (RT) and
has low cost and toxicity, low electrical resistivity, and high optical efficiency. Furthermore,
various growth techniques!%-12 and metal elemental doping have been investigated with the aim
of enhancing the electrical and optical properties of ZnO thin films. Elements such as Al,(13-15)
Ga,(1617) Cu,®) and Mo!”) have been doped because the resulting ternary oxides can have useful
characteristics that binary oxides cannot provide.29 ITO thin films are not stable in a high-
temperature environment with temperatures above 400 °C.2) In contrast, it has been reported
that the electrical and chemical properties of Zr-doped ZnO (ZZO) thin films are stable in high-
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temperature environments.?>?¥ Thus, ZZO is a promising substitute for ITO that can be
employed in devices operating at high temperatures. Furthermore, Zr** (ionic radius of 0.742 A)
and Zn?" (ionic radius of 0.745 A) ions have similar radii and Zr is an n-type doping impurity;
thus, it can increase the carrier density in ZnO thin films.(24-26)

Many methods, such as sputtering, pulsed laser deposition (PLD), and the sol-gel
method,?-2®) can be used for depositing ZnO thin films. Sputtering is advantageous over the
other methods for preparing uniform and large-area films with higher quality. However, ZZO
thin films have seldom been prepared by sputtering, with very little literature available.2%) The
aim of this study was to prepare ZZO thin films by sputtering on Corning 1737 glass substrates,
which was followed by annealing at different temperatures. We analyzed the effects of the
annealing temperature on the structural, optical, and electrical properties of the films. We hope
to develop highly efficient thin-film materials for photosensor and gas sensor applications.

2. Material Preparation and Experimental Procedure

7270 films were deposited by RF sputtering on 1-mm-thick Corning 1737 glass substrates at
RT using planar magnetrons in an Ar atmosphere (both 99.999% purity). The target was
prepared from ZnO (99.99% purity) and Zr (99.9% purity) powders, and the Zn content of the
target was 5 wt%. The powders were mixed in a mechanical miller for 50 min then pressed into
pellets and sintered at 1350 °C for 15 h in vacuum. Before depositing the thin film, the glass
substrate was cleaned ultrasonically using methanol, acetone, and deionized water in sequence,
then dried by blowing N, gas. The deposition was performed using a sputtering power of 80 W,
a chamber pressure of mTorr, a deposition time of 45 min, and a target-to-substrate distance of
5 mm. Ar gas was introduced into the chamber at a flow rate of 15 sccm (Ar). The target was
pre-sputtered for more than 20 min to clean its surface before deposition. To achieve homogenous
samples, all ZZO films were deposited while rotating the substrate. Following the deposition
process, half of the samples were annealed at a temperature of 200, 300, or 400 °C. The grain
size growth was examined by X-ray diffraction (XRD, SIEMENS D-500) with CuK, radiation.
The optical transmittance properties of the films were investigated using a UV-vis
spectrophotometer (Hitachi 2900). The electrical properties were determined by Hall effect
measurements (AHM-800B). Finally, the surface features and grain size of the films were
characterized by field-emission scanning electron microscopy (SEM, HITACHI SU-5000).

3. Results and Discussion
3.1 Structural characterization by XRD analysis

XRD analysis was used to determine the structure of the ZZO thin films. The obtained XRD
patterns are shown in Fig. 1. It can be seen that all the ZZO thin films are polycrystalline with a
preferential orientation and a wurtzite structure.2*39 ZnO (002) and (004) peaks were observed,
with the intensity of the (004) peak being much lower than that of the (002) peak. The intensity
of the (002) peak increased significantly with annealing temperature from as-deposited to
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Fig. 1.  (Color online) XRD patterns of ZZO films as a function of annealing temperature.

400 °C. These results indicate that the grain size of the ZZO films increased with annealing
temperature owing to the reduced structural distortion, but the preferential orientation of the
770 films was not affected by the annealing temperature.

