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A B S T R A C T

Spectrally selective multilayer titania–silica coatings with water-repellent functionality were developed on glass 
substrates by combining thin-layer optical modelling with sol–gel processing. A two-layer optical model was used 
to define suitable ranges of layer thickness and effective refractive index, which served as a basis for the 
experimental development and optimization of three- and four-layer coatings. The optimized glass/TiO2/porous 
SiO2/hybrid SiO2 and glass/TiO2/compact SiO2/porous SiO2/hybrid SiO2 systems increased the average trans
mittance in the 400–700 nm range by 2.3 ± 0.4% and 2.3 ± 0.2%, respectively, while reducing the average near- 
infrared transmittance by 9.4 ± 0.6% and 7.8 ± 0.2%. Maximum transmittance values of 99.17 ± 0.11% at 
498 ± 4 nm and 99.62 ± 0.07% at 554 ± 5 nm were achieved for the respective systems. The hybrid silica top 
layer enhanced visible-light transmission and provided water-repellent functionality, as demonstrated by low 
contact angle hysteresis and efficient droplet removal under a water jet. The coatings also showed sub-nanometer 
surface roughness and good optical stability under dry-heat exposure and water immersion, whereas abrasion 
caused visible surface scratches and a moderate increase in the root mean square error values. The results 
demonstrate that the combination of optical modelling and sol–gel processing provides an effective route to 
multilayer titania–silica coatings combining tailored spectral transmission with water-repellent surface func
tionality, offering a promising approach for functional photovoltaic cover-glass surfaces.

1. Introduction

The long-term performance of photovoltaic modules is affected by 
degradation under outdoor operating conditions, including light- and 
elevated-temperature-induced degradation [1–3]. This highlights the 
importance of advanced cover glass materials that can provide effective 
optical and environmental protection while maintaining high light 
transmission [4,5]. The efficiency and lifetime of photovoltaic modules 
are strongly influenced by environmental factors, including humidity, 
temperature fluctuations, ultraviolet exposure, wind, and surface 
contamination [6,7]. This challenge is particularly relevant for 
emerging technologies, such as perovskite solar cells, where environ
mental instability remains a major limitation [7]. Transparent glass 
covers provide an effective barrier against external degradation 

processes [7]; however, their functionality must also be optimized to 
ensure efficient light utilization by the photovoltaic device. Therefore, 
functional modifications of photovoltaic cover glass have attracted 
increasing attention as a promising approach to improve device per
formance [4,8–10] and durability [4,8,9].

The spectral distribution of incident solar radiation plays a critical 
role in photovoltaic performance and long-term stability [11]. For 
typical single junction perovskite solar cells with band gaps of approx
imately ~1.50–1.60 eV [12,13], the photoactive spectral range extends 
from the visible region toward wavelengths of approximately 800 nm 
[12–15]. The 400–700 nm interval represents the visible spectral range 
and encompasses a substantial portion of the spectral region in which 
perovskite photovoltaic devices exhibit strong photoresponse [12–15]. 
In typical perovskite solar cells, the external quantum efficiency (EQE) 
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generally remains close to its maximum throughout the visible range 
and typically extends at high levels to approximately 750 nm, before 
progressively decreasing toward the long-wavelength absorption edge 
[12–15]. For this reason, the 400–700 nm range was selected as it covers 
the central high-EQE region of perovskite solar cells while minimizing 
losses associated with attenuating the longer-wavelength photoactive 
region [15]. While photons with energies exceeding the active layer 
bandgap energy contribute to charge generation [10,11,16], the spectral 
response decreases toward the long-wavelength absorption edge. Ul
traviolet radiation, in contrast, can accelerate degradation processes in 
perovskite solar cells through photoinduced chemical reactions, defect 
formation, and instability of functional layers [17–20]. Near-infrared 
(NIR) radiation below the absorber bandgap [12–14] contributes mini
mally to photocurrent generation [12,13,15,20] but increases parasitic 
heating, resulting in elevated operating temperatures and accelerated 
thermal degradation [21–24]. Therefore, optical management of the 
transmitted solar spectrum beyond the principal photoactive range can 
reduce unnecessary solar heating while maintaining adequate trans
mission within the useful spectral range. Spectrally selective light 
transmittance through photovoltaic cover materials thus represents an 
important approach for balancing efficient photon utilization, thermal 
management, and long-term device stability [25].

