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This study presents the microstructure morphology and UV photoirradiation coupling effects of the c-axis-oriented zinc oxide
(ZnO) columnar films. Highly aligned c-axis-oriented films have been deposited onto glass substrates at room temperature by
radio-frequency (RF) magnetron sputtering without introducing any oxygen source under different sputtering powers ranging
from 50 to 150 W. Self-assembled ZnO columnar structures that were successfully obtained belong to wurtzite structure, and the
corresponding columnar structures and crystalline orientation were confirmed by the FE-SEM and XRD, respectively. All the ZnO
columnar films exhibit good transparency with a visible light averaged transmittance over 82%. According to water contact angle
(CA) measurement, ZnO columnar films exhibit hydrophobic behavior. After exposing to photoirradiation under ultraviolet (UV)
environment, all the ZnO samples showed remarkable transition from hydrophobic to superhydrophilic surfaces and could return
to their original hydrophobicity after being placed in the dark. It is demonstrated that the controllable wettability of ZnO columnar
films under changing between the UV photoirradiation and dark storage is due to the surface charges accumulation and discharging
processes. As a result, this study could provide important applications for many fields such as ZnO-based hybrid sensors/solar cells
functional devices with photoirradiation disinfection surfaces accompanied with reversible wettability switches.

1. Introduction
Self-cleaning is a special mechanism of surface property; it
relates with the chemical composition and surface morphology. It has been focused for many potential applications, such
as environmental cleanup [1, 2] and optoelectronic devices
[3–5]. The photocatalytic behavior, in which the coating
reacts with daylight to decompose dirt and hydrophilic
action, in which water spreads on the surface, cleans up the
dirt without any traces of water. Therefore, those two actions
have quite important roles in self-cleaning effect [6–10]. Solar
energy represents a probable renewable energy that includes
visible and ultraviolet regions which is an important factor of
driving photocatalytic process due to its high efficiency, low
cost, and stability. However, oxide-based hybrid self-cleaning
nanodevices have deeply potential of all renewable energies
[11, 12].

