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Abstract E-beam evaporation equipped with glanc-
ing angle deposition arrangement (GLAD) was used to
fabricate nanostructured polytetrafluoroethylene
(PTFE) films in a single-step coating process. Three
sets of PTFE coatings were prepared using various
oblique angles, e-beam currents, and deposition times
to explore the effects of deposition parameters on the
properties of PTFE nanostructured coatings. Water
contact angle (WCA) of the coatings was found to be
enhanced with the increase in all the above process
parameters. Optical transmittance of the coatings was
also found to be improved with the above parameters
except for in the case of an increase in thickness of the
films (in very high thickness region), where the

transmittance was degraded due to light scattering
from the sample surface. After all the optimizations,
the � 130-nm-thick GLAD PTFE sample prepared
with highest e-beam current was found to be more
suitable for antireflection and self-cleaning applica-
tions. The single-sided coating demonstrates a very
high average transmittance of � 95.6% (with a wide-
band transmittance spectrum among the others) in the
visible and NIR wavelength range with excellent self-
cleaning nature (WCA � 156�, sliding angle � 10�).
The trend of measured WCA with respect to surface
roughness follows the Cassie–Baxter model. Overall,
the study demonstrates the possibility of fabricating
highly transparent self-cleaning coatings using the
GLAD technique, which is potentially useful for
fabricating protecting cover glasses in solar panels.

Keywords PTFE, GLAD, Antireflection,
Superhydrophobicity

Introduction

During the past few years, replicating naturally existing
water-repellent surfaces (lotus leaf, butterfly wings,
etc.) has drawn the attention of researchers.1–5 These
bio-inspired surfaces are extremely useful in many
real-life applications like self-cleaning, antifogging,
and antiicing.6–9 On the other hand, coatings with bare
minimum reflection losses are very important for
applications where maximum light transmission is
desired (e.g., solar cells, flat panel displays, etc.).10–12

Surfaces placed in open air environment and coated
with antireflective layers have a tendency to deterio-
rate their performance due to the accumulation of dust
on the surfaces leading to reflection losses. This is a
serious problem for solar cells, where after some time,
the efficiency of the cell is degraded due to the dust
particles settling on the top surface.13–16 These prob-
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lems provide an inspiration to the scientists to play
with surface engineering of man-made coatings and
produce surfaces that are simultaneously water-repel-
lent and antireflecting.17–20

Antireflection coatings (ARCs) work with a very
basic theory of achieving minimum light reflection
from any material by reducing the refractive index
contrast between the ambient and the material
medium. Glass is a very popularly known material
for optical applications due to its high transparency for
wavelengths above 400 nm. However, a total of 8%
reflection loss is inherently present due to the Fresnel’s
reflection from its surfaces. So, it is very important to
recover this 8% loss in transparency of the glass in
order to improve the efficiency of the underlying
devices. Generally, ARCs are fabricated by depositing
a multilayered stack of low and high index materials on
the substrate surface,10 but fabrication of such coatings
often involves complex preparation processes.
Hydrophobicity of solid surfaces is dependent on
surface free energy and surface roughness. Usually,
choosing materials having low surface free energy and
creating controlled top surface roughness serve the
purpose easily.

Generally, simultaneous production of superhy-
drophobic and antireflective surfaces is difficult due
to the competitive nature of surface roughness and
transmittance.21 Creating surface roughness may be
beneficial for superhydrophobicity, but it has a nega-
tive effect on transparency due to the enhancement of
light scattering from the surface.22 So, a balanced
deposition condition is necessary.

Glancing angle deposition (GLAD) [an extreme
case of oblique angle deposition (OAD)] is an efficient
technique for fabricating antireflecting and water-
repellent coatings due to its unique capability of
producing tailored optical properties (i.e., refractive
index) and surface morphology of thin films.23 It uses
the well-known self-shadowing effect to control the
surface structure of the coatings. Although several
other techniques are available which can generate
antireflecting surfaces with hydrophobic characteris-
tics, all techniques have their own limitations, such as
complexity in the fabrication process, time-consuming
deposition methods, and less control on process
parameters involved.24,25 Several reports are available
on creating superhydrophobic and antireflecting sur-
faces using GLAD technique, but they failed to
demonstrate both the antireflection and superhy-
drophobic characteristics at the same time.26,27 Re-
cently, in the work reported by Lu et al.,28 GLAD
technique has been used to prepare transparent
superhydrophobic SiO2 coatings (WCA � 156�), but
the transparency in their films was limited to only
(� 92%). The results show the potentiality of the
GLAD technique in fabricating such multifunctional
surfaces.

