
Eur. Phys. J. Appl. Phys. 55, 20501 (2011)
DOI: 10.1051/epjap/2011100296

THE EUROPEAN
PHYSICAL JOURNAL

APPLIED PHYSICS

Regular Article

Photon-induced tunable and reversible wettability of pulsed laser
deposited W-doped ZnO nanorods

B.D. Ngom1,2,a, O. Sakho1, S. Ndiaye1, R. Bartali3, A. Diallo1, M.B. Gaye1, S. Bady1, N. Manyala4, M. Maaza2,
and A.C. Beye1

1 Groupes de Physique du Solide et Sciences des Matériaux (GPSSM), Faculté des sciences et Techniques, Université Cheikh
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Abstract. ZnO nanorods arrays were prepared on soda lime glass substrate by pulsed laser deposition
method. Hexagonal rod-like ZnO rods were obtained under different conditions. Well-defined ZnO nanorods
arrays were selected among different samples having various morphologies and sizes already studied by
X-ray diffraction (XRD) and atomic force microscopy (AFM). Here, we report on the contact angle mea-
surement (CAM) of one of these samples. A systematic change of the surface wettability is observed in
W-doped ZnO nanostructures. The water contact angle (WCA) of a 1 wt.% of WO3 target content was
found to be the transition doping level from hydrophilic surface to a hydrophobic surface. We attributed
the transition in surface wettability of the film with the doping to incorporation increase of tungsten into
the film. Such characteristic surface wettability can play a key role in the adhesion of various layers on
W-ZnO nanorods arrays for optoelectronic device applications.

1 Introduction

Wettability is a defining property of the interface between
liquids and solids. Controlling surface wettability is of vi-
tal importance for a wide range of biological, chemical, and
electronic applications [1,2]. The wetting behaviors are
mainly governed by two factors, surface geometrical struc-
ture and chemical composition [2]. Transparent conduc-
tive oxides (TCOs) have been intensively studied for their
potential in optoelectronic applications, including for the
manufacture of organic light-emitting diodes (OLEDs). It
is well known that indium tin oxide (ITO) is the most
popular TCO, because of its high conductivity and trans-
parency [3].

However, its chemical instability, toxic nature and high
cost, combined with the diffusion of indium into surround-
ing organic materials, have stimulated efforts to find an
alternative [4]. Among these materials, one of the most
promising candidates is doped ZnO which has sufficiently
high conductivity and a transmittance of over 90% in the
visible range, even in samples grown at room tempera-
ture [5].
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Optimized ZnO based TCO films could replace ITO as
an anode material in OLED applications. In comparison
with ITO, ZnO films are more stable in reducing ambient
circumstance, more readily available, and less expensive
[6]. Because of these characteristics, ZnO is often used as
an anode material in photoelectronic devices such as solar
cells, flat panel displays and OLEDs [7–10].

Because the anode materials in an OLED are in con-
tact with organic molecules, both their surface chemical
properties and their morphology affect the adhesion and
alignment of molecules on the surface [11]. Therefore, a
microscopic understanding of wettability in solid surfaces
is fundamentally interesting and practically valuable. Fur-
thermore, the absorption of water on metal-oxide surfaces
is an important subject in its own right, due to its crucial
role in gas sensors, catalysis, photochemistry and electro-
chemistry. It is well known that the measurement of the
water contact angle (WCA) could reveal much useful in-
formation about characteristics of surface nanostructure
and morphology [12]. However, there have been few stud-
ies of the surface wettability of the transparent conducting
oxide ZnO nanostructures.

Recently, with the development of smart devices, such
as intelligent microfluidic switch, reversibly controlling the
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surface wettability has aroused great interest and can be
realized by modifying the surface properties.

In this paper, controllable wettability of aligned
W-doped ZnO nanorods films fabricated by pulse laser
deposition is reported. These inorganic oxide films show
hydrophobicity and hydrophilicity at different conditions,
and the wettability can be reversibly switched by alterna-
tion of ultraviolet (UV) irradiation and dark storage. Such
special wettability will greatly extend the applications of
ZnO films to many other important fields ranging from
biological, chemical, and electronic applications.

