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When ice forms on solid surfaces, it can cause issues in many different sectors (aircraft, electricity
lines, etc.). Surfaces and coatings with hydrophobic qualities may be used in anti-icing applications.
The purpose of this work is to utilize RF Magneton Sputtering to deposit AZO thin coatings, which
will slow the accumulation of ice on the surface. The effects of changes in argon partial pressure
on the anti-icing, wettability, optical, and structural properties of the resulting thin films have been
experimentally investigated. X-ray diffraction demonstrated a (002) peak of ZnO, the intensity of the
peak diminishes with an increase in partial pressure. The band gap was measured to be between 2.98
and 3.15 eV, and the average maximum transmittance was observed to be around 82% for 50% partial
pressure and 71% for 33% partial pressure, confirming the transparency of the thin films. Wettability
studies revealed that the films are hydrophobic with a maximum contact angle of 127.5°, which was
deposited at lower partial pressure. Films deposited at 33% partial pressure delayed the formation of

ice on the surface by 4.5 folds when compared to an uncoated substrate.
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1. Introduction

The development of ice on surfaces poses a significant
risk to wind turbines, electrical transmission lines, passenger
jets, and other structures'*. Blackouts have been common
in recent years due to ice-related catastrophes in electrical
networks, such as tower collapse and conductor galloping.
Traditional procedures used to get rid of ice like mechanical,
electrical, and thermal are often inefficient, energy-wasting,
and even damage the equipment’. Therefore, the investigation
into efficient de-icing strategies was essential. Surfaces
that imitate the non-stickiness along with the hydrophobic
property of lotus leaves have drawn interest in both basic
research and practical applications, such as anti-icing, self-
cleaning, resistance to corrosion, separation of water and
oil, waterproofing, and reduction in drag®'®. The two most
crucial components in the accomplishment of such surfaces
are the modification of the surface energy to be low, and
the surface to be rough'!. Due to economic values and high
demand given by a broad range of applications of coating
technologies, there has been a significant effort and energy
put into the design and study of functional thin films and
technologies'?. Magnetron sputtering'®, sol-gel spin coating'?,
atomic layer deposition'”, chemical vapor deposition'¢, sol-
gel dip coating'”, and pulsed laser deposition'® are just a few
of'the techniques that can be employed to develop coatings.

Over the past few years, the n-type, group II-VI
semiconductor aluminium doped zinc oxide (AZO) has
received a lot of interest as a more environmentally friendly
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and less toxic substitute for the more widely used transparent
conducting oxide indium tin oxide (ITO)". There are numerous
technologies and applications where ZnO can be employed
as TCO, such as LED’s, nonlinear optics, and thin film
transistors, but most notably in the photovoltaic industry,
by doping it with aluminum, high optical transmittance and
electrical resistivity of 10 Q.cm can be achieved. In terms
of structure, AZO displays a hexagonal wurtzite crystal
structure where A’ donors take the place of Zn** ions in
the zinc oxide lattice. As a result, there are a lot more free
electrons available for conduction, increasing the carrier
concentration to somewhere between 4 to 11x10%* cm™.
The optical properties of AZO include an average visual
transmission of more than 80% and a broad direct band gap
of at least 3.3 eV*.

There seems to be little literature about the wettability
and anti-icing of aluminium doped zinc oxide films, hence
this is a topic of interest. It was worthwhile to assess the
effect of surface structure on AZO surfaces as a function
of varying argon partial pressure because the relationship
between surface structure and anti-icing properties is not
well understood. Here, RF magnetron sputtering using
inert gases such as helium and argon was used to produce
AZO thin films on a glass substrate. With slight variations
in microstructure roughness, AZO hydrophobic surfaces
were produced by adjusting the sputtering conditions (argon
partial pressure). The anti-icing property of the surfaces was
evaluated at -15 °C. Additionally, the effect of microstructure
on the hydrophobic film’s capacity to prevent icing was
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researched. According to this research, the coexistence of
rough nanostructures and low-surface-energy elements is
essential for producing properties that are both icephobic
and hydrophobic.

2. Material and Methods

Al-doped ZnO target (ZnO/Al 98/2 w%) of 50 mm
diameter and 5 mm thickness was used to prepare thin films
in a custom-made 16” diameter x 14” cylindrical vacuum
chamber (Excel instruments, India) on glass substrate using
a RF magnetron sputtering. The partial pressure of argon was
varied from 33 to 50% which was controlled and measured
using mass flow controller procured from Alicat, USA.
The deposition time, working pressure, sputtering power
and deposition temperature were 60 min., 2.5 Pa, 250 W,
and 350 °C respectively. The parameters for the coatings
are summarized in Table 1.

Utilizing a Bruker D2 phaser and Cu-Ko radiation with a
wavelength of 1.54 A, an X-Ray Diffractometer (XRD) was
used to examine the structural attributes of the thin films that
were formed. To analyse the morphology of the coatings,
backscattered electrons of FESEM (Emitech, Evo-18) were
utilised. In order to study the surface topography, an atomic
force microscope (Bruker, Multimode Nanoscope-1V) was
used and the scanning area was Sum * Spm. A Shimadzu
3600 spectrophotometer was used to evaluate the optical
characteristics of Al-doped ZnO coatings. The wettability
properties of the thin films were investigated using the sessile
drop technique and a contact angle goniometer (Rame Hart
290). The icing conditions of the deposited thin films was
investigated using a Peltier device at a temperature of -15 °C.
Using thermal paste, the samples were attached directly to
the Peltier cooler for uniform cooling.

3. Results and Discussion

The XRD results for the deposited thin films at 33,
38, 43, 47, and 50% argon partial pressure are shown in
Figure 1. When the argon partial pressure reached 50%,
a very low (002) peak of ZnO was observed; however,
as the argon partial pressure was dropped to 47, 43, and
38%, the (002) peak of ZnO became more visible and its
intensity increased significantly. The films deposited at
33% partial pressure displayed the highest peak, indicating
that the thin films deposited at this pressure have the best
crystallite structure among the others. The film is most likely
being bombarded by energetic gas atoms as a result of ion

Table 1. Sputtering conditions for preparing AZO thin films.

Target AZO
Substrate Corning glass
Substrate temperature 350 °C
Power 250 W
Base pressure 1x 107 Pa
Sputtering Pressure 2.5Pa
Target-substrate distance 50 mm

Inert Gas Partial Pressure
(Ar:He)
Deposition time

33,38, 43, 47 and 50%

60 minutes
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neutralisation and reflection on the target surface. When
the gas flow decreases, the atom’s mean free path expands,
resulting in additional bombardment. This may result in
proper growth of the films and an increase in grain size.

The decrease in intensity of the (002) peak with an increase
in gas flow rate from 40 sccm to 60 sccm was observed by
Wu et al.?!, they also discovered that the microstructure
was not much affected due to variations in gas flow rate.
Similarly, a maximum intensity of (002) peak was observed
at 0.3 Pa which gradually decreased with increase in the
argon gas flow rate’. Shain et al.” observed (002) peak of
ZnO when deposited AZO thin films by changing argon
pressure from 10 to 30 sccm, moreover, they noticed that
there was no impurity of aluminium seen in XRD patterns,
and with the rise in argon pressure, the intensity of the peak
diminished. The increase in the intensity of the (002) peak
with the decrease in the argon partial pressure were also
observed by other researchers®-%,

Scherrer’s Equation 1 was used to determine the average
grain size of the prepared thin films?’:

0942
AwcosOp

Q)

where, D is the crystallite size, A is the wavelength, 0, is
Bragg angle and Aw is peak’s full width and half maximum.

It was observed from the calculation that as the argon
content was reduced from 50% to 33%, the average crystallite
size ascended from 10.87 nm to 24.22 nm. The average
crystallite size of the coatings prepared at varied partial
pressure is shown in Figure 2. Wu et al.?! reported that the
grain size declined with increasing gas flow, the highest
grain size was 33.72 nm, recorded at 40 sccm, and that it
decreased to 18 sccm for a flow rate of 60 sccm argon flow
rate. The decrease in grain size from 28.85 to 23.43 nm
with the rise in argon flow rate from 10 to 30 sccm was also
observed by Shain et al.. A similar increase in grain size
of thin films from 6.3 to 14.8 nm with a decrease in argon
flow rate was also observed by Wang et al.?.

The impact of various argon partial pressure on AZO thin
film surface morphology is shown in Figure 3. The surface of
the coatings varied considerably as the argon partial pressure
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Figure 1. XRD spectra of AZO coatings prepared at different argon
partial pressures.
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was altered. The size of the grains and microstructure of
the coatings prepared at lower partial pressure were found
to be denser and coarser, whereas grain size decreases
proportionally with increasing Ar flow rate. A low growth rate
prevents the construction of a voided and uneven structure.
This explanation for growth rate variation and its link with
the mean free route of the species arriving at the developing
surface is also supported by the surface morphology observed
and in the structural analysis studied using XRD.
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Figure 2. Average Crystallite Size of AZO coatings prepared at
different argon partial pressures.

Figure 4 illustrates the topography of the zinc oxide
films doped with aluminium. In comparison to thin films
synthesized at lower partial pressure, those deposited at
higher partial pressure were smooth. The coatings had a
maximum roughness of 703 nm when deposited at 33%,
467 nm when coated at 43%, and a minimum roughness of
224 nm when deposited at 50%. When the partial pressure
was increased, it was noticed that the roughness of the
coating diminishes. The sputtered species lose energy due
to frequent collisions and decreased mean free path, which
in turn encourages self-shadowing as the partial pressure
increases. As a result, increasing argon partial pressure
causes the roughness to diminish®. According to a research
by Han and Kim?*, the roughness decreased from 0.43 nm to
0.38 nm as the argon gas flow rate was elevated from 25 to
100 sccm. They reported that the coating roughness was
affected by the argon flow rate and the grain size.

AZO thin films generated at varied argon partial pressure
have their optical transmittance illustrated in Figure 5.
The average transmittance of thin films developed at 33%
partial pressure was 71%, while the average transmittance
of thin films developed at 50% partial pressure was 82%,
which indicates that the films became more transparent as
the partial pressure was elevated.

In their research on the effects of argon pressure,
Wang et al.?® found that the films that were deposited were
transparent and had a maximum value of 85%, which

Figure 3. Morphology of AZO coatings prepared at (a) 33%, (b) 43%, and (c) 50% argon partial pressure.
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Figure 4. Topography of AZO coatings prepared at (a) 33%, (b) 43%, and (c) 50% argon partial pressure.
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Figure 5. Transmittance spectra of AZO coatings prepared at
different argon partial pressures.

diminished when the pressure was reduced from 2.5 Pa to
0.5 Pa. Valenzuela et al.* noticed a similar trend and reported
that the optical transmittance improved and the electrical

characteristics deteriorated with a rise in argon flow rate but
without oxygen addition. Tseng et al.*® also observed 80%
transmittance at 193 sccm argon flow rate which decreased
at the argon flow rate was reduced to 33 sccm.

The refractive index of the aforementioned coatings was
studied using the below Equation 23':

1/2
. ) 22 1/2
Refractive index n=| N +(N - njyni ) )
where
2 2
y=lorn +2ngm Tnax = Tmin
2 mamein

n, and n represent the refractive index of air and substrate
respectively.

The refractive index of AZO coatings developed at 33 to
50% was between 1.53 to 1.50 respectively. Misra et al.*> and
Patel and Rawal® examined and concluded that AZO coatings
had a constant refractive index.

Calculation of the thickness of the thin films were done
using the following Equation 33!
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where A1, n(A1), A2 and n(A2) are corresponding wavelength
and index of refraction and M is the number of oscillations.

The thickness of the synthesized coatings studied
using the equation showed that with a rise in argon partial
pressure the thickness of the developed coatings decreases.
The thickness of the developed coatings at 33, 38, 43, 47,
and 50% argon partial pressure were 1312, 1138, 1135, 1114,
and 1109 nm respectively.

Tauc relation (4) was used to calculate the band gap
energy for the aforementioned coatings:

a=A(hU—Eg)n/hU )

where, Avis energy of proton energy, n indicated the transition
index, and A is a constant.

While the bonding state and atomic composition in the
coatings play an important role, defects and impurities also
have an impact on the band gap’s value. The band gap of the
prepared coatings reduced as the argon partial pressure reduced
and it can be observed in Figure 6. The band gap energy of the
prepared coatings was 2.98 to 3.15 eV for partial pressure of
33 to 50% respectively. Barasategui et al.? observed similar
results in their research, the band gap energy increased from
3.51 to 3.7 eV with rising argon pressure.

The wettability and surface roughness of the developed
Al-doped zinc oxide coatings are illustrated in Figure 7. It was
visible from the graphs that the roughness of the surface
and hydrophobicity of the coatings decreased as the argon
partial pressure increased. An appropriate surface texture
must be developed in order to produce hydrophobicity or
hydrophilicity. Increases in surface micro and nano-texture
cause the contact angle to increase, while it decreases with
the decrease in surface roughness. It was clearly observed
that the contact angle has a direct correlation with the surface
roughness of the thin films and it can be understood by the
model proposed by Wenzel (Equation 5)%:

cosf,, = Acosd %)

where 0 indicates WCA on the basis of interfacial energy at
the point of the contact angle between three phases and 0 |
indicates WCA with rough surface, A signifies the roughness
factor which can be defined by the ratio between actual and
perceived surface areas which is greater than 1.

The coatings prepared at 33% argon exhibited a maximum
contact angle of 127.5° and roughness of 703 nm, which
decreased to 115.9°, 111.4°, and 105.3° at 38, 43, and 47%
argon partial pressure, respectively. At 50% argon, the
surface roughness was decreased to 224 nm and likewise
the hydrophobicity also decreased to 102°. The roughness of
the surface had a positive effect on the wettability properties
of the thin films, which was consistent with the research
reported elsewhere®’.

The icing characteristics of thin films synthesized under
various partial pressures were studied using a Peltier-cooling
device at -15 °C. When the thin film icing properties were
compared to uncoated samples, it was discovered that ice
formation on coated samples was decelerated. The increase
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Figure 6. Thickness, Crystallite Size, and Band gap energy of AZO
coatings prepared at different argon partial pressures.
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Figure 7. Wettability and surface roughness of AZO coatings
prepared at different argon partial pressures.

in icing time delay on thin films formed at varied partial
pressure is seen in Table 2.

Coated samples were found to be more stable than
uncoated samples in terms of their ability to freeze. It can be
seen in Table 2 that when the partial pressure was minimum
the time taken for ice formation on the substrate increased
by 4.5 folds. Various research has identified a correlation
between anti-icing and water hydrophobicity’**. Using
materials that have relatively lower surface energy is crucial
for developing hydrophobic and anti-icing properties, along
with the surface roughness, which is another crucial property
for improving the WCA on substrates, which eventually
improves the anti-icing properties of the coatings.

The effects of hydrophobicity on ice formation and
adhesion were studied by Noormohammed and Sarkar.
They concluded that by adjusting the geometry and chemical
state, ice-resistant surfaces might be developed. In addition,
they found that the adhesion strength of ice reduced as the
hydrophobicity of the thin films increased. Multiple studies also
demonstrated the importance of high surface roughness and
low surface energy in order to increase the contact angle, which
in turn enhanced the anti-icing properties. Liu et al.! formed
ZnO coatings on Al alloy using the sputtering process and
analysed how their wettability characteristics changed as a



6 Patel et al.

Table 2. Contact angle and anti-icing characteristics of prepared
coatings.

Sputtering - 330, 3000 4306 47%  50%
Condition
WCA() 1275 1159 1114 1053 102
Time Delay
(times/folds) 4.5x 425x 3.66x 333x 2.56x

Table 3. Nomenclatures and Abbreviations.

Nomenclatures and Abbreviations

°C Celsius

eV Electron Volt

Pa Pascal

° Degrees

Q.cm Ohm centimeter

min. Minute

0 Contact angle

sccm Standard cubic centimeter per minute
mm Millimeter

pm Micrometer

nm Nanometer

W Watt

Ar Argon
ZnO Zinc Oxide
AFM Atomic Force Microscopy

RF Radio Frequency
XRD X-Ray Diffraction
AZO Aluminum doped Zinc Oxide
TCO Transparent conducting oxide

FESEM Field Emission Scanning Electron Microscope

WCA Water contact angle

function of time. Surfaces developed hydrophobic coatings
that delayed the onset of ice. When compared to uncoated
substrates, the strength of ice’s adherence to coated substrates
significantly decreased. Table 3 denotes the nomenclatures
and abbreviations used in this paper.

4. Conclusions

Al-doped ZnO coatings were prepared using a variety
of argon partial pressure. X-ray diffraction (XRD) revealed
that with the rise in partial pressure, the average crystallite
size and the intensity of peak (002) decreased. Topography
images of the produced coatings showed that the films got
smoother from 703 to 224 nm when the partial pressure
was increased from 33 to 50%. While the refractive index
declined as the argon partial pressure increased, the optical
transmittance of the deposited coatings was 82% for 50%
and declined to 71% for 33%. The band gap energy of the
developed thin films was in the range of 3.51 to 3.7 eV. Data
of transmittance was used to calculate an estimate of the film
thickness, which ascended from 1109 to 1312 nm when the
partial pressure declined. Ice formation was 4.5 times slower
on AZO thin films when compared to uncoated substrates
when the thin film was developed at 33% argon partial
pressure. The deposited thin films were hydrophobic, with
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amaximum contact angle of 127.5° for 33% partial pressure
while the minimum contact angle was 102° for 50% partial
pressure. Considering the results of this research, anti-icing
applications utilizing hydrophobic surfaces produced using
low surface energy materials and specialized textures are
promising areas of research. The work described here can
serve as a guide for engineers developing anti-icing surfaces
for aircraft windshields.
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