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Abstract

Light reflection from glass surfaces reduces the amount of solar radiation transmitted
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into photovoltaic devices, making transparent thin-film coatings an important
approach for improving optical transmission. This study investigated the preparation
of calcium oxide (CaO) thin films detived from waste chicken eggshells through a
simple and sustainable synthesis route. Eggshell powders were calcined at

Accepted: temperatures ranging from 800 to 1100°C, and the resulting CaO was deposited onto
July 06, 2026 glass substrates by spin coating using five precursor concentrations, followed by post-

annealing at 300°C. FTIR and XRD analyses confirmed the gradual decomposition of
Keywords: CaCOg into crystalline CaO with increasing calcination temperature. The sample
Calcium Oxide calcined at 1100°C exhibite.:d higher crystallinity (80.86%0) gnd a .larger crystallite size
(CaO). Egshell (19.24 nm) than that calcined at 1000°C. SEM obsetvations indicated that post-

annealing reduced the film thickness and produced a more uniform surface
morphology. UV—Vis measurements showed that the 0,05 M precursor concentration
and has the average thickness of 18,92 nm yielded the highest optical transmittance.
The thin film prepared from CaO calcined at 1100°C and post-annealed at 300°C
achieved a maximum transmittance of approximately 88% in the visible region (400—
900 nm), which was higher than that of the uncoated glass substrate (85%). These
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results indicate that thermal treatment and precursor concentration significantly
influence the structural and optical properties of eggshell-derived CaO thin films,
highlighting their potential as transparent coating materials for photovoltaic glass.
© 2026 State Islamic University of Mataram
INTRODUCTION

One important factor in achieving highly efficient solar cells is the decrease of reflectance.
Various antireflection coating techniques are typically applied to the solar cells' upper surface in order
to accomplish this. High levels of light transmittance are produced via antireflective (AR) coatings,
which reduce the reflection of light shining on them. Any surface where a minimal amount of light
loss is needed can have one of these optical coatings applied. To increase the efficiency of solar energy
systems, such as photovoltaic and solar thermal devices, it is crucial to do research on attaining a high
transmission of light through glass [1,2,3]. These approaches can be separated into three categories:
electrochemical etching, sputtering deposition, and thermal oxidation. Several methods for creating
anti-reflection coatings include chemical vapor deposition, aerosol pyrolysis sputtering, laser ablation,
dip coating, and sol-gel spin coating [4]. In the majority of significant optics applications, reducing
optical reflection at the layer interface is a critical difficulty. A single layer coating with a quarter-
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wavelength optical thickness and refractive index n = Vn1n2, where nl and n2 are the ambient and
substrate refractive indices, respectively, can be used to decrease optical reflection at a certain
wavelength [5]. The sol-gel spin coating method is widely employed due to its cost-effectiveness,
ability to produce homogeneous layers, applicability at low temperatures, lack of requirement for a
high vacuum chamber, and precise control over layer thickness [6].

Conventionally, anti-reflective coating materials are typically derived from inorganic sources
such as SiO3-TiO,, Si02-Zn0O, and SiO,-MgF,. However, their fabrication process involves
considerable cost. The common materials used as AR coating in the visible range are SiO2 (7c=1.45),
Al203 (#c=1.65), Mgl'2 (nc=1.38), SiO (#c=1.85) and ZnO (nc=2.0), but, none of these materials has
such a low RI value [7,8]. In contrast, the development of anti-reflection materials from organic
sources remains relatively limited. An innovative alternative involves utilizing CaO derived from waste
eggshells. CaO holds potential as a porous anti-reflective material capable of reducing light reflectance
through destructive interference effects. An eggshell itself weighs 5-6 grams, containing 1.4 percent
magnesium, 85% to 95% CaCOs, and trace amounts of other elements [9]. CaO is a white crystalline
solid that can be synthesized from eggshells, which contain CaCOj3 as the primary component [10].
CaO produced from waste materials like eggshells can possess a natural porous structure or be
engineered into a nano-textured layer. Textured surfaces can aid in light scattering and enhance
absorption through diffusion effects. CaO exhibits high thermal stability, making it suitable for
applications involving continuous sunlight exposure. It is also resistant to chemical degradation under
normal atmospheric conditions, provided it is protected from moisture (as CaO is hygroscopic and
reacts to form Ca(OH),). Common methods for synthesizing CaO nanoparticles include the sol-gel
method [11], co-precipitation method [12], and calcination method [13]. The calcination method is
particularly effective for converting CaCO3 to CaO, as it is a straightforward, inexpensive, time-
efficient process that does not require expensive equipment. During the calcination of eggshells, a
thermal decomposition reaction occurs. For CaCOg, calcination is typically conducted at temperatures
ranging between 700°C and 1000°C [14].

