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Abstract GZO thin films were succesfully deposited
onto n-Si and glass substrates by RF magnetron sputtering at room temperature. The structural, morphological and
opto-electrical properties of the films were investigated in
terms of RF power, using various methods such as XRD,
AFM, SEM, EDX, XPS, SIMS, UV–Vis–NIR spectroscopy and Hall effect measurements. The achieved results
revealed that the all films have highly c-axis (002) oriented
polycrystalline structure with high transmittance in Vis and
high reflectance in NIR region as well as good conductivity. Meanwhile, surface of the films was uniform, compact
and crack-free. With incerasing of RF power, it was seen
that crystallinity of the films improved and the grain size
became larger. It was also observed that optical band gap
of the films was increased to the order of 0.15 eV as well
as decreasing the resistivity to the order of 6.38 Ω cm with
increasing RF power from 100 to 200 W. Deposited film at
200 W, which can be optimum sputtering power for coating GZO films, having high concentration of free electrons
and lowest resistivity exhibited the highest IR reflectivity
(~55%) in NIR region. In addition, deposited GZO films
at this power have larger particle size and highly optical
transmittance (~87%) in visible region. Obtained both of
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optical and electrical results suggested that the deposited
GZO films can be used in low thermal emissivity coating
for energy efficient glass and the UV-blocking layer as well
as transparent conductive oxide electrode for flexible optoelectronic devices.

1 Introduction
Metal oxide materials have been attracting attention the
interests of material scientists owing to their applications
in optoelectronic devices such as sensors, photovoltaics,
touch-screen panels, liquid crystal displays, lasers, lightemitting diodes and photodetectors [1–3]. In addition,
metal oxide-based transparent conductive oxides such as
metal-doped ZnO, TiO2, tin- doped In2O3, and fluorinedoped SnO2, etc. are candidate materials for energy efficient glazing [4]. Due to their high visible transparency and
reflectance in infrared range of 0.7–2.5 µm, they have been
used to develop the low-emissivity windows [4, 5]. Also,
metal-oxide thin film semiconductors with high carrier
density behaves like plasmonic material that acts a role on
light absorption and scattering in the interaction of the light
with a material [6]. There is a close relation between surface plasmon resonance wavelength and free carrier density
of the semiconductor material as well as conductivity [5,
6]. Carrier density and/or conductivity of a thin film can
be tuned by deposition conditions and doping. Recently, in
this concept, Ga-doped ZnO (GZO) was developed as thermal resistance for solar radiation [5]. In the above applications, both optical and electrical properties of the material
are crucial to device performance. In that sense, thin films
of ZnO is an important representative metal oxide due to its
high transparency in the visible region and high electrical
conductivity as well as high reflectivity in NIR region.
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ZnO has hexagonal wurtzite structure with a wide
band gap (3.37 eV) and large exciton binding energy
(60 meV), shows n-type conductivity because of nonstoichiometry. There are some defects like oxygen vacancies
(VO) and Zn interstitials (Zni) which form donor levels
in ZnO [7]. The undoped ZnO has a high resistivity due
to a low carrier concentration. To improve its structural,
optical and electrical properties, ZnO can be doped with
various group-III metals such as aluminum (Al), indium
(In), boron (B) and gallium (Ga) [8–10]. From many
researches related to doping effect of impurities on ZnO,
it is widely reported that Al and Ga are the best dopants
for ZnO [11]. This may be attributed to fact that the ionic
radius of Al3+ and Ga3+ is close to each other, as well
as is smaller than Zn2+, in comparison to other impurities. However, it should keep in mind that Al presents a
very high reactivity, which may cause oxidation during
the growth of the films. In contrast, Ga is less reactive
and more resistive to oxidation than Al [11].
Ga-doped ZnO (GZO) thin films have been prepared
by several techniques such as DC and RF magnetron
sputtering [12–14], spray pyrolysis [15], chemical-vapor
deposition [16], pulsed laser deposition [17], sol–gel
methods [18], atomic layer deposition [19], among others. High quality thin films can be obtained using magnetron sputtering method having the opportunity to optimization of deposition parameters such as sputtering
pressure, power, gas flux and film thickness. In addition,
magnetron sputtering has many other advantages which
are (1) cheap, (2) ease of any metal, alloy or compound
target, (3) good controllability, (4) excellent uniformity
on large area substrates, (5) extremely high adhesion of
films and (6) process stability and reliability.
Optimization of RF power is very important to achieve
both extremely flat surface and different grain size of the
film. In the sputtering system, the number of positive ion
and electron occuring in plasma ambiance will increase
with increasing RF power. As a result of this, kinetic
energy of the particles removed from the target increases,
so, more surface diffusion will occur and particle size
will also increase. On the other hand, high energetic
electrons formed by increasing the RF power will bombardment to surface of the films. Thus, film surface has
addition of thermal energy and increasing atom mobility on the surface will make positive contribution on the
film crystallinity. However, increase of RF power may not
increase crystallinity always. In other words, increase of
applying RF power to a limit value make positive contribution to particle size and crystallinity. In very high
RF power, crystallinity of the film may affect negatively
because of nonhomogenous grown due to no time to stabilization of materials which reached substrate with very
high kinetic energy.
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Possitive or negative effect of increasing RF power also
depends on qualification of grown material. For instance,
in our previous work [20], Al-doped zinc oxide (AZO) thin
films with highest band gap of 3.43 eV and lowest resistivity of 1.84 × 10− 4 Ω cm which is suitable for UV sensors
as an active layer, has been achieved at 50 W RF power.
For GZO thin films, high RF power may be more effective on the quality of the films. Yu et al. [21] reported that
GZO films which prepared at RF sputtering power values
of 75, 100 and 150 W, respectively. In their work, crystallinity of the films improved and resistivity decreased from
2.58 × 10− 2 to 3.9 × 10− 4 Ω cm, with increasing the RF
power. Quan-Bao Ma et al. [22] was achieved best structural, optical and electrical results of the GZO thin films
prepared at 140 W of RF power, and Fortunato et al. [23]
also succeeded at 175 W of RF power. These published
studies reveal that the sputter RF power optimization is
very essential for sputtered-GZO thin films for optoelectronic devices.
In this work, GZO thin films were deposited onto n-Si
and glass substrates by RF magnetron sputtering under
various RF power (100–200 W) to obtain good quality
film. The structural, morphological, optical and electrical
properties of the sputtered-films were detailed analysed
and the effect of the RF power on the deposition process
were investigated. Composition, crystallinity and crystal
orientation of the GZO films were determined by energy
dispersive X-ray spectroscopy (EDX), scanning electron
microscope (SEM) and X-ray diffraction (XRD). Surface
elemental analysis of the films was performed by using
X-ray photoelectron spectroscopy (XPS). The surface morphology of the films were characterized with a high performance atomic force microscope (AFM), in dynamic mode
scanning. Band gaps and also transmissions of the films
were determined by UV–Vis–NIR spectrometer. Electrical resistivity, Hall mobility and carrier concentration
of the films were measured at room temperature (RT) by
Hall measurement system with Van der Pauw method. In
addition, the depth profile of GZO layers was performed
by secondary ion mass spectroscopy (SIMS) which gives
excellent information about alloy composition, atomic
homogeneity and interface characteristics of grown layers
with its ability in ppm range [24].

