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The ZnO thin film was deposited on a glass substrate by a RF reactive magnetron sputtering method. Results
showed that plasma density, electron temperature, deposition rate and estimated ion bombardment energy
increase with increasing applied RF power. Three distinct power regimes were observed, which are strongly
correlated with plasma properties. In the low-power regime, the largest grain size was observed due to slow
deposition rate. In the medium-power regime, the smallest grain size was found, which is attributed to
insufficient time for the adatoms to migrate on substrate surface. In the high-power regime, relatively larger
grain size was found due to very large ion bombardment energy which enhances the thermal migration of
adatoms. Regardless of pure ZnO thin film or ZnO on glass, high transmittance (N80%) in the visible region
can be generally observed. However, the film thickness plays a more important role for controlling optical
properties, especially in the UV region, than the applied RF power. In general, with properly coated ZnO thin
film, we can obtain a glass substrate which is highly transparent in the visible region, is of good anti-UV
characteristics, and is highly hydrophobic, which is highly suitable for applications in the glass industry.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, Zinc Oxide (ZnO) is one of the promising candidate
materials which has been extensively investigated for various applica-
tions in many fields, such as optoelectronics (e.g., light emitting diode
[1–3], transparent conductive oxide [4,5] and solar cell or photovoltaic
[6]), piezoelectric [7], sensors [8], and energy and environment (e.g.,
heat-reflecting coating [9], and architectural windows [10–12]), to
name a few. Wide applications of ZnO thin film arise from several
unique material properties, including a hexagonal wurtzite structure
and wide direct band gap of 3.37 eV at room temperature (RT). In
addition, ZnO film also possesses highly conductive, chemically and
thermally stable properties, and has high piezoelectric coupling
coefficient. Therefore, ZnO is considered as one of the most interesting
semiconductors of II–VI compounds with a wide range of scientific and
technological importance.

By the way, overdosed ultraviolet (UV) irradiation has become a
serious problemdue to ozonedepletion globally. How to prevent theUV
light from direct contact with humanwhile allowingmost of the visible
light to fill in the living space is a critical issue in modern glass industry
[13]. In addition, a highly hydrophobic glass surface is also strongly
+886 3 572 0634.
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necessary, which can greatly reduce the cost of maintenance. Thus,
development of coating on glass surface, which is high transparent in
the visible, has anti-ultraviolet (anti-UV) characteristics, and has self-
clean capability, is very important for the glass industry. Till now, many
studies have focused on the measurements of transmittance in the
visible and enhancedhydrophobic characteristics of ZnO thinfilm,while
almost none has paid attention to simultaneous characterization of high
transmittance in the visible, high absorbance in the UV, and self-clean
capability, which is otherwise very important for applications in glass
industry such as architectural windows or automotive windshields
industry and so on.

ZnO films have been grown by various deposition methods, such as
sputtering [14–24], chemical bath deposition [25], spray pyrolysis [26],
pulsed laser deposition [27,28], and metal organic chemical vapor
deposition [29]. Sputtering method represents one of the simplest and
most effective methods. In the past, many researchers have studied in
correlating the radio frequency (RF) power with the several physical
properties of deposited film [e.g., 17–20 and references cited therein].
But, very few researchers have simultaneously correlated the detailed
plasma parameters, in addition to RF power, with film properties [e.g.,
30,31]. However, it is well known that the film quality is directly
controlled by the plasma conditions. Understanding of the relationship
betweenplasma conditions and thin-filmproperties should greatly help
to produce high-quality ZnO thin film. Thus, it is very crucial to un-
derstand the correlation between these characteristics in detail. In the
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present study, we focus on investigating and demonstrating the
importance of deposition rate and ion bombardment energy to growth
process of ZnO thin film. In addition, relation between deposition rates,
plasma conditions and general physical properties (structural, optical,
and hydrophobic) of the ZnO thin films is also addressed in this paper.

