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Detailed investigations on the effect of temperature and
RF power on the optoelectronic properties of gallium
doped zinc oxide thin films suitable for transparent
conducting electrode applications
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Effect of substrate temperature and RF plasma power on the physical and optoelectronic properties of the RF magnetron
sputtered GZO thin films is studied using suitable characterization techniques. 80% transmission is observed in the visible
region and sheet resistance of the film observed to decrease from 2333.0 ohm/γ to 17.4 ohm/γ with increase in substrate
temperature from room temperature to 250°C at 100 W power. Increasing power to 140 W resulted in the film with lowest
sheet resistance of 6.2 ohm/sheet and conductivity of 1.23×1003 S/cm at 250°C substrate temperature. The potential of
GZO as TCE is evaluated using FOM calculations.
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1. Introduction
High bandgap transition metal oxide materials with
suitable doping are extensively used in various
optoelectronic devices as Transparent Conducting
Electrodes (TCEs) due to their moderately high electrical
conductivity and high optical transmission in the visible
region of the electromagnetic spectrum [1,2]. Furthermore,
the transmission and conducting properties of these
materials can be tuned by varying the dopant concentration
[3]. Among various TCE materials, Indium Tin Oxide
(ITO) is the most widely used material in various
optoelectronic devices due to its superior electrical
conductivity and optical transparency. But due to the
scarcity of Indium and its instability in Silane plasma,
especially in the case of thin film silicon solar cell
fabrication by Plasma Enhanced Chemical Vapour
Deposition (PECVD), there is a need to develop
alternative TCE materials [4-8]. Among various
alternatives, ZnO belonging to II-IV group, with a
bandgap of ~3.37 eV and 60 meV of large exciton binding
energy at room temperature [9-11], attracted the attention
by various research groups due to its advantages such as
stability in hydrogen and silane plasma, copiousness and
non-toxic nature made it a viable alternative to ITO. We
have already explored the transparent conducting
properties of ZnO doped with Al (AZO) thin films and
their applications in thin film silicon solar cells as TCE as
well as back reflector [12-14]. Although Aluminium is
extensively used in most of the research works as a dopant
in ZnO, it is more reactive to Oxygen, which may lead to
surface oxidation [15,16], thereby increasing the sheet
resistance and resistivity. As Gallium is very less reactive
to Oxygen, attention is being drawn by researchers to

optimize process parameters for the deposition of Ga
doped ZnO to obtain suitable optoelectronic properties for
various device applications [17,18]. Several techniques
such as Metal-Organic Chemical Vapour Deposition
(MOCVD), sputtering, spray pyrolysis and sol-gel are
suitable for the deposition of Gallium doped ZnO (GZO)
thin films [19-21]. Among all other available techniques,
the films deposited using RF magnetron sputtering exhibit
highly transparent and electrically conducting GZO thin
films. Deposition of large area films at relatively low
substrate temperature and good adhesion to the substrate
are the added advantages of the sputtering technique.
In this particular work, highly conductive and
transparent GZO films are grown by RF magnetron
sputtering technique. The effect of substrate temperature
and RF power on the structural, morphological, optical and
electrical properties is investigated.

2. Experimental details
Transparent and conducting GZO films are deposited
in an Ar atmosphere on Corning (Eagle Xg) glass
substrates using RF magnetron sputtering system.
Substrates are cleaned subsequently in acetone, isopropyl
alcohol and finally in DI water by sonicating in an
ultrasonic bath for 10 minutes each and dried with
Nitrogen blow. A two-inch diameter GZO ceramic target
ZnO (95 wt%): Ga2O3 (5 wt%) purchased from ITASCO,
Korea is used for sputtering. Prior to deposition, the
sputtering chamber is evacuated to 4×10-6 mbar using a
rotary and diffusion pump combination to avoid oxygen
and other contaminations if any during deposition. The
working pressure is maintained at 0.01 mbar with a
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constant Ar flow of 30 sccm. The substrate temperature is
varied from R.T to 250oC and the RF power is maintained
at 100 W (4.94 W/cm2). Effect of RF power on the film
properties is also discussed. Substrate temperature
(250oC), Argon flow rate (30 sccm), process pressure
(0.01mbar) are kept constant. Various powers (power
density) used for the GZO film deposition are 80 W (3.95
W/cm2), 100 W (4.94 W/cm2), 120 W (5.92 W/cm2) and
140 W (6.92 W/cm2).
The structure and crystalline nature of these films are
explored by Seifert Analytical X-Ray diffractometer
(XRD) using Cu–Kα radiation with a wavelength of
0.15418 nm. The XPS spectra of the thin films are
recorded using a PHI Model 5700 Multi-Technique system
(monochromatized Al Kα at ν = 1486.7 eV). The thickness
of the thin films is measured using a stylus profilometer
(Dektak XT, Bruker). Electrical properties are evaluated
using the Hall measurement system (HMS 5000, Ecopia).
Optical transmission spectra are recorded using a UVVisible spectrophotometer (Lambda 35, Perkin Elmer).
The surface morphology and roughness of the thin films is
analysed by field emission scanning electron microscope
(FESEM) (Gemini, Zeis) and atomic force microscope
(AFM) (Dimension V SPM, Veeco) respectively.

the c-axis [22] whereas the film deposited at RT is
amorphous in nature.

3. Results and discussion
The XRD pattern of GZO thin films deposited at
various substrate temperatures is shown in Fig. 1. It is
clearly shown that all the samples deposited at different
temperatures exhibit a strong peak corresponding to (002)
at 2θ~34o except for the film deposited at room
temperature. The films are polycrystalline in nature,
revealing the hexagonal wurtzite structure oriented along

Fig. 1. XRD Pattern of GZO Thin Films Deposited at Various
Substrate Temperatures with 100W RF power (color online)

Table 1. Structural Properties of GZO Thin Films Deposited at Different Substrate Temperatures with 100W RF Power
Substrate Temperature
(oC)

FWHM
(o)

R.T
100
150
200
250

-0.397
0.299
0.275
0.258

Crystallite
Size
(nm)
-21.88
28.99
31.60
33.65

We observe that the Bragg angle shift towards higher
angles is observed with the increase of substrate
temperature. As the substrate temperature increased, the
peak intensity corresponding to the (002) plane increased
considerably, due to the improvement in the crystallinity
of the deposited films. The crystallite size calculated using
the Sherrer formula,
0.9 𝜆

𝐷 = 𝛽 𝐶𝑜𝑠 𝜃
The crystallite sizes of the films deposited at 100°C,
150°C, 200°C and 250°C are 21.88 nm, 28.99 nm, 31.6
nm and 33.65 nm, respectively. Along with the crystallite
sizes, the value of ‘c’ in hexagonal wurtzite structure is

“d”
(Å)

“c”
(Å)

“a”
(Å)

V
(Å)3

-2.63
2.62
2.62
2.62

-5.26
5.24
5.24
5.24

-3.22
3.21
3.21
3.21

-47.13
46.82
46.82
46.70

calculated using the formula from the XRD data of (002)
plane,
1
4 ℎ2 + ℎ𝑘 + 𝑘 2
𝑙2
=
⌊
⌋
+
𝑑2 3
𝑎2
𝑐2
and the value of ‘a’ calculated from the c/a ratio (1.633).
From these values, the volume of the cell was calculated
using the formula,
V = 0.866 a2c
All these observed and calculated values of the GZO
film deposited at different temperatures are given in table
1. In addition to the improvement in crystallite size, the
cell volume of the ZnO hexagonal wurtzite structure
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decreases with an increase in the substrate temperature.
Hence it is proved that the substrate temperature plays an
important role in the development of polycrystalline thin
films using the sputtering technique. XRD patterns of the
deposited films at different RF powers are shown in Fig. 2
and the FWHM and crystallite size calculated from the
Scherrer formula and the other cell parameters such as ‘a’,
‘c’ and ‘V’ are given in Table 2.

Fig. 2. XRD Pattern of GZO Thin Films Deposited at Various
RF Powers at 250°C (color online)

Table 2. Structural Properties of GZO Thin Films Deposited at Different RF Power with 250°C Substrate Temperature
RF Power
(W)
80
100
120
140

FWHM
(o)
0.208
0.275
0.241
0.297

Crystallite Size
(nm)
41.78
31.60
34.35
29.21

“d”
(Å)
2.62
2.62
2.60
2.61

“c”
(Å)
5.24
5.24
5.21
5.22

“a”
(Å)
3.20
3.20
3.19
3.19

V
(Å)3
46.70
46.70
46.08
46.22

The deposited films are polycrystalline with
hexagonal wurtzite structure and oriented along c-axis
perpendicular to the substrate, exhibiting a single peak at
2θ ~34o corresponding (002) plane. The crystallinity of the
GZO film does not show any consistent result with the RF
power. Initially, the increase in the RF power favours the
reduction in cell volume up to 120 W finally it slightly
increased to 46.22 (Å)3 at 140W with increasing the RF
power. This may be due to the rapid nucleation at the
surface due to higher RF power.
XPS spectra of GZO thin films deposited using the RF
magnetron sputtering technique are shown in Fig. 3. The
peaks related to Zn2p3/2, Zn2p1/2, oxygen O1s, Ga2p are
observed. The peaks at binding energies of 1021.4 eV and
1044.5 eV correspond to Zn 2p3/2 and
Zn2p1/2,
respectively. The existence of a peak at a binding energy
of 530.4 eV represents Oxygen O1s whereas the peaks at a
binding energy of 1144.6 eV and 1117.8 eV confirm the
presence of Ga2p1/2 and Ga2p3/2 [23]. This figure is
representative of all the samples and is only used to
confirm the existence of the constituent elements.

Fig. 3. XPS Spectra of GZO Thin Film deposited at 250°C
and 100W power (color online)
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2D and 3D AFM images of the GZO films deposited
at R.T, 100°C, 150°C, 200°C and 250°C are shown in
Figure 4. The Root Mean Square (RMS) roughness of the
GZO films at room temperature is 4.83 nm and films
deposited at higher temperatures is in the range of 13 nm
to 20nm.

At 150°C, the RMS roughness increased to a
maximum value of 20.1 nm which may be due to the
abrupt clustering of grains leaving behind a relatively
rough surface. Beyond this temperature, due to grain
coalescence, the surface roughness decreased to 17 nm
leaving relatively smoother surfaces. From the results, it is
evident that roughness is sensitive to the substrate
temperature.

Fig. 4. AFM Image of GZO Thin Films Deposited at (a) R.T, (b) 100°C, (c) 150°C (d) 200°C and (e) 250°C with 100W RF Power
(color online)
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The AFM images of the GZO films deposited at
different RF powers are shown in Fig. 5. The 2D and 3D
image of each sample obtained from the AFM are given
for better understanding. The RMS roughness of the film
deposited at 80, 100, 120 and 140 Watts are 7.7, 17.0, 24.0
and 33.2 nm respectively. It can be seen from the figure,
the surface roughness increases with an increase in the RF
power. An increase in RF power yields columnar growth
leading to the formation of larger grains, thereby
increasing the surface roughness by a small fraction. This
can be explained based on the trade-off between the rate of

film deposition and simultaneous damage of film surface
by sputtered ions.
At lower RF power, the rate of film deposition
prevails the incident sputtered ions bombardment of the
film surface. Hence, we obtain a relatively smoother
surface. When the RF power is increased, high energy
incident ions outruns the rate of film deposition. This
causes an increase in surface damage, thereby forming a
slightly rough surface [24].

Fig. 5. AFM Image of GZO Thin Films Deposited at Different RF Powers: (a) 80 W, (b) 100 W, (c) 120 W and (d) 140 W
with 250°C Substrate Temperature (color online)
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The FESEM image of the GZO film deposited at
various temperatures is given in Fig. 6. The surface
morphology of the films deposited at R.T having particle
kind of feature grown over the surface of the substrate.
During sputter deposition, the film deposited at room
temperature, the atoms and molecules are directly
nucleated on the substrate and then grow into islands so
that the ZnO molecules are more strongly bound to each
other than to the substrate. This is because the energy of
the sputtered species in the plasma is higher than the
surface energy of the substrate. Volmer–Weber kind of
growth takes place during this low temperature deposition
and this results in an individual cluster kind of thin film
[25]. As the substrate temperature increases, the

coalescence improves and the more continuous film is
observed. The surface morphology of all GZO films
except for GZO deposited at RT shows dense and compact
surface features. The dense surface morphology of the
films deposited at an elevated substrate temperature is due
to the better surface interaction between the surface and
the sputtered species.
FESEM images of the GZO thin films deposited at
different RF power are given in Fig. 7. It is evident from
the figure, the dimension of the hills and valleys become
larger with increasing the RF power, which is in
accordance with the RMS roughness obtained from the
previous AFM study.

