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Abstract. ZnO thin films were prepared by chemical vapour transport method in inductively coupled plasma (ICP). The
films were synthesized at different substrate positions and various oxygen/argon ratios. X-ray diffraction (XRD) revealed
that all the synthesized films at different positions are mixture of hexagonal ZnO and hexagonal Zn phases. The relative
peak integrated intensity (RPII) of the ZnO phase is 83.6, 25.3 and 45.3%, for positions 1, 2 and 3, respectively.
Morphology of ZnO films was found to be sensitive to substrate position. Flat flakes, bended nanowires (NWs) and
nanoparticles morphologies are observed for positions 1, 2 and 3, respectively. The sample synthesized at 1 is stoichiometric, whereas the samples prepared in positions 2 and 3 are sub-stoichiometric. The films prepared at positions 1
and 3 have relatively high transmittance and low reflectance values, whereas the film prepared at position 2 has low
transmittance and high reflectance. The ZnO film prepared at position 2 is hydrophobic with water contact angle of 112.2°,
which can be used as self-cleaning coating. For ZnO films prepared with various O2 ratios, the RPII was 83.2, 88.0, 96.4
and 100% for films prepared with 10, 20, 30 and 40%, respectively. With increasing O2 ratio, the nanograins became
bigger and the stoichiometry improved. The transmittance and optical bandgap increased, whereas the reflectance and
refractive index decreased with increase in O2 ratio. The ZnO film synthesized with 30% O2 ratio has the highest figure of
merit (FOM) value; thus, this film may be considered as the best ZnO film for transparent conducting coating applications.
Keywords. ZnO films; chemical vapour transport; inductively coupled plasma; wettability; optical properties; transparent
conducting coating.

1.

Introduction

Currently much consideration has been given to ZnO thin
films due to its potential uses in many applications, such as
transistors [1], photodetector [2], sensor [3], photovoltaic
and photocatalysis applications [4], solar cells [5], etc. In
addition, ZnO films are characterized by a wide-bandgap
(3.37 eV), abundance in nature and great exciting binding
energy of 60 meV [6]. On the other hand, ZnO films have
found great interest as transparent conducting oxides
(TCOs) for solar cells and flat panel display applications
[7,8], because of its high optical transmittance over wide
spectrum range, low electrical resistance and low financial
cost [8].
The optical transmittance and electrical resistance of ZnO
films depend on the preparation method, atomic arrangements, the presence of intentionally or introduced defects
and metal cations in their structures [8]. In recent years,
numerous works have been carried out to improve the TC
properties of ZnO films in order to replace In2O3-doped
SnO2 (the most used TCO material), because of the scarcity
issue as well as instability issues [8,9]. The most popular

method to improve the TC properties of ZnO films is the
doping by single element or more; however, doping has the
disadvantage of narrowing the bandgap and reducing the
transmittance [9–12].
The wettability is an important property for the ZnO film
surface. When the water contact angle is less than 90°, the
film surface is called hydrophilic and when the water contact angle is higher than 90°, the film surface is called
hydrophobic. The hydrophobic ZnO coatings are water
repellent and can be used for self-cleaning surfaces, as in
case naturally happening on lotus leaves [13–22]. In the last
decades, the ZnO self-cleaning coatings have been commercialized for numerous applications, such as self-cleaning windows [15,16], anti-reflective and transparent solar
panel coatings [17,18], coatings for architectures and selfcleaning automobiles [19], electronic devices [20], anti-biofouling paints for boats [21] and solar absorbing surfaces
[22].
Many preparation methods have been used to synthesize
ZnO films for self-cleaning and transparent conductive
applications. The chemical vapour deposition (CVD)
method has the advantage of that the reactive gases and
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In this study, nanostructured ZnO films were synthesized
using ICPCVT at various substrate positions and various
oxygen ratios without using external source of heating. The
structure, morphology, electrical, wettability and optical
properties of the synthesized films were examined. An
illustration of the best ZnO film to be used in self-cleaning
and transparent conducting coatings is given.

2.