3.2 Analysis of electrical properties

The electrical properties of the ZZO thin films were evaluated by Hall measurements. The
resistivity of the as-deposited films was found to be very high. This means that a large number
of oxygen vacancies were present at both the grain boundaries and surfaces of the films. A large
number of oxygen vacancies may produce a potential barrier that hinders the electrical transport,
causing a reduction in conductivity. When the annealing temperature was 400 °C, the dopants
located at the interstitial sites of the ZnO films were activated, which enhanced the conductivity.
From Table 1, it can be seen that the resistivity decreased to 1.5 x 1072 Q-cm at the annealing
temperature of 400 °C. Furthermore, the free carrier concentration also increased with
annealing temperature, which contributed to the occupation of interstitial positions in the ZnO
matrix. The resistivity of the deposited films was also affected by the film grain size. The low
resistivity was ascribed to the increase in grain size as discussed later.3)

Table 1

Variations of resistivity, mobility, and carrier concentration of ZZO thin films annealed at different temperatures.
Annealing temperature Resistivity Mobility Carrier concentration
(°C) (Q-cm) (cm?/Vs) (em™)
As-deposited 1.17 8.17 7.52 % 108

200 1.86 x 107! 224 1.28 x 10

300 751 x 1072 28 3.57 x 10"

400 1.5% 1072 35 42 x 10"
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3.3 Optical properties of ZZO thin films annealed at different temperatures

Figure 2 presents the transmittance in the wavelength region of 350 to 800 nm for the ZZO
thin films subjected to annealing at different temperatures. It can be clearly seen that the
transmittance of all the ZZO films was high (over 90%) with a negligible effect of the annealing
temperature on the transmittance. This means that annealing is not useful for improving the
transmittance of ZZO thin films in the visible range, but it can increase the conductivity of the
films. All the ZZO films had a sharp absorption edge in the UV range of 300-400 nm. The
optical band gap (£,) was determined by the extrapolation of the linear region of the plot of the
square of the absorption coefficient a? versus the photon energy Av. Thus, E, can be obtained
from the following equation:©?)

(@hv)? = A(hv — Ey), (1)

where /4 is Planck’s constant, v is the frequency of incident photons, and 4 is an energy-
independent constant. Figure 3 shows the relationship between (a4v)? and the optical band gap
for the ZZO thin films annealed at different temperatures. Table 2 shows that E, increases from
3.18 to 3.25 eV with annealing temperature.

It is thus observed that the band gap of the ZZO thin films increases with annealing
temperature. The carrier concentration also increases with annealing temperature (see Table 1),
which can be explained by the Burstein-Moss shift.(33-3%

3.4 Morphological and structural analyses of ZZO thin films

The surface morphologies of the ZZO films (see Fig. 4) annealed at different temperatures
were obtained by SEM. With increasing annealing temperature from RT to 400 °C, the surface
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Fig. 2. (Color online) Optical transmittances of Fig. 3. (Color online) Optical band gaps of ZZO thin
Z70 thin films annealed at different temperatures. films annealed at different temperatures.
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Table 2

Energy gaps of ZZO thin films under different annealing temperatures.
Annealing temperature (°C) Energy gap (eV)
As-deposited 3.18

200 3.20

300 3.22

400 3.25

(d)

Fig. 4. (Color online) SEM images of (a) as-deposited ZZO thin films and films annealed at (b) 200, (c) 300, and (d)
400 °C.

becomes smooth and dense, indicating improved crystallinity. Scherrer’s formula was used to
calculate the grain size of ZZ0:(3%)

D =0.9)/fcos0, )

where D is the grain size, 4 is the wavelength of the CuK, line, f# is the full width at half
maximum (FWHM) in radians, and 0 is the Bragg angle. Table 3 lists the grain sizes and
FWHM values of the ZZO thin films annealed at different temperatures. As expected from
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Table 3

Grain sizes and FWHM values of ZZO thin films annealed at different temperatures.
Annealing temperature (°C) FWHM Grain size (nm)
As-deposited 0.85 12

200 0.82 15

300 0.8 19

400 0.78 21

Eq. (2), the grain size in the films increases with decreasing FWHM. As mentioned above, the
resistivity decreases with increasing annealing temperature, which may be due to the increase in
grain size, which is confirmed from Table 3.

4. Conclusions

We investigated the effects of the annealing temperature of ZZO films deposited on Corning
glass substrates on their structural, electrical, and optical properties. The resistivity deceased as
the annealing temperature in vacuum increased from as-deposited to 400 °C owing to the
improved grain size. The film annealed at the optimum annealing temperature of 400 °C had the
lowest resistivity of 1.5 x 1072 Q-cm and a high transmittance above 90% in the visible range.
Although the film annealed at 400 °C had the highest conductivity, the transmittances of the
ZZ0 films were similar regardless of the annealing temperature and similar to that of the as-
deposited film. Furthermore, the energy gap increased slightly from 3.18 eV for the as-deposited
film to 3.25 eV for the film annealed at 400 °C. The grain size increased with annealing
temperature owing to the enhanced grain size growth at higher temperatures. Hence, the ZZO
films have potential use in optoelectronic sensor applications.
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