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Abstract A facile approach to manipulate the hydrophobic-
ity of surface by controlled growth of standing Ag nanorod
arrays is presented. Instead of following the complicated
conventional method of the template-assisted growth, the
morphology or particularly average diameter and number
density (nanorods cm~2) of nanorods were controlled on
bare Si substrate by simply varying the deposition rate dur-
ing glancing angle deposition. The contact angle measure-
ments showed that the evolution of Ag nanorods reduces the
surface energy and makes an increment in the apparent wa-
ter contact angle compared to the plain Ag thin film. The
contact angle was found to increase for the Ag nanorod sam-
ples grown at lower deposition rates. Interestingly, the mor-
phology of the nanorod arrays grown at very low deposition
rate (1.2 A sec™!) results in a self-cleaning superhydropho-
bic surface of contact angle about 157° and a small roll-off
angle about 5°. The observed improvement in hydrophobic-
ity with change in the morphology of nanorod arrays is ex-
plained as the effect of reduction in solid fraction within the
framework of Cassie—Baxter model. These self-cleaning Ag
nanorod arrays could have a significant impact in wide range
of applications such as anti-icing coatings, sensors and solar
panels.

1 Introduction
The surface which exhibits an apparent water contact an-

gle >150° and a roll-off angle <10° is normally considered
as self-cleaning superhydrophobic surface [1-4]. The self
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cleaning property of these superhydrophobic surfaces makes
them ideal for various practical applications such as imper-
meable textiles, anti-icing coatings, biomedical drug deliv-
ery, and solar panels [5-9]. It is now well established that
such superhydrophobic surfaces can be made by employing
two kinds of approaches: creating a porous or the solid—air
composite surface by synthesis of micro- and nanostructures
of a hydrophobic material or by chemically modifying the
porous surface with a low surface energy material [1, 8—14].
Recently, glancing angle deposition (GLAD) has emerged
as a simple and versatile technique to modify the surface
with the growth of standing nanorod arrays [15-23]. The
nanorods constitute a porous surface and researchers have
observed that they can be used to fabricate the hydropho-
bic surface of various materials [24-28]. In an interesting
research, Fan and Zhao [26] have observed that the coating
of Si nanorod arrays with a hydrophobic material followed
by piranha treatment forms the bunches of nanorods on the
surface, which gives a high contact angle about 167° and
roll-off angle about 2°. Khedir et al. [27] have shown that
the coating of Tf on W nanorods can make the surface su-
perhydrophobic. They observed that by controlling the sub-
strate tilt angle or pressure during GLAD, the apparent water
contact angle of nanorods film can be tuned. Although these
works show the possibility to use GLAD for making a super-
hydrophobic surface, their processes involve some kind of
coating or chemical surface treatment of the nanorod films.
The use of such multistep surface treatments makes the sur-
face modification process complex and time consuming.

In this study, we report a simple and single-step approach
to manipulate the hydrophobicity of surface by controlling
the morphology of standing Ag nanorod arrays. The mor-
phology of nanorod arrays on bare Si substrate was con-
trolled by varying the deposition rate during GLAD. Nature
of water interaction with the Ag nanorod arrays was inves-
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tigated by measuring the static contact angle. It was found
that the evolution of Ag nanorods reduces the surface ener-
gies and makes an increment in the apparent water contact
angle compared to the plain Ag thin film. We have shown
that, by controlling the morphology of Ag nanorod arrays,
the surface energy can be reduced sufficiently to produce a
superhydrophobic surface with the self-cleaning properties.

