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Abstract: Photovoltaic (PV) solar panels suffer from efficiency losses due to the accumulation of dust
on their surface during operation, as well as the loss of transparency in the top glass. The efficiency
can be increased when hydrophobic films are deposited on the top glass of the solar cells. The top
glass of solar cells must have three characteristics: high transmittance in the 380-750 nm range, a
band gap greater than 3.2 eV and a refractive index higher than 1.23. So, the films require the same
characteristics. This work presents an increase in the contact angle (related to an increase in the
hydrophobic character) when Ta,Os is partially substituted with ZnO. The studied films, physically
deposited on glass by e-gun technology, present a non-crystalline state in the form of the X-ray
patterns shown. The films have a transmission of 75%-80% in the visible range. The morphology and
roughness of the coatings were evaluated by atomic force microscopy. All films show the values of
the Millipore water contact angle higher than 91 degrees, leading to the acquisition of hydrophobic
properties on the surface. In comparison, the substrate is hydrophilic, with an average contact angle
of 53.81 & 2.16. The hydrophobic properties and self-cleaning ability make the films recommendable
for application. The band gap of the coatings was calculated with the Tauc method, and they have
values of 4.5-4.6 eV.

Keywords: hydrophobic; glass; e-gun technology; tantalum pentoxide; coatings

1. Introduction

Solar photovoltaic technology has developed rapidly in the last ten years due to its
environmental friendliness and sustainability [1-8]. As global energy demand increases,
the conversion of solar energy into electrical energy emerges as an alternative. There are
different types of solar cells, but all of them have a top glass, also named glass superstrate,
on the sun-facing side. The efficiency of solar cells is a problem due to the absorption of a
part of solar energy. Worldwide, researchers are studying ways to increase cell efficiency.

The efficiency reported [4] for Si-based solar cells is between 10.2% in the case of Si
(amorphous cell) and 26.7% for Si (multi-crystalline cells). Another type of PV panel is
based on the perovskite solar cells [1-3]. The conversion efficiency of perovskite solar cells
increased from 3.8% in 2009 to 28.75% in 2023 [5].

The photovoltaic solar panels’ efficiency suffers due to the transparency and reflectance
in the visible domain, as well as dust deposition from the atmosphere [6,8]. The deposition
of dust on photovoltaic panels has become a big problem because it leads to a decrease
in photovoltaic efficiency. Dust particles with diameters between 1 and 100 pm under the
influence of gravity are deposited.
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Mineral dust aerosols impact the radiation budget of earth through interactions with
clouds, ecosystems and radiation, which constitutes a substantial uncertainty in under-
standing past climate changes and predicting future climate changes [9]. The fraction of
emitted dust aerosols in the size range (<2 pum) interact most efficiently with shortwave
(solar) radiation and have the longest lifetime [9].

The deposition of dust particles on outdoor panels may reduce the transmittance of
solar cells and cause a significant decrease in the solar conversion efficiency of PV [10].
The performance of the panel is greatly influenced by environmental factors such as wind,
temperature, humidity and dust [10]. The solar cell has a voltage drop of 27% and 28%
power loss due to dust settling on it [10]. Rain cleans the PV panels in a temperate climate,
but in an arid area, there is not enough precipitation and more dust [10]. Sharma [11]
studied two types of solar photovoltaic panels located in the desert. One photovoltaic
system was cleaned every two days, and the other one was never cleaned [11]. The results
identified a decrease of 70% after 12 months of exposure due to the deposition of dust on the
surface of the uncleaned photovoltaic panel compared with the cleaned one [11]. Kaldellis
and Kapsali [12] reported the PV efficiency decreased by 26% after operation in the desert
regions for four months due to dust deposition. The intense irradiation and long lighting
period in the desert are advantages in the placement of photovoltaic panels [13]. The study
of the effects of dust size and density on efficiency led to the conclusion that small-sized
dust particles have higher influences on solar photovoltaic efficiency [13]. Vivar’s [14]
results on the influence of wind on dust deposition showed that the growth of the airflow
velocity led to higher deposition density.