Although eggshell-derived CaO has been extensively investigated for catalytic, adsorption, and
biomedical applications, its use as a transparent thin-film material for anti-reflective coatings remains
largely unexplored. Existing studies mainly focus on the synthesis and characterization of CaO
powders, while the influence of calcination temperature, post-annealing treatment, and precursor
concentration on the structural evolution and optical transmittance of eggshell-derived CaO thin films
has received limited attention. Therefore, this study aims to bridge this gap by systematically
investigating the relationship between thermal treatment, film morphology, crystallinity, and optical
transmittance of spin-coated CaO thin films for potential photovoltaic glass applications. Unlike
previous studies [15] that primarily focused on the synthesis and physicochemical characterization of
eggshell-derived CaO powders for potential photovoltaic glass applications, this work demonstrates
the fabrication of spin-coated CaO thin films and systematically investigates the combined effects of
calcination temperature, precursor concentration, and post-annealing treatment on their structural,
morphological, and optical properties. Furthermore, the relationship between crystallinity, film
thickness, and optical transmittance is established to identify the optimum processing conditions for
transparent coating applications.

In this research, CaO will be fabricated in to a thin film using the spin coating method. Utilizing
nanoparticles and modifying them into thin films can significantly influence the properties and
characteristics of the material. New antireflection sol-gel coatings have garnered a lot of attention
lately, mostly because of their affordable price and potential use in a wide range of commercial
applications, including high power lasers, architectural glasses, wind screens, solar thermal collectors,
solar cells, and video display panels [15,16,17,18,19,20]. Additionally, spin coating and dip coating are
effective methods for creating uniform thin films [21]. Annealing treatment of the film will also be
conducted in this research to observe the resulting surface morphology. The morphology of a thin
film affects its properties and characteristics, thereby determining its suitability for specific
applications. Several film properties influenced by morphology include wettability, protein
immobilization, optical properties, viscoelastic sensor properties, and sensor sensing capabilities.
Research conducted by [22, 23, 24] produced polystyrene thin films with differing morphologies by
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utilizing different solvents to enhance protein immobilization. Similarly, [25] performed surface
modifications to achieve different viscoelastic properties on QCM sensors. Furthermore, surface
wettability can be controlled using spin and spray coating methods [206].

In this study, the structural and optical properties of the fabricated films were evaluated using
FTIR and XRD to confirm chemical transformation, SEM to analyze surface morphology, and UV-
Vis spectroscopy to measure transmittance. While direct refractive index measurement are beyond
the scope of this work, the combination of these techniques provides a comprehensive understanding
of the film's suitability for anti-reflective applications. Despite the growing interest in sustainable
materials for optical applications, the use of eggshell-derived nano-CaO as an anti-reflective thin film
for solar panel applications remains limited. To the best of our knowledge, there is still a lack of
systematic studies investigating the relationship between calcination temperature, precursor
concentration, post-annealing treatment, and the resulting optical performance of CaO thin films.
Therefore, this study aims to fill this gap by optimizing the fabrication parameters and evaluating their
influence on the transmittance properties of CaO-based anti-reflective coatings.

METHODE

Extraction of CaO from Eggshells

Chicken eggshells were thoroughly washed and initially sun-dried, followed by oven drying at 120
°C for 2 hours to remove residual moisture. The dried shells were ground using a mortar, pestle, and
blender, and subsequently sieved through a 100-mesh sieve. Approximately 200 g of eggshell powder
was calcined in a furnace at temperatures ranging from 800 °C to 1100 °C for 3 hours to produce
CaO particles. The resulting powders were stored in an airtight container to minimize moisture
exposure. Fourier-transform infrared (FTIR) spectroscopy was employed to analyze the chemical
composition. While X-ray diffraction (XRD) analysis was performed to identify the crystalline phases
present in the eggshell-derived powders and to evaluate the effect of calcination temperature on the
structural properties of the synthesized CaO. In addition, XRD data were used to determine the
crystallite size using the Scherrer equation and to estimate the degree of crystallinity through the peak
area method. The structural information obtained from XRD was further correlated with the optical
properties of the resulting thin films.