Experimental

2.1

Figure 1. XRD patterns of ZnO thin films synthesized at various
sample positions. D refers to ZnO peaks and * refers to Zn peaks.

the evaporated species undergo homogeneous chemical
reactions before they being deposited on the substrate.
Plasma enhanced chemical vapour deposition (PECVD) is
characterized by the fact that it produces thin films with
the lowest possible strains and it does not require high
temperatures [23]. The inductively coupled plasma chemical vapour transport associates with the advantages of
both the PECVD and magnetron sputtering, because of the
homogeneity of the chemical reactions in the plasma
before being deposited on the substrate and the high
deposition rate [24]. Therefore, in this study, the inductively coupled plasma chemical vapour transport
(ICPCVT) was used to synthesize ZnO films without any
substrate heating.

Synthesis of polycrystalline ZnO films

ZnO thin films were synthesized on microscope glass
slides and Au-coated Si (100) wafers via ICPCVT. A
schematic of the experimental set up can be found in
reference [24]. Prior to the syntheses process, the substrates were cleaned using an ultrasonic apparatus in
acetone bath for 30 min. The ICPCVT system consists of a
horizontal quartz tube (length = 50 cm and inner diameter
= 3.5 cm), which was evacuated to a base pressure of 3.85
mTorr via a rotary pump. In the centre of the plasma
creating tube, a water-cooled copper inductive coil has
been settled. Terminals of this copper coil were connected
to a radio frequency (RF) power generator via a matching
network. The plasma was established by RF power operated in continuous mode of frequency 13.56 MHz. The
ZnO films were deposited without using any external
source of heating at fixed both plasma processing power
and time equals to 400 W and 8 min, respectively. A
99.99% pure Zn metal granules target was centred in the
RF coil directly on the quartz tube.
The synthesis process was achieved using mixture of
argon (Ar) as a carrier gas and oxygen (O2) as a reactive
gas. Two different groups were synthetized. The first group
was synthetized at different substrate positions of -6, 5 and
8 cm with respect to centre of the coil (the middle of Zn
granules). The Ar and O2 flow rates were controlled individually to maintain the total gas pressure of 61.54 mTorr
with 40 mTorr partial pressure for Ar and 17 mTorr partial
pressure for O2 (30% O2 and 70% Ar). The temperatures at
the centre of the coil (centre of the plasma) and at every
substrate position were recorded using TROTEC TP9 multimeasure infrared thermometer.

Table 1. Chemical composition (at%), temperature at the sample position, crystallite size (D), thickness (d), surface roughness (Ra) and
surface energy of ZnO films synthesized at various positions.
Chemical composition
(at%)
Substrate position
Position 1
Position 2
Position 3

Zn

O

ZnO

T (°C)

D (nm)
±1

d (nm)

Ra
(nm)

Eg (eV)
±0.02

n (at 550 nm)
±0.01

Surface energy
(mJ m–2)

48.89
66.46
54.66

51.11
33.54
45.34

ZnO1.04
ZnO0.50
ZnO0.83

118
186
81

19
26
5

566
1012
439

25
79
13

3.22
1.05
2.98

1.92
2.62
2.09

34.6
9.9
43.3
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Intensities of XRD and relative texture coefficients of the Zn and ZnO phases for samples synthesized at various positions.
Position 1

Position 2

Position 3

(hkl)

I0a

I

TC(hkl)

I

TC(hkl)

I

TC(hkl)

(100)
(002)
(101)
*(100)
*(101)
(102)
*(102)
(110)
(103)
(200)
(112)
(201)
*(103)
*(110)
(004)
(202)
*(112)
*(200)
*(201)
(203)

575
415
999
40
100
204
28
279
229
35
190
93
25
21
14
28
23
5
17
50

235
792
432
36.7
150
80
16
124
118.7
8.3
49.5
11

0.495
2.305
0.52
1.108
1.812
0.474
0.69
0.537
0.626
0.286
0.315
0.143

22.02
18.13
168.9
122.4
489.6
7.2
59.26
8
5.63

0.0374
0.0427
0.1652
2.9913
4.7852
0.0344
2.0682
0.0280
0.0240

2.29

0.2076

1.54
1.25
2.13

0.0734
1.4897
1.0153

1.75
1.22

0.2990
0.2539

4.3

0.0221

10.3
17
6.4
12

0.598
1.46
0.276
0.63

38.9
39.1

1.5206
1.8195

1.02

2.3154

1.6788

0.426
0.26

0.1839
1.6626
1.0749
1.5808
0.0703

0.81

6
10.8

5.27
39.13
5.5
27.5
3.6

a

From JCPDS Card no. 79-0208; symbol * refers to Zn.