2. Experimental setup

Fig. 1 illustrates the schematic diagramof the RF reactivemagnetron
sputtering system alongwith a Langmuir probe systemwhich is used to
measure the plasmaproperties inside the chamber. In the current study,
a 4 inch diameter Zn target (99.999%) is used. Argon (99.999%) and
oxygen (99.999%) are used as theworking (discharge) and reactive gas,
respectively. These two gases aremixed prior to entering the sputtering
chamber with a predetermined ratio in mass flow rate. Distance be-
tween the target and substrate is kept as 8 cm unless otherwise
specified. The normal procedures of operating the sputtering chamber
include:1)Evacuate the chamber toabasepressurebelow1.0×10−4 Pa
(8.0×10−7 Torr) through roughing and cryo pumps; 2) Send themixed
argon–oxygen gas through the chamber for 10 min while maintaining
the chamber pressure at 2 Pa (15 mTorr); 3) Pre-sputter the chamber
for 20min with RF power of 100W, which is used to remove any
possible contamination or oxides from the Zn target surface.

In the present study, the ZnO thin film was deposited on micro-
slide glass substrate at RT by a RF reactive magnetron sputtering
method. ZnO thin films were grown using the mixture with a fixed
volume ratio of O2/(Ar+O2) as 0.5 at a constant working pressure of
2 Pa (15 mTorr). Two major test conditions for preparing ZnO thin
film include: 1) Deposition time ranges from 5 to 60 min with a
constant RF power of 100 W; 2) RF power ranges from 50 to 400 W
with a constant film thickness of 60 nm.

An automatic motor-driven Langmuir probe inserted into the gas
discharge through the sidewall of sputtering chamber is used to
measure plasma parameters which include floating potential (Vf),
plasma potential (Vs), electron temperature (Te), electron number
density (ne), and ion number density (ni) [30–34]. This Langmuir probe
system is a cylindrical typemade by Hiden Analytical Inc (Model: Hiden
ESPion). The probe tip was placed at the plasma bulk region with 2 cm
from the substrate along the center line. The bias voltage (V) applied to
the Langmuir probe ranges from −50 V to 70 V in the present
measurements. Film thickness was measured by a surface profilometer
(Model 3030, SloanDektak Inc.). Crystal structure and orientation of the
films were determined by the X-ray diffraction (XRD) technique using
CuKα radiation (λ=1.5418 Å) (Model: PANalytical X'Pert Pro (MRD),
Philips X'Pert Inc.), which was operated at 45 kV and 40 mA for Gonio
and GIXRD scan. Optical transmittance of the ZnO films was measured
using a UV–VIS spectrophotometer (Shimadzu Inc., Model UV-2501PC).
Fig. 1. Schematic diagram of the RF reactive magnetron sputtering chamber with
instrumentation.
Contact angle was observed by a contact angle system with a universal
surface tester (KRŰSS Inc., model GH-100).
3. Results and discussion

3.1. Plasma characteristics

Fig. 2a and b illustrates several measured plasma parameters of
sputtering process as a function of RF power. Both the electron
number density (ne) and positive ion number density (ni) increase
with increasing RF power. This is because the electrons are ac-
celerated under increasingly high oscillating electric field, obtain
increasingly high energy (higher Te), and result in increasingly high
ionization probability with increasing RF power, as shown also in
Fig. 2a. This will increase the ion flux (Fig. 2b) and thus the sputtering
yield, which results in the higher deposition rate at higher RF powers,
as shown in Fig. 3. It is also believed that difference between the
number densities of electrons and positive ions represents approx-
imately the total number density of negative charge species (O−, O2

−,
etc.) in this electronegative (Ar/O2) plasma. In addition, both the ion
bombardment energies (Vs–Vf) [30,31], which are estimated by
calculating the difference between plasma potential and floating
potential, and positive ion flux are shown in Fig. 2b as a function of RF
power. Therefore, both the plasma number density in the bulk and ion
bombardment energy onto the Zn target increase with increasing RF
power. Thus, most ZnO particles can be formed by reacting with
atomic oxygen in the discharge [34,35] as the RF power is higher. The
ion bombardment energy generally increases with increasing RF
power, except the case when the RF power is 50 W. Note that the
increase of electron temperature from RF power of 50 W to 200 W
becomes small probably due to the slightly decrease of (Vs–Vf). In
general, the measurements shown in Fig. 2 demonstrate that the
plasma becomes stronger as the RF power increases.
Fig. 2. (a) Electron number density (▲), ion number density (▼), and electron
temperature (■); (b) bombardment energy (●) and ion flux (♦) as a function of applied
RF power in an Ar/O2 plasma used for ZnO thin film deposition.