Formulation and Fabrication of CaO Thin Films

For thin film fabrication, CaO solutions were prepared with concentrations of 0.010 M, 0.050 M,
0.075 M, 0.100 M, and 0.150 M using deionized (DI) water as the solvent. Polyvinyl alcohol (PVA)
and citric acid were added as binding agents to improve film adhesion. Each solution was
homogenized using an ultrasonic cleaner for 3 hours. Glass substrates were cleaned using 75% ethanol
to remove surface contaminants and ensure uniform coating. The films were deposited using a spin
coater at 3000 rpm for 60 seconds to obtain single-layer coatings. The coated substrates were dried at
room temperature for 1 hour, followed by heating at 100 °C for 30 minutes to remove residual solvent.
Post-annealing was then performed at 300 °C for 3 hours to enhance film structure and morphology.
Surface morphology was analyzed using scanning electron microscopy (SEM), while optical properties
were evaluated using UV—Vis spectroscopy.

Table 1. Concentration of CaO Solution

CaO solutions (M)  CaO (gr) PVA (gr) citric acid

(gr)
0,01 (cons 1) 0,028 0,5 0,525
0,05 (cons 2) 0,14 0,5 0,525
0,075 (cons 3) 0,21 0,5 0,525
0,1 (cons 4) 0,28 0,5 0,525

0,15 (cons 5) 0,42 0,5 0,525
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Each solution was transferred into separate containers and homogenized using an ultrasonic
cleaner for 3 hours. Concurrently, the substrate for thin film growth, a glass slide, was pre-cleaned
using 75% alcohol. The glass substrate was then mounted onto the spin coater holder for coating with
the CaO solution. The coating process was performed at 3000 rpm as a speed of spin coater for 60
second [20] to get the single layer of CaO thin films. The coated glass substrates were left at room
temperature for 1 hour. Once dried, the substrates were heated in an oven at 100°C for 30 minutes to
ensure the complete removal of any residual solvent. To maximize crystallization, a mild calcination
step was performed on the samples at temperatures 300°C for 3 hours. Finally, the CaO modified into
thin films was characterized using Scanning Electron Microscopy (SEM) to examine the surface
morphology and the thickness of the layers.

Testing the Anti-Reflective Properties of the Thin Films
The optical properties of the CaO thin films were analyzed using UV-Vis spectroscopy by
measuring their reflectance and transmission values.

RESULTS AND DISCUSSION

Eggshell powder was calcined at four different temperatures, namely 800°C, 900°C, 1000°C,
and 1100°C, to investigate the thermal decomposition behavior of calcium carbonate and its
conversion into calcium oxide. Visual observations revealed significant changes in the appearance of
the powders after calcination at figure 1. The samples calcined at 1000°C and 1100°C exhibited a
uniform bright white color, whereas those calcined at 800°C and 900°C still contained grayish to
blackish residues, with the most pronounced discoloration observed in the sample treated at 800°C.
These differences in color suggest variations in the degree of thermal decomposition and phase
transformation during the calcination process.

Figure 1. Egg Shell powder based on temperature of calcination a) 800 °C, b) 900°C, ¢) 1000 °C, d)
1100 °C

The formation of a bright white powder at higher calcination temperatures indicates a more
complete conversion of calcium carbonate (CaCO3), the primary constituent of eggshells, into calcium
oxide (Ca0O). The thermal decomposition of calcium carbonate occurs according to the reaction:

CaO (s) + CO2 (gy — CaCO3 (s)
This endothermic reaction generally becomes significant above 800°C and proceeds more completely
as the calcination temperature increases (Boynton, 1980; Oates, 1998). The persistence of gray and
black residues in the samples calcined at 800°C and 900°C may be attributed to incomplete
decomposition of CaCO3 and the presence of residual organic matter originating from the eggshell
membrane. Previous studies have reported that biogenic calcium carbonate materials often require
temperatures above 900°C to achieve complete decarbonation and produce highly pure CaO [27]

Although the formation of a bright white powder at 1000°C and 1100°C indicates a higher degree
of thermal decomposition compared with the samples calcined at 800°C and 900°C, direct evidence
of phase transformation cannot be obtained solely from visual observations. Consequently, FTIR
characterization was employed to examine the changes in chemical bonding and functional groups
resulting from calcination. The FTIR analysis is particularly important for monitoring the reduction
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of carbonate-related vibrations and confirming the formation of calcium oxide, which is expected to
become more pronounced with increasing calcination temperature. The FTIR analysis was critical for
monitoring the thermal decomposition of CaCOj3 to CaO. Figure 2 shows the FTIR spectra for
samples calcined at different temperatures.
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Figure 2. FTIR Characterization for CaO at different calcination temperatures, 2) 800°C, b) 900°C, ¢)