2 Experimental method
In this work, the GZO thin films were prepared by RF magnetron sputtering technique at RT. Corning glass and n-type
silicon (n-Si) wafers were used as coating substrates. The
substrates were cleaned ultrasonically, rinsed with deionized water and alcohol, dried with high purity nitrogen gas
and then loaded into the deposition chamber. A ceramic
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disc of ZnO (diameter 4 in.) mixed with 3 wt% Ga2O3 was
used as a target with 99.99% purity. The chamber was evacuated to a base pressure of about 10− 8 mbar before introducing the sputtering argon (Ar) gas with 99.9999% purity
without oxygen. Sputtering pressure (PS) was kept at 10− 3
mbar. The distance between target and substrate was about
30 mm. To investigate effect of RF power on structural,
morphological and opto-electrical properties of the films,
RF power was set at 100, 150 and 200 W, respectively. The
crystal structure was characterized by XRD using patterns
recorded on APD 2000 PRO XRD with CuKα1 radiation
(λ= 1.54178 Å) in θ–2θ configuration. The crystallite size
was calculated from XRD data using Scherrer’s formula
[25]. The composition study was performed by EDX using
SEM with FEI Versa 3D DualBeam (FIB/SEM) workstation. Surface elemental analysis of the films was carried
out by Omicron X-ray photoelectron spectroscopy (XPS) at
a pressure lower than 10− 9 mbar, using MgKα excitation
source (1253.6 eV). Hall Effect measurements were done
using Lakeshore Hall effect measurement system. The optical transmittance was measured by using UV–Vis–NIR
spectrometer in spectral region of 280–2500 nm. SIMS
depth profile was measured by O2 gun set at ion energy of
3850 eV and with a detector sensitivity of 400 nA/V. The
SIMS analysis was performed in Hiden SIMS Workstation.
The depth calibration of the sputtered crater was performed
by Dectac 150 profilometer.

3 Results and discussion
Figure 1 shows the XRD patterns of GZO thin films deposited on n-Si substrates under various sputtering powers. It
is seen that all films exhibit polycrystalline hexagonal wurzite structure which has good ZnO (002) diffraction peaks,
indicating highly orientation with their crystallographic
c-axis perpendicular to the substrate surfaces. Any diffraction peak related gallium oxide phase in the pattern is
not observed. This indicates the deposited films has single
phase of ZnO that all Ga atoms successfully located into
ZnO lattice. The (002) peak becomes more intense with
increasing the RF power.
To assess the quality of the films, full width half of maximum (FWHM) values of the (002) peak was estimated,
and the grain size (D) of the films was calculated along
the c-axis according to the Scherrer’s formula [25]. The
FWHM and the grain size as a function of the RF power
were listed in Table 1. As increasing of RF power, the
(002) peak becomes more sharper, as well as it is seen from
decreasing FWHM values, and grain size becomes larger.
In addition, lattice parameter c of GZO films decreased
with increasing RF sputter power. The film deposited at
200 W has the narrowest FWHM and the lowest lattice
parameter as well as the largest crystal grain. These can
be attributed to the crystallinity of the GZO thin films
improved with the increase of sputtering power.

Fig. 1 XRD patterns of the Ga-doped ZnO thin films versus RF sputter power

Table 1 Some structural parameters of the deposited films
RF power (W)

2θ (deg.)

c (002) (Å)

FWHM (deg.)

Grain size (nm)a

Grain size (nm)b

Grain size (nm)c

RMS (nm)

100
150
200

34.17
34.19
34.24

5.2438
5.2408
5.2334

0.558
0.460
0.254

25.70
31.18
56.48

35.25
62.80
71.25

37.40
63.20
77.34

0.295
1.224
1.840

a

Calculated from XRD measurements using Scherrer’s formula

b,c

Evaluated from Fig. 2, by measuring the size of hillock from AFM and SEM, respectively
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The RF power dependence of crystallinity and crystallite sizes for GZO films was also revealed by their AFM
and SEM images. Figure 2a–f shows the surface morphologies of the GZO thin films deposited at RF power values of
100, 150 and 200 W, respectively. With increasing the RF
power, it was observed that the crystallite size increase due
to ions or ion clusters have more energy before collision
with the substrates. These high energetic particles obtain
optimum bonding to the adjacent atoms, and this helps
them to nucleate and grow up. This result collaborates with
XRD, AFM and SEM analysis. In addition, for the surface
roughness measurements, root mean square (RMS) value of
the surface roughness of the films, which scanned the surface area of 3 μm by 3 μm, were listed in Table 1. With
increasing the RF power, the RMS values increased due to
the increase of grain size. That is, surface morphology of
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the films became rough because of the coarse grains. Figure 2g–i shows the SEM micrograph of GZO thin films
deposited on n-Si substrates under RF power values of 100,
150 and 200 W, respectively. It was observed that the all
films were uniform, crack-free and well covered on the substrate surface. It is seen that the comparison of the AFM
and SEM images the surfaces have same smoothness and
besides, the particles grow with the increase of RF power.
Surface elemental analysis of the deposited GZO films
at different RF power was performed by using XPS and the
core level spectra were represented in Fig. 3. In the spectra,
the signals come from carbon, oxygen, zinc and gallium
were observed. C1s peak might be originated from impurities of carbon in the film or ambient atmosphere.
The binding energy of Zn 2p, which exhibited a doublet 2p3/2 and 2p1/2, and Ga 2p3/2 for GZO thin films was