The second group was synthetized at -6 cm position
with various O2 gas flow ratios of 10, 20, 30 and 40%
with respect to the total gas pressure, which was fixed at
61.54 mTorr.

2.2

sheet resistance (Rs) was calculated by dividing the
resistivity (in X cm) by the film thickness (in cm). The
wettability was evaluated by determining the water contact angle. The measurements were carried out using
PHONIX-300 contact angle meter.

Sample characterizations

The crystal structure of the ZnO films synthesized on
glass substrates was achieved using X-ray diffraction
appliance (Bruker D8 ADVANCE diffractometer) operated at 40 mA and 40 kV with Cu–Ka1 radiation (k =
1.54056 Å). The data were collected in h–2h scan mode
between 20 and 90°.
The surface morphology of the ZnO films synthesized
on Si(100) substrates was examined using scanning
electron microscope (SEM; QUANTA FEG 250). The
chemical composition was estimated via energy dispersive
analyses of X-ray (EDAX) unit. The thickness (d) and
surface roughness (Ra) were recorded using profilometer
of type Form Talysurf 50. The reflectance (R%) and
transmittance (T%) data were recorded on glass substrates
using Jasco V-670 UV–Vis–NIR double beam spectrophotometer. The room temperature electrical resistance
was recorded using the two-probe method. The resistivity
(q) was calculated from the equation ¼ RA
L , where A is the
2
cross-sectional area (cm ) and L the length (cm). The

3.
3.1

Results and discussion
Effect of synthesis position

The structure of ZnO thin films synthesized at various
positions of the reactor tube was analysed using XRD
examinations and presented in figure 1a–c. The films
prepared at positions 1 and 2 are well crystalline materials with high peak intensities, while the film prepared at
position 3 has low intensity. This can be ascribed to the
lower substrate temperature at position 3 and the lower
amount of the deposited material (see table 1). All the
films at different positions are in polycrystalline nature
and can be indexed to hexagonal ZnO (JCPDS Card no.
79-0208) and hexagonal Zn (JCPDS Card no. 04-0831)
mixed crystallographic phases. The relative peak integrated intensity (RPII) of the ZnO crystallographic phase
is evaluated using RPII ¼ I ZnO =ðI ZnO þ I Zn Þ, where I signifies the intensity of the highest peaks of ZnO and Zn.
The evaluated RPII of ZnO crystallographic phase in the
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SEM images with low and high magnifications of ZnO thin films synthesized at various sample positions.

mixed phases is 83.6, 25.3 and 45.3%, for positions 1, 2
and 3, respectively. This indicates that ZnO phase is the
main phase formed at position 1, while it is lower at
position 2.

The samples prepared in position 1 showed maximum
intensity peak around 2h = 34.46° with the (002) plane of
the hexagonal ZnO phase, which infers that the structure is
preferentially oriented in (002) plane. This agrees well with
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Figure 3. An example of the EDAX spectrum of ZnO film
prepared at position 2.

Figure 5. ðahmÞ2 vs. hm plots of ZnO thin films synthesized at
various sample positions.

Here I(hikili) refers to the intensity of the (hikili)
peak obtained from the measured XRD sample, Ir(hikili)
refers to the intensity of the corresponding (hikili) of
diffraction peak of the JCPDS Card no. 79-0208 and
M refers to the number of diffraction peaks. It is
known that (hikili) plane is preferentially orientated
when TC(hikili) is more than 1. The TC(hikili) at
position 1 has the highest value for ZnO (002) plane
(table 2). As the dominant phase for positions 2 and 3
changes to Zn, the TC(hikili) changes to Zn(101) and
Zn(100) planes, respectively.
The crystallite size (D) is calculated from Scherrer’s
equation:
D¼
Figure 4. The optical transmittance (T) and reflectance (R) of
ZnO thin films synthesized at various sample positions.

