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A thin coating of zirconium oxide (ZrO2) is placed on outdoor high-voltage insulators to minimize air fouling. ZrO2 thin film
coatings were deposited on glass substrates using a DC sputtering (reactive magnetron) technique with sputtering pressures
ranging from 5 to 25mTorr. Characterization of the deposited films was carried out utilizing approaches such as XRD, AFM,
CAG, and spectrophotometer. Following the XRD peaks, when 15mTorr is reached, the average crystallite size increases, after
which it begins to decline. The wettability of the deposited thin layer is associated with the coarseness calculated by AFM. At
15mTorr pressure, maximum aquaphobic is achieved (107.45°). At this pressure, the transmittance and bandgap were similarly
determined to be 90% and 5.43 eV, respectively.

1. Introduction

The ability of insulators to function in polluted environ-
ments is a critical aspect of the insulation of power transmis-
sion lines [1]. As a result, pollution flashover has emerged as
a significant issue that electrical engineers must solve in their
work. Outdoor high-voltage insulators are often made of
porcelain or glass, which have been in use for more than a
century [2], and have high surface energy between the atoms
of the material [3, 4]. The above statement is due to the pow-

erful electrostatic interfaces between the substance’s atoms,
leading to an increase in impurity buildup, which results in
a deterioration of the material’s dielectric characteristics
and a drop in the material’s dielectric constant. A further
risk is that the flashover conclusion might result in a cata-
strophic failure of the device, mainly if a contaminated layer
builds [5–7]. In addition to the wind, pollution from nearby
cement facilities, industrial smoke, and coastal salt [8] are all
responsible for depositing contaminants on the surfaces of
the insulators. Pollutants are classified as either soluble or
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insoluble particles. A leakage current flows over the insulator
surface when these pollutants conduct in fog, mist, or light
rain, which causes it to overheat and fail [9]. Because of
the leakage current, dry spots are observed on the outer part
of the insulator. Due to their insulating properties, dry areas
catch fire and ignite, leading to insulator surface flashover [8,
10]. Consequently, the whole power system that was inter-
connected with that insulating system went down.

Water spraying insulator is an expensive but frequently
necessary approach that disclosures the system operative to
a potentially dangerous security state [11]. An aquaphobic
coating was recommended to be applied to the surface to
address these limitations. It was discovered that room tem-
perature vulcanized (RTV) coating was the solution [12,
13]. Over the past two decades, it has been utilized to great
success as an outdoor insulating material. Although it has
good mechanical strength, it has poor wear and corrosion
resistance due to its polymer makeup. Degradation of these
coatings is significantly reduced due to this effect [14].
Recent research has focused on developing inorganic aqua-
phobic nanocoatings with superior mechanical, electrical,
and thermal characteristics than organic coatings [15].

Zirconium oxide (ZrO2) is a chemical compound that
has applications in science and technology [16–21]. A wide
variety of technical applications might benefit from ZrO2’s
chemical, electrical, and mechanical properties [16–18].
However, there are no many studies that have been done
on the aquaphobic behavior of ZrO2. RF magnetron-
sputtered ZrO2 thin film was reported to have a maximum
contact angle with water of 101° by Patel et al. [22]. By vary-
ing the sputtering pressure from 5 to 25mTorr, the current
work seeks to evaluate the physical, ocular, and aquaphobic
characteristics of ZrO2 surfaces, as well as their effect on sur-
face coarseness.

Some deposition processes are employed to create ZrO2
films, and these methods are discussed in detail in [23–31].
Each technique has its own set of benefits and drawbacks.
When it comes to thin film deposition, DC reactive magne-
tron sputtering method stands out among the other methods
because of its reproducibility, homogeneity, excellent adhe-
sion, and convenience of usage [32, 33]. Because of this,
the study concentrated on depositing thin films with varied
sputtering pressures utilizing the DC reactive magnetron
technique to achieve the desired results.