In the literature are presented different methods that can be used for the self-cleaning
of photovoltaic panels: the electrostatic method, mechanical method, hydrophobic method
and hydrophilic methods [6,8].

This work studies the possibility of increasing the efficiency of solar cells when hy-
drophobic films are deposited on their top glass.

Lotus leaf is the first botanical surface that inspired the study of hydrophobic prop-
erties from a different perspective [15,16]. Hydrophobic lotus leaf presents self-cleaning
properties due to a high-water contact angle of 150 degrees [15]. Lotus leaves become a
symbol of hydrophobicity and self-cleaning surfaces, known as the ‘lotus effect’ [17]. The
hydrophobicity and self-cleaning of lotus leaves are induced by a roughness given by micro-
and nanoscale structures [16]. The structural properties, such as multiscale roughness,
the physical property of the high repellence of the liquid droplets from the surface, and
chemical properties are characteristics of the lotus leaves. The roughness is important for
hydrophobic properties, as was presented by Kim [16]. When water droplets are attached
to the lotus leaf surface, air pockets exist between the water droplets and the micro- and
nanostructures, and this phenomenon is said to be in the Cassie-Baxter state [16]. Accord-
ing to the lotus effect and their self-cleaning property, liquid droplets or droplets containing
dust on the lotus leaf surface roll off from the surface due to hydrophobicity [16]. The
nanoscale tubules on the lotus leaf surface have an average height of 100-500 nm and a
diameter of 100-300 nm [16].

The literature data reported thin films obtained by various methods [17-26]. The
implementation of light management textures in thin film solar cells often simultaneously
causes an unwanted deterioration of electronic performance [27-29]. A simple but effec-
tive technique for improving light absorption in thin-film solar cells consists of printing
pyramidal textures on the sun-facing side of the glass superstrate [27]. Thus, the absorbent
layer and the functional ones of the device remain unaffected while the light coupling is
significantly increased [27]. An increase in short-circuit current density of 2.5 mA cm? was
observed, corresponding to an increase in efficiency from 12.9% to 13.8% [27]. Imprinting a
light management layer of random pyramids on top of perovskite/silicon tandem solar
cells allowed for increasing the short-circuit current density in these devices by more than 1
mA cm 2, resulting in a power conversion efficiency of 25.5% [27].
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Lai reported a hydrophobic coating of ZnO/SiO, nanorods and sub-microtubes ob-
tained by the hydrothermal combined with the sol-gel method [25].

Baxevani [17] studied the effect of roughness on the superhydrophobic silver foil on
copper foam for good oil/water separation. The resulting coated foams exhibited water
contact angles of 180° [17]. Separation efficiency was maintained at 94% for different
pollutants, suggesting good stability and durability with no respect to roughness [17].
Fern [30] showed the CoFeSm film thickness increased, decreasing the crystalline size and
surface roughness. The surface roughness of the Co-Fe-Sm films plays a crucial role in
shaping the magnetic properties of these thin magnetic films [30].

ZnO or TayOs films attracted the attention of researchers due to the possibility of
obtaining various morphologies, such as nanorods or nanospheres, as well as good optical
properties. TapOs (3.97 eV) and ZnO (3.26 eV) TCOs, with their favorable attributes,
including non-toxicity, cost-effectiveness, ease of preparation and robust optoelectronic
properties, hold promise as suitable alternatives [19,23,24]. ZnO-doped tantalum oxide
films (doping 1-5 wt.%) were prepared by the pulsed laser deposition technique in a
reactive oxygen atmosphere, and the films were annealed at temperatures of 973 and
1173 K [31]. An XRD analysis shows that the ZnO-doped films annealed at 973 K are
crystalline, whereas the annealed counterpart of pure Ta;Os is amorphous. Upon annealing
at 1173 K, the undoped film showed good crystallinity, whereas the ZnO-doped film
presented a decline in crystallinity compared to that of the films annealed at 973 K [31].
The AFM photos of 3 and 5 wt.% ZnO-doped TayOs films presented Ta,Os nanoring
with a diameter of 700 nm [31]. The band gap increases with ZnO doping and with the
temperature of treatment. Deo [2] studied amorphous tantalum oxide (TayOs) deposited
by spin coating as an electron transport material for perovskite solar cells, achieving power
conversion efficiency up to ~14%. Amorphous TapOs films can be the electron transporters
in perovskite cells due to tantalum oxide as an n-type semiconductor with a calculated
carrier density of ~7 x 10'8 /ecm3 [2]. Ta,Os5 can be a possibility for optical devices due to
its high refractive index in the visible domain, band gap proper for solar cells and high
dielectric constant [32]. TapOs film has prospective applications in devices such as optical
filters, optical waveguides, non-linear optical devices and photonic crystals [32]. Ta;Os
thin films were obtained by pulsed laser ablation, magnetron sputtering, atomic layer
deposition, ion beam sputtering and heat evaporation [32,33]. The synthesis of the TayOs
coatings with better properties requires the characterization of the coatings related to the
preparation method. Among the deposition techniques, the e-beam deposition technique
offers advantages compared with the other vapor deposition techniques, such as film
uniformity and optical efficiency [34]. This control on film synthesis led to the possibility
of designing the microstructure and composition as well as the properties.