texture coefficient TC(hikili) values calculated from equation (1) [25] and listed in table 2.
!1


M
Iðhi ki li Þ
1X
Iðhi ki li Þ
ð1Þ
TCðhi ki li Þ ¼
I r ðhi ki li Þ
M i¼1 I r ðhi ki li Þ

0:94k
b cos hc

ð2Þ

Here b is the full-width at half-maximum of the peak and
hc refers to the centre of the peak. The D-values are listed in
table 1. It is observed that films deposited at different
positions have different crystallite size and as the sample
moves away from the coil, the crystallite size decrease.
Figure 2a–f shows SEM images with low and high
magnifications. The surface morphology of the sample
prepared at position 1 (figure 2a and b) resembles flat flakes,
with clear grain boundaries. The average flake diameters are
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Figure 6. Variations of refractive index (n) and extinction
coefficient (k) as functions of wavelength for ZnO films synthesized at different sample positions.

Figure 7. Dependence of the water contact angle and droplet
profile on sample position.

in the range 150–550 nm. There are small particles distributed over the surface of the flakes with average diameter
of 30 nm. The sample synthesized at position 2 (figure 2c
and d) has bended NWs morphology. The NWs diameters
are in the range 90–500 nm and the lengths extends to more

Bull. Mater. Sci. (2021)44:82

Figure 8. The change in temperature at the substrate position 1
and at the centre of the coil for various O2 ratios.

than 2.5 lm. The sample prepared at position 3 (figure 2e
and f) has nanoparticles morphology with diameters in the
range 8–30 nm.
Figure 3 presents an example of the EDAX spectrum
of ZnO film prepared at position 2. Four peaks are
observed in the spectrum, which are identified as
oxygen and zinc. The calculated elemental ratios for
ZnO samples synthesized at various positions are
summarized in table 1. Within the error bars (10%) of
the EDAX analysis, the sample synthesized at position
1 is stoichiometric, whereas the samples prepared at
positions 2 and 3 are sub-stoichiometric. This may be
due to its proximity to the centre of the coil, where a
large amount of zinc arrives in a short time, which
reduces the opportunity to react with the available
oxygen.
The optical transmittance (T) and reflectance (R) of the
prepared films at different positions are presented in
figure 4a and b. The transmittance of the samples prepared at positions 1 and 3 is relatively high, but low
compared to the previously reported values for the prepared ZnO films, for example, by dc or RF sputtering
[26,27]. This can be ascribed to the presence of oxygendeficient ZnOx (sub-stoichiometric) oxide. The higher
surface roughness and the lower oxygen content of the
film prepared at position 2 make the transmittance very
low. It has been reported that the sub-stoichiometric ZnO

Bull. Mater. Sci. (2021)44:82
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film’s position of preparation. The sample at position 2 has
the highest n and k values due to the presence of higher Zn
interstitial atoms and O2 vacancies [29,31]. However, they
are in good agreement with the n and k values of ZnO
obtained by thermal oxidation of zinc thin films and nitrided
by an inductively coupled RF plasma [33].
Figure 7 shows the dependence of the water contact
angle and droplet profile on sample position. The ZnO
films synthesized at positions 1 and 3 are hydrophilic,
whereas the film prepared at position 2 is hydrophobic.
As ZnO film surface is hydrophilic, the droplets of water
can quickly wet the surface and may accumulate dust
particles, whereas on the hydrophobic surface, the water
droplets can roll, carrying dust particles with them, so
they make self-cleaning [13]. The higher water contact
angle of the film prepared in position 2 may be ascribed
to higher surface roughness and the low surface energy as
presented in table 1 [13,14].

3.2

Figure 9.
ratios.

XRD patterns of ZnO films prepared with various O2

films are strongly thickness dependent and thereby a
relatively thick film gives low transmittance [28,29].
Moreover, the reflectance of the films behaves in opposite
manner of the transmittance. The film prepared at position 2 has the highest reflectance values due to the
presence of more Zn metallic atoms.
The optical bandgap (Eg) was calculated from Tauc
equation [30] by assuming direct transitions and utilizing
the absorption coefficient (a), as presented in figure 5. The
obtained values are 3.22, 1.05 and 2.98 eV, for samples
prepared at positions 1, 2 and 3, respectively. It is known
that the bandgap of ZnO is affected by crystallite size,
lattice strain, Zn interstitial atoms, carriers concentration,
O2 vacancies and defects [29,31,32]. The obtained values at
positions 1 and 3 are comparable to the reported values
(2.41–3.17 eV) for ZnO thin films obtained by electron
beam evaporation and annealed at various temperatures
[33].
The variations of refractive index (n) and extinction
coefficient (k) as functions of wavelength for ZnO films
synthesized at different positions are shown in figure 6a and
b. Observably the n and k values depend strongly on the

Effect of oxygen ratio

Figure 8a and b shows the change in temperature at the
substrate position 1 and at the centre of the coil for various O2 ratios. In both cases, the temperature increases
with increase in O2 ratio. It is known that oxygen plasma
contains negative ions, and as oxygen is an electronegative gas, some oxygen atoms will adsorb electrons to
form additional negative oxygen ions [34]. These negative oxygen ions are accelerated through the plasma
sheath and acquire high energy [35], thereby lead to
elevate the temperature at the centre of the coil and at the
substrate position 1.
XRD patterns of ZnO films prepared with various O2
ratios are presented in figure 9a–d. The patterns indicate
that O2 ratio affect the crystal phase structure of the synthesized ZnO films. The film prepared with 10% O2 has
polycrystalline nature with various diffraction peaks. These
diffraction peaks are indexed to mixed crystalline phases of
hexagonal ZnO (JCPDS Card no. 79-0208) and hexagonal
Zn (JCPDS Card no. 04-0831). The RPII of ZnO phase is
83.2%. As the oxygen ratio increases, the intensities of the
Zn peaks decreased and disappeared at O2 ratio of 40%. The
RPII of ZnO phase are 88.0, 96.4 and 100% for films prepared with 20, 30 and 40%, respectively. This concludes
that improved crystallization and reduced defects are
achieved with an increased O2 ratio. The calculated texture
coefficient P(hikili) values, from Harris analysis (equation
1), are presented in table 3. The values of texture coefficient
of the index (002) plane is the greatest and therefore it is the
preferentially oriented. This ascribed to the lower surface
energy reported for (002) orientation, which makes it
thermodynamically suitable [36,37]. The P(hikili) values
mainly increase with increase in the O2 ratio. The crystallite
sizes obtained (002) reflection peak using Scherrer equation
(2) are listed in table 4. The crystallite size of ZnO films
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Intensities of XRD and relative texture coefficients of the Zn and ZnO phases for ZnO films prepared at various O2 ratios.
10% Oxygen

20% Oxygen

30% Oxygen

40% Oxygen

(hkl)

I0a

I

TC(hkl)

I

TC(hkl)

I

TC(hkl)

I

TC(hkl)

(100)
(002)
(101)
*(100)
*(101)
(102)
*(102)
(110)
(103)
(200)
(112)
(201)
*(110)
(004)
(202)
*(112)
*(201)
(203)

575
415
999
40
100
204
28
279
229
35
190
93
21
14
28
23
17
50

235
792
432
36.7
150
80
16
124
118.7
8.3
49.5
11
10.3
17
6.4
12
6
10.8

0.495
2.305
0.52
1.108
1.812
0.474
0.69
0.537
0.626
0.286
0.315
0.143
0.598
1.46
0.276
0.63
0.426
0.26

58.7
299.7
93.4
8.1
19.1
20.24
2.2
13.6
33
2.3
11

0.6257
4.4268
0.5731
1.2413
1.1708
0.6081
0.4816
0.2988
0.8833
0.4028
0.3548

26.49
258
22.25

0.3697
4.9892
0.1787

163
1061
17.8

0.5296
4.7514
0.0331

4
5

0.3210
0.1966

5.8

0.0528

3.2
8.6

0.0920
0.3013

3.4

0.1436

10
9
4.4

0.0811
0.4778
0.0430

5.4
2
2.4

2.3644
0.4378
0.6396

4.2

2.4075

15

1.9912

4

0.4903

a

From JCPDS Card no. 79-0208; symbol * indicates Zn.