Fig. 3. The deposition rate (●) and the calculated grain size (■) as a function of applied
RF power in an Ar/O2 plasma used for ZnO thin film deposition.

Fig. 4. Effect of (a) deposition thickness (at RF 100 W) and (b) applied RF power (fixed
at 60 nm) on XRD pattern of ZnO thin film on glass substrate.
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Fig. 3 shows the deposition rate and grain size as a function of RF
power. In general, the deposition rate increases monotonically with
increasing RF power, which is strongly correlated with incident ion
flux towards the substrate as shown in Fig. 2b. Based on the Scherrer
equation [36], the grain size is calculated by the observed XRD
patterns. Grain size decreases rapidly from 26.22 nm at 50 W down to
20.7 nm at 100 and 200 W, and then increases gradually up to 22 nm
at 400 W. In contrast with the almost monotonically increasing de-
position rate with increasing RF power, the estimated ion bom-
bardment energy and grain size first decrease and then increase with
increasing RF power.We attribute the observed unusual trend of grain
size to the three distinct power regimes which are detailed in the
following.

In the low-power regime (50 W), the largest grain size appears
corresponding to the slowest deposition rate because of the lowest
ion flux, as shown in Fig. 2b. Thus, crystal growth is mostly deposition
rate controlled, in which the ion bombardment energy and plasma
density are both small. In the medium-power regime (100–200 W),
higher ion flux (and higher plasma density) with still low ion
bombardment energy (8.7–10.2 eV) and thus higher ZnO particle flux
towards the substrate causes adverse effect on crystal growth since
there is insufficient time for adatoms migration on the substrate.
Hence, the lowest grain size is observed in this regime. In the high-
power regime (300–400 W), very high ZnO particle flux migrates
towards the substrate, but with very high ion bombardment energy
(12.9–15.8 eV), which can help heat up the substrate and enhance
thermal diffusion of the adatoms on the substrate, and thus favors the
crystal growth of the ZnO thin film [20]. Thus, the grain size increases
with increasing RF power in this regime and is mainly ion bom-
bardment energy controlled.

3.2. Structural properties

Based on Fig. 4a and b, all of these ZnO thin films are in poly-
crystalline phase with a hexagonal structure (the powder-diffraction
file No. 79-0208) and the major orientation is (0002). Fig. 4a exhibits
the thickness effect on the ZnO thin films. Results clearly show that
the ZnO thin films grown less than 10 min (smaller than 50 nm in
thickness) are almost in amorphous phase. It has been shown that the
initial ZnO crystallization phase strongly depends on the morphology
of substrate surface, which showed that amorphous ZnO forms on an
amorphous substrate, polycrystalline ZnO forms on a polycrystalline
substrate, and so on [37]. As the ZnO thin film grows over 20 min
(large than 60 nm in thickness), crystalline structure of orientation
(0002) begins to appear and become dominant in the film structure
with further increasing of deposition time.

In addition, Fig. 4b presents the power effect on grown ZnO thin
films with approximately 60 nm in thickness. Results show that ZnO
thin films with enough film thickness are dominated by the (0002)
orientation no matter what the RF power is, although the peak
intensity increases obviously with increasing RF power. At the same
time, the relative peak intensities of orientation (1010̅) and (1011̅)
reduce gradually with increasing RF power. This corresponds to the
phenomenon of “evolutionary selection” or “survival of the faster”
[19], which was first proposed by van der Drift [38] that he used to
explain the preferred orientation of a vapor-deposited PbO layer.
As mentioned in the above, it seems reasonable to conclude that
increasing RF power promotes the growth of the preferred orientation
(0002) and hinders the growth of the other orientation (1010̅) and
(1011̅). By the way, increasing RF power also increases the substrate
temperature during the deposition process due to increasing ion
bombardment energy. Thus, the ZnO film quality (the narrower
FWHM and the larger grain size) improves with increasing surface
mobility because of increasing substrate temperature with RF power
more than 200 W [33].