Previously studied hydrophobic films showed crystalline structures, which means
thermal treatments at high temperatures and implicit energy consumption [17,25,30]. The
aim of this work is to develop non-crystalline coatings of the Tay;O5-ZnO type with hy-
drophobic (and implicitly self-cleaning) properties in order to increase the efficiency of
photovoltaic solar panels over time. The coverings must absorb as little sunlight as possible
(T > 70%) and have a reflection index according to the application.

2. Materials and Methods

Tantalum pentoxide coatings were deposited by e-gun technology on the borosilicate
glass substrate. Zinc oxide, CAS No. 1314-13-2, from Sigma-Aldrich (St. Louis, MO,
USA) and tantalum (V) oxide with purity 99%, CAS No. 1314-61-0, from Sigma-Aldrich
(St. Louis, MO, USA) were used as raw materials. The coating deposition is similar
to references [18,33]. The e-gun process was realized in a physical vapor deposition
chamber; in high vacuum at pressure of 107> to 10~° torr. Coating growth, thickness
and evaporating rate were controlled by a quartz crystal microbalance. The compositions
of the three coatings are TayOs (100%), TayOs (75%) and ZnO (25%), Ta;Os (50%) and
Zn0 (50%). Both oxides were deposited simultaneously using a Z-550-5 Leybold-Heraeus
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(Cologne, Germany) sputtering system. The thickness of the coatings was controlled by
own apparatus software, and it was established at 100 nm.

Both oxides were deposited simultaneously. The thickness of the coatings was con-
trolled by apparatus, and it was established at 100 nm.

X-ray diffraction (XRD). The structure of the glass substrate and coatings deposited on
the substrate were determined from patterns recorded with Ultima IV X-ray Diffractometer
(Rigaku, Tokyo, Japan) and Cu K« radiation.

FTIR spectroscopy was used to identify the bonds formed into coatings. The spectra
of the coatings were recorded with a Nicolet 6700 spectrometer (Thermo Fisher Scientific,
MA, USA) in the 400-1400 cm ! range.

Atomic force microscopy (AFM). The surface morphology and roughness of coatings
were investigated using a Nanovea microscope, model Nanosurf Nanite B (MA, USA),
110 microns. The measurements were performed in air at room temperature using contact
mode and static force operation mode.

Easy Drop Shape Analyzer (DSAL, KRUSS GmbH, Hamburg, Germany) was used
to measure the contact angle of Millipore water on the prepared films at 24 °C in air. The
samples were placed on a flat support, and the ultra-pure water was dropped using a
stainless-steel needle (outer diameter of 0.5 mm). The drop volume was 3 uL. The contact
angle was calculated using the sessile drop method. The measurements were repeated
6 times for each sample.

The optical properties were investigated by UV-VIS spectroscopy. The measurements
were made in transmission mode using an Agilent Cary 100 spectrophotometer (Agilent
Technologies Australia). The measurements were carried out in the 800-200 nm range. To
eliminate the contribution of the glass substrate to the light absorption, the spectra were
recorded using it as a reference. The transmittance data were processed for bandgap and
refractive index calculations.

3. Results

Three coatings were obtained by e-gun technology and are presented in this article.
The first coating, named Ta;Os, obtained from pure tantalum pentoxide, was a lilac color;
the second coating, named 75Ta;O5-25Zn0O, was a magenta color and the third coating
with half zinc oxide and half tantalum pentoxide, named 50Ta;O5-50Zn0O, was gray. The
structural characterization of the coatings was carried out with X-ray diffraction (XRD)
and infrared spectroscopy (FTIR). The morphologies and the roughness of the films were
visualized by atomic force microscope. The contact angle was determined in order to
establish the hydrophobic behavior of the coatings.

3.1. X-ray Diffraction (XRD)

Figure 1 shows the patterns of the coatings and the substrate glass. Ta,Os-based
coatings have a non-crystalline state, and for this reason, they have no diffraction peaks.
The sputtering power has little effect on the microstructure of the coatings, as shown by all
the XRD spectra. Similar results were reported for Ta;Os thin films in the literature [25].
However, two broad bands can be observed in the case of Ta;Os and 75Ta,O5-25ZnO
coatings; related to a small nucleation of the tantalum pentoxide.
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Figure 1. XRD patterns of the glass substrate and obtained coatings. The arrows show the place of the
tantalum pentoxide peaks in crystal. In this case small and wide band can be assign to few structural
units arrangement in non-crystalline film.

3.2. Infrared Spectroscopy (FTIR)

Infrared spectroscopy was used as a technique to identify the bonds present in the
coatings. FTIR spectra for non-crystalline materials are different from the spectra of the
crystalline materials. In crystalline materials, because there is an order in the lattice, several
vibration bands for the same bond appear in the FTIR spectrum. The typical absorption
bands of zinc oxide crystalline lattice were reported at 530 cm ™!, 495 cm ™!, 440 cm™!
and 677 cm ™1 [32,34]. The FTIR bands of Zn-O- can be shifted to lower wavenumbers
(420 cm~1) in compounds such as zinc-stannate [34]. In the FTIR spectra of amorphous
tantalum oxide films, in the 800-1000 cm~! range, Ta—O-Ta stretching vibrations were
reported [31]. The bands in the 400-800 cm~! region were assigned to Ta-O-Ta and
Ta—O- stretching modes [31]. In the spectrum of amorphous tantalum oxide films, the
band at 452 cm~! appears due to O-Ta-O bending vibrations in TaOg octahedra [31].
Krishnan [31] reported that amorphous and crystalline Ta,Os was proposed as an ionic—
covalent compound consisting of TaO,? 2" and TagO1,°* clusters.

Figure 2 presents the FTIR spectra of pure Ta;Os coating and 75Ta;O5 25Zn0O coating.
FTIR spectrum of Ta;Os coating shows broad bands with no well-defined shape in the
1600400 cm~! domain, characteristic of an amorphous state. In the FTIR spectrum of
75TayO5 257Zn0 film, the main bands can be observed at 430 ecm~1 459 em~1, 468 cm 1,
492 cm~!, 556 em ™1, 645 ecm~!, 706 cm ™1, 790 ecm ! and 857 cm . In the spectrum of
75Tay05 25Zn0 coating, the bands at 430 cm !, 492 cm ! and 556 cm ! could be assigned to
the formation of Ta—O-Zn covalent bonds, and the bands at 459 cm ™1, 468 cm 1, 645 cm ™1,
706 cm~!, 790 cm~! and 857 cm ! are attributed to Ta-O-Ta and Ta-O stretching vibrations.
The shape of the bands shows that the addition of zinc oxide led to a structuration of the
lattice. This behavior was expected because zinc oxide acts as a network former in glasses.
However, the ordering of the crystalline lattice occurs only at a few structural units. This is
shown by the width of the bands in the spectrum.
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Figure 2. FTIR spectra of two obtained coatings (recorded with air as reference).