In our previous communication,29 we fabricated
highly transparent superhydrophobic coating of PTFE
material. The films were prepared in normal deposition

geometry, i.e., substrates were placed at 0� angle of
incidence and depositions were taken at a very high
deposition rate (� 450 Å/s) that drastically reduced
the control over process parameters in the fabrication
process. To get rid of this problem, in our present study
we tried to create similar surfaces but with optimized
lower deposition rate (maximum 125 Å/s @ 20 mA e-
beam current) to have better control. Here, we have
introduced the GLAD technique, which can inherently
enhance the surface roughness and serve the purpose
of using very high deposition rate in the previous study
partially. As fabrication of such multifunctional coat-
ings often require a genuine selection of coating
material, in both the studies we have used polyte-
trafluoroethylene as the coating material due to the
low surface energy (� 18.6 mN m�2) and low refrac-
tive index (� 1.38 @ 550 nm) inherently present in the
material itself.

In the present study, we have explored the GLAD
technique along with other important deposition
parameters to demonstrate thin film coatings with high
transparency and superhydrophobicity. We have at-
tempted to improve the properties further by tailoring
several deposition parameters including deposition
angle, rate of deposition, and time of deposition. At
the end, an optimized deposition condition has been
selected that demonstrates both antireflecting and
superhydrophobic properties simultaneously with a
better control on the process parameters involved.

Experimental details

Fabrication of the nanostructured PTFE films

PTFE nanostructured coatings were fabricated on BK7
and Si (111) substrates (of area � 5 cm2) using elec-
tron beam evaporation technique (HHV make EB03)
equipped with glancing angle deposition arrangement.
During the deposition process, the substrates were
mounted on a sample holder capable of tilting at any
angle between 0 and 90� with respect to the incoming
vapor flux. No azimuthal rotation was applied to the
substrates during the coating process. Prior to deposi-
tion, the vacuum chamber was evacuated to a base
vacuum level of � 3 9 10�6 mbar using turbomolecu-
lar pump backed by a rotary pump and the depositions
were carried out in the 10�4 mbar vacuum range. The
distance between the evaporation source (Himedia
make PTFE granules) and center of the substrate was
fixed at 220 mm for all the depositions. Three sets of
samples were prepared with varying (1) angle of
deposition, (2) e-beam current, i.e., rate of deposition,
and (3) film thickness. For set (1), thickness of the films
was restricted to � 100 ± 5 nm and depositions were
carried out at 5 mA e-gun current with angle of
deposition varied to 0�, 50�, 75�, and 86�. For preparing
set (2), film thickness was restricted to 100 ± 5 nm and
deposition angle was fixed at 86�, but the e-gun current
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was varied to 10 and 20 mA to get enhanced deposition
rates. For set (3), the e-gun current and deposition
angle were fixed at 20 mA and 86�, respectively, but
deposition time was varied to get varying thicknesses
of the films.

Characterization of the films

The films prepared on BK7 substrate were used to
measure the optical properties using spectroscopic
ellipsometry, spectrophotometry, and water contact
angle (WCA) using an indigenously developed WCA
measurement setup. Thin films fabricated on Si (111)
were utilized for surface morphology measurements
using scanning electron microscopy (FE-SEM) and
atomic force microscopy (AFM). As the coatings were
prepared without any azimuthal rotation, all the
characterizations (except WCA measurements) were
carried out in the central region (few mm2) of the
substrates. However, WCA values were evaluated by
taking measurements at different locations covering
maximum area of the coated surface (� 5 cm2).