The samples calcined at 800°C and 900°C showed strong absorption bands around 874 cm™ and
1413-1455 cm™, which are characteristic of the asymmetric stretching (v3) and out-of-plane bending
(v2) vibrational modes of the carbonate (CO3*") ion, respectively [12]. The presence of a broad band
around 3644 cm™" indicates O-H stretching from adsorbed water or Ca(OH),, formed due to the
partial hydration of CaO. As the calcination temperature increased to 1000°C and 1100°C, the
intensity of the carbonate peaks (~874 cm™ and ~1450 cm™") diminished significantly. The spectrum
for the 1100°C sample showed the weakest carbonate signals, confirming near-complete
decomposition to CaO. The absence of the O-H band in the 1100°C sample suggests higher purity
and better stability against hydration post-calcination at the highest temperature [13]. This aligns with
the visual observation of pure white powder only at 1000°C and 1100°C. Then in this research we
use the 1000°C and 1100°C calcinated CaO to fabricate an antireflecting thin film.
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Figure 3. The XRD patterns of CaO calcinated at different temperatures a) 1000 °C , b)

1100
The phase composition and crystallographic characteristics of the eggshell-derived powders

calcined at 1000°C and 1100°C were investigated using X-ray diffraction (XRD), as presented in
Figure 3 and table 2 . For the sample calcined at 1100°C, the diffraction peaks observed at 32.18°,
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37.33°, 53.87°, 64.20°, 67.39°, 79.67°, and 88.53° closely match the characteristic reflections of
crystalline CaO, corresponding to the standard JCPDS data at 32.2°, 37.3°, 53.8°, 64.1°, 67.3°, 79.7°,
and 88.5°, respectively. The excellent agreement between the experimental and reference diffraction
angles confirms the successful formation of highly crystalline CaO following calcination at 1100°C.
The dominant diffraction peaks indicate that calcium oxide became the primary phase after thermal
treatment.

Although a weak diffraction peak associated with CaCO3 was still detected at 48.49° its
relatively low intensity suggests that only a small amount of residual carbonate remained in the sample.
This residual carbonate may originate from incomplete decomposition of calcium carbonate during
calcination or from the recarbonation of CaO upon exposure to atmospheric carbon dioxide during
cooling and storage. Similar phenomena have been reported in biogenic CaO materials derived from
eggshells and other calcium-rich wastes.

In contrast, the sample calcined at 1000°C exhibited diffraction peaks corresponding to CaO at
32.21°, 37.36°, 53.89°, 64.27°, and 67.49°, confirming that the decomposition of calcium carbonate
had already occurred at this temperature. However, additional diffraction peaks assigned to CaCOg
and Ca(OH), were also detected. The presence of a CaCOj3 peak at 29.44° indicates that a portion of
the original calcium carbonate remained undecomposed. Furthermore, diffraction peaks associated
with calcium hydroxide were observed at approximately 47.14° and 71.84°, suggesting the hydration
of CaO due to moisture absorption from the surrounding environment.

The absence of detectable Ca(OH), peaks in the 1100°C sample further suggests improved
phase stability. Higher calcination temperatures generally promote grain growth and crystallite
development, reducing structural defects and increasing crystallinity. The enhanced crystallinity of the
1100°C sample is evidenced by the sharper and more well-defined diffraction peaks compared with
those obsetrved for the 1000°C sample. According to [28] Cullity and Stock (2001), shatrper diffraction
peaks are typically associated with larger crystallite sizes and improved crystal ordering.

Table 2. Comparison of characteristic XRD diffraction peaks of eggshell-derived powders
calcined at different temperatures with JCPDS reference data

Calcination

Sample Te:mperatul:e Compound 28 (degree)
CaO 322 373 338 641 673 797 885
JCPDS N - i . _
data - CaCO3 294 394 432 474 485
Ca(OH)2 286 341 471 308
Egg Shell 1100 Ca0 3218 3733 5387 6420 6739 7967 8853
CaCO3 48,49
Ca(OH)2
1000 Ca0 3221 3736 35389 6427 6749
CaCO3 29,44
Ca(OH)2 47,14 71,84

The crystallite sizes of both structures were estimated using Scherrer’s equation and Area Crystallinity
Method for observe the crystallinity.