3.3. Atomic Force Microscopy (AFM)

Atomic force microscopy measurements were performed to evaluate the morphology
and the roughness of the coatings. Table 1 shows the values of average roughness (Ra)
and root mean square (Rrms) roughness of the studied films. The root mean square (Rrms)
roughness, commonly used in AFM description, represents the standard deviation of the
height value in the selected region. In the Supplementary Materials, the 2D and 3D images
of the studied films are shown (Figure S1).

Table 1. The roughness parameters obtained by AFM.

Film Roughness Parameters
Ra (nm) Rrms (nm)
Ta205 2.82 3.31
75TaO5-25Zn0O 4.86 5.63
50TayO05-50ZnO 7.04 9.7

The studied films have uniform coverage of the glass surface and different roughness.
The roughness determined by AFM led to the following conclusions: (1) in the case of
coatings with both oxides, a big addition of zinc oxide causes a higher roughness, and
(2) the pure tantalum pentoxide coating presents a lower roughness.

3.4. Contact Angle (CA)

In Table 2, the results of contact angle measurements for substrate and coatings
are presented. Table 2 includes the average CA and the mean deviation values for the
three films. Dust deposition on the PV is highly influenced by water bonded to the
glass surface [27-29]. If the glass surface is hydrophobic, the quantity of water remain-
ing on the surface is lower, and the dust cannot adhere to the surface. One criterion to
archive the self-cleaning and hydrophobic properties is the value of the water contact angle.
The value of contact angle (CA) establishes surface properties such as hydrophobicity
when CA > 90° or hydrophilicity when CA < 90° [6]. More theoretical details concerning
the correlation between obtained roughness and hydrophobicity (contact angle) are pre-
sented in reference [6]. The contact angles of the studied films are in the 93.91 &+ 1.83 and
110.66 £ 1.21 degree range, and all of them show hydrophobic properties. The contact
angle of the glass substrate is between 50 and 54.5 degrees, so it is hydrophilic because it
is below 90 degrees. It may be considered that the contact angle of the substrate did not
influence the hydrophobic properties of deposited films. The presence of both oxides in
the film composition has a good influence on the hydrophobic properties. The greatest
hydrophobic coating has a composition of 75% Tay;Os and 25% ZnO.



Coatings 2024, 14, 273

7 of 12

Table 2. Contact angle measurements for glass substrate and Ta,Os-based coatings.

The Average CA
Sample and the Mean Image/Contact Angle (°)
Deviation Values
Glass 53.81 + 2.16 52.97 50.55 58.16 51.15
Substrate ‘ I .
51.93 57.05 54.23 54.50
TayO5 93.91 + 1.83 96.85 93.52 93.92 91.21
97.73 92.14 91.45 94.45
75Ta205
25710 111.05 £ 2.92 114.89 109.17 112.85
104.34 108.44 110.58 113.22
50Ta205
50Zn0 110.66 £ 1.21 108.99 108.92 110.11

112.35

111.58 109.79

3.5. UV-VIS Spectroscopy

Figure 3 shows the experimental transmission spectra in the ultraviolet and visible
range for studied films. The band gap and refractive index were determined using data
from the UV-VIS spectra. Two different regions were observed in the pattern of the UV-VIS
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spectra. The transparency region is located at a wavelength higher than ~330 nm, and its
characteristic is low light absorption. In the transparency region (330-1000 nm), the average
optical transmittance of TayOs and 75TapO5-25Zn0 coatings is about 80% and decreases to
75% for the 50Ta;O5-50ZnO coating. It seems that this last film is opaque, hence its gray
color. Even though the transmittance decreased, it is still high enough to provide good
efficiency for the solar cells. The optical loss decreased a little, but if dust settles on the
solar cells, the optical loss will increase much more. Interference fringes in transmission
spectra occur because the incident light moves between two interfaces (air-coating, coating—
substrate), producing different reflected and transmitted waves that constructively or
destructively interfere within the samples. The presence of these interference fringes
indicates that the coatings have optically smooth surfaces, both with the air and with
the substrate, and very good thickness homogeneity [35-37]. The deposited coating of
50Tap05-50Zn0O has lower transmittance as well as a small number of fringes. This could be
related to its higher roughness, which results in much scattering of light over the coating’s
surface [35]. In the second region (A < 330 nm), there is a sharp drop in optical transmission.
This decrease can be attributed to inter-band transitions from the valence band to the
conduction band for Ta,Os and/or ZnO [32,37].