Fig. 2 Surfaces of the deposited films with different RF power, obtained from AFM 3D a–c, AFM 2D d–f and SEM g–i measurements

13

7380

J Mater Sci: Mater Electron (2017) 28:7376–7384

Fig. 3 a Wide scan XPS survey spectra, b Zn 2p and c Ga 2p bands of the deposited GZO films at different RF power

observed in Fig. 3. As seen in these spectra, Ga 2p3/2 peak
increased a small amount with increasing RF power as well
as increasing Zn 2p3/2 peak. The binding energies of Zn
2P3/2 and Ga 2p3/2 are around 1022 and 1118.5 eV, respectively. These values are higher than the binding energies of
metallic Zn (1021.1 eV) and metallic Ga (1116.4 eV) in
their bulk form. These indicated that Zn and Ga are bound
with oxygen in the matrix.
XPS O1s spectra of the GZO films deposited at different RF power were shown in Fig. 4. In all deposited
films, the O1s spectra has two parts located at around 531
and 532 eV. First peak (~531 eV) can be attributed Zn–O
bonds in the ZnO matrix. The other peak (~532 eV) can be
belonged to loosely bound oxygen on the surface of GZO
films [26, 27].
The resistivities, carrier concentrations and Hall mobilities of the RF-sputtered GZO thin films deposited on glass
substrates were shown in Fig. 5, as a function of the sputtering power. The resistivity of the films was decreased in

Fig. 4 XPS O1s spectra of the GZO thin films
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order to 6.38 Ω cm by increasing RF power from 100 to
200 W. This behavior is explained with increasing of the
grain size of the films at high RF power, as seen from the
XRD, AFM and SEM results. The plot in Fig. 5 indicated
that the lowest resistivity of 2.47 × 10− 3 Ω cm was obtained
under the RF power of 200 W.
In generally, the carrier concentration of the GZO thin
films increases gradually until a maximum Ga content of
3.0 wt% [28]. The prepared films in this presented work, it
was known from the EDX, contain lower than Ga content
of 3.0 wt%. So that, increasing carrier concentration of the
films is an expected trend with increasing RF power. The
carrier concentrations and the mobility of the films were
determined as 2.73 × 1020, 3.02 × 1020, 4.47 × 1020 cm− 3
and 5.11, 6.99, 9.25 cm2/V s at RF power of 100, 150 and
200 W, respectively. In addition, the increase of the mobility can be attributed to the improvement of crystallinity. At
the RF power of 200 W, the film has the narrowest value
of FWHM, that is the best crystal quality. Besides, all the
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Fig. 5 Electrical properties of
the deposited Ga-doped ZnO
thin films versus RF sputter
power