Table 3. The structural Properties of CaO Powders Calcinated at Different Temperature

sample Caleination diameter kisi Corystallimity
Temp erztire Kristal (nm) (o)
Egz 1100 19 244 80,862
Shell 1000 13,361 73,806
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The results reveal that increasing the calcination temperature from 1000°C to 1100°C
significantly enhanced both the crystallite size and crystallinity of the CaO powders. The crystallite
size increased from 13.361 nm to 19.244 nm, while the crystallinity increased from 73.806% to
80.862%. The increase in crystallite size can be attributed to thermally induced crystal growth during
calcination. At elevated temperatures, atoms acquire sufficient thermal energy to migrate across grain
boundaries, promoting the coalescence of smaller crystallites into larger crystalline domains. This
phenomenon reduces the total grain boundary area and lowers the overall free energy of the system,
resulting in the formation of larger and more stable crystallites [28]

The higher phase purity and crystallinity obtained at 1100°C atre expected to contribute
positively to the optical performance of the resulting thin films. The reduction of secondary phases
such as CaCO3 and Ca(OH), minimizes structural heterogeneity and potential light-scattering centers,
thereby enhancing optical transparency and transmittance. This observation is consistent with the
UV—Vis results, where the thin films prepared from powders calcined at 1100°C exhibited superior
optical transmittance compared with those prepared from powders calcined at 1000°C.

The XRD results support this interpretation. The sample calcined at 1000°C still exhibited
diffraction peaks corresponding to residual CaCO3z and Ca(OH), phases, indicating incomplete
decomposition and secondary phase formation. In contrast, the sample calcined at 1100°C showed
predominantly CaO diffraction peaks with only minor traces of carbonate impurities. The reduction
of secondary phases contributes directly to the increase in crystallinity observed at higher
temperatures.

Higher crystallinity is particularly advantageous for optical coating applications because
crystalline materials generally possess fewer structural defects, dislocations, and amorphous regions
that can scatter incident light. Defects and phase impurities often act as optical scattering centers,
reducing transparency and optical performance. Therefore, the improved crystallinity of the 1100°C
sample is expected to enhance the optical transmittance of the resulting thin films. The higher
crystallinity and larger crystallite size achieved at 1100°C are expected to positively influence the
optical behavior of the deposited CaO thin films. A more crystalline structure generally exhibits lower
defect density and reduced optical scattering, which can improve light transmission through the
coating. This assumption is supported by the UV—Vis results, where the post-annealed films derived
from the 1100°C-calcined powder exhibited the highest transmittance among all investigated samples.
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Figure 5. The Optivcal Transmitance Of CaO Thin Films Calcinated at 1100 °C, a) Without
post anneaed, b) post annealed
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Figure 6. The Optical Transmitance of CaO Thin Film calcinated at 1000 °C, a) without post
annealed, b) post annealed

The optical transmittance spectra of the CaO thin films prepared from waste eggshells at
different concentrations and thermal treatments are shown in Figure 5 and figure 6. The results
indicate that the optical performance of the films was strongly influenced by both the CaO
concentration and the post-annealing treatment. Among all investigated samples, the films prepared
from CaO calcined at 1100°C and subsequently post-annealed at 300°C exhibited the highest optical
transmittance. In particular, the films with concentrations of 2% and 3% demonstrated superior
transmittance throughout the visible and near-infrared regions (400900 nm).

At low CaO concentrations, the deposited layer may not completely cover the substrate
surface, resulting in a limited reduction of optical reflection. In contrast, higher concentrations tend
to promote particle agglomeration and produce thicker films, which increase light scattering and
consequently reduce optical transmittance. Similar behavior has been reported for oxide-based
antireflective coatings, where an optimum coating thickness was found to maximize optical
transmission while minimizing scattering effects.

The superior optical performance exhibited by the films calcined at 1100°C can be associated
with improved crystallinity and phase purity of CaO. Higher calcination temperatures facilitate the
complete decomposition of calcium carbonate into calcium oxide and promote crystal growth,
resulting in a more ordered crystal structure with fewer defects [29. Structural defects, grain
boundaries, and residual carbonate phases may act as scattering centers for incident light; therefore,
their reduction contributes to improved optical transparency [28].