The lotus leaves demonstrate high water contact angle,
as high as 160∘ due to their particular surface nanoscale
structures [13–17]. Thus, the surface roughness plays an
important role in wettability of bulk solid materials, and the
hydrophobic materials are usually prepared by modifying
surface with low surface energy for forming nanostructures.
The multifunctional ZnO compound with the lowest surface
free energy of the most densely packed (0002) planes in the
wurtzite structure can easily form nanoscale products, which
is also a good choice for self-cleaning coating.
The control of wettability transition for several special
materials from hydrophilic to hydrophobic could via optical,
mechanical, and chemical modifications [18–23]. Recently,
several metal oxide semiconductors such as TiO2 , V2 O5, and
ZnO have been widely explored and controlled with exhibiting switchable wettability from hydrophilic to hydrophobic
via different external factors such as pH value, exposure to
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light-induced irradiation, electric field, and heat treatment
and then stored in different environment processes. Among
them, the light irradiation is especially attractive because of
its flexible on- and off-switching, remote control, and other
advantages for potential industrial applications. This special
property has attracted much focused attention due to its
great advantages in applications such as self-cleaning device,
antifogging glass, smart window, and construction materials
just only controlled by reversible-switching wettability [24,
25].
ZnO and TiO2 are general materials for photocatalysts
among the above metal oxides; both of them react under
ultraviolet (UV) light due to their large band gaps of 3.37
and 3.2 ev [26, 27], respectively, and their wettability could
be modified significantly by irradiation with UV light [28,
29]. Among these two materials, ZnO can easily form
nanostructure. There are many reports about a reversible
light-controlled hydrophobic/hydrophilic process for ZnObased thin film and nanostructures [30–32]. ZnO has direct
wide band gap (3.37 ev) and high exciton binding energy
(60 mev) and is optically transparent for visible light. It is
therefore an expected material for many novel applications
such as piezoelectric transducers, transparent thin film transistors, chemical gas sensors or biosensors [33–35], solar
cells, and UV detectors [36–38]. According to the above
functionalities, ZnO can provide a hydrophobic surface,
which may be transformed into hydrophilic surface by UV
irradiation, which coexists with intrinsic semiconductor
properties and a particular surface morphology [39–44]. As
for the surface chemical property of ZnO compound, the
tunable and reversible wettability was explained to be the
competition results between desorption and adsorption of
organic chains and hydroxyl groups rearrangement on the
material surface. However, the ZnO nanostructures have
highly developed surface properties and are expected to
exhibit more advanced controllable wettability including a
quickly hydrophilic/hydrophobic switch with tunable contact angles. There are many kinds of shapes, sizes and
arrangements of ZnO nanostructures, including nanorods,
nanopillars, nanowires, nanoneedles, and nanobelts. Many
current scientific articles have been reported on different
nanostructures, which were generally used to enhance the
wetting effects on ZnO films, and some of them obtained the
superhydrophobic surface.
In this research work, we investigated the self-cleaning
properties of highly c-axis-oriented ZnO thin films, deposited
at room temperature by radio-frequency (RF) sputtering system. The surface morphology and grain size were controlled
by varying sputtering power conditions. The transparency for
all highly c-axis-oriented ZnO thin films ranging from 50 to
150 W was also measured. The surface wettability of ZnO thin
films was examined by water contact angle measurements.
The switchable wettability was investigated by changing the
conditions of UV photoirradiation exposure and dark room
storage. This research work not only extends the scope
of potential applications for c-axis-oriented ZnO columnar
films, but also provides a profound understanding of UV
modulated wettability of ZnO (0002) columnar films.
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2. Experimental Procedures
A radio-frequency (RF) magnetron sputtering system was
employed to deposit the ZnO thin films onto D263T glass
substrates, and all the substrates were placed parallel to the
ZnO ceramic target. ZnO target is composed of 99.99%
purely pressed ZnO powder, and the size is of 0.075 m
diameter and 0.006 m thickness. All the substrates were
rinsed in deionized water, ultrasonically cleaned in ethanol
and acetone to remove organic contamination, then dried
in hot air before they load into the vacuum chamber. The
sputtering chamber was pumped down to a base pressure
of 3 × 10−7 torr. Argon was filled into sputtering chamber
sequentially with the low working pressure of 5 × 10−3 torr.
The ZnO thin films were deposited with different RF powers
in the range of 50, 75, 100, and 150 W at a fixed deposition
time of 30 mins. The crystalline structure of ZnO thin films
was characterized by X-ray diffraction (XRD, PANalytical
X’Pert PRO MRD) with Cu K𝛼 radiation (𝜆 = 1.54 Å) in
the range of 2𝜃 = 20–60∘ . The surface morphology of ZnO
thin films was observed by field emission scanning electron
microscopy (FE-SEM, JEOL JSM-6500F). The surface topography and roughness values of ZnO thin films were further
analyzed by the atomic force microscope (AFM, DI NS3a).
The optical transmittance was recorded by using a UVVis-NIR spectrophotometer (MP100-ME). The wettability of
ZnO thin films was estimated from the contact angle 𝜃 of
water droplets onto each ZnO sample surface (Pentad FTA
125). After completing the UV photoirradiation, the water
contact angle was measured on the irradiated surface by
using a water droplet (∼3 𝜇L) and with a digital camera to
record the droplet photos. The UV photoirradiation onto
ZnO thin films was conducted by 1520 mW/cm2 mercury arc
lamp (HAMAMATSU-Deuterium L2D2) with a wavelength
of 365 nm, and all the ZnO samples were stored in air ambient
after UV photoirradiation.

3. Results and Discussion
3.1. Crystalline Structure and Corresponding Preferred Orientation. Figure 1 shows the X-ray diffraction patterns for the
ZnO thin films deposited onto glass substrates with different
RF powers ranging from 50 to 150 W at a fixed deposition
time of 30 mins, respectively. The XRD patterns show that all
the samples exhibit only a strong peak located at 2𝜃 = 34.5∘ ,
which corresponds to the ZnO (0002) plane (JCPDS Card:
361451), indicating that highly aligned c-axis-oriented ZnO
film possesses a hexagonal wurtzite structure. The intensity of
(0002) diffraction peak increased with increasing RF power,
which is due to the increase of total film thickness and
improvement of film crystallinity with increasing RF power.
It can be understood that when the c-axis-oriented ZnO
films have greater film thickness, the diffraction intensity
raised from the (0002) plane will be stronger. The similar
phenomenon of the effect of deposition power on ZnO
polycrystalline thin films was reported elsewhere [45, 46].
The strong signal intensity of the (0002) diffraction peak
from the (0002) plane is due to the lowest surface energy of
the (0002) basal plane in ZnO phase, leading to a preferred
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Figure 1: XRD patterns for the ZnO thin films deposited onto glass
substrates at room temperature with RF deposition powers in the
range of 50, 75, 100, and 150 W at a fixed deposition time of 30 mins,
respectively.

orientation perpendicular to (0001) plane. Therefore the ZnO
films have been successfully deposited onto glass substrates
at room temperature, and the crystalline quality degree of caxis orientation could be controlled under optimum growth
conditions.
3.2. Top View and Cross-Sectional View Microstructures and
Corresponding Wettability Images. The top view SEM images
for the ZnO thin films deposited onto glass substrates at room
temperature with different RF powers ranged from 50 to
150 W as shown in Figures 2(a)–2(d). Figures 2(a)–2(d) show
two different types of grain structures denoted by nanograin
and submicrograin cases. The different grain structure was
caused by different RF powers during the deposition process.
The nanograin structure of ZnO thin films can be observed at
lower RF powers (50 and 75 W) as shown in Figures 2(a)-2(b).
On the other hand, the submicrograin could be observed at
higher deposition power of 150 W as shown in Figure 2(d).
When the deposition power is 100 W, the mixed nanograin
and submicrograin structures of ZnO phases coexist in the
microstructure as shown in Figure 2(c). Above results could
be attributed to high plasma energy bombardment in which,
leading to the grain transformation, the microstructure of the
ZnO thin films could be controlled by the deposition power. It
can be understood that, with increasing deposition power, the
nanograins with multiple domains coalesce and connect to
each other to conjoin into a big grain as shown in Figure 2(d).
It also can be observed that apertures, which can trap air
inside, present onto the surface of ZnO thin films.
The corresponding images for surface water contact angle
measurement are shown in Figures 2(e)–2(h), respectively.
The surface water contact angle (CA, 𝜃) values are 71.3∘ , 90.6∘ ,
91.8∘ , and 71.6∘ for each ZnO sample deposited at 50, 75, 100,
and 150 W, respectively. The ZnO samples show hydrophilic
wetting at the depositing power of 50 W, which is due to