The development of photovoltaic cover glass coatings requires the 
optimization of multiple functional properties. Spectrally selective light 
transmittance [26,27], providing high transmission in the visible range 
while controlling unwanted spectral components, is essential for maxi
mizing photon utilization and reducing parasitic heating. 
Water-repellent surface characteristics may facilitate water removal 
from the surface and thereby help reduce the retention of surface con
taminants, potentially contributing to self-cleaning [8]. Achieving an 
appropriate combination of optimized optical performance and 
water-repellent surface properties remains a significant challenge in the 
development of advanced photovoltaic cover glass coatings [8,9].

Among available deposition techniques, the sol–gel process [28] is 
particularly attractive due to its low material consumption, 
cost-effectiveness, scalability, and versatile control over coating 
composition, structure, and thickness [4,29,30]. Thin-film coatings have 
been widely investigated for tailoring the optical and functional prop
erties of surfaces through controlled modification of their composition, 
thickness, and structure [31–35]. Furthermore, optical modelling en
ables the rational optimization of multilayer structures by tailoring 
refractive index values and layer thicknesses to achieve the desired 
spectral response.

In this work, titania- and silica-based multilayer coatings were 
developed using a model-guided experimental approach that combines 
thin layer optical modelling [36,37] with the experimental development 
of more complex coating structures. The theoretical modelling was 
deliberately restricted to a two-layer system and was used to identify 
suitable combinations of refractive index and layer thickness as a 
starting point for achieving the targeted spectral behaviour. Direct 
extension of the model to the full four-layer structure would introduce 
additional coupled parameters and uncertainties associated with indi
vidual layer thicknesses, effective refractive indices, interfaces, and 
deviations from the idealized homogeneous-layer assumptions, thereby 
increasing the complexity of model optimization and interpretation [26,
38,39]. Therefore, the two-layer model was not intended to quantita
tively reproduce or replace the optical response of the subsequently 
developed three- and four-layer coatings. Instead, these structures were 
developed experimentally from the optical parameters identified by the 
two-layer model and further optimized based on their measured optical 
performance.

2. Experimental

2.1. Materials

Materials used for the synthesis of precursor sols: titanium(IV) but
oxide (purum, ≥ 97%, Sigma-Aldrich), ethanol (EtOH, g.r., > 99.8%, 
Lach-Ner), nitric acid (special grade, 65%, Lach-Ner), tetraethoxysilane 
(TEOS, >99%, Acros Organics), methyl triethoxysilane (MTES, >99%, 
Sigma-Aldrich), 2-propanol (a.r. > 99.7%, Reanal, Hungary), hydro
chloric acid (>36.5%, purum p.a., Fluka), cetyltrimethylammonium 
bromide (CTAB, >99%, Acros Organics), Pluronic P123 (P123, average 
Mn ~ 5 800, Sigma-Aldrich), and ultrapure water (18.2 MΩ cm, purified 
with an Adrona Integrity+ filtration system).

Microscope glass slides (76 × 26 × 1 mm, Microscope Slides Epredia) 
and silicon wafers (Siegert, (100), p-type, prime grade) were used as 
solid substrates for the coatings. Substrates were cleaned with 2-propa
nol and ultrapure water. Prior to layer deposition, the cleaned silicon 
substrates underwent a 10-min O2 plasma treatment (radiofrequency- 
generated low-pressure plasma/SmartPlasma 10, Plasma Technology 
GmbH, coupled with an oxygen concentrator/DeVilbiss Healthcare 525 
KS) to improve their adhesion and wettability with the ethanolic pre
cursor sol.

2-Propanol was used as the adsorptive material during the ellipso
metric porosimetry measurements.

All materials were of analytical grade and were used without further 
purification.