Table 4. Optical performance of eggshell-derived CaO antireflective thin films prepared

Ave:flge Massmum Transmittance
Transmittance Transmittance Enhancement
Sample (400—900 rnm) (¥a) Relative to substrate
(%a) Bare Glass (%2)
Cons 2
1000°C, Without Post-Annealing 81,86 84,53 -2,61
1000°C, Post-Annealed at 300°C 85,40 88,10 0,92
1100°C, Without Post-Annealing 85,50 87,90 1,03
1100°C, Post-Annealed at 300°C 88,55 89,13 407
Bare Glass 84,45
Cons 3
1000°C, Without Post-Annealing 82,48 84,14 -1,99
1000°C, Post-Annealed at 300°C 84,00 87,50 0,38
1100°C, Without Post-Annealing 81,86 84,53 -2,61
1100°C, Post-Annealed at 300°C 87,64 88,72 3,16
Bare Glass 3448
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After annealing, Concentration 2 consistently outperforms Concentration 3, despite
Concentration 3's excellent performance and near-optimal performance. This implies that the film
produced from Concentration 3 has a slightly higher physical thickness than is optimal. The slightly
increased thickness may result in a slight increase in intrinsic absorption or introduce a higher
probability for slight inhomogeneities that contribute to weak scattering, but it still encourages strong
destructive interference. Although the ideal balance attained by Concentration 2 is not entirely
reached, the annealing process still offers considerable advantages by enhancing the film's
homogeneity and crystallinity, which accounts for the high transmittance values. With Concentration
4, the performance starts to deteriorate more pronouncedly. There is no doubt that a thicker film
results from a higher precursor concentration. When the thickness deviates from the ideal range, the
interference condition moves away from the visible spectrum's centre because the n X d product no
longer equals 1/4 for a given wavelength. Moreover, thicker films deposited from solution frequently
experience increased internal stresses as the solvent evaporates, which results in the development of
microcracks and a more columnar or porous microstructure from the path of specular transmittance.
Although annealing helps the film by repairing some of these flaws, which accounts for the detectable
increase in transmittance, it is unable to completely address the underlying problem of excessive
thickness and the resulting scattering losses.

The transmittance profile of concentration 5 is essentially different, with consistently low values
that are essentially wavelength invariant. This is a well-known sign that high levels of optical loss,
rather than interference effects, dominate the optical behaviour. A very thick, structurally flawed film
is probably produced by the incredibly high concentration. The film most likely has a high density of
voids, cracks, and grain boundaries, all of which serve as powerful scattering canters. Higher intrinsic
absorption could also result from the larger material volume. The overwhelming scattering and
absorption in this regime completely obscure the subtle constructive and destructive interference
patterns. A significant portion of incident light is diffusely scattered due to the lengthy optical path
length through this thick, turbid medium. Higher intrinsic absorption could also result from the larger
material volume. The overwhelming scattering and absorption in this regime completely obscure the
subtle constructive and destructive interference patterns. Although some structural consolidation is
achieved through the annealing process, which lowers the defect density and increases transmittance,
the film is still too thick and lossy to be a useful anti-reflective layer.

In summary, a shift from an interference-dominated regime to a scattering-dominated regime
governs the non-monotonic relationship between precursor concentration and transmittance. The
"Goldilocks zone," where the thickness is ideal for utilizing destructive interference, is where
Concentrations 2 and 3 are located. After annealing, Concentration 2 among them achieves the most
accurate synergy of minimal microstructural defects, appropriate refractive index, and optimal optical
thickness. By densifying the material, smoothing surfaces, and annealing out point defects, the
annealing process is a crucial enabler that adjusts the film's properties toward their optimal values.
This study emphasizes that in order to control the underlying physical optics phenomena and
maximize the performance of solution-processed anti-reflective coatings, careful optimization of the
deposition chemistry and the post-processing thermal conditions is necessary.

The bare glass substrate showed a baseline transmittance of approximately 82-85% in the visible
region (500-800 nm), with the 8% loss attributed to Fresnel reflection. The most significant result was
observed for the film from CaO calcined at 1100°C and post-annealed (b). This film achieved a peak
transmittance of 87 to 88% at the concentration 0,05 ppm and 0,075 ppm in range wavelength 400
nm-900 nm , while for non-post-annealed films shows 78%-84% amount of transmittance at the same
concentration and wavelength, consistently outperforming the bare glass across most of the visible
spectrum. Although this presentation under 90%, but this CaO thin films promising to fabricate as
an antireflecting films because of amount of transmittance higher then bare glass substrate. This
enhancement of ~6% absolute transmittance (or a reduction of over 50% in reflective losses) is a
strong indicator of excellent AR performance.