100 s 1 N 1 s 1 N | s 1

804

T(%)

60+

40

20 Eg=4.60 eV

T T T T T T T T
200 300 400 500 600 700 800
(a) A (nm)

75%Ta, 0, 25%Zn0
100 N I " | n 1 " 1 n 1

80+

T(%)

60+

40

20+

Eg4.51 eV

30 35 40 45 50 55 60
hv (eV)

200 300 400 500 600 700 800
(b) A (nm)

Figure 3. Cont.



Coatings 2024, 14, 273

9of 12

50%Ta,0, 50%Zn0
100 1 1 1 1 1

80

T(%)

60

40

204

40 45 50 55
hv (eV)

200 300 400 500 600 700 800
A (nm

(©) (nm)

Figure 3. Transmission in UV-VIS domain for (a) TayOs film; (b) 75TayO5-25Zn0O film; (c) 50Ta,;Os-

50ZnO film. The reference used for the spectra registration was uncoated substrate.

The optical bandgap was calculated using the Tauc method [38], namely from a
graphical representation of [oc*hv]'/™ vs. hv, where « is the absorption coefficient, h is the
Planck constant, v is the photon’s frequency and 1 is a parameter whose value depends
on the type of electron transitions (¥ or 2, for direct or indirect transitions, respectively).
The band gap is equal to the x-intercept when the linear region of the plot is extrapolated
to zero.

The band gaps of the current films were determined considering direct transitions
(insets in Figure Sla—c) and the obtained values were listed in Table 3. The optical band
gap value for TayOs is consistent with the direct band gap energies of the TayOs films
obtained by Chen [32]. The optical absorption energies were influenced by the ZnO content.
The refractive index of a material is an important macroscopic parameter useful in the
optoelectronic field. It is a function of many factors, such as energy, dopants or thickness.
To minimize these influences, only the static/optical refractive index (due to the time-
independent component of light and electric field) could be used [39]. Various relations
were proposed in order to correlate the optical refractive index of a material to its band gap
energy. In this study, we used the relationship (1) proposed by Ravindra [40] to determine
the refractive index:

n = 4.08 — 0.62E¢ (1)

where n is the refractive index of the material, and Eg is the optical band gap.

Table 3. Band gap and refractive index of the coatings and glass substrate.

Sample Eg (eV) n

Ta205 4.6 1.23
75TapO5-25Zn0O 451 1.28
50TayO05-50ZnO 453 1.27

This method was chosen because it provided a better match between the calculated
refractive index of the substrate and its value listed in the Schott Company technical
specifications. The band gap and the refractive index were correlated with the zinc oxide
amount in the film. The good effect of zinc oxide can be observed in the properties of other
nanomaterials and glasses used as semiconductors [34,41].
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4. Conclusions

The transparent films were obtained by e-gun technology. In this work, an increase in
the contact angle above 93 degrees (related to an increase in hydrophobicity) was reported
when the composition of the TayOs films was partially changed to ZnO. The addition of
ZnO has a good influence on the properties. The best properties are obtained for the film
with a composition of 75% Ta;Os and 25% ZnO, a contact angle of 111.05° 4 2.92, a band
gap of 4.51 eV and a refractive index of 1.28. The research has an applied value because it
solves the problem of dust particle deposition on the sun-facing surface of photovoltaic
cells. The studied films can be deposited on the top glass surface of solar cells to provide
self-cleaning properties. The method reduces film production costs by eliminating an
energy-consuming heat treatment step that can lead to film crystallization.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/coatings14030273/s1, Figure S1. Atomic Force Microscopy: 2D
images (a,c,e) and 3D view (b,d,f); Ta;Os film (a,b); 75TayO5 25Zn0O film (c,d); 50Ta;O5 50ZnO
film (e,f).
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