Spectroscopic ellipsometry measurements of the
coatings were done using Semilab GES5-E rotating
polarizer spectroscopic ellipsometer in the 200–900 nm
wavelength range and at 70� angle of incidence. A
detailed description of spectroscopic ellipsometry (SE)
data analysis is already reported elsewhere.30 The
optical parameters of all the GLAD PTFE samples
were evaluated from the SE data by assuming a bilayer
film structure that consists of a bottom bulk-like layer
and a top porous layer of PTFE.30 The bottom layer
was assumed to follow Cauchy’s dispersion model,31

and the top porous layer was analyzed by using
Bruggeman effective medium approximation (EMA)
model.31 Since a bilayer film structure was assumed, a
thickness weighted refractive index (neff) value of the
two layers (i.e., bulk-like layer and top porous layer)
was evaluated to demonstrate variation in optical
properties of the specimens with varying deposition
conditions.

Jasco V-630 spectrophotometer was utilized for
optical transmittance measurement of the films in
200–1100 nm wavelength range.

Morphological characterization (both top and cross-
sectional view mode) was done using field emission-
based scanning electron microscope (FE-SEM) oper-
ated at 1 keV energy of electrons (without any
conductive coating) and 20 KX magnification. Few
samples were measured at 50 KX magnification scale
to view the fine surface features present. MFP3D,
Asylum Research (USA) atomic force microscope
(AFM) was used to measure surface parameters of the
samples.

The details of our indigenously developed WCA
measurement setup have been reported elsewhere.29

All the WCA measurements were taken with 4-lL
water droplets of de-ionized water. For each WCA
data point, five measurements were taken and the
mean WCA values were plotted.

Results and discussion

Effect of deposition angle on the film properties

To explore the effect of deposition angle on the optical
and wetting properties of the coatings, films were
prepared at different oblique angles. Spectroscopic
ellipsometry data analysis confirmed the thickness of
the films to be 100 ± 5 nm.

From the optical transmittance measurements, it can
be seen that all the films show an average transmit-
tance of 94.5–95.0% in the visible wavelength range (as
shown in Fig. 1a) with no significant improvement in
transmittance with oblique angle. This can be ex-
plained by the effective refractive index (neff) values
(shown in Fig. 1b) of the films evaluated from spec-
troscopic ellipsometry (SE) measurements. Although
the film prepared at 0� oblique angle possesses the
highest neff value, variation w.r.t. the other oblique
angle deposited samples is not very significant. Less
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Fig. 1: (a) Optical transmittance data and (b) effective refractive index (@ 550 nm) of the PTFE thin films prepared with
varying angle of deposition
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variation in the neff value among the samples results in
less variation in the average optical transmittance of
the specimens. A shift in maximum transmittance
wavelength region for the 86º deposited sample was
observed that may be due to the highest thickness of
the specimen among the others.

The water contact angle data presented in Fig. 2
shows improvement in hydrophobic quality of the
coatings with oblique angle. This increase is caused by
the morphological alterations that occurred (i.e., in-
crease in rms surface roughness) in the films with angle
of deposition. The same is reflected in the WCA data
also.

It is well known that the water repellency of a
hydrophobic coating can be enhanced by increasing its
surface roughness. Figure 3 shows AFM images

(2 lm 9 2 lm) of the films prepared at varying angles
of deposition. It can be seen from the roughness data
(extracted from AFM data shown in Fig. 3) presented
in Table 1 that the relative increase in RMS roughness
value is more for higher oblique angle values leading to
higher WCA values in the films. It is well known that
films prepared at 0� angle of deposition form a compact
film structure due to mobility induced diffusion of
incident adatoms on the substrate surface. Hence, the
film tends to show small RMS roughness values.
However, the situation alters with the increase in
angle of deposition. For higher deposition angles, not
all the sites on the substrate surface are accessible to
the arrived adatoms due to the self-shadowing effect.
During the initial stages of film growth, the vapor
species nucleate at random locations on the substrate.
As growth continues, more flux gets accumulated in
these locations and shadowed regions are formed
behind them. This restricts film growth in the shad-
owed locations. Hence, a porous and rough film
structure is formed. This leads to an increase in RMS
roughness in film morphology.

Two representative top view FE-SEM images of the
samples are shown in Fig. 4. It can be seen from Fig. 4a
that the film prepared at 0� oblique angle has a fine
compact grain structure. With the increase in oblique
angle to 86� (Fig. 4b), surface features become visible.

The occurrence of these nanofeatures is solely due
to the shadowing effect caused by the glancing angle
deposition arrangement. Usually, films prepared at
higher oblique angle values show better surface
features compared to continuous bulk-like coatings
prepared at normal geometry due to the limited
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Fig. 3: AFM topograph (2 lm 3 2 lm) of PTFE samples
deposited at varying oblique angles (a) 0�, (b) 50�, (c) 75�,
and (d) 86�

Table 1: RMS roughness data of the films prepared at
different oblique angles

Deposition condition (oblique angle in
degree)

RMS roughness
(nm)

0 2.9
50 5.0
75 7.1
86 7.3

Fig. 4: FE-SEM images (top view) of the PTFE samples
prepared at (a) 0� and (b) 86� oblique angles
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surface diffusion of the adatoms on the substrate
surface. So, finally the oblique angle of 86� was selected
to be the optimum deposition condition as the coating
shows highest WCA of � 141� ± 2� among the others
with equivalent optical transmittance. A study by Lu
et al.28 for GLAD SiO2 films has also reported a similar
trend in WCA with oblique angle of deposition.

Effect of e-beam current on the films

Rate of deposition can play a crucial role in deciding
the film RMS roughness and thereby the hydrophobic
nature of the films. In e-beam evaporation technique,
the deposition rate can be controlled by e-beam
current which manipulates the rate of evaporation in
the deposition process. In the present work, the e-beam
current was varied after fixing the oblique angle at 86�
to achieve more deposition rate in the film growth
process. Thickness of the films was restricted to
100 ± 5 nm for all depositions. It is confirmed from
the results shown in previous section that though the
film prepared at 86� oblique angle shows the highest
WCA, it may not be possible to improve further by
only depending on the oblique angle parameter.

The optical transmittance data presented in Fig. 5a
clearly show the effect of varying e-beam current on
film transmittance. It can be seen that the film
deposited at 20 mA e-beam current shows highest
transmittance with peak value � 96.0% and average
value � 95.6%, which is the best possible result
achieved with a single-sided antireflection coating on
glass. This can be explained by the enhanced porosity
fraction introduced in the film structure due to
increased deposition rate because of increasing e-beam
current. The film porosity plays a key role in deciding
the effective refractive index (neff) of the film.

It can be seen from Fig. 5b that with the increase in
e-beam current from 5 to 20 mA, the effective refrac-
tive index of the coating decreases. An increase in e-
beam current enhances the rate of deposition (men-

tioned in Table 2). So, the arrived vapor species do not
get sufficient time to settle in minimum surface energy
positions. This introduces voids in film and thereby
produces a porous film structure.30 The enhanced
porosity of the coatings can be clearly seen from the
FE-SEM images presented in Fig. 6.

The film prepared at 20 mA e-beam current shows a
more well-separated grain structure distribution com-
pared to that deposited with 5 mA. An improvement in
water repellency of the films is also visible in the WCA
data shown in Fig. 7.

WCA of the coatings is increased from 141� ± 2� to
155� ± 2� by increasing the e-beam current. The trend
can be corroborated with the AFM data shown in
Fig. 8. RMS roughness values of the films are listed in
Table 2. It is clear that the RMS roughness is substan-
tially enhanced due to the increased deposition rate.
The effect of this enhanced surface roughness is visible
in the WCA data of the coatings.

So, it can be concluded from the analysis that the
film fabricated with 20 mA e-beam current is more
effective in repelling water on the coating surface and
also shows antireflecting property. A similar trend was
also found in the report by Lu et al.28 for GLAD SiO2

films where a higher deposition rate (� 10 Å/s) was
selected with better WCA value. Effect of e-beam
currents beyond 20 mA was not explored due to the
reduction in deposition time, i.e., loss of control on the
process.
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Fig. 5: (a) Optical transmittance data and (b) effective refractive index (@ 550 nm) of the GLAD PTFE films prepared with
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Table 2: RMS roughness data of the films prepared at
different oblique angles

Deposition condition (e-beam current in
mA/Deposition rate)

RMS
roughness

(nm)

5 (� 71 Å/s) 7.3
10 (� 84 Å/s) 8.7
20 (� 125 Å/s) 16.0
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Effect of film thickness on WCA and transmittance
of the coatings

To investigate the effect of thickness on the optical and
water wetting properties of the samples, GLAD PTFE
films of different thicknesses (viz. 100, 130, 150, 180,
and 300 nm) were fabricated. Depositions were taken
at the optimum deposition conditions of deposition
angle at 86� and e-beam current adjusted to 20 mA.
Representative AFM images of the samples are pre-
sented in Fig. 9.