2. Experimentation Specifics

ZrO2 films are generated by DC sputtering in a chamber
mainly constructed for this purpose (Excel Instruments
India), as shown in Figure 1. The target was made of pure
zirconium metal and had a diameter of 2 inches and a thick-
ness of 5mm. Glass and silicon substrates were used in this
experiment. After cleaning with an ultrasonic acetone solu-
tion and drying them for 2 minutes, the substrates were
put on a glass substrate holder. The target-substrate distance
was 41mm in this case.

At the deposition, the chamber was expatriated with a
vacuum pressure of 5 × 10 − 6mTorr. With a fixed self-bias
supply of 60 watt, a zirconium oxide target was sputtered

in an argon-oxygen gas combination. The pure argon (Ar)
and oxygen (O) gas were separately injected into the cham-
ber. Oxygen and argon gas flow was kept constant at 10 and
40 sccm, respectively, and pressure inside the chamber var-
ied from 5 to 25mTorr.

The microstructure of the films was examined through a
“Bruker D8 advance diffractometer with Cu-K (40 kV,
20mA) radiation at 20°–80°.” The introductory study of
the deposited film was carried out with the help of an energy
dispersive X-ray (EDX) connected to a scanning electron
microscope (SEM) (FEI, Quanta 200 F). Analysis of the sur-
faces of ZrO2 films was carried out using atomic force
microscopy (AFM) in the partial-contact method. A surface
profilometer was used to measure the layer thickness. Con-
tact angle goniometry measured the water droplet contact
angles. By using a UV-NIR spectrophotometer, the ocular
characteristics of ZrO2 films were investigated.

3. Results and Discussion

Various XRD patterns of nanocrystalline ZrO2 thin films
were generated under multiple pressure ranges, as seen in
Figure 2. It is confirmed by the existence of a big bump at
2θ = 31:468° in all deposited samples that there is a (111)
plane of the monoclinic ZrO2 structure present. This plane
is indexed according to normal JCPDS (reference code: 00-
037-1484) patterns for ZrO2 lattice in all deposited samples.
A less dominant peak is caused by the orientation (-111) of
the monoclinic phase of ZrO2 due to its exposure (-111).

In response to an increase in pressure (5-15mTorr), the
concentration of the emitted radiation rises (from 5 to
15mTorr), implying a lessening in average crystallite size
and, as a result, an increase in film crystallinity. In response
to the rise in pressure between 15 and 25mTorr, the (111)
peak concentration declines correspondingly. The principal
free path of the atoms is reduced when the deposition pres-
sure is increased, which raises the possibility of particle col-
lisions inside the gas environment. As a result, their kinetic
energy is lowered when charged particles collide with a tar-
get surface [33–35]. Using the well-known Scherrer’s for-
mula [36], we were able to establish the average crystallite
size “t.”

Figure 3 depicts the variability in average crystallite size
regarding pressure during the sputtering process. The con-
nection between MFP and the atomic diameter of the gas,
which may be expressed mathematically as [37], explains
why the size of crystallites increases with pressure incre-
ments up to 15mTorr.

According to the equation [37], when pressure raises
from 5 to 15mTorr, the size of crystallites increases and
decreases from 15 to 25mTorr, respectively. The mobility
of crystallites explains the previous argument.

With increasing sputtering pressure, the mobility of
crystallites reduces. Collisions with Ar ions diminish the
amount of ejected particles that reach the surface of the sub-
strate when the pressure is greater than 15mTorr. Because of
this, surface diffusion requires less energy. Crystallite size
is reduced due to decreased surface mobility of sprayed
particles [37].
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Figure 1: Schematic diagram of sputtering chamber.
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Figure 2: Intensity of deposited ZrO2 XRD for the pressure ranges from 5 to 25mTorr.
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EDX was used to determine the stoichiometry of crystal-
line films in the laboratory. Zirconium and oxygen atomic
percentages are displayed in Table 1 at various pressures.
The O/Zr ratio in all of the samples was deposited at 2 : 1.

Figure 4 depicts AFM micrographs of films formed at
various pressures. The AFM micrographs show that the
morphologies of the ZrO2 films are pretty similar to one
another. They are all composed of spherical particles that
have been roughly compacted.

Even after increasing or decreasing the pressure used in
sputtering, the particle size did not remain consistent. Using
data analysis techniques, the AFM evaluates the surface
coarseness of thin films that have been deposited. The root
mean square (RMS) technique was used to determine the
surface coarseness of each ZrO2 film sample at five different
locations on its surface. Figure 5 depicts the change in RMS
surface coarseness in contrast with pressure.

Initially, the coarseness increases between 5 and
15mTorr and subsequently reduces between 15 and
25mTorr. At 15mTorr pressure, the surface coarseness
reaches its maximum (43.5 nm). From 5 to 15mTorr, the
pressure is raised, and the size of the crystallites and the

coarseness of the crystals both increase as the pressure is
increased.

In response to increasing pressure (from 15 to
25mTorr), the size of the crystallites is reduced, which
results in a reduction in the coarseness of the films (from
coarse to fine) [37, 38].

The aquaphobic of thin films was determined by mea-
suring the angle they came into contact with water after
being freshly formed. The contact angle was calculated using
the sessile drop method. The contact angles of each sample
were measured using a 3μL drop of the solution. The con-
tact angle variation with pressure is shown in Figure 5. The
contact angle (aquaphobic) rose as the pressure climbed
from 5 to 15mTorr, reaching a maximum of 107° at
15mTorr. In this experiment, the contact angle decreased
for increasing pressure from 15 to 25mTorr; this contact
angle measures how aquaphobic the material is. It was dem-
onstrated that aquaphobic operate similarly to coarseness,
and it further clarified the influence of coarseness on contact
angle (aquaphobic) [38]. As a result, the coarseness of the
surface increases, which increases its aquaphobic. Wenzel
has also developed the following equation [39]. According
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Figure 3: Average crystallite size varies with sputtering pressure.

Table 1: ZrO2 film parameters at various pressures.

Pressure (mTorr) O (atomic weight %) Zr (atomic weight %) Average transmittance % Extinction coefficient Bandgap (eV)

5 72.62 27.38 98 0.22 5.33

10 72.89 27.11 96 0.28 5.35

15 72.02 27.98 94 0.31 5.43

20 72.08 27.92 95 0.26 5.41

25 73.21 26.79 97 0.23 5.39
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to Wenzel’s equation, a hydrophilic surface (<90°) grows
more hydrophilic, while an aquaphobic surface (>90°)
becomes more aquaphobic [40].

Figure 6 shows a plot of the transmittance band for all
samples put on glass substrates in contrast with wavelength
for all samples.

As a function of wavelength, the interference effect
shows the oscillations in the spectrum due to the interaction.
Table 1 depicts the average diffusion of each sample that has
been placed. Although the intermediate diffusion level
increases when the pressure exceeds 15mTorr, the average
transmission level falls when the pressure increases between
5 and 15mTorr. Transparency and aquaphobic are inversely
proportional to one another. As surface coarseness rises, so
does aquaphobic, but this also results in light scattering
sources [9]. As a result, the transparency of the deposited
films is diminished. Even though the variation in the coarse-

ness of deposited films was minimal (less than 1nm), it can-
not be attributed to a single reason for the significant change
in limpidity (5%). Numerous elements such as the extinction
coefficient and defect density may be present in this adjust-
ment [41]. In each sample, the average transmission rate
was higher than 90 percent on average. As a result, the thin
coatings that are deposited are transparent while also being
aquaphobic.

Using the envelope approach, the diffusion data was
utilized to compute the deposited samples’ refractive index
(RI) [42].

Using a wavelength of 550 nm, Figure 7 depicts the
change in RI of films formed under different pressures and
circumstances.

In this case, the refractive index ranges between 2.19 and
2.25, comparable to the bulk value [43]. While under pres-
sure, the refractive index lowers from 5 to 15mTorr,
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Figure 4: 3D pictures of ZrO2 coating at numerous pressures using AFM.
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following which it starts to rise at 15mTorr, and it continues
to increase afterward. A variation in the transparency of the
sampled film was determined to be the source of the varia-
tion in RI of ZrO2 coating with raising sputtering pressure
[44]. This change in transparency was a concerning coarse-
ness of the sampled film. When comparing packing density
to RI, the packing density of a film is highly significant [45].

The fluctuation in packing density concerning pressure
is seen in Figure 7. Observation of substantial packing den-
sity in the deposited ZrO2 thin film at 5mTorr sputtering
pressure indicated that the film had a densely packed
structure.

The coating thickness was measured with the help of a
surface profilometer. The diffusion statistics were too
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utilized to compute the layer width (d) using reference [40].
Using SEM cross-sectional images shown in Figure 8, the
width of the film is validated even more precisely. The thick-
ness of the films deposited using the procedures as men-
tioned earlier is depicted in Table 2.

It makes little difference whatever approach is employed
because the breadth of each film is very near to the same.
When the pressure is increased from 5 to 15mTorr, the
breadth of the ZrO2 film grows and then begins to decrease.
When particles are placed on the substrate, a loose packing
arrangement results in higher film thickness for a given
quantity of particles [9]. At 15mTorr, the packing density
was the highest (0.9). The maximum width (735 nm) was
achieved using scanning electron microscope equipment at
a pressure of 15mTorr.

The visual immersion coefficient (α) was calculated from
the relation [46]. The properties of inner reflections and typ-
ical incidence reflectance become less significant as the ocu-
lar density increases [40].

The extinction coefficient at 550nm is seen in Table 1.
The k value increases from 5 to 15mTorr and then falls.
Changes in film transparency are driven mainly by varia-
tions in the extinguishment coefficient. The extinction coef-
ficient of deposited films is affected by the dispersion of the
grains. A film’s transparency decreases with increasing grain
size because the impact of scattering increases with
increasing grain size [47]. Pressure is raised from 5 to
15mTorr, and the k value rises (0.22 to 0.31), resulting
in a fall in average transparency from 97 to 90% when the
pressure is increased. The increased pressure of more than
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Figure 8: X-sectional SEM picture of ZrO2 sample.

Table 2: Width of ZrO2 films by SEM cross-section.

Pressure
(mTorr)

Width of ZrO2 films (nm)
SEM
image

Surface
profilometer

Transmission
data

5 715 713 714

10 728 726 727

15 735 730 734

20 724 722 723

25 713 711 712
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15mTorr decreases grain size and boosts film transparency
from 90 to 95%.

A thin layer of nanocrystalline zirconium oxide was
investigated for its visual bandgap (Eg), which was calcu-
lated from immersion coefficient (α) employing the Tauc
relation [48]. The value of n was set to 1/2 [48] for transi-
tions that were permitted directly. The ocular bandgap
may be calculated from a graph of (αhv) 1/2 vs hν. Figure 9
shows the relationship between (αhν) 1/2 and photon energy
hν for samples placed at various pressures.

Table 1 displays the bandgap values that were calculated
at various pressures. The bandgap of ZrO2 film produced
varies between 5.23 and 5.43 eV, which is equivalent to the
bandgap of ZrO2 in bulk [49]. The largest bandgap
(5.43 eV) was discovered at a pressure of 15mTorr. ZrO2
thin films have a bandgap that increases between 5 and
15mTorr and decreases after 15mTorr. The size of the crys-
tallites affects the bandgap [48], and the size of crystallites
explains the phenomenon described in [48].

4. Conclusions

The physical, optical, and aquaphobic properties of nano-
structured ZrO2 nanofilms were investigated on glass sam-
ples at various pressures and temperatures. A 15mTorr
pressure resulted in a monoclinic structure that was strongly
oriented (111). The main objective of the work was to
achieve a high aquaphobic coating (107°) with a large band-
gap (5.43 eV) and a thin film (735 nm) using high sputtering
pressure of 15mTorr while using a thin film sputtering tech-
nique. On the other hand, the decreased sputtering pressure
reduces transparency and refractive index, which might be
missed owing to the enhanced aquaphobic of the material.
The optimum sputtering pressure for generating dielectric

aquaphobic coatings for outdoor insulators was 15mTorr,
which was shown to be the case in this study. Additionally,
when compared to HfO2 coating over a glass substrate,
ZrO2 was shown to be the superlative coating since its aqua-
phobic was higher than that of HfO2.
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