The unique self assembly of these nanostructures with
tunable complexity presents a convenient and effective
means to adjust the surface wetting behaviors. The de-
pendence of the water contact angle of the grown films on
the amount of W-doping was investigated.

2 Experimental details

Cylindrical pellets “φ ≈ 15 mm and about 2 mm thick”
were used as targets prepared by standard sintering
method from pure oxide metal powders “Johnsson Mathey,
purity 99.8%” for WO3 and “Alpha Aesar 99.999% pu-
rity” for ZnO. The detailed experimental conditions for
the pulsed laser deposition growth, X-ray diffraction struc-
tural characterization of the samples are reported in our
previous work [13]. However, the morphology was studied
using an atomic force microscopy (AFM) model NanoMan
V Veeco. The AFM images were analyzed with Nanoscope
V700 software. The surface topography mappings were
obtained in air subsequent to a special cleaning treat-
ment before scanning. All images were obtained in direct
tapping mode with standard Si tips of nominal radius
10–20 nm. Topography scanning on the nanostructures’
surface was measured over scan range of 10 × 10 μm2.

The contact angle measurements were carried out on
the nanostructures by the sessile drop method. It consists
of depositing a liquid drop on a solid surface and measur-
ing the angle between the solid surface and the tangent to
the drop profile at the drop edge. The volume of the drop
was about 16 μl, the analysis software used was a drop
analysis (image J) based on B-spline.

3 Results and discussion

The typical X-ray diffraction patterns for W-doped ZnO
thin film grown from the 1 wt.% target were shown to ex-
hibit two peaks: strong and a weak at (0 0 0 2) and (0 0 0 4)
diffraction indices at angles of 34.41◦ and 72.75◦ respec-
tively. Detailed information on the effect of W-doping on
the structural properties of the ZnO is discussed in our
previous work [13].

Moreover the AFM image of the undoped ZnO sam-
ples revealed nanorod morphology but dispersed all over
the substrate and with lower surface roughness of about
10.2 ± 1.2 nm. Figure 1 shows that with W-doping, the
nanorods are spontaneously organized into some ordered

Fig. 1. (Color online) 2D AFM images of the W-doped
ZnO nanorods deposited with 2 wt.% target composition.

parallel structures with the major axis pointing perpen-
dicularly to the substrate surface. The tungsten appears
to play the role of a catalyst rather than a substitute of
zinc; similar results have been reported for the growth of
ZnO nanostructures where the Zn acted as a self catalyst
for the orientation of the nanostructures as suggested by
the results in the lattice parameter c [14].

The AFM images of the sample grown with 2 wt.%,
the grain density decreases and the AFM image of the
film shows well-oriented nanorods like, with an increase
of the surface roughness to 33.1 ± 1.8 nm. The detailed
influence of W-doping on the morphology of the ZnO is
also discussed in our previous work [13].

The dependence of the water contact angle (WCA) on
the different W-doping concentration of samples is shown
in Figure 2. The inset to Figure 2 shows a water droplet
on the film fabricated from the target containing 2 wt.%
of WO3 target composition. We obtained the WCA, which
shows the wettability changes of the surface, by measur-
ing the angle between the sample surface and the water-
droplet boundary on the surface.

Because the wettability determines adhesion with
neighboring layers that include organic materials in
OLEDs, it is an important parameter in OLED device
fabrication. As seen in Figure 2, the result shows the sig-
nificant differences in surface wettability for different W
concentrations.

Interestingly, the maximum and minimum WCA val-
ues for W-doped ZnO film at different WO3 wt.% compo-
sition were found. At film grown with 0 wt.%, the WCA
dropped from about 90◦ to 58◦ after the water droplet
has been introduced on the film for 125 s as shown in
Figure 3a.