Fig. 6. FESEM Image of GZO Thin Films Deposited at (a)R.T, (b)100°C, (c)150°C, (d)200°C and (e)250°C with 100W RF Power
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Fig. 7. FESEM Images of GZO Thin Films Deposited at Different RF Power: (a) 80 W, (b) 100 W, (c) 120 W and (d) 140 W
with 250°C Substrate Temperature

The optical transmission spectra of the deposited GZO
thin films are shown in Fig. 8. The overall transmission of
the GZO films deposited at various substrate temperatures
exhibits an average of 80% transmission in the visible
region. At higher wavelengths, the transmission of the
films deposited at a lower substrate temperature is more
than the film deposited at higher substrate temperature.
This is due to the increase of free electron concentration at
high temperature deposited films and an increase in
absorbance.

The bandgap (calculated from Tauc’ plot) of the films
deposited at R.T and 100°C are 3.24 eV and 3.25 eV,
respectively and other films deposited at 150°C, 200°C
and 250°C are ~3.39 eV. There is a slight variation in the
transmission spectra of films deposited at 150°C, 200°C
and 250°C temperatures but their band edge is similar in
all cases. At higher deposition temparatures, larger amount
of energy is deleiverd to the growing film resulting in
reduction of structural light absorbing defetcts near the
absorption edge, there by increasing the optical bandgap of
the film.
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Fig. 8. (a) Transmission Spectra and (b) Bandgap Calculated
from Tauc’s Plot of GZO Thin Films Deposited at Different
Substrate Temperatures with 100W RF Power (color online)

Fig. 9. (a) Transmission Spectra and (b) Bandgap Calculated
from Tauc’s Plot of GZO Thin Films Deposited at Different RF
Power with 250oC Substrate Temperature (color online)

The transmission spectra of the GZO film deposited at
different RF powers obtained from the UV-Vis
spectrophotometer are presented in Fig. 9 (a). The average
transmission of the films decreased with an increase in RF
power. This is due to the increase in the thickness of the
film. From Fig. 9 (b), the bandgap of the films calculated
from the Tauc’s plot are 3.33, 3.39, 3.30 and 3.42 eV for
the RF power 80, 100, 120 and 140 Watt, respectively.
The thickness of the deposited GZO films is measured
by a stylus profilometer. The film thickness is low at low
substrate temperatures. With increasing the substrate
temperature, the deposition rate increased to 6.84 nm/min
at 150°C, with further increase in temperature the
deposition rate is slightly reduced. The low thickness at
lower substrate temperatures may be due to the poor
surface adherence and re-sputtering from the substrate
surface, the thickness increases with an increase in the
temperature. Above 150°C the coalescence between the
sputtered species at the substrate increases and packing of
the film also increases as observed from the FESEM
images.

The electrical properties of the GZO films such as
carrier concentration, sheet resistance, resistivity,
conductivity are improved with an increase in the substrate
temperature (Table 3). The pure ZnO film has very high
sheet resistance and poor conductivity as reported earlier
[26]. The carrier concentration of pure ZnO is in the order
of 1017 cm-3 and by doping got increased to ~1018 cm-3 for
the film deposited at the room temperature and to ~1020
cm-3 at 250oC. The sheet resistance reduced from 2.3 K
Ω/□ to 17.4 Ω/□, resistivity reduced from 1.15×10 -01 Ω-cm
to 1.49×10-03 Ω-cm and the conductivity increased from
8.65 to 6.67×1002 S/cm. The increase in surface
temperature causes the reduction in structural defects and
grain boundaries which yields an increase in conductivity.
Increasing the RF power increases the sputtering
yield, which causes an increase in the thickness of the
GZO film. The electrical properties of GZO thin films
analysed using the Hall measurement system and the
results are given in Table 4.
The carrier concentration of the GZO thin film
increased from ~1019 to ~1021 cm-3 with the RF power
increased from 80 W to 140 W. The carrier concentration
of the film deposited at 80 W is 6.54×10 19 /cm3with a
mobility value of 75.7 cm2/V.s and the carrier
concentration is increased to a maximum value of
1.05×1021 /cm3 for 140 W with the minimum mobility of
7.3. The decrease in mobility may be due to the increase in
carrier concentration.
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Table 3. Electrical properties and FOM of GZO thin films deposited at different substrate temperatures with 100W RF power
Substrate
Temperature
(oC)
RT
100
150
200
250