the fact that smooth surface and smaller grain size get fewer
apertures that cannot provide the trapping of air as shown in
Figure 2(e). While increasing depositing power up to 100 W,
the nanograin structure surface shows hydrophobic behavior,
which is because large grain size and more apertures provide
more trapping of air that reduces the contact area between
water and smooth surface as shown in Figure 2(g). The small
contact angle is observed from Figure 2(h), which is due to
grain transformation from nanograin to submicrograin. This
transformation caused the CA to decrease which was due to
the less apertures formed at the depositing power of 150 W
[47], and the contact angle (𝜃) was denoted as the interface
angle measured between the liquid and solid surface.
The thickness values as a function of the ZnO thin
films deposited onto glass substrates at room temperature
with different RF powers ranged from 50 to 150 W and are
shown in Figure 3(a). Figures 3(b) and 3(c) are the crosssectional micrographs of the ZnO thin films deposited at RF
powers of 50 and 150 W, respectively. The measured thickness
values for ZnO thin films by cross-sectional SEM images
were 65, 104, 301, and 337 nm which corresponded to the
deposition powers of 50, 75, 100, and 150 W, respectively. The
thickness of ZnO thin films deposited onto glass substrates
is increased with increasing the RF power. Figures 3(b) and
3(c) showed the highly textured ZnO films perpendicular to
(0001) plane. Typical self-assembled columnar structure of
the ZnO films perpendicular to the glass substrate and with
a hillock surface morphology was observed. Figures 3(b) and
3(c) also confirmed that thickness value of the ZnO films at
the deposition power of 50 W was about 65 nm and at the
deposition power of 150 W was 337 nm, respectively.
Shown in Figures 4(a)–4(h) are the three-dimensional
(3D) and the corresponded two-dimensional (2D) AFM
micrographs (1 𝜇m × 1 𝜇m). The surface topography images
in either 2D or 3D images show the surface roughness of ZnO
thin films increased with increasing the deposition power.
The average surface roughness values (root mean square,
RMS) of the ZnO thin films increase with increasing the
deposition power. The average RMS values are 1.7 nm, 1.6 nm,
3.3 nm, and 5.6 nm for each ZnO sample deposited at 50,
75, 100, and 150 W, respectively. Above results indicated that
the high c-axis orientation ZnO (0002) thin films could
provide the nanoscale surface roughness to demonstrate
aperture formation which can trap the air. This kind of
ZnO nanostructures could also provide nanometer-scale
smoothness topography for suitable subsequent deposition of
any top-electrode material onto its surface to function as a
potential future sensing nanodevice [37].
Figures 5(a)–5(c) are the schematic diagram illustrations
of the different types, showing the state of water droplet onto
various surfaces of the ZnO thin films. Figure 5(a) is the
smooth surface structure with hydrophilic wetting property
for the ZnO thin films deposited at the lower powers of 50
and 75 W, respectively, which is denoted as nanograin type.
When the deposition power of the ZnO thin films is increased
to 100 W, the grain growth begins to form apertures that
could provide the trapped air, which is denoted by a mixed
nanograin and submicrograin type as shown in Figure 5(b).
At the highest deposition power of 150 W for the ZnO thin
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Figure 2: Top view SEM images for the ZnO thin films with deposition powers of (a) 50, (b) 75, (c) 100, and (d) 150 W, respectively. The
contact angle images for different ZnO thin films corresponded to the right side denoted by (e), (f), (g), and (h), respectively.

films, the formation of submicrograin microstructure gives
more opportunity for the water droplet to contact with the
surface area of the ZnO thin films, which is denoted by
submicrograin type as shown in Figure 5(c).
In order to understand the wetting behavior of the
ZnO thin films, we consider the typical Cassie-Baxter’s (CB)
equation that can be explained in this research work [48].

In the typical CB equation, the drops are suspended onto
a hydrophobic surface with air trapped underneath as an
incomplete filling and the equilibrium contact angle (CA, 𝜃)
of a drop onto a nanostructure film can be described as
cos 𝜃 = 𝑓1 cos 𝜃 + 𝑓2 ,

(1)

International Journal of Photoenergy

5

350
H = 64.75 nm

Thickness (nm)

300
250
200
150
100
50
50

75

100
Power (W)

125

150
(b)

(a)

H = 337.2 nm

(c)

Figure 3: (a) The thickness values as a function of the ZnO thin films with different RF powers ranged from 50 to 150 W. (b) and (c) are the
cross-sectional micrographs for the ZnO thin films deposited at the RF powers of 50 and 150 W, respectively.

where 𝑓1 and 𝑓2 are the area fractions of liquid-solid interface
and liquid-air interface, respectively. As for 𝑓1 + 𝑓2 = 1, (1)
can be converted to
cos 𝜃 = 𝑓1 (cos 𝜃 + 1) − 1,