The optical properties of the thin film AR coating are significantly influenced by its
microstructure, thickness and refractive index, which all depend on deposition conditions such as
precursor concentration and post-deposition heating. The experimental transmittance spectra, in turn,
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for various CaO film concentrations prior to and following annealing at 300°C represent a valuable
case of the competition among such parameters. The basis of a single layer AR coating is the
phenomenon of destructive interference between waves reflected by the air—film and film—substrate
interfaces. A distinct pattern emerges when the data is examined concentration by concentration. An
extremely thin film is probably produced by concentration 1, which is the most diluted precursor
solution. The optical thickness of such a film is insufficient to meet the quarter-wavelength condition
across the visible spectrum, even though it may show low absorption. As a result, the destructive
interference is not complete, which leads to a lower transmittance than at optimal concentrations due
to a higher Fresnel reflection. Additionally, the film might be too porous or discontinuous, which
would increase light scattering at the rough interfaces and further lower the direct transmittance.
Densification and defect reduction following annealing result in some improvement, but the intrinsic
limitation of inadequate thickness keeps it from performing at its best. On the other hand,
Concentration 2 exhibits the best results, especially following the annealing procedure. It is assumed
that this particular concentration creates a physical thickness that, following the structural changes
brought about by annealing, yields an optical thickness for destructive interference that is almost
flawless over a wide range of the visible spectrum. According to the morphological analysis, the
annealing process at 300°C promotes the densification of the CaO layer, removing micro-porosity
and decreasing surface roughness.

SEM analysis provided insights into the surface morphology of the spin-coated films, which
directly influences their optical properties. Figure 2 presents SEM micrographs of films fabricated
from CaO calcined at 1000°C and 1100°C, with and without post-annealing.
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Figure 7. SEM images of CaO thin films: a) CaO-1000°C without annealing, b) CaO-1000°C
post-annealing, a) CaO-1100°C without annealing, b) CaO-1100°C post annealing

Films without post-annealing (a) exhibited a relatively dense and granular structure with some
agglomeration. The surface appeared less uniform, which could lead to increased light scattering. In
contrast, films that underwent post-annealing at 300°C (b) displayed a remarkable transformation.
The morphology became more homogeneous, with the development of a nano-porous films. This
porosity arises from the burnout of the organic binders (PVA, citric acid) and the subsequent sintering
of CaO nanoparticles. This study highlights the significant role of particle size in tailoring the
structural and optical properties of CaO thin films for practical optical device applications [29]. A
porous structure necessary for reaching a low RI can be produced using the sol-gel process, one of
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several coating procedures, and the distribution of pores within the structure can be controlled [30].
This nano-porous structure is highly desirable for AR coatings, as the pores (filled with air, n=1) lower
the effective refractive index (n eff) of the film according to the effective medium theory. The annealed
layer in figure (b) shows the smaller porous than films at figure (a). Larger pores lead to decreased optical
transmittance but an increase in reflectance, absorbance, and refractive index due to enhanced light
scattering and light trapping within the films [31]. A lower n_eff is crucial for better impedance
matching between air and the glass substrate, thereby reducing reflection. Annealing temperature has
a significant influence on the structural, morphological, and optical properties. Higher annealing
temperatures improve crystallinity, enlarge grain and crystallite size, and increase surface roughness
[32]. The film annealed at 300°C demonstrated an optimal cobination of high crystallinity and God
optical transmittance, making it particularly suitable for applications such as anti-reflection coatings,
dye-sensitized solar cells, and various optoelectronic devices. The ability to tune these properties
through annealing makes nanostructured CaO a versatile material for advanced technological
applications. In conclusion, the study demonstrates that the annealing temperature significantly
influences the properties CaO thin films. The high transparency and tunable wide band gap make
these films promising materials for applications in solar cells, gas sensors, and transparent electrodes
for display panels [33]