We observed that the derivative of the WCA as a func-
tion of the time has a linear trend, as shown in Figure 3b,
indicating an exponential decreasing of wettability.

As indicated by the following equations:

∂θ

∂t
= a − bθ, (1)

θ = k + ce−b(t−ti), (2)
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Fig. 2. (Color online) Water contact angle of the W-doped
ZnO nanorods deposited with different target composition.

where θ is water contact angle, k = a/b ratio and
c = θi − a/b.

By equation (2) we can estimate the wettability at a
time zero and the wettability at the steady state (t = in-
finity). This indicates that the change of wettability is due
to the increase in sensitivity of the water drop to the films
during the time. When the time is zero the drop touches
only the ZnO coating and we estimate that the intrinsic
wettability of the coating is around 90◦. For t = infinity
wettability reaches a precise steady state of 58◦.

Knowing the wettability of substrate 42◦, we can ob-
serve that the steady state is a composition of ZnO and
glass wettability.

Applying the Cassie-Baxter equation for heterogeneous
surface we can approximately estimate the surface wetta-
bility fraction due to the ZnO and that due to the glass:

cos θm = f1 cos θ1 − f2 cos θ2. (3)

Imposing the following condition:

f1 + f2 = 1,

f1 = 1 − f2,

we can obtain f2 = −((cos θm − cos θ1)/(cos θ1 + cos θ2)),
where θm = WCA measured at steady state (58◦),
θ1 = contact angle of substrate (42◦) and θ2 = contact
angle of ZnO (90◦). In this case we estimate that the frac-
tion of ZnO in the steady state is only 0.28 (∼30%). The
fact the WCA is below 90◦ indicates a hydrophilic behav-
ior of the film.
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Fig. 3. (Color online) Time dependence of the water contact
angle of the undoped ZnO nanorods.

The WCA increased with W concentration to a maxi-
mum of 110◦ for the sample prepared with 2 wt.% WO3.
This shows that the films are hydrophobic (110◦), also
in this case the wettability is due to the heterogeneity
of the substrate but the complementary element of ZnO
nanorods is the air that induces the hydrophobicity of the
material. Therefore the hydrophobic behavior is related to
the morphology of the substrate.

The hydrophobic behavior remains constant for the
duration of the water droplet introduced on the surface
of the sample as shown in Figure 4. The sample pre-
pared with 1 wt.% of WO3 shows the WCA of about 90◦
(see Fig. 2). This marks the wettability change from hy-
drophilic to hydrophobic with W concentration and hence
could be regarded as the transition concentration between
the two behaviors.

Upon UV (obtained from a 500 W Hg lamp with a
filter centered at 365 nm) irradiation for 115 min on the
sample prepared with 2 wt.% of WO3 target composition,
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Fig. 4. (Color online) Time dependence of the water contact
angle of the W-doped ZnO nanorods deposited with 2 wt.%
target composition.

the water droplet spread out on the film, resulting in a
WCA of about 43◦ (Fig. 5). These results indicate that
the wettability changes from a stable hydrophobicity to
hydrophilicity. After the UV-irradiated films were placed
in the dark, the hydrophobicity of the nanorods films was
obtained again. This process has been repeated several
times, and good reversibility of the surface wettability was
observed.

But it is very interestingly observed that the WCA
after 100 min reaches 40◦, at exactly the same value of the
substrate (42◦). This indicates that the samples prepared
with 0 wt.% of WO3 are completely hydrophilic and the
wetting of the surface is governed only by the substrate.