Table 4. Chemical composition (at%), crystallite size (D), thickness, surface roughness (Ra) and surface energy of ZnO films synthesized at O2 ratios.
Chemical composition (at%)
O2%
10
20
30
40

Zn

O

ZnOx

Thickness (nm)

Ra (nm)

D (nm)

Eg (eV)

n (at 550 nm)

Surface energy
(mJ m–2)

53.56
53.47
48.89
48.51

46.44
46.53
51.11
51.49

ZnO0.867
ZnO0.870
ZnO1.04
ZnO1.06

602
630
566
514

33
46
44
31

17
18
19
30

3.06
3.13
3.15
3.23

2.19
2.48
2.01
1.64

50.5
46.1
39.8
34.6

increases with the increase in O2 ratio. When the O2 ratio is
40%, the ZnO film has larger crystallite size, which designates an improved crystalline quality.
SEM images of ZnO films synthesized at various O2 flow
ratios are shown in figure 10a–h. Films prepared with 10%
O2 (figure 10a and b) show nanoparticles with polycrystalline nature and clear boundaries. The nanoparticles have
average diameters of 95–700 nm. Increasing the O2 ratio to
20%, the particles become larger and resembles flakes-like
structure. The average diameters of the flakes are in the
range 250–1050 nm. Increasing the O2 ratio to 30% and
then to 40%, mixed small and big particles are observed.
The average diameters of the smaller particles are in the
range 30–70 nm.
The chemical composition of ZnO films synthesized at
various O2 ratios are evaluated using EDAX analysis, as
seen in figure 11a–c. The O and Zn atomic elemental percentage ratios are presented in table 4. Sub-stoichiometric

ZnO films are formed at the O2 ratios of 10 and 20%, while
almost stoichiometric films are formed at higher O2 ratios.
The optical transmittance and reflectance of ZnO films
prepared at various O2 ratios are presented in figure 12. It is
observed that transmission spectra of the ZnO demonstrates
a relatively high transmittance over most of the studied
spectral range. The overall transmittance increases with
increase in O2 ratio due to the improved stoichiometry
associated with the reduction in Zn metallic atoms. A shift
to the lower wavelengths is noticed with increase in O2
ratio. On contrary the overall reflectance decrease with
increase in O2 ratio.
The Eg values were calculated from the measured transmittance and reflectance using the Tauc equation [30] by
assuming direct transitions. Figure 13a–d presents the estimation of ðahmÞ2 vs. hm of ZnO films with various O2 ratios.
A systematic bandgap widening with increase in O2 ratio is
observed (table 4). This enlargement in bandgap with
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Figure 10. SEM images of ZnO films synthesized at various O2 flow ratios.
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Figure 12. The optical transmittance and reflectance of ZnO
films prepared at various O2 ratios.

Figure 11.
O2 ratios.

EDAX spectra of ZnO films synthesized at various

increase in O2 ratio is ascribed to the improvement of film
stoichiometry (i.e., reduction of Zn metallic atoms) [29] and
to increase in the crystallite size [25,28]. The Eg increased
from 3.06 to 3.23 eV with increase in O2 ratio from 10 to
40%. The obtained Eg values are in good agreement with
the values 2.9–3.22 eV and 3.18–3.30 eV prepared by
pulsed laser depositions [38] and dc reactive magnetron
sputtering [28], respectively.
The n and k values of ZnO films prepared with various O2
ratios are present in figure 14a and b. Generally, the nvalues follow the anomalous dispersion in the absorption
region, and then they follow the normal dispersion with
wavelength. The n-values are strongly dependent on the O2
ratio, where they decrease with increase in the O2 ratio. The
n-values at 550 nm are listed in table 4. Mehan et al [39]
reported n-value at k = 550 nm of 1.980, whereas Ismail and
Abdullah [40] reported n-values between 1.901 and 2.036
for ZnO films deposited by RF magnetron sputtering. It is
known that the n-values depend on the film density and it
has been previously stated [41–43] that the sub-stoichiometric films have higher density, while they have greater
surface porosity. As the oxygen content in the films