obtained films are n-type semiconductor which is in conformity with the type of conduction mechanism associated
with Ga doping. Rao and Kumar obtained electrical resistivity of 6.8 × 10− 3 Ω cm, carrier density of 3.14 × 1019
cm− 3 and mobility value of 29.2 cm2/V s in %3 Ga-doped
ZnO with spray pyrolysis technique [29]. Yen et al., using
pulsed DC magnetron sputtering method, it was obtained
GZO film with resistivity of 2.01 × 10− 4 Ω cm at pulse
frequency of 10 kHz [13]. In another work, the resistivity for %5 Ga-doped ZnO film deposited with DC sputtering was found as 2.09 × 10− 3 Ω cm [30]. In addition, it
was reported that RF deposited %3 Ga-doped ZnO films
at substrate temperature of 200 °C has the carrier density
of 1.931 × 1020 cm− 3, mobility of 8.78 cm2/V s and resistivity of 3.917 × 10− 3 Ω cm [31]. In Ref. [14], Kim et al.
showed that reactive RF sputtering at substrate temperature
of 300 °C with increasing ratio of O2/Ar was also improved
the electrical properties of the GZO as well as the crystallinity. In our samples, the resistivity was also decreased
with increasing RF power, at the same time an increase
of doping concentration obtained EDX analysis. These
results indicated that the resistivity of Ga-doped ZnO
decrease with doping density. So, undoped ZnO film has
electrical resistivity of 5.27 × 103 Ω cm and the mobility of
0.20 cm2/V s [26].
For optical applications, preparing GZO thin films with
a high transmittance in the visible range is very important.
Using a GZO top layer both as a transparent electrode and
anti-reflective coating could increase efficiency of the photovoltaic cells. As another application, grown a GZO thin
layer which has the dual role of contact to p-GaN and optically transparent window, could improve the light extraction efficiency of the light-emitting diodes. In a study
presented in the literature [32], it was observed that the

light emission efficiency of the GZO coated GaN diodes
enhanced in comparison with conventional Ni/Au electrode GaN diodes. Based on these usage areas, an optical
transmittance spectrum of the obtained GZO thin films
was examined. Figure 6a shows total transmission of the
GZO films over spectral range of 280–2500 nm deposited at different RF powers. The average transparency for
GZO films in the visible range is around 80–90%. In the
NIR region, the films were exhibited high reflectance or
lower transmittance was inserted in Fig. 6a. The optical
band gap energy (Eg), which is the energy of direct transition between the valence and conduction bands, was estimated from high absorption part in the absorption spectra
(Fig. 6b) using the Tauch’s equation (αhν)2 = A(hν−Eg)
[33], where α is absorption coefficient (α=−ln(T)/t, t is
thickness of the film), A is a constant that depends on the
electron/hole mobility, and hν is photon energy. As seen in
Fig. 6b–d, the optical band gap of the films increased from
3.33; 3.32; 3.33 to 3.48; 3.47; 3.48 eV from Tauch plot, T´´
and dT/dλ plots, respectively with increasing the RF power
from 100 to 200 W. T´´ is second derivative of the transmission is described as T´´(x) = [T(x + h)−2T+(x−h)]/h2
[34]. Increasing of the band gap energy or shifting of optical absorption edge to higher energy can be explained by
Burstein-Moss effect [35] due to increasing of carrier concentration with RF power. Similar behavior of the optical
band gap were observed in Ref [28, 33, 35]. In addition
a strong and sharp UV absorption edges were observed
from 375 to 381 nm for prepared films. So, the achieved
films could be used as UV sensing materials as well as the
UV-blocking layer for security in the health and thermal
resistance for application of energy-efficient building [4].
Therefore, optical reflectivity in the NIR region of the GZO
film increased with decreasing of the film resistivity while
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Fig. 6 a Transmission spectra (inset is reflection in NIR) and b absorption spectra of the deposited films versus incident energy c plots of second derivative of transmission and d plot of dT/dλ versus energy
Table 2 Atomic composition in Ga-doped ZnO thin films
RF power (W)

100
150
200

EDX film compositions (atomic%)
Zn

O

Ga

Si

44.57
43.75
44.95

46.91
44.16
45.23

1.81
1.89
2.28

6.71
10.2
7.54

the visible reflectivity unchanged, as expected. Highly IR
reflectivity of the films is also related with high intrinsic
free electron’s concentration in the film [36]. This is a considerable indicator that the films could be used as a coating
for thermal resistance applications.
The effects of RF power on the compositions of the
GZO thin films investigated by the energy dispersive
X-ray spectroscopy (EDX). The atomic % of Zn, O and Si
(due to Si substrate) were shown in Table 2. It was clearly
observed that no other impurities have been detected in
GZO thin films. This indicated that the prepared films are
pure and free from impurities. Obtained results showed that
Ga content in the Ga:ZnO matrix was increased with the
RF power. When applied RF powers were 4.93, 7.40 and
9.87 W/cm2 at 100, 150 and 200 W, Ga concentration in

