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Abstract: Indium-free transparent conducting oxide films have attracted extensive attention in the field of optoelectronics. Ga-
doped ZnO (GZO) thin films are deposited by radio frequency magnetron sputtering on glass substrates at a temperature of 200 °C
with ZnO:Ga,03 (3 wt%). The structural, electrical, and optical properties of the GZO thin films were investigated in terms of
deposition pressure and film thickness variations. X-ray diffraction analysis showed that all the prepared GZO films exhibited
hexagonal wurtzite crystal structure with a (002) preferential orientation along the c-axis, regardless of pressure and thickness. The
average visible transmittance (including the glass substrate) in a wavelength range of 400—700 nm decreased with increasing
thickness but varied less with pressure. The highest average visible transmittance reached 88.4% at the thickness of 150 nm and the
pressure of 5 mTorr. The optical band gap of the GZO films calculated using Tauc’s method was in the range of about 3.6-3.9 eV.
The resistivity of GZO thin films decreased with decreasing deposition pressure and increasing film thickness, and the minimum
resistivity obtained at 5 mTorr and 1000 nm was 3.36 x 10* Q-cm. The maximum figure of merit (FOM) of 3.09 x 10 Q! was
achieved at 5 mTorr and 1000 nm. The superior optical and electrical properties and high FOM show that the prepared GZO thin
films are suitable for transparent conducting films and optoelectronic devices.
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1. Introduction

Transparent conducting oxide (TCO) thin films are widely used in numerous optoelectronic devices, such as flat-panel displays,
photovoltaic cells, and smart windows. The tin-doped indium oxide (In,O3:Sn, ITO) thin film has the advantages of low resistivity
(~10* Q-cm) and high transmittance (>85%) and is the most commonly used TCO material in the past two decades [1,2]. However,
indium is a moderately toxic metal and is relatively rare (0.049 ppm) in the Earth's crust. In addition, amorphous ITO films are not
stable in a high temperature (>250 °C) environment. Therefore, researchers are constantly looking for alternative materials for ITO
thin films.

Because of abundance in nature, easy fabrication at low temperature, non-toxicity, large direct band gap energy (3.37 eV), and
good chemical/thermal stability, doped zinc oxide (ZnO) thin film is expected to be substituted for ITO as a promising TCO film.
Among various possible dopants, ZnO thin films doped with the group-13 elements, such as ZnO:Al [3-5], ZnO:Ga [6—-12], and
ZnO:In [13] exhibited high electrical conductivity and transparency in the visible spectral range and have been extensively studied
over the past two decades. Minami et al. reviewed TCO thin films and reported that the ZnO:Al and ZnO:Ga thin films with a
resistivity of the order of 1 x 10* Q-cm were prepared by using pulsed laser deposition and vacuum arc plasma evaporation [6].
We also used the ZnO:Ga thin film as a front transparent electrode to fabricate amorphous silicon thin film solar cells [9].

In the current study, Ga-doped ZnO (GZO) thin films with a 3 wt% dopant were prepared on glass substrates by using radio
frequency (RF) magnetron sputtering. Influences of deposition pressure and film thickness on optical, electrical, and structural
properties of sputtered GZO films were explored and discussed.

2. Materials and Methods

The Corning EagleXG glass substrates were cleaned sequentially in deionized water, acetone, and isopropanol in an ultrasonic
bath in each step for 10 min. After cleaning and drying these substrates, GZO thin films were physically deposited on the glass
substrates using an RF magnetron sputtering system (Syskey Co., SKE-95015). The sputtering target with a diameter of 2 in and a
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thickness of 5 mm was prepared with zinc oxide powders mixed with 3 wt% gallium oxide powders. The working distance was
fixed at 8 cm. The base pressure was pumped to 6.67 x 10°* Pa (5 x 107 Torr) by a turbomolecular pump and a dry pump. The
working pressure varied from 0.667 to 6.67 Pa (5 to 50 mTorr). During sputtering, the RF power was fixed at 50 W and the substrate
temperature was maintained at 200 °C. The thickness of GZO thin films ranged from 70 to 1500 nm.

A spectroscopic ellipsometer (Nano-view SE MF-100) was used to measure the thickness of the prepared GZO film. X-ray
diffraction (XRD, PANalytical) analysis with Cu-Ka radiation (A = 1.54056A) was carried out to investigate crystal orientation and
quality. The resistivity, carrier concentration, and Hall mobility of the film were measured by the four-point probe method (Napson
RT-70) and the Hall-effect measurement method (ECOPIA, HMS-3300). An ultraviolet-visible spectrophotometer (Hitachi U-3300)
was used to determine the optical transmittance of the film in the wavelength range of 300-800 nm. All measurements were made
at room temperature (20 to 25 °C) and ambient pressure.