2 Experimental details

The nanorod arrays were grown over Si (100) substrates by
thermal evaporation of Ag powder (99.95 %) using GLAD
method. For the growth of Ag nanorods, the substrates were
inclined in the polar direction such that the substrate nor-
mal made a very high angle (o« = 85°) with the direction of
incident vapor flux. During deposition, the pressure in the
GLAD chamber was better than 2 x 10~° Torr, and the sub-
strates were kept at room temperature (~30 °C ). The depo-
sition rate was adjusted by varying input power to the ther-
mal deposition boat. The film thickness and deposition rate
was monitored by a quartz crystal microbalance (QCM) po-
sitioned at normal incidence to the vapor source. In order to
observe the effect of deposition rate on morphology of Ag
nanorod arrays, the other growth parameters such as sub-
strate temperature and source to substrate separation were
kept same for all the samples. Analysis of film morphol-
ogy was done using scanning electron microscope (SEM,
ZEISS EVO 50). To study the effect of nanorod morphol-
ogy on surface wetting behavior, the droplets of deionized
(DI) water of 3 uL. volume were deposited on the samples.
The image of droplet on sample was captured using a CMOS
camera equipped with a magnifying lens. The contact angle
of droplet on Ag samples was measured using the Image
J software (National Institute of Health, USA). The contact
angle measurements were repeated five times at different po-
sitions of each sample.

3 Results and discussion

3.1 Controlled growth of Ag nanorod arrays on bare Si
substrate

The deposition rate was examined as a potential growth
parameter to control the morphology of Ag nanorod ar-
rays on bare Si substrate during GLAD. For this study, the
growth was done at different deposition rates varying from
14.6 Asec™! to 1.2 Asec™!. The SEM micrographs of Ag
samples grown at different deposition rates are shown in
Fig. 1. It can be observed from the SEM images that the
deposition rate significantly affects the morphology or par-
ticularly the size and lateral distribution of the Ag nanorods
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Fig. 1 SEM images of Ag nanorod films grown at different deposition
rates (A sec™!): (a) 14.6, (b) 8.2, (¢) 4.1, and (d) 1.2
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Fig. 2 Deposition rate dependence of the number density and average
diameter of the nanorods

on bare substrate. The variation in size and distribution was
calculated in terms of the average diameter and number den-
sity (nanorods cm™~2) of the nanorods. Figure 2 plots these
parameters as functions of the deposition rate. It shows that
the density of nanorods decreases to about one-third from
29 x 108 nanorodscm™2 to 9 x 108 nanorodscm™2, while
the diameter of nanorods increases from 96 + 16 nm to
144 425 nm, when deposition rate varies from 14.6 Asec!
to 1.2 Asec™ 1.

During GLAD, the initial stage atomic nucleation and
then evolution of the surface consisting of three-dimensional
particles or islands are very crucial [15, 16, 21]. Since, these
atomic nuclei or islands act as the nucleation centers and
with continuous supply of atomic flux, they evolve in the
form of nanorods following the direction of the incoming
flux. Therefore, if somehow the size and distribution of the
nucleation centers get affected in the initial growth stage,
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then the similar change may appear in the morphology of
the finally grown nanorods film [21, 29-31]. The size and
density of these nucleation centers is basically decided by
the surface diffusion of adatoms [21, 31, 32]. If the adatom
surface diffusion is high, then the lateral size of nucleation
centers increases [31, 32]. In this case, the closely spaced
small islands or nuclei get coalesced to form the bigger is-
lands, and consequently, this process also reduces the num-
ber density of islands on the surface. The surface diffusion
strongly depends on the surface temperature and the energy
of adatom. But, in addition to these more significant param-
eters, it has been observed that the deposition rate can also
control the adatom surface diffusion [31-33]. It can be un-
derstood in terms of the probability of adatoms to move over
the surface without getting buried underneath the forthcom-
ing adatoms, which is decided by the value of deposition
rate. It has been shown that the average adatom diffusion
distance varies inversely with the deposition rate [30]. This
means that the decrease in deposition rate simply results in
the increase of adatom surface diffusion, which in turn will
induce the formation of a surface consisting of the nucle-
ation centers of larger size but smaller number density dur-
ing the initial stage growth. This deposition-rate-dependent
change in the morphology of nucleation centers in the initial
growth stage simply leads to the evolution of nanorods with
increased diameter and reduced surface density on lowering
the deposition rate as observed in the present study [21, 31].
Here it is necessary to discuss that in GLAD, the columnar
growth can be possible only if the adatoms reaching to sur-
face at an inclined path follow the shadowing effect [15, 21,
30, 31]. To maintain this shadowing effect, adatoms should
have a limited surface diffusion [21, 30, 31]. Therefore, if
we decrease the deposition rate to a very low value, then the
resulting large surface diffusion may diminish this necessary
shadowing effect, and in that case we may not be able to get
the desired columnar growth.