the matrix was determined as 1.81, 1.89 and 2.28 percent,
respectively. Athough using GZO target with 3 wt% Ga2O3,
maximum Ga content in the matrix was reached to 2.28
atomic percent. Similarly, in Ref. [12], ratio of incorpareted
Ga atom in the matrix is determined as 0.70 percent using a
GZO ceramic target with 1 wt% Ga2O3 when appliying RF
power of 0.31 W/cm2.
The performance of the optoelectronic devices significantly depends on the atomic homogeneity in the grown
layers and interface characteristics between the up-layer
and substrates. So, SIMS analysis of obtained GZO thin
films with good crystallinity, high transmittance and low
resistance were performed to investigate depth profile.
Depth profiles of the films by SIMS analysis were presented in Fig. 7.
To analyze the interface of GZO/glass, main elements
(Ga, Zn and Si) in the layers were detected by mass spectrometer of SIMS. The measurements showed that Ga is
uniformly distributed in the ZnO film. In addition, it was
seen that the Ga and Zn diffuse into the glass substrates,
and their diffusion depth was increased with increase in
RF power. This may be explained with the influence of the
energetic ions due to the sputtering process. In addition, for
deposited at 100 W, the quantity of Zn atoms was decreased

Fig. 7 Atomic distribution of deposited Ga-doped ZnO films by SIMS depth profile measurement

13

J Mater Sci: Mater Electron (2017) 28:7376–7384

toward the surface site. Also, deposited GZO film at 100 W
has large lattice constant (in Table 1) and highest electrical
resistivity with the others. It may be explained this deposition power was not sufficient to verifying of the compositional stoichiometry. As known, in case off-stoichiometry
GZO films which has Zn vacancies, lattice expansion and
increasing of electrical resistivity can be occurred due to
increasing Coulomb repulsion between neighboring transition metal ions [37]. However, at this power, Ga incorporation into the layer, i.e. Ga atoms substitute Zn atoms,
was achieved as seen depth profile in Fig. 7a. In Fig. 7b,
c, Ga and Zn homogeneity in the layers were very good,
especially prepared at RF power of 200 W. Obtained results
revealed that stoichiometric Ga-doped ZnO thin films were
achieved at 200 W RF sputter power.

4 Conclusion
The influence of RF sputter power on the opto-electrical
and structural properties of Ga-doped ZnO thin films
deposited by RF magnetron sputtering method at RT was
systematically investigated. Changing the deposition power
can be used for tuning of the carrier concentration with
low resistivity of the film was observed. By evaluation of
XRD, XPS, SEM, AFM and SIMS data showed that structural quality, such as crystallinity and stoichiometry, of
the GZO films significantly improved by increasing of RF
sputter power. Surface morphology analysis by AFM and
SEM indicated that surface roughness and grain size of the
GZO films were increased with RF power. It was observed
that the deposited GZO films have high reflectance in
NIR region depending on decreasing resistivity while the
transparency of the films in the visible range was around
80–90%. In addition, the optical band gap energy (Eg)
increased from 3.25 to 3.35 eV with increasing RF power.
The optimum power for deposition Ga-doped ZnO on Si
was considered to be 200 W at low substrate temperature.
At this power, from the Hall measurements, the maximum
carrier (electron) density and mobility were obtained as
4.47 × 1020 cm− 3 and 9.25 cm2/V s, respectively, as well as
reached a minimum resistivity of 2.47 × 10− 3 Ω cm. Therefore, deposited film at 200 W having high concentration
of free electrons was exhibited the highest IR reflectivity
in NIR region. In addition, the deposited GZO film at this
optimum power has largest particle size and highly optical
transmittance (~87%) in visible region. Besides, a strong
UV absorption was also observed for the films. Obtained
opto-electrical results in this work indicated that the deposited GZO thin films sputtered at high RF power can be used
as a transparent conductive oxide (TCO) electrodes for
flexible opto-electrical devices, solar energy utilization and
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low emissivity layers in building and automotive windows
as well as the UV-blocking layers for security in the health.
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