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PHOTO-INDUCED HYDROPHILICITY CONVERSION OF Na-DOPED ZnO THIN FILMS
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Abstract: Na-doped 8% (mole fraction) ZnO thin films were deposited on Si(111) or quartz substrate by sol-gel method. The micro-
structure, surface topography and water contact angle of the thin films have been measured by X-ray diffractometer (XRD), atomic
force microscopy, scanning electron microscopy (SEM), and water contact angle apparatus. XRD results show that the thin films have
a higher preferential c-axis orientation. SEM results reveal that the films consist of nearly hexagonal rod-like grains. With the increase
of annealing temperature, the contact angle of the un-irradiated thin films increases from 95° to 106° . The hydrophobic thin films
could be reversibly switched to super-hydrophilic by alternation of ultraviolet irradiation and dark storage (or thermal treatment). The
photo-induced efficiency of the thin films increases with the increase of annealing temperature.

Key words: zinc oxide thin films; sol-gel; surfaces and interfaces; hydrophilicity

Wettability of thin films with water is a very important
phenomenon in many industrial and agricultural fields.!!
The wettability is controlled by various factors or treat-
ment methods, such as temperature gradient,” applica-
tion of an electric field,® and chemical surface modifica-
tion.® In addition to these methods, photo-induction has
also been proposed, and has attracted much attention,
owing to its high wettability conversion rate.l”? For vari-
ous applications, both highly hydrophobic! (water con-
tact angle larger than 150°) and highly hydrophilict”?
(water contact angle smaller than 10° ) thin films are de-

Ui BH#A: 2010-05-08.
E&£WB:

&Y% EI BEA: 2010-06-08.

K H AR5 4 (N0.50872001); #4074 S L I gk 4
(20060357003); i1 44 2 FUARFHEF G H 4% (KJ2010A-
284) T I H
F—1EH: BEE1980—),
BIEE: JEA(1955—

LwEsE.
» Bt

~

phic ?HEI

~

’

sirable.

Recently, the reversible wettability of metal oxides by
alternation of ultraviolet (UV) irradiation and dark stor-
age, mainly of TiO, and ZnO, has been widely studied.
ZnO thin films with reversible wettability have been fab-
ricated using different techniques including chemical
vapor deposition method,™ radio frequency magnetron
sputtering,™® aqueous chemical growth,™ pulsed laser
deposition,*?  two-step solution approach,****4 hydro-
thermal method."™ Compared with other deposition
methods, sol-gel method is a simple and low cost method
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for the fabrication of either small or large-area ZnO thin
films, despite the relatively inferior crystal quality. It has
been reported that sodium ions doping enhanced the
crystalline quality, grain size and optical properties of
ZnO thin films."® To the best of our knowledge, the ef-
fect of annealing temperature on the photo-induced hy-
drophilicity of the sol-gel-derived ZnO thin films by
Na-doping have not been reported yet.

In this work, Na-doped ZnO thin films were prepared
on silicon and quartz substrates by sol-gel method. Mi-
crostructure, surface topography and wettability of the
thin films annealed at different temperatures were investi-
gated. The effect of annealing temperature on photo-in-
duced hydrophilicity of Na-doped ZnO thin films was
studied.

1 Experimental procedure

8% (mole fraction, the same below) Na-doped ZnO
solution was produced using zinc acetate dihydrate, so-
dium chloride, ethylene glycol monomethyl ether and
monoethanolamine (MEA) as raw materials. The concen-
tration of Zn ions in the solution was 0.5 mol/L and the
mole ratio of MEA 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 24 h.
Na-doped ZnO thin film was deposited on Si(111) or
quartz substrates using the spin coating method with 3000
r/m for 30s. After spin coating, the substrates were kept at
423K for 10 min to evaporate the solvent in the film and
this procedure was repeated 10 times. These as-deposited
films were annealed at 673, 873, and 1073 K for 60min in
air and then cooled down to room temperature.

The crystallization behavior of Na-doped ZnO thin
films was analyzed by a X-ray diffractometer (XRD,
Model MACM18XHF) using Cu K, radiation. Surface
morphology of the samples was observed by a scanning
electron microscope (SEM, Model S-4800) and an atom
force microscope (AFM, Model CSPM4000) operating in’

contact mode. Contact angle (CA) of water droplet on the
surface was measured by a home-made water contact
angle apparatus™ at ambient air (18 °C, a relative hu-
midity (RH) of 60%). The change of photo-induced wet-
tability was evaluated by irradiating the samples at cer-
tain time intervals using an ultraviolet (UV) mercury
lamp with an intensity of 2-4 mW/cm?. Following irra-
diation, the samples were placed in the dark for seven
days (or annealed at 473 K for 60 min) in ambient condi-
tions. Subsequently, the respective evolution of the con-
tact angles was determined.

2 Results and discussion

Figure 1 depicts the XRD patterns of 8% Na-doped
ZnO thin films deposited on silicon substrate and an-

nealed at different temperatures for 60 min. All samples
are polycrystalline with hexagonal wurtzite structure. As
seen in Fig.1, the intensity of (002) peak of the thin films
is much stronger than that of (100), (101), (103) and
other diffractive peaks, which indicates that the thin films
have a preferential c-axis orientation. In addition, the
intensity of the (103) peak becomes higher with the in-
crease of annealing temperature.
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Fig.l XRD patterns of Na-doped ZnO thin films annealed at
different temperatures for 60 min

The surface SEM microstructure images of the
Na-doped ZnO thin films formed on silicon substrate
annealed at 673, 873, and 1073 K are shown in Fig.2. It
can be seen that the surface of the samples consist of
nano-sized and nearly hexagonal rod-like grains. The
mean grain size is about 40, 70, and 150 nm for the sam-
ples annealed at 673, 873, and 1073 K, respectively. The
AFM images of the samples are shown in Fig.3. The
mean root-mean-square (RMS) roughness of the samples,
as determined by the corresponding AFM images, in-
creases from 5.7 to 17.9nm with the increase of anneal-
ing temperature.

Figure 4(a) shows the contact angle evolution with
UV irradiation time for the thin films. It can be seen that
the un-irradiated thin films are hydrophobic, and the
contact angle increases from 95°to 106° with the in-
crease of annealing temperature. It is well known that
surface topography and crystallinity are two main factors
governing the surface wettability. The crystallinity does
not change appreciably among the thin films annealed at
different temperatures. Therefore, the variation of the
initial contact angle of the thin films should be primarily
attributed to the difference in their surface structures. In
this study, with the increase of annealing temperature, the
surface roughness, grain size and thus groove size be-
tween rod-like particles of the thin films increase. Air can
be present in the grooves. The hydrophobicity of a rough
surface can be intensified by increasing the proportion of
air/water interface.™® Therefore, the enhancement of hy-
drophobicity of un-irradiated thin films can be attributed
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Fig.2 SEM microstructure images of the surfaces of Na-doped
ZnO thin films annealed at different temperatures for 60
min

to the increase of the proportion of air/water interface in
solid and air composite rough surface structure, which is
related to Na doping and annealing temperature.

Under UV irradiation, the contact angle of the thin
films decreases rapidly. All the samples exhibit a photo-
induced change in their wettability. Particularly the sam-
ple annealed at 1073 K exhibits a remarkable photo-indu-
ced transition from hydrophobicity to super-hydrophi-
licity, reaching a nearly zero contact angle. To better un-
derstand the efficiency of the photo-induced process,
Fig.4(b) reveals the contact angle reduction rate.'”! The
results show that the contact angle reduction rate of Na-

(a) 673 K

588 nm

(c) 1 073K

Fig.3 AFM images of the surfaces of Na-doped ZnO thin
films annealed at different temperatures for 60 min

doped ZnO thin films after UV irradiation for 60min en-
hances with the increase of annealing temperature. It
must be pointed out that the changes in wettability of the
thin films are reversible, either by dark storage for 7d or
heating at 473 K for 1 h. The reversible process in wet-
tability of ZnO nanostructure was studied by many re-
searchers."**1 Compared with contact angle reduction
rate of other ZnO thin films,'"""? enhancement of contact
angle reduction rate of Na-doped ZnO thin films may be
related to the increase of surface roughness and mean
particles size, which is attributed to Na doping and an-
nealing temperature.

As reported," UV irradiation will generate elec-
tron-hole pairs in the ZnO surface. Some of the holes can
react with lattice oxygen, leading to the formation of sur-
face oxygen vacancies; while some of the electrons react
with lattice metal ions (Zn?") to form Zn* defective sites
(surface trapped electrons). Meanwhile, water and oxygen



% 38 & 10 3

B E 4. NaiB2% ZnO MIOGH S5k 4L « 2013 -

o 673K
100 o 873
A 1073
> 80
<
2 60}
o
=
E
= 40t
=
2
=
< 20F
0 1 1 1 1 1

0 10 20 30 40 50 60
UV irradiation time/min
(a) Dependence of the water contact angle on the UV
irradiation time for the Na-doped ZnO thin films
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Fig.4 Dependence of the water contact angle on the UV irra-
diation time for the Na-doped ZnO thin films and the
corresponding contact angle reduction rate (CA/(CA);=0)
(CA)-=o is contact angle at start time.

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.' Since the
oxygen adsorption is thermodynamically favored, thus
oxygen can create stronger bonds to the defective sites
than the hydroxyl. After the hydroxyl adsorption, the
surface of thin films becomes energetically unstable. Ac-
cordingly, 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 hy-
droxyl groups.!®! The surface reverts to its original state
(before UV irradiation), and the wettability is reconverted
from super-hydrophilicity to hydrophobicity. The reversi-
ble switching between hydrophobic and super-hydrophilic
states of the thin films is a synergy of surface chemical
composition and roughness.'? The surface roughness,
mean particles size and photo-induced efficiency of

Na-doped ZnO thin films can be increased with the in-
crease of the annealing temperature. So, the surface
roughness and mean particles size of thin films plays a
key role to improve the efficiency of the photo-induced
process. For the rougher surface, the surface to volume
ratio is higher, and the total interface area between water
and the thin films is larger. This leads to an effective in-
crease of the photo-active defective sites, which are in
contact with water molecules. Based on this analysis, it
can be concluded that the sol-gel method can yield
Na-doped ZnO thin films which exhibit a reversible and
efficient change in their wettability.

3 Conclusions

8% Na-doped ZnO thin films with a higher preferen-
tial c-axis orientation were prepared by sol-gel method.
As the annealing temperature increases from 673 to 1073
K, the mean size of nearly hexagonal rod-like grains in-
creases from 40 to 150 nm. Before irradiation, all sam-
ples are intrinsically hydrophobic, and the contact angle
enhances with the increase of annealing temperature. The
Na-doped ZnO thin film annealed at 1073 K was found
to exhibit a remarkable reversible conversion from hy-
drophobicity to super-hydrophilicity after exposure to
UV irradiation. The results presented here can be poten-
tially applied to the production of self-cleaning coatings,
antifogging materials.
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