3.3. Optical properties

Fig. 5a and b shows the measured transmittance of ZnO thin film
with different film thicknesses and RF powers, respectively. Firstly,
from Fig. 5a, it is found that the average transmittance of pure ZnO
thin film (TZnO,ave%) in the visible range (400–700 nm) decreases from
98% to 86% with deposition time increases from 5 min to 60 min.
Correspondingly, the TZnO,ave% in the UV region (280–400 nm)
decreases from 80% to 5% with increasing deposition time. Moreover,
the inset of Fig. 5a presents the optical transmittance of ZnO thin film
on glass substrate (TZnO/Glass%). Results show that anti-UV character-
istics of blank glass are only good below some UV wavelength
(~280 nm). By combining ZnO thin film with blank glass, we have
demonstrated that still high transmittance (80–91%) in the visible
region can be obtained, and better anti-UV characteristics are found
with increasing deposition time. For example, less than 10% of optical
transmittance can be obtained for the wavelength below 350 nm. This
shows that very good anti-UV characteristics with excellent optical
transmittance in the visible region can be easily obtained on glass,



Fig. 5. The transmittance of pure ZnO thin film with (a) effects of thickness and
(b) effects of applied RF power. Inset of panels (a) and (b) shows the transmittance of
ZnO thin film on glass substrate and the transmittance of pure ZnO thin film in the UV
region, respectively.

Fig. 6. Hydrophobic characteristics of the glass substrate (a) without ZnO thin film
(b) with ZnO thin film at RF 50 W (c) with ZnO thin film at RF 400 W.
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should the ZnO thin film thickness is large enough. Secondly, Fig. 5b
shows the similar transmittance characteristics (90–86%) in the
visible region with the fixed film thickness (60 nm) using different RF
powers. In the inset of Fig. 5b, the TZnO,ave% is in the range of 50–41% in
the UV spectra, in which the value decreases rapidly with increasing
applied RF power from 50 W to 200 W, but it tends to level off at
400 W. In brief summary, effect of varying the RF power with the
same ZnO thickness on the optical transmittance from UV to visible is
relativelyminor [17] as compared to that of varying the film thickness,
especially in the UV region.

3.4. Hydrophobic properties

In Fig. 6a, the blank glass substrate exhibits obvious hydrophilic
characteristics with contact angle of 52.5°, while in Fig. 6b and c, the
glass substrate coated with ZnO thin films shows the increasing
hydrophobic property with increasing RF power up to 96° of contact
angle. Present results clearly show that the ZnO thin film is able to
modify the surface of blank glass substrate from hydrophilic to
hydrophobic effectively. This demonstrates that glass substrate coated
with ZnO thin film exhibits excellent self-clean characteristics.

4. Conclusion

In the current study, the ZnO thin film was deposited on a glass
substrate at RT by a RF reactive magnetron sputtering method. Results
show that plasma density, electron temperature, deposition rate and
estimated ion bombardment energy increase with increasing RF power.
There exists three distinct power regimes, in which the controlling
mechanism for the ZnO thin film quality differs, which include: 1) In the
low-power regime, the highest grain size is observed due to slow
deposition rate; 2) In the medium-power regime, lowest grain size is
found; 3) In the high-power regime, both high ion bombardment energy
and high plasma density contribute to the higher grain size. The film
thickness plays a more prominent role in controlling optical properties,
especially in the anti-UV characteristics, than the RF power. In general,
withproperly coatedZnO thinfilm,we canobtain a glass substratewhich
is highly transparent in the visible region, has good anti-UV character-
istics, and possesses highly hydrophobic (self-clean capability) char-
acteristics, which is highly suitable for applications in the glass industry.
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