3. Results

Figure 1 shows the deposition rate of the GZO thin films as a function of deposition pressure and film thickness. From Fig.
1(a), it was found that the deposition rate strongly depended on deposition pressure. As the pressure increased from 5 to 50 mTorr,
the deposition rate significantly decreased from 6.7 to 3.2 nm/min. In general, the mean free path of sputtered particles is inversely
proportional to the sputtering pressure. Thus, this result can be explained by the higher deposition pressure that results in a shorter
mean free path and more collisions of sputtered particles as these particles travel from the target to substrates. Therefore, more
sputtered particles were scattered and the deposition rate decreased. Zhou et al. also found a similar trend in that the deposition rate
of Al-doped ZnO films increased with decreasing sputtering pressure [14]. On the other hand, the dependence of deposition rate on
film thickness was not significant. When we changed the thickness of the GZO thin films from 70 to 1500 nm, the deposition rate
almost remained at about 6.7 nm/min, as Fig. 1(b) shows. This result suggests that the deposition rate is almost constant for different
sputtering times.
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Fig. 1. Deposition rate of the GZO thin films as a function of (a) deposition pressure and (b) film thickness.

Figure 2 shows XRD patterns of the GZO thin films deposited with different deposition pressures and film thicknesses. All GZO
films exhibited the (0 0 2) peak at around 26 ~ 34°, which reveals that the GZO thin films deposited by RF magnetron sputtering have
a polycrystalline crystal with the hexagonal wurtzite structure and are preferentially oriented along the c-axis perpendicular to the
substrate. The c-axis crystal orientation of the GZO thin films is understood with the “survival of the fastest” model proposed by Drift
[15]. Additionally, no Ga,O3 phase was found from the XRD patterns for all samples, suggesting that gallium may substitute zinc in
the ZnO lattice site to form a Ga-O bond or segregate into the grain boundary region. It is worth noting that the intensity of the (0 0
2) peak decreased with increasing pressure while it increased with increasing film thickness. This result shows that the crystal quality
of the sputtered GZO films is closely related to the deposition pressure and film thickness. GZO films have better crystallinity at
lower deposition pressures (5 mTorr) and larger film thicknesses (1500 nm). In addition, the (0 0 2) peak position slightly shifted to
the high angle side with decreasing deposition pressure or increasing film thickness. It is because the ionic radius of Ga is smaller
than that of Zn and Ga atoms are ionized into Ga>" and substitute Zn?* in the lattice site. Thus, the lattice parameter c of films becomes
shorter [16]. Meng and Santos [17] also investigated the effect of total pressure on the (0 0 2) peak height of RF magnetron sputter-
grown ZnO thin films. Their XRD results showed that the (0 0 2) peak intensity increased as the total pressure increased from 0.2 Pa

-< AFM 2022, Vol 2, Issue 2, 26-34, https:/doi.org/10.35745/afm2022v02.02.0005 >-




BAFM )

(1.5 mTorr) to 0.6 Pa (4.5 mTorr) and then decreased as the pressure increased further to 3 Pa (22.5 mTorr). Their result is similar to
that of the GZO thin films prepared at 5-50 mTorr in this work.

Figure 3 presents the full width at half-maximum (FWHM) and grain size of GZO thin films as a function of deposition pressure
and film thickness. Scherrer’s formula is used to estimate the average grain size in the vertical direction of the crystal [18],