From the figure 7, it shows that the morphology of films seems like the sharp tipped
nanoflower structures. The sharp tips create a smoother and more progressive transition from air to
the solid material. The sharp-tipped structure ensures that the solid volume fraction (fill factor)
decreases in an almost linear manner from the base to the peak. This more perfect gradient results
in lower reflection, especially for shorter wavelengths (blue/UV light), which are highly sensitive to
gradient imperfections. This directly enhances transmittance across the entire spectrum, with the most
significant improvement occurring in the near-UV to blue region. The superior performance of the
(b) film can be attributed to two synergistic factors, high purity CaO FTIR confirmed that 1100°C
calcination yielded the purest CaO, minimizing light absorption by residual carbonates. Optimal
Nano-Porosity as a SEM showed that post-annealing created an ideal nano-porous structure in the (b)
films. This porosity effectively reduces the n_eff. Furthermore, the post-annealing process likely
optimizes the film's thickness [23], bringing it closer to the quarter- wavelength (A/4) condition for
destructive interference at the central visible wavelength
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Figure 8. Cross-sectional SEM images illustrating the thickness of CaO thin films prepared
under different calcination temperatures and post-annealing conditions, (a) calcined at 1000°C
without post-annealing, (b) calcined at 1000°C with post-annealing at 300°C, (c) calcined at
1100°C without post-annealing, and (d) calcined at 1100°C with post-annealing at 300°C.
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Table 5. Comparison of the thickness of CaO thin films prepared at different calcination
temperatures with and without post-annealing treatment.

Thickness of CaO Thin Films

Calcination . . With Post-
Temperature Wlthou(t i&nr;neahng Annealing at 300°C
°C) g (um)
1 2 3 1 2 3
1000 8516 80,04 7471 3226 3613 3484
1100 529 40 529 20,65 20,65 1548

Furthermore, post-annealing treatment at 300°C significantly enhanced the optical
transmittance of the films based on data tabel 2. SEM analysis revealed a considerable reduction in
film thickness after annealing, indicating densification of the coating structure. Thermal annealing
promotes solvent evaporation, particle rearrangement, and pore shrinkage, leading to a denser and
more homogeneous microstructure [34] (Ohring, 2002). Such structural refinement reduces light
scattering and allows a greater fraction of incident light to pass through the coating. According to
thin-film optical theory, antireflective performance is strongly dependent on film thickness and
uniformity, where excessively thin films fail to effectively modify the optical interface, while
excessively thick films increase optical scattering losses [35] (Macleod, 2010).

It is important to note that film thickness and refractive index are critical parameters governing
anti-reflective performance. In this study, these parameters were not directly measured, which
represents a limitation in fully validating the quarter-wavelength condition. Nevertheless, the observed
trends in transmittance as a function of precursor concentration and annealing treatment provide
indirect evidence of thickness and refractive index wvariation. The existence of an optimal
concentration suggests that the film thickness approaches a condition favorable for destructive
interference. Future work should include direct measurements refractive index (e.g., ellipsometry or
Swanepoel method) to provide a more comprehensive optical analysis. A limitation of this study is
the use of a single-layer coating. Multilayer coatings, such as a double- layer with graded refractive
indices, could potentially yield even higher transmittance gains [36]. High-quality multilayer
antireflective coatings via a sol-gel process that balance optical performance and surface stability. The
study highlights the importance of multilayer design in optical coatings for maximizing transmittance
across a broad visible spectrum [37]

Furthermore, long-term stability tests under real-world environmental conditions (humidity,
UV exposure, thermal cycling) are necessary to assess the coating's durability, given CaO's hygroscopic
nature. The implications of this research are twofold. Scientifically, it demonstrates a novel pathway
for designing sustainable optical materials from waste streams. Practically, it presents a cost-effective
and eco-friendly method to enhance solar panel efficiency, contributing to both waste management and
the advancement of renewable energy technology.

CONCLUSION

This study successfully demonstrated the fabrication and optimization of nano-CaO thin films
derived from chicken eggshell waste for application as an anti-reflective coating. Calcination
temperature critically determines the purity of CaO, with 1100°C identified as the optimal condition
for complete decomposition of CaCO3. A post-annealing treatment at 300°C after spin coating is
essential for developing a nano-porous morphology in the thin film. The synergistic effect of high-
purity CaO (from 1100°C calcination) and an optimal nano-porous structure (from post-annealing)
resulted in a thin film with a peak optical transmittance of 88,5%, significantly surpassing the
performance of uncoated glass. The research conclusively proves that eggshell-derived nano-CaO is
a highly promising and high-performance material for anti-reflective coatings in solar panel
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applications. For future work, it is recommended to explore multilayer designs, conduct rigorous
environmental stability tests, and perform in-situ efficiency measurements on functional solar cells.
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