increased, the films change to the stoichiometric composition and the density decreased significantly. Therefore, the
high n-values of ZnO films synthesized with 10 and 20% O2
may be ascribed to the existence of some metallic Zn atoms,
which lead to the increase of the film packing density [29].
The k-values (figure 14b) are also sensitive to the O2 ratio.
Jung [44] stated that the high k-values are initiated from
sub-oxide phases or crystallographic defects (such as, voids
and grain boundaries) where the sub-oxides and defects act
as optical absorbing and scattering centres.
Figure 15 shows photograph of the two-probe method
used for measuring the resistance of the films prepared at
various O2 ratios. Figure 16a shows the electrical resistivity
(q) and sheet resistance (Rs) of ZnO films as function of O2
ratio. With the increasing O2 ratio from 10 to 40%, the
resistivity of ZnO films increases from approximately 1.23
9 10–2 to 2.02 9 10–2 X cm. Generally, undoped ZnO
shows n-type conductivity originated from the conduction
band electrons. It has been commonly thought that the ntype conductivity arises from the negative defects such as
zinc interstitials and oxygen vacancies [45,46]. Additionally, it has been reported that the grain boundaries, ionized
impurities and the intercrystallite depletion barriers contribute significantly to the whole carrier mobility [47–49].
Thus, the obtained increase in resistivity with increasing O2
ratio is mainly ascribed to the reduction in oxygen
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Figure 14. The n and k values of ZnO films prepared with
various O2 ratios.
Figure 13. ðahmÞ2 vs. hm of ZnO films synthesized at various O2
ratios.

vacancies [45]. Wang et al [46] reported that the presence
of oxygen vacancies in the oxygen-deficient ZnO film
promotes what is named vacancy conduction upon the
electric field application. The nearest electrons fill the
vacancies and leave new spaces in their locations. Next,
other electrons transfer to the new spaces. Therefore, conduction has happened via this process.
The important requirement of TCOs is that they must
have low electrical resistivity and high transmittance in the
visible spectral region. To estimate the performance of ZnO
films as TCOs, the FOM is commonly used. The FOM is
presented by Haacke [50] via equation (3):
FOM ¼

10
Tav
Rs

ð3Þ

where Rs refers to the sheet resistance and Tav refers to the
average transmittance between 500 and 800 nm. Figure 16b
presents the estimated FOM. The ZnO film synthesized with
30% O2 ratio has the highest FOM value; thus, this film can
be considered the best ZnO film for TCOs applications.
It is worth mentioning that the ZnO film synthesized with
30% O2 ratio has average transmittance of 71.3% and
resistivity of 1.94 9 10–2 X cm. The obtained transmittance
value is among the values 70.2–83.8% reported by Zhu et al

Figure 15. Photograph of the two-probe method used for
measuring the resistance of the films prepared at various O2
ratios. (a) 10, (b) 20, (c) 30 and (d) 40%.

[51] for transparent conductive Ga-doped ZnO films and is
higher than the value 70% reported by Jayaraman et al [52]
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observed from figure 16 and table 1 that the contact angle
values are increased with increase in surface roughness and
decrease in surface energy values. In addition to the surface
roughness and surface energy, the surface chemistry has
also reported to affect the water contact angle [54].

4.

Conclusion

ZnO thin films were prepared using ICPCVT at various
sample positions and various O2 ratios. The surface morphology, structure and chemical composition were found to
be sensitive to both sample position and O2 ratio. The film
prepared at position 2 has the highest surface roughness, the
lowest transmittance and bandgap of 1.05 eV. The water
contact angle measurement indicated the hydrophobic nature of ZnO film prepared at position 2, which can be used as
water repellent coating for self-cleaning applications. The
overall transmittance increased while refractive index
decreased with increase in O2 ratio. The Eg values increased
from 3.06 to 3.23 eV with increase in O2 ratio from 10 to
40%. The ZnO film synthesized with 30% O2 ratio has the
highest FOM value and may therefore be used as transparent
conducting electrodes.
Figure 16. (a) The electrical resistivity (q) and the sheet
resistance (Rs), and (b) figure of merit (FOM) of ZnO films as
function of O2 ratios.
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