2.2. Synthesis of precursor sols

The precursor sols for titania (TiO2) coatings were prepared by the 
acid-catalysed controlled hydrolysis of titanium(IV) butoxide in etha
nolic media. Nitric acid was used as a catalyst in the synthesis of pre
cursor sol. The molar ratios for titanium(IV) butoxide:EtOH:HNO3:H2O 
were 1:27.95:0.49:0.82. The mixture was stirred for 2 h at 60 ◦C at 
400 rpm [40,41].

The precursor sols for compact silica (cSiO2) coatings were prepared 
by acid-catalysed controlled hydrolysis and polycondensation of tet
raethyl orthosilicate in ethanolic medium. 0.1 M aqueous solution of 
hydrochloric acid was used as the catalyst. The molar ratios for TEOS: 
EtOH:HCl:H2O were 1:4.68:7 × 10− 3:3.96, and the mixture was stirred 
at 25 ◦C for 1 h [33,42].

The precursor sols for porous silica (pSiO2) coatings were prepared 
using Pluronic P123 as a structure-directing template. First, 2 g of the 
Pluronic P123 triblock copolymer was dissolved in 22 mL of ethanol. 
Separately, TEOS, ethanol, and 0.1 M HCl were mixed using the same 
molar ratios as those applied for the compact silica precursor sol, with a 
total solution volume of 35 mL. Both were stirred separately for 30 min 
at room temperature, followed by a further 30 min of stirring after they 
were combined [43].

The precursor sols for hybrid silica (hSiO2) coatings were prepared 
using two silica precursors, TEOS and MTES. First, TEOS was mixed with 
aqueous hydrochloric acid solution (0.06 M, pH = 1.3) and ethanol, then 
the mixture was stirred for 1 h at 60.0 ◦C. The molar ratio for TEOS:H2O: 
EtOH was 1:10:7.7. In another beaker, CTAB was dissolved in the 
mixture of ethanol and MTES and stirred for 30 min at room tempera
ture. The molar ratio of MTES:CTAB:EtOH was 1:0.2:1. After the stir
ring, the two mixtures were poured together and stirred for further 
15 min (400 rpm) at room temperature [34,44].

2.3. Preparation of the samples

Sol-gel coatings on solid substrates (glass, silicon) were prepared 
from the precursor sols by the dip-coating method at 25 ◦C by a dip- 
coater device (Plósz Mérnökiroda Kft., Hungary).

Cleaned and dried substrates were immersed in the precursor sols 
and withdrawn perpendicular to the liquid surface at constant 
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withdrawal speeds of 14; 15; 16; or 24 cm/min (TiO2 precursor sol); 2 or 
4 cm/min (compact SiO2 precursor sol); 1; 3; or 5 cm/min (porous SiO2 
precursor sol); and 1; 2; 3; 4; 5; or 6 cm/min (hybrid SiO2 precursor sol). 
Samples were heat treated in a drying oven (Nabertherm B170) at 
450 ◦C for 30 min (TiO2, compact SiO2), 480 ◦C for 1 h (porous SiO2), 
and 400 ◦C for 2 h (hybrid SiO2). The heating rate was 5 ◦C/min for the 
TiO2, 21 ◦C/min for the compact SiO2, 23 ◦C/min for the porous SiO2, 
and 13 ◦C/min for the hybrid SiO2 coatings. The selected withdrawal 
speeds and heat-treatment conditions were based on previous experi
mental experience.

Powder TiO2 sample for X-ray diffraction was prepared by drying out 
1 ml of TiO2 precursor sol in a ceramic holder, covered with perforated 
aluminium foil at room temperature, then heat treated with the same 
program as the TiO2 coatings.

2.4. Characterization methods

2.4.1. Optical modelling of the sample coatings
Prior to the experimental work, thin-film optical modelling was 

performed to determine the target coating parameters and provide 
guidance for the development of multilayer structures. These models are 
applicable to symmetric systems, where identical films are formed on 
both sides of the substrate during the dip-coating process. Two models 
were utilized: a single-layer model (Film1–Substrate–Film1) and a two- 
layer model (Film2–Film1–Substrate–Film1–Film2). Developed by 
Erzsébet Hild, