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1. Introduction

Nanostructured ZnO thin ﬁlms were deposited on Si(1 1 1) and quartz substrate by sol–gel method. The
thin ﬁlms were annealed at 673 K, 873 K, and 1073 K for 60 min. Microstructure, surface topography,
and water contact angle of the thin ﬁlms have been measured by X-ray diffractometer, atomic force
microscopy, and water contact angle apparatus. XRD results showed that the ZnO thin ﬁlms are polycrystalline with hexagonal wurtzite structure. AFM studies revealed that rms roughness changes from
2.3 nm to 7.4 nm and the grain size grow up continuously with increasing annealing temperature. Wettability results indicated that hydrophobicity of the un-irradiated ZnO thin ﬁlms enhances with annealing
temperature increase. The hydrophobic ZnO surfaces could be reversibly switched to hydrophilic by
alternation of UV illumination and dark storage (thermal treatment). By studying the magnitude and
the contact angle reduction rate of the light-induced process, the contribution of surface roughness is
discussed.
© 2010 Elsevier B.V. All rights reserved.
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During the past decade there has been an increasing interest in
controlling the wettability of solids, which depends on both the surface energy and roughness. For many applications [1–3], it would
be highly advantageous to be able to dynamically manipulate the
behavior of liquids on surfaces.
Among other materials, the wetting properties of metal oxides,
mainly of TiO2 and ZnO, have been widely studied, since irradiation with UV light and dark storage (or thermal treatment)
may signiﬁcantly modify their wettability [4,5]. So far, previous
works have been focused mainly on ZnO nanorods, nanowires, and
nanobelts [6,7]. Wettability of ZnO thin ﬁlms prepared by various
methods, such as two-step method [8], aqueous chemical growth
technique [4], pulsed laser deposition [9], spray pyrolysis method
[10], rf-magnetron sputtering [11], and sol–gel method [12], was
investigated. It is, however, difﬁcult to develop simple and reliable
synthetic methods for ZnO hierarchical architectures with controlled morphology, which are important for exploring in detail
the effect of surface energy and roughness on wetting response.
Due to simplicity, safety and low cost, wettability of ZnO thin ﬁlms
prepared by sol–gel method should be studied intensively and
extensively.
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In the present study, nanostructured ZnO thin ﬁlms were
deposited on silicon and quartz substrates by sol–gel method.
The ZnO thin ﬁlms were annealed at 673 K, 873 K, and 1073 K for
60 min. These samples were in hydrophobic state. Their contact
angle was connected with annealing temperature. The samples
could be switched to a hydrophilic state by exposing them to UV
irradiation. This transition was found to be reversed upon dark storage (thermal treatment). The effect of annealing temperature, UV
irradiation and dark storage (thermal treatment) in wettability of
the thin ﬁlms was studied in detail.

2. Experimental details
2.1. Preparation of samples
Ethylene glycol monomethyl ether and mono-ethanol amine
were used as the solvent and stabilizing agent, respectively. Zinc
acetate dihydrate was ﬁrst dissolved in a mixture of ethylene glycol monomethyl ether and monoethanol amine (MEA) at room
temperature. The concentration of zinc acetate was 0.5 mol/L. The
molar ratio of monoethanol amine to zinc acetate was kept as
1:1. The solution was stirred at 333 K for 120 min using a magnetic stirrer to get a clear, homogeneous and transparent sol, which
served as the coating sol after being kept for one day. ZnO thin
ﬁlms were deposited on Si(1 1 1) and quartz substrate using the
spin coating method with 3000 rpm for 30 s. After spin coating, the
substrates were kept at 423 K for 10 min to evaporate the solvent

J. Lü et al. / Applied Surface Science 256 (2010) 4720–4723

4721

Fig. 1. Geometric pattern for calculation of water contact angle [13].
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Fig. 2. XRD patterns of ZnO thin ﬁlms annealed at 673 K, 873 K, and 1073 K for
60 min.

3. Results and discussion

3.1. Microstructure and surface topography

2.2. Characterization

The crystal structure of these thin ﬁlms was investigated
using X-ray diffractometry (XRD, MACM18XHF). The X-ray source
is Cu K␣ radiation, accelerating voltage 40 kV, current 100 mA,
scanning range 30–80◦ , scanning step 0.02◦ , scanning speed
8◦ /min. Surface topography of the thin ﬁlms was measured by
atomic force microscopy (AFM, CSPM4000) operating in contact
mode.

2.3. Contact angle measurements
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Contact angle (CA) was measured by a home-made water contact angle apparatus, which was performed at ambient air (18 ◦ C,
relative humidity (RH) 60%). Light induced hydrophilicity was studied by irradiating the samples at certain time intervals using a 36 W
high pressure mercury lamp, which emits visible light of 404.7 nm,
435.8 nm, 546.1 nm, and 577.0–579.0 nm, and ultraviolet light of
365 nm. The distance between the sample and the high pressure
mercury lamp was 8.0 cm. The intensity of light on the ﬁlms was
about 20.2 mW/cm2 (the intensity is the overall one and not only
the UVA part, which is usually given and proposed to be in the range
of 2–4 mW/cm2 for light induced hydrophilicity studies). After each
irradiation time interval, a 3 L distilled, deionised water droplet
placed on the irradiated area and the corresponding contact angle
was measured. Following irradiation, the samples were placed in
the dark for seven days (or annealed at 473 K for 60 min) in ambient
conditions. Subsequently, the respective evolution of the contact
angles was determined.
By measuring the diameter L and height H of the spherical crown
of the droplet dropped on the surface of the ﬁlms from 2 mm height,
as shown in Fig. 1. The water contact angle can be calculated from
Eq. (1) [13]:
 = arctan

4HL
L2 − 4H 2

Fig. 2 shows the XRD patterns of ZnO thin ﬁlms grown on the
silicon substrates annealed at 673 K, 873 K, and 1073 K for 60 min,
respectively. All the diffractive peaks attributed to the wurtzite ZnO
structure. No characteristic diffraction peaks from other phases or
impurities are detected. The XRD patterns imply that the samples
are polycrystalline with hexagonal wurtzite structure. It also can
be observed from the XRD patterns that the maximum value of
diffraction intensity of the thin ﬁlms appears at 873 K.
The diffraction intensity and the full width at half maximum
(FWHW) are related to the crystallinity and grain size. The grain
size (D) can be computed according to the following Scherrer Eq.
(2) [14]:

w.
sp
m.
co

in the ﬁlm and this procedure was repeated 10 times. These ascoated ﬁlms were annealed for 60 min in air and then cooled down
to RT.

D=

0.9
ˇ cos 

(2)

where , ˇ, and  are X-ray wavelength (0.15406 nm), FWHW of
(1 0 1) peak and Bragg diffraction angle, respectively. As shown in
Fig. 3, the grain sizes were 11.1 nm, 18.5 nm, and 18.5 nm for the
ﬁlms annealed at 673 K, 873 K, and 1073 K, respectively.
Surface topography of the thin ﬁlms was measured by AFM.
Fig. 4 shows the AFM images of the ZnO thin ﬁlms grown on the
silicon substrates with different annealing temperatures. It can be
seen that the grain size increase with the increase of the annealing
temperature. This phenomenon can be explained that as annealing temperature increases, the crystal grain grow up continuously.
This result is in agreement with the analysis of X-ray diffraction pat-

(1)

where  is water contact angle. The experimental error of the measurements was ±1◦ .

Fig. 3. Variations of the grain size and rms of ZnO thin ﬁlms with the annealing
temperature.
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Fig. 5. (a) Dependence of the water contact angle on the UV illumination time for
nanostructured ZnO samples. (b) The corresponding evolution of the ratio of the
respective contact angles to their initial values is also plotted for comparison.

terns. As shown in Fig. 3, rms roughness of ZnO thin ﬁlms changes
from 2.3 nm to 7.4 nm with increasing annealing temperature. The
change law of rms roughness may be attributed to the increase of
the grain size.
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3.2. Reversible wettability of ZnO thin ﬁlms

Fig. 4. Surface topography of ZnO thin ﬁlms annealed at (a) 673 K, (b) 873 K, and (c)
1073 K for 60 min.

Fig. 5 shows the contact angle evolution with UV irradiation time
for ZnO thin ﬁlms with different annealing temperature. It can be
seen that the contact angle of un-irradiated thin ﬁlms increases
from 69◦ to 93◦ with increasing annealing temperature. Under UV
irradiation all samples exhibit a light induced transition. The sample annealed at 673 K displays a rather weak response, reaching a
contact angle of ∼27◦ after 60 min, i.e. a decrease of ∼61%. The corresponding difference is greater for the sample annealed at 1073 K
and equal to ∼84%. The relative changes in wettability are better
understood by means of contact angle reduction rate, as shown in
Fig. 5, which is a measure of the efﬁciency of the light induced process. The results show that the contact angle reduction rate increase
as annealing temperature increases. More importantly, the contact angle reduction rate is higher than that observed in other ZnO
structures [4,9].
It must be pointed out that the changes in wettability of the
thin ﬁlms are reversible. After the UV irradiated ﬁlms were placed
in dark for seven days (or annealed at 473 K for 60 min) in ambient conditions, a new water droplet was used to measure the
surface wettability, and the initial wetting state was obtained
again, as shown in Fig. 6. This process has been repeated several times, and good reversibility of the surface wettability was
observed.
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ness [5]. In present work, the change of light-induced wettability is
more marked for the sample exhibiting higher surface roughness,
which annealed at the higher temperature. The explanation of the
change in wettability is as follows: for a rougher surface, (1) water
can enter and ﬁll the grooves of the thin ﬁlms more easily [5], (2) the
total interface area between water and the ZnO thin ﬁlms, which
leads to an increase of the light-induced defect sites, is higher.
4. Conclusion

3.3. The mechanism of reversible wettability
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It is well known that surface roughness [4,15,16] and crystallinity are two main factors governing the surface wettability.
XRD patterns show that the crystallinity does not change appreciably among the thin ﬁlms with different annealing temperature.
Therefore, variation of the initial contact angle of the thin ﬁlms
should be primarily attributed to the difference in their surface
roughness. Following the results presented in Figs. 3–5, one can see
that surface roughness and hydrophobicity of the un-irradiated ZnO
thin ﬁlms increase as annealing temperature increases. Accordingly, the enhancement of hydrophobicity may be ascribed to
increase of the proportion of air/water interface in solid and air
composite rough surface structure [17], which is positively correlated with surface roughness of the thin ﬁlms.
The mechanism of light-induced wettability of ZnO nanostructure has been investigated by many researchers [8–11]. It is well
known that UV illumination will generate electron–hole pairs in
the ZnO surface. Some of the holes can react with lattice oxygen to
form surface oxygen vacancies, while some of the electrons react
with lattice metal ions (Zn2+ ) to form Zn+ defective sites (surface
trapped electrons). Meanwhile, water and oxygen may compete to
dissociatively adsorb on these defective sites. The defective sites
are kinetically more favorable for hydroxyl adsorption than oxygen adsorption. As a result, the surface hydrophilicity is improved,
and the water contact angle is signiﬁcantly reduced [10]. After
the hydroxyl adsorption, the surface becomes energetically unstable. Because oxygen adsorption is thermodynamically favored, it
is more strongly bonded on the defect sites than on the hydroxyl
groups. Consequently, the hydroxyl groups adsorbed on the defective sites can be replaced gradually by oxygen atoms when the
UV-irradiated ﬁlms were placed in the dark. Heat treatment can
accelerate the elimination of surface hydroxyl groups [18]. As a
result, the surface reverts back to its original state (before UV irradiation) by means of dark storage (or heat treatment), and the
wettability is reconverted from hydrophilicity to hydrophobicity.
The reversible change between hydrophobic and hydrophilic states
is connected with both surface chemical composition and rough-
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Fig. 6. Photographs of water droplet shape on the ZnO thin ﬁlms annealed at (a)
673 K, (b) 873 K, and (c) 1073 K before (left) and after (right) UV illumination.

Nanostructured ZnO thin ﬁlms with hexagonal wurtzite structure were prepared by sol–gel method. The rms roughness and
the crystal grain increase with annealing temperature increases.
Accordingly, the higher surface roughness contributes to the
hydrophobicity of the un-irradiated ZnO thin ﬁlms. Nanostructured
ZnO thin ﬁlm annealed at 1073 K was found to exhibit a significant reversible transition from hydrophobicity to hydrophilicity
after exposure to UV light, and the thin ﬁlm can revert back to its
original state (before UV irradiation) by means of dark storage (or
heat treatment). As a result, this method can be adopted to control
the surface topography of ZnO thin ﬁlms, resulting in reversible
efﬁcient wettability changes. The present study is quite valuable,
and can potentially be applied to various industrial areas, such as
the production of self-cleaning coatings, antifogging materials or
microﬂuidic devices.
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