3.2 Contact angle measurements and modeling

The effect of diameter and lateral distribution of Ag nano-
rods on the surface wetting behavior was investigated by
performing the contact angle measurements with a ses-
sile water droplet. The contact angle measurements of Ag
nanorod samples grown at different deposition rates are
shown in Fig. 3. The apparent water contact angle on plain
Ag thin film was found to be 92.5°, while in the case of Ag
nanorod samples the minimum contact angle recorded was
about 104°. This indicates that the evolution of nanorods
makes the surface hydrophobic. In addition, the change in
morphology of nanorods also appears to affect the contact
angle, and it can be observed that the contact angle increases
for the Ag nanorod samples grown at lower deposition rates.
Interestingly, at the very low deposition rate (1.2 A sec™!)

a 9=103.5° b wo=1121°
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Fig. 3 Contact angle measurements of nanorod arrays grown at differ-
ent deposition rates (A sec™1): (a) 14.6, (b) 8.2, (¢) 4.1, and (d) 1.2

the contact angle increases to about 157°. This value of
contact angle indicates the formation of a superhydropho-
bic surface. Figure 4a shows the anti-adhesion behavior of
this superhydrophobic surface. The approach, contact, and
departure processes of a 3 uL water droplet suspending on
a syringe with respect to the surface were carried out, and
the direction of movement is shown by red arrows. It can
be seen that water droplet may easily and completely de-
part from the surface without wetting or leaving any residue
on the surface, indicating good anti-adhesion ability. Also,
when we deposit the droplet on the inclined surface, it com-
pletely rolls off (Fig. 4b). The roll-off angle of this surface
was found to be about 5°. These observations simply indi-
cate that the nanorods film grown at smaller value of de-
position rate (1.2 A sec™!) has the self-cleaning effect. It is
important to discuss that, on further decreasing the deposi-
tion rate that is below 1.2 Asec™! the distorted columnar
and coalesced island-type film morphology was observed.
In that case, instead of sitting on the solid—air composite
surface, the water droplet wets the complete solid surface,
which results in the decrease of contact angle values.

The observed morphology-dependent change in contact
angle on nanorod arrays can be explained using the Cassie—
Baxter model [1, 34-36]. The model proposed that on
nanostructured surface the water droplet can be considered
to be sitting on a composite surface made up of solid and air.
The presence of air in place of a solid surface simply reduces
the effective surface energies responsible for the spreading
of water on the surface, and hence it improves the hydropho-
bicity of surface. In this case, if the intrinsic contact angle
of solid surface is 6;, then the observed contact angle 8 on
nanostructured or solid—air composite surface can be calcu-
lated as

cosf = f(1+cosb;) —1, (1)
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Fig. 4 (a) Anti-adhesion test:
the water droplet suspended on
a syringe is shown to touch the
surface without wetting it. The
red arrows represent the
syringe’s moving direction.

(b) Roll-off test: the water
droplet rolls of on the surface
inclined at 5°. The time b |
sequence of droplet on the
surface is also marked
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Fig. 5 (a) Schematic shows the wet area of vertically standing, cylin-
drical shape nanorods of diameter w, and inter-rod separation b.
(b) Top view of these nanorods shows that if the rods are uniformly
distributed, then only the circular top area ww?/4 of one nanorod
will contribute as liquid—solid interface area to the total liquid inter-
face of base area b2. (¢) Wet area of nanorods inclined on the surface
with angle B. (d) Top view of inclined nanorods showing the elliptical
cross-section of wet area with minor axis as the diameter of nanorod w
and major axes as p, which is equal to w/ cos 8

where f is the solid fraction, defined as the area fraction
of the liquid—solid interface [1, 34-36]. The relation clearly
shows that any reduction in solid fraction f will result in the
increment of observed contact angle 6. Now, if we consider
a case of vertically standing and cylindrical shape nanorods
of diameter w and inter-rod separation b and assume that the
rods are uniformly distributed and the water droplet wets
only the top of these nanorods, then the solid fraction of
nanorods surface will be [37]