To thoroughly understand the reversible stable
hydrophobicity to hydrophilicity transition of the aligned
W-doped ZnO nanorod films, the surface free energy and
the surface roughness, which are two main factors gov-
erning the surface wettability, are considered. It is well
known that only when the surface free energies of the
various crystallographic planes differ significantly could
an anisotropic nanorod growth be realized [15] and a fast
growing plane generally tends to disappear leaving behind
slower growing planes with lower surface energy. For the
anisotropic ZnO nanorod, the velocities of crystal growth

Without UV        1 min UV          63 min UV          115 min UV           After Dark 

0 20 40 60 80 100 120 900
30

40

50

60

70

80

90

100

110

120

C
on

ta
ct

 A
ng

le
 [°

]
Time [min]

ZnO:W with 2wt.%

UV Light DarkB A

Fig. 5. (Color online) Effect of UV light and dark storage
on the water contact angle of the W-doped ZnO nanorods de-
posited with 2 wt.% target composition.

in different directions were reported to be [−1 0 0] >
[−1 0 1] > [0 0 1] ≈ [0 0 −1] [16]. Figure 1 shows that
the ZnO nanorods are highly vertically oriented with the
well-faceted (0 0 1) end projecting out. Compared with
other random orientation of ZnO nanocrystals films [17,
18], the as-prepared films have the lowest surface free en-
ergy. Figure 1 also shows that the nanorods grow sep-
arately on the substrate, and air can be present in the
troughs between individual nanorods. The hydrophobic-
ity of a rough surface can be intensified by increasing the
proportion of air/water interface [19], for example, super-
hydrophobic surfaces have been successfully fabricated by
the aligned carbon nanotubes and polymer nanofibers [20].
The nanorods and air composite rough surface structure
in this case can also greatly enhance the hydrophobic-
ity of the films. Accordingly, both the lower surface free
energy and the higher surface roughness contribute to
the hydrophobicity of the as-prepared films. As reported
in reference [18], UV irradiation will generate electron-
hole pairs in the ZnO surface, and some of the holes can
react with lattice oxygen to form surface oxygen vacan-
cies. Meanwhile, water and oxygen may compete to dis-
sociate adsorption on the surface. The defective sites are
kinetically more favorable for hydroxyl adsorption than
oxygen adsorption. As a result, the surface hydrophilic-
ity is improved, and the WCA of a relatively flat ZnO
surface changes from 109◦ to 5◦ [18]. For a rough sur-
face, water will enter and fill the grooves of the films,
leaving only the up part of the nanorods not in contact
with the liquid, which is the three-dimensional capillary
effect of a rough surface [21]. This effect results in a hy-
drophilic surface. For instance, combining with the rough
structure, the UV irradiation causes the surface wetta-
bility of aligned ZnO nanorods films to change from
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stable hydrophobicity to hydrophilicity. It has been
demonstrated that the surface becomes energetically
unstable after the hydroxyl adsorption, while the oxy-
gen adsorption is thermodynamically favored, and it is
more strongly bonded on the defect sites than the hy-
droxyl group [18]. A similar result has also been observed
on the TiO2 surface [22,23]. Therefore, 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. Subsequently, the surface evolves
back to its original state (before UV irradiation), and
the wettability is reconverted from hydrophilicity to
hydrophobicity.

On the basis of the above analysis, it can be concluded
that the reversible switching between hydrophilicity and
stable hydrophobicity is related to the cooperation of the
surface chemical composition and the surface roughness.
The former provides a photosensitive surface, which can
be switched between hydrophilicity and hydrophobicity,
and the latter further enhances these properties. In ad-
dition, the reversible conversions of the surface wettabil-
ity proceed only by the adsorption and desorption of sur-
face hydroxyl groups at the outmost layer of oxide films
[22], while the structure below the outmost layer remains
stable, free from changes in chemical conditions. There-
fore, it is reasonable that the reversible wettability switch-
ing properties of the as-prepared films exhibit long-term
durability.

4 Conclusion

In summary, the wettability of aligned ZnO nanorod films
was investigated. Reversible stable hydrophobicity to
hydrophilicity transition was observed and intelligently
controlled by alternation of UV illumination and dark
storage. This reversible transition of surface wettability
is a completely new concept for preparing smart films.
This strategy can be extended to other stimuli-responsive
surfaces with similar nanostructure and higher stability,
which is certainly significant for future industrial
applications.
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