It can be seen from Fig. 9 that as the film thickness is
increased from 100 to 300 nm, maximum height of the
surface structures also increased from 123.3 to
180.3 nm. As a result, RMS roughness value reached
a highest value of � 24 nm.32 The effect of this
increase is seen in the WCA data shown in Fig. 10,
where the 300-nm-thick sample shows the highest
WCA of � 164� ± 2� with no significant variation in
WCA value observed for the samples with thicknesses
of 100, 130, and 150 nm. This result is comparable with
the WCA value reported in our previous communica-
tion where the films were deposited at zero oblique
angle and extremely high deposition rate.29

Although the enhanced film thickness shows a
positive effect in water repellency of the coatings, the
scenario is opposite for the case of optical transmit-

tance of the coatings (as shown in Fig. 11a). Optical
transmittance plot of the 130-nm-thick specimen is
flatter (i.e., wideband) compared to the 100-nm-thick
sample with negligible variation in average transmit-
tance (� 95.6%). This degradation in optical transmit-
tance for films with higher thicknesses (150 nm and
higher) is probably caused by the scattering of light
incident on the sample surface together with the
enhanced effective refractive index and thickness of
the specimen.

A similar trend was also observed in effective
refractive index of the coatings (shown in Fig. 11b)
with the increase in film thickness. It can be seen that
neff value of the coatings increases with the increase in
film thickness and a maximum value observed for 300-
nm-thick GLAD PTFE specimen. With the increase in
film thickness, the nearby columns coalesce due to
broadening of nanocolumns and produce a less porous
film structure.33 A clear difference in transparency as
well as WCA of the best performing � 130-nm-thick
GLAD PTFE sample from uncoated BK7 substrate is
also visible in the photograph shown in Fig. 11c. The
uncoated substrate shows a high reflection of the

Fig. 6: FE-SEM images (top view) of the GLAD PTFE films
prepared at (a) 5 mA and (b) 20 mA e-beam current
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Fig. 9: Representative AFM images (2 lm 3 2 lm) of the
samples of different thicknesses (a) 100 nm and (b) 300 nm
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incident white light together with water droplet spread
over compared to the coated sample.

It can be seen from Fig. 12 that the 100-nm-thick
sample shows well-separated grain structures, whereas
the sample with 300 nm thickness (b and c) value has
network-type surface texture with dimension nearly
equal to the incident light wavelength.

Although the vertical features present in the film
have dimension which do not match with light scatter-
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Fig. 12: Top view FE-SEM data of the GLAD PTFE coatings
prepared with different thicknesses (a) 100 nm, (b) 300 nm
@ 20KX magnification, (c) 300 nm @ 50KX magnification,
and (d) cross-sectional FE-SEM data of 300-nm-thick
sample
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ing criteria (in the visible wavelength range), scattering
can occur from the lateral features present on the film
surface. The cross-sectional FE-SEM data for 300-nm-
thick sample (shown in Fig. 12d) shows nanorod-like
structures representing columnar growth of films in
glancing angle deposition technique.

Based on these results, the samples prepared with
very high thickness values are not suitable for practical
applications as these coatings fail to show antireflecting
and superhydrophobic nature simultaneously. The film
prepared at 20 mA e-beam current and thickness
having � 130 nm is found to show best performance
among the others. The same coating shows excellent
water-repellent property with WCA � 156� ± 2� and a
wideband transmittance spectrum with � 3.6% higher
transmittance than the BK7 glass substrate (used in the
study) in the entire visible wavelength spectrum. The
uniformity of the final optimized GLAD PTFE sample
(i.e., � 130 nm thick) deposited on an area of � 5 cm2

was evaluated by measuring optical transmittance,
thickness, and water contact angle (WCA) of the
sample at various locations on the sample surface.
Spectroscopic ellipsometry (SE) data analysis revealed
a thickness variation of ± 2% with an average trans-
mission variation of 0.3%, confirmed from the optical
transmission measurements. WCA variation in the
sample was ± 2�.

Mechanical durability of the � 130-nm-thick
GLAD PTFE specimen prepared at 20 mA e-beam
current was tested using two conventional mechanical
robustness tests, viz. underwater ultrasonication test
and long-time water immersion test.34,35 Both the tests
resulted in negligible variation in average transmit-
tance (i.e., 95.6%) of the coating. However, variation
in WCA of the coating was noticed in both the tests.
The long-time water immersion test (performed by
dipping the specimen for 5 h in de-ionized water)
resulted in a reduced WCA of the specimen to � 145�
± 2�. WCA of the specimen was also found to decrease

to � 131� ± 2� in the underwater ultrasonication test
(performed by ultrasonicating the specimen in de-
ionized water for 30 min in room temperature).

Sliding angle (SA) of the same GLAD PTFE
coating (� 130 nm thick) was also determined by
fixing the sample on a tilt stage. SA of the specimen
was measured to be the particular tilt angle of the stage
where the static water droplet rolls off on the surface.
The measured SA of the sample was found to
be � 10� ± 0.2�, which is comparable with the SA
values reported in the literature.36,37

Theoretical calculation of WCA on the rough
surfaces

There are two well-established theoretical models to
explain water wettability of rough surfaces: Wenzel
model38 and Cassie–Baxter model.39 In the present
study, we have calculated the WCA for all the films
using the Cassie–Baxter theoretical model (as also
reported in other studies28). Figure 13 demonstrates
the experimental and theoretically obtained WCA
values of the films with their respective RMS rough-
ness as well as fraction of solid surface.

The theoretical WCA (hc) for the Cassie–Baxter
model is as follows:

cos hc ¼ f cos h0 þ 1ð Þ � 1

where h0 is the measured WCA of the ideal flat surface
and f is the fraction of solid surface, i.e., the top area of
the nanostructured grains.

In the present study, the fraction of solid surface of
each sample was calculated using AFM image analysis
(as indicated in Fig. 13). The individual grains were
marked using ‘‘threshold’’ and ‘‘watershed’’ algorithms
of Gwyddion AFM analysis software.40 Then, WCAs
of the samples were evaluated using the equation
mentioned above. The measured WCA of flat PTFE
surface (h0) was taken to be 132�, i.e., the value
measured for the sample prepared at 0� oblique angle.
Finally, the theoretically obtained WCA values were
fitted using a polynomial fitting algorithm. It can be
seen from the figure that the measured WCAs of the
films are in good agreement with the predicted
theoretical values.

Conclusions

In the present communication, a systematic investiga-
tion has been carried out to find the optimum depo-
sition parameters suitable for making antireflecting
superhydrophobic PTFE coatings in a single step using
oblique angle deposition technique. In the first set, the
effect of oblique angle on the film properties was
explored and an optimum angle of 86� (glancing angle)
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Fig. 13: The variation of WCA of the PTFE thin films with
RMS surface roughness and theoretical WCA values
predicted by Cassie–Baxter model
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was decided. Using this knowledge of optimum depo-
sition angle, further experiments were conducted and a
second set of samples were prepared with varying e-
beam current (i.e., rate of deposition). Improvement in
optical transparency and water repellency of the
coatings was noted with the increase in e-beam current.
To further improve the results, a third set was prepared
with different film thickness values by controlling the
time of deposition. Though the coatings with very high
thicknesses (� 300 nm) showed enhanced WCA values
(i.e., improved hydrophobic quality), optical trans-
parency was found to be decreased due to the
enhanced light scattering from the coating surface
together with an increased effective refractive index of
the coatings. However, the 130-nm-thick specimen of
the third set showed a flatter transmittance spectrum in
the visible and NIR ranges (400–800 nm) with highest
average transmittance (� 95.6%) and WCA (� 156�)
among the others. So, the 130-nm-thick GLAD-PTFE
sample deposited at 86� angle of incidence and 20 mA
e-beam current was found to be the optimum coating
among all three sets for simultaneous performance of
high transparency and good water repellency. The
same coating also showed a sliding angle (SA) value
of � 10�. A theoretical calculation of WCA of the
samples was also done using Cassie–Baxter model. The
measured WCAs of the films were found to be in
agreement with the theoretical obtained values. As the
coated device shows a wideband transmittance spec-
trum in the visible and NIR range with high trans-
parency as well as good self-cleaning property, it may
be of potential use in the production of cover glasses
for solar panels, wind-shields in automobile industries,
etc.
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