(@)

The schematic of above approximation and effective area
in contact to the water droplet is shown in Figs. 5a and 5b.
This relation was for vertically standing nanorods, but in our
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case the nanorods grow inclined. So, in that case the wet area
of nanorods will be different. Considering a simple case, it
was assumed that the droplet wets only the top surface of
nanorods as marked in the schematic shown in Fig. 5c. This
wet area forms an elliptical cross-section with minor axis
as diameter of nanorod w and major axis as w/cos§. In a
simple approach this elliptical area can be considered as the
liquid—solid interface area. The top view of these uniformly
distributed inclined nanorods is shown in Fig. 5d. The sur-
face area of one complete ellipse (mw? /4 cos B) that is con-
sidered as the wet area of one nanorod will contribute as
the liquid—solid interface to the total liquid interface of base
area b2. In that case, Eq. (2) will be modified as

nw2

4b2cos B’

where f is the nanorod inclination angle with the substrate
normal. The B can be calculated using the semi-empirical
relation, 8 =« — sin_l((l —cosw)/2), where, « is the va-
por incidence angle (85°) [38]. Using the values of average
diameter w, average inter-rod separation b obtained from
the SEM analysis, and the calculated value of g (58°) in
Eq. (3), the solid fraction was calculated for the nanorod
samples grown at different deposition rates. It was observed
that the change in morphology of nanorods on lowering the
deposition rate results in the decrement of solid fraction. The
pattern of solid fraction with change in the deposition rate is
shown in Fig. 6. If we consider the intrinsic contact angle 6;
as of the conventional Ag thin film (92.5°), then putting the
value of solid fraction in Eq. (1), the observed contact angle
6 can be calculated for all the nanorod samples. The calcu-
lated and experimentally measured values of contact angle
of samples grown at different deposition rates are shown in
Fig. 6. The framework of Cassie—Baxter model developed
in this study considers few assumptions: (i) the nanorods are
uniformly distributed, (ii) the nanorods have the same length
and diameter, (iii) all the nanorods have same inclination
angle B with respect to the substrate normal, and (iv) the
water droplet wets only the top surface of the nanorods. Ac-
tually, the morphology of nanorods may deviate from these
assumed conditions. This is the reason behind the deviation

fe 3)
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Fig. 6 Contact angles and calculated solid fraction as functions of the
deposition rate of nanorod arrays

observed between the measured and calculated values of the
contact angle. But, even then a similarity in the pattern of
the calculated and experimentally measured contact angle
values can be seen. It simply suggests that the observed en-
hancement in contact angle or hydrophobicity of nanorods
film can be attributed to the effect of decrement in the solid
fraction on lowering the deposition rate.

4 Conclusions

We have successfully demonstrated the approach of depo-
sition rate to control the size and distribution of the Ag
nanorods on a bare Si substrate during GLAD. The ob-
served growth mechanism is considered as the effect of in-
crease in adatom surface diffusion on lowering the deposi-
tion rate. Water wettability test showed that the evolution
of Ag nanorods makes the surface hydrophobic and the hy-
drophobicity increases for the nanorod films grown at low
deposition rate. At the lower deposition rate (1.2 A sec™1)
morphology of nanorods film forms a self-cleaning super-
hydrophobic surface with contact angle 157° and a small
roll-off angle 5°. The observed improvement in hydropho-
bicity on nanorods film is explained as the effect of reduc-
tion in solid fraction within the framework of Cassie—Baxter
model.
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