p= 0942
Pcosf

(1

where D is the diameter of the grain, f is the FWHM, and 1 is the wavelength of the Cu-Ka line (A = 1.54 A. Figure 3(a) shows that
as the deposition pressure increased from 5 to 50 mTorr, the FWHM increased from 0.2° to around 0.3°, and meanwhile the grain
size decreased from 41 to around 28 nm. The reduced grain size is attributed to the weak particle bombardment and low surface
diffusion energy of the films deposited at high sputtering pressures. When the film thickness increased from 70 to 1500 nm, the
FWHM decreased from 0.35° to 0.22°, while the grain size increased from 24 to 38 nm, as shown in Fig. 3(b). This result shows that
the crystal quality of the GZO film was enhanced as its thickness increased. This phenomenon is similar to Ga (2%) doped ZnO films
as reported by Wu et al. [19].
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Fig. 2. XRD patterns of the GZO thin films with various (a) deposition pressures and (b) film thickness.
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Fig. 3. Full-width at half-maximum (FWHM) and grain size of the GZO thin films as a function of (a) deposition pressures and (b) film
thickness.
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The electrical properties of the GZO films were characterized by the Hall effect measurement. Figure 4 shows the resistivity,
Hall mobility, and carrier concentration of the GZO thin films with various deposition pressures and film thicknesses. Figure 4(a)
presents that both the carrier concentration (n) and Hall mobility (1) decreased with the increasing pressure. According to p = 1/(gng),
where q is the electron charge and p is resistivity, the resistivity increased from 5.25 x 10 to 4.12 x 10 Q-cm as the pressure
increased from 5 to 50 mTorr. In Fig. 4(b), it is observed that as the film thickness increases from 70 to 1500 nm, the Hall mobility
increased from 11.7 to 18.6 cm?/V-sec, and the carrier concentration also increases from 6.63 x 102 cm™ to a maximum of 1.06 x
10?! cm™ at a thickness of 1000 nm, while the resistivity decreased form 8.05 x 10 to a minimum of 3.36 x 10 Q-cm. Resistivity
is inversely proportional to the product of carrier concentration and Hall mobility. The increase of resistivity in the high pressure and
thin thickness region is associated with decreases in both the electron density and electron mobility. The low resistivity in the low
deposition pressure and thick film thickness region is due to the improved crystallinity and more extrinsic/intrinsic donors in the GZO
films. As shown by the XRD data, the superior crystal quality of the GZO films prepared with low pressure and high film thickness
afforded better electrical characteristics [20]. Similar electrical behavior as a function of thickness was reported by Wu et al. and Shin
et al. [19,20]. Wu et al. reported that the lowest resistivity of 3.685 x 107> Q-cm occurred in their thickest GZO film (¢ = 620 nm)
[20]. Our earlier study also showed that the resistivity of the ZnO:Ti thin film decreased from 3.94 x 1072 to 1.06 x 107> Q-cm when
the film thickness increased from 30 to 950 nm [21].
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Fig. 4. Resistivity, Hall mobility, and carrier concentration of the GZO thin films as a function of (a) deposition pressure and (b) film
thickness.

Figure 5 exhibits the optical transmission spectra of the GZO thin films in the wavelength region of 300-800 nm with different
deposition pressures and film thicknesses. Figure 5(a) shows that the average optical transmission of the GZO film (including the
glass substrate) in the visible wavelength range (400-700 nm) was in the range of 84%—86%. Notably, the deposition pressure (5—50
mTorr) did not significantly affect the visible light transmittance of the GZO films. Figure 5(b) presents that the optical transmittance
of the GZO films strongly depended on the film thickness. As the film thickness increased from 150 to 1500 nm, the average
transmittance in the visible region (including the glass substrate) gradually decreased from 88.4% to 76.7%. The high visible
transmittance of the prepared GZO films up to 88% is comparable to that of commonly used ITO films. Considering the results of the
electrical properties, therefore, a suitable film thickness for TCO application should be in the range of 150-1000 nm.

In the UV region (below 380 nm), steep absorption edges were found (Figs. 5(a) and (b)). The shift of the absorption edge of
the GZO film towards longer wavelengths (red-shift) with an increase in deposition pressure and film thickness. The absorption edge
is usually related to the optical band gap (Egop) for a degenerated semiconductor film. In 1968, Tauc proposed a method for estimating
the optical band gap energy of amorphous semiconductors using optical absorption spectra [22]. In the method, the optical band gap
energy is obtained by extrapolating the linear region in the graph of (ahv)? versus hv (photon energy) to the abscissa, where « is an
absorption coefficient. The optical band gap energy was calculated by using the Tauc equation for semiconductor thin films [23].

ahv = C(hv - Eg)" (2)

-< AFM 2022, Vol 2, Issue 2, 26-34, https:/doi.org/10.35745/afm2022v02.02.0005 >-




where v is photon frequency and / is Planck constant. The exponent y equals to 2 or 1/2 for the indirect or direct transition band gap,
respectively [24]. The absorption coefficient o is calculated by adopting Beer-Lambert law [25].