Carrier
Concentration
(cm-3)
2.21×1018
3.33×1019
4.98×1019
3.36×1019
1.33×1020

Sheet
Resistance
(Ω/□)
2333.0
231.9
143.6
62.6
17.4

Conductivity
(S/cm)

Mobility
(cm2/V.s)

8.65×1000
1.56×1002
1.39×1002
3.21×1002
6.67×1002

24.4
29.3
17.4
59.4
31.3

Dep.
Rate
(nm/min)
4.34
5.17
6.84
6.69
6.43

FOM
(Ω-1)
3.25×10-4
3.49×10-3
5.22×10-3
1.24×10-2
4.31×10-2

Table 4. Electrical properties and FOM of GZO thin films deposited at different RF power with 250oC substrate temperature
Power
(W)
80
100
120
140

Carrier
Concentration
(cm-3)
6.54×1019
1.33×1020
2.55×1020
1.05×1021

Sheet
Resistance
(Ω/□)
25.0
17.4
15.8
6.2

Conductivity
(S/cm)

Mobility
(cm2/V.s)

7.94×1002
6.67×1002
6.01×1002
1.23×1003

75.7
31.3
14.6
7.3

The lowest sheet resistance of 6.2 Ω/γ is obtained at
140 W with high carrier concentration which is suitable
for TCE applications in various optoelectronic devices
[27].
The figure of merit (FOM) value of transparent
electrode, as suggested by Haccke [26, 28], provides
useful information for comparing the performance of
transparent conducting electrodes when their optical
transmission and electrical sheet resistance are known. It is
calculated using the equation, φTC = T10/RS. FOM of GZO
thin films deposited at different substrate temperatures and
RF power is given in Table 3 and Table 4, respectively.
The lowest value (0.3x10-3 Ω-1) of FOM was observed in
the GZO film deposited at room temperature and increased
with an increase in the substrate temperature. This
increment in FOM is due to the decrease in sheet
resistance of the GZO film with increasing the substrate
temperature. A maximum of 43x10-3 Ω-1 is obtained with
the substrate temperature of 250°C. The FOM of GZO
film deposited at 80 W is 31x10-3 Ω-1, increased to
125x10-3 Ω-1 for the film deposited at 140 W. This is again
due to the decrease in sheet resistance of the GZO thin
film with the increase in RF power.

Dep.
Rate
(nm/min)
4.75
6.43
7.91
10.07

FOM
(Ω-1)
3.12×10-2
4.31×10-2
4.17×10-2
1.25×10-2

analysed using AFM and FESEM. The RMS roughness
varied between 4.83 nm and 20.1 nm with the increase of
substrate temperature and increased from 7.7 nm to 33.2
nm by increasing the RF power from 80W to 140 W.
Transmission property of the films studied using UVVisible spectrophotometer and the observed transmission
is more than 80% in the visible region which increases
with an increase in the substrate temperature and decreases
with an increase in the RF power. The deposited GZO thin
films have a wide bandgap of more than 3.3 eV, calculated
using Tauc’s plot. The most important electrical
parameters such as carrier concentration, sheet resistance,
resistivity, conductivity and mobility are obtained from the
Hall measurement system. GZO thin films with more than
85% transmission, 6.2 Ω/□ sheet resistance and 8.13×10 -04
Ω cm resistivity is achieved. The optimised GZO thin
films deposited by RF magnetron are suitable for TCE and
back reflector applications in thin films solar cells.
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