(2)

where 𝜃 is a constant that represents the CA on a smooth
surface and 𝜃 is the CA on a rough surface. Based on (2), it
can be understood that 𝜃 increases with decreasing the area
fraction of liquid-solid interface (𝑓1 ), and the surface fraction
will make a significant contribution to CA. It is demonstrated
that surface hydrophobicity improves when there is more air
trapped between the liquid and solid surface exhibiting a
larger CA as schematically shown in Figure 5(b). Therefore,
more air is trapped between the water droplet and the surface
of ZnO thin films. The CA of ZnO thin films will be much
larger due to the fact that it prevents complete wetting of the
surface. We have also explored the morphology and grain size
effect on the controllable wettability of highly 𝑐-axis-oriented
ZnO (0002) thin films, and the proposed mechanism was
used to explain the related phenomena.
3.3. Optical Transmittance Measurement. Figure 6 shows the
transparency of the ZnO thin films deposited onto glass substrates at room temperature with different RF powers ranging

from 50 to 150 W. The oscillating property of spectrum is due
to the formation of uniform and smooth surface for ZnO thin
films, and it can be indicated to lead less light scattering [49].
As a result, all the highly c-axis-oriented ZnO columnar films
deposited at room temperature with RF powers of 50, 75, 100,
and 150 W have good transparency and exhibit a visible lightaveraged transmittance over 82%. For the functional oxidebased coatings of self-disinfection glass or smart window
combined with the hybrid devices such as sensors and solar
cells, this high transmittance plays an important role in the
particular industrial products application.
3.4. Surface Wettability Switching for Self-Disinfection Caused
by UV Photoirradiation. According to the above results, the
highly c-axis-oriented ZnO columnar film deposited at RF
power of 100 W shows the best hydrophobicity. In order to
change the wettability transition of the ZnO thin films, which
was deposited onto glass substrate at RF power of 100 W at
first, and then it was put under an ultraviolet (UV) light
of wavelength 365 nm, which could provide larger photon
energy than the intrinsic band gap (3.37 ev) of the ZnO
phase. The relationship between the UV photoirradiation
times varied from 1 to 60 mins and water contact angle (CA)
for the ZnO thin films deposited at 100 W as shown in
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Figure 4: Atomic force microscope (AFM) 3D images for the ZnO thin films with different RF powers of (a) 50, (c) 75, (e) 100, and (g) 150 W;
(b), (d), (f), and (h) are the corresponding 2D surface images for (a), (c), (e), and (g) forms, respectively. The scanning size of all domain
images was fixed at 1 × 1 𝜇m2 . (i) The surface roughness values as a function of the ZnO thin films with different deposition powers ranged
from 50 to 150 W.

Figure 7. Inset showed the corresponding water CA images
accompanied with the measured values for the ZnO (0002)
columnar film. The ZnO sample deposited at RF power of
100 W was repeatedly measured after being stored in the dark
for one day for reversing the initial wettability state. The CA
values of ZnO columnar film decreased significantly with
increasing the UV photoirradiation time, and the surface
wettability was switched from hydrophobic to hydrophilic
state. The CA value of ZnO columnar film deposited at RF
power of 100 W changed from 91.8∘ to 14.1∘ after 60 mins
of UV irradiation. The rapid decrease of CA value of ZnO
phase can be attributed to the photocatalytic behavior caused
by the accumulation of positive surface charges by photoelectron emission. The switching of wettability transition
can also be explained by the following mechanism: via UV

photoirradiation by photon energy, higher than or equal to
the band gap of ZnO phase, the electrons (e− ) in the valence
band are excited to the conduction band. At the same time,
the same number of holes (h+ ) generated in valence band.
ZnO + 2ℎV → 2h+ + 2e−

(3)

Some of the holes react with lattice oxygen (O2− ) or
surface oxygen atoms to form surface oxygen vacancies O1− ,
while some of the electrons react with lattice metal ions
(Zn2+ ) to form Zn2+ defective sites, as listed in the following
equations:
O2− + h+ → O1− (surface trapped hole)

(4)
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Figure 5: Schematic diagrams illustrating the ZnO films with different scales of grain size induced by different deposition powers: (a)
nanograin (50 and 75 W), (b) mixed nanograin and submicrograin
(100 W), and (c) submicrograin (150 W) types, respectively.
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Figure 7: Time dependence of water contact angles (CAs) for the
ZnO thin films deposited at 100 W under ultraviolet (UV) photoirradiation with the light wavelength of 365 nm. Inset showed the
corresponding water CA images accompanied with the measured
values of the ZnO (0002) columnar films.
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Figure 6: Optical transmittance spectra for the pure-bare glass
substrate and ZnO thin films with different RF powers ranged from
50 to 150 W, respectively.

Zn2+ + e− → Zn+ (surface trapped electron)

(5)

1
O1− + h+ → O2 (gas) + VO (oxygen vacancy)
2

(6)

The water molecules and oxygen may compete with each
other to dissociatively be absorbed on the defective sites. The
surface trapped electrons (Zn+ ) tend to react with oxygen
molecules adsorbed on the surface as follows:
Zn + O2 → Zn2+ + O2−

(7)

At the same time, the water molecules may act in concert
with oxygen vacancy sites (VO ), which cause the dissociative adsorption of the water molecules onto the ZnO film

surface. The defective sites are kinetically more favorable for
hydrophilic hydroxyl groups (OH− ) adsorption than oxygen
adsorption. In general, the oxygen adsorption is favorable
in thermodynamic behavior; therefore, when the UV light
irradiated ZnO film was moved to dark conditions, the
oxygen atoms could gradually replace the hydroxyl groups
which made the surface come back to its initial state (without
UV photoirradiation) and return its original hydrophobicity.
This behavior provides a foundation for photoresponse and
the fraction structure enhances CA value. So the UV photoirradiation can modify the chemical and physical surface
states of the ZnO columnar film, in turn switching its
wettability. This is helpful in the research field focused
on controllable switching behavior from superhydrophilicity
(contact angle CA < 15∘ ) to hydrophobicity that can be used in
many potential devices such as biosensors, microfluidic tools,
intelligent membranes, and the encapsulation of biocompatibility/bioinertness in vivo biodevices [50–52].
The relationship between the time of storing in the dark
varied from 10 to 600 mins and water CA values for the ZnO
thin films deposited at 100 W as shown in Figure 8. Inset
showed the corresponding water CA images accompanied
with the measured values for the ZnO (0002) columnar film.
The recovery time for the ZnO columnar film stored in
the dark took about 10 hours to reach the initial/original
water contact angle. The recovery behavior of the initial
wettability is due to the surface discharging from the ZnO
(0002) columnar film. The recovery behavior of hydrophobic
surface from the ZnO columnar film is due to the replacement
of adsorbed hydroxyl groups with oxygen molecules onto
ZnO columnar film surface. After adsorbing hydroxyl groups
under UV photoirradiation, the ZnO surface turns back
to an unstable surface state. When the oxygen adsorption
is preferred and strongly bonded on defective sites, the
adsorbed hydroxyl groups on the defective sites could replace
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Figure 8: Stored in dark time dependence of water CAs for the
ZnO thin films deposited at 100 W under UV photoirradiation. Inset
showed the corresponding water CA images accompanied with the
measured values of the ZnO (0002) columnar films.

oxygen molecules within the ZnO film stored in the dark
environment. Above results demonstrate that the surface
charge is strongly influenced by the UV photoirradiation.

4. Conclusions
Highly c-axis-oriented ZnO (0002) columnar films have been
successfully deposited onto glass substrates at room temperature by radio-frequency magnetron sputtering system.
All the ZnO columnar films exhibited good crystallinity
and had good visible-averaged transparency (over 82%),
and all the ZnO films showed hydrophobic behavior. The
wettability of the ZnO columnar film could be switched from
hydrophobic (∼92∘ ) to superhydrophilic (∼14∘ ) during the
UV photoirradiation process. The rapid transition of contact
angle (CA) value for ZnO columnar film can be attributed
to the photocatalytic behavior caused by the accumulation of
positive surface charges via photoelectron emission. A simple
method is presented here for controlling the CA value and
switching wettability of ZnO phase only by the RF deposition
power and inducing UV light photoirradiation, respectively.
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