1

where T and ¢ are the transmittance and the film thickness, respectively. Figures 6(a) and 6(b) display plots of («hv)? as a function
of incident photon energy (/#v) for the GZO thin films with different deposition pressure and film thickness, respectively. All values
of Egqopt were larger than that of undoped ZnO (~3.37 eV), indicating that the Ga dopant effectively widened the band gap of the
film. The results showed that the Eg oy of the film decreased from 3.86 to 3.67 eV as the pressure increased from 5 to 20 mTorr,
while slightly increased to 3.69 eV on further increasing the pressure to 50 mTorr. Marwoto et al. [11] also found that the optical
band gap of GZO film was less variable at high Ar pressures. Besides, the Egop: of the film increased from 3.79 to 3.86 eV as the
film thickness increased from 70 to 330 nm, but a further increase in the thickness (from 330 to 1500 nm) resulted in gradually
decreasing Egopt to 3.75 eV. In general, the Eg o of GZO thin films deposited by sputtering increase with an increase in carrier
concentration. This relationship between Eg op and carrier concentration was clarified by Burstein—-Moss (BM) effect [26,27], which
is expressed as follows [28].

5 2
AE;" = d (3]3 n3 4)

- *
8m, \ 7

where n. and m.* is electron concentration and electron effective mass, respectively. Free electrons fill up the states at the bottom of
the conduction band when 7. exceeds the density of states at the edge of the conduction band and the Fermi level moves up within
the conduction band. In this study, the BM effect has good applicability for the specimens prepared at different deposition pressures
(520 mTorr) or film thicknesses (70-330 nm). However, for the specimens deposited with a thicker thickness (330—-1500 nm) the
band gap of the GZO film decreased with an increase in carrier concentration and film thickness. A similar phenomenon was also
reported by Hao et al. [29] and Choi et al. [30] in AZO and IZTO thin films, respectively. This band gap reduction in degenerated
semiconductors may be attributed to the merger of donors and conduction band, band tailing due to potential fluctuations caused by
impurities, and electron-impurity and electron-electron scattering [31].
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Fig. 5. Optical transmittance spectra of the GZO thin films with various thickness in the wavelength region of 400—-700 nm.
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To evaluate the optoelectrical property of transparent conductive thin films, Haacke’s figure of merit (FOM) is adopted, which
can be calculated by the following relation [32].

10

FOM = R (5

where T is average transmittance in the visible light region (400-700 nm) and Ry represents sheet resistance of the film. Figure 7
exhibits the figures of merits for the GZO thin films with various deposition pressures and film thicknesses. Figure 7(a) shows that
as the deposition pressure increased from 5 to 50 mTorr, the FOM value gradually decreased. The sample with the pressure of 5
mTorr had the largest FOM value (1.17 x 102 Q!). Figure 7(b) depicts that as the film thickness increased from 70 to 660 nm, the
FOM value gradually increased and then leveled off with further increases in thickness to 1500 nm. The prepared GZO thin films
achieved the highest FOM value of 3.09 x 102 Q! at the thickness of 1000 nm and the pressure of 5 mTorr. This FOM value is higher
than those of recently reported AZO and IZO thin films [33-36].
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4. Conclusions

Zn0:Ga (3 wt%) thin films were prepared on glass substrates using RF magnetron sputtering. The dependence of the structural,
electrical, and optical properties of the GZO films on deposition pressure (5-50 mTorr) and film thickness (70-1500 nm) was
investigated. All the GZO thin films show a hexagonal wurtzite structure. Regardless of deposition pressure and film thickness the
films were highly oriented to the c-axis perpendicular to the substrate surface. With decreasing deposition pressure and increasing
film thickness, XRD results exhibited an improvement in crystal quality with a maximum grain size of 41 nm obtained at 5 mTorr
and 330 nm. The electrical resistivity decreased with decreasing deposition pressure and increasing film thickness, and the lowest
resistivity of 3.36 x 10 Q-cm was achieved at 5 mTorr and 1000 nm. The average visible transmission remained at 84-86% regardless
of deposition pressure, while it decreased from 88 to 76 % as the film thickness increased from 150 to 1500 nm. At the pressure of 5
mTorr and the thickness of 330 nm, the estimated optical band gap of the GZO thin film reached a maximum value of 3.86 eV. The
FOM of the GZO thin films increased with decreasing pressure and increasing thickness, with the highest value of 3.09 x 102 Q!
obtained at 5 mTorr and 1000 nm. Such excellent optical and electrical properties, as well as high FOM, suggest that the fabricated
GZO thin films are promising for applications of transparent conductive films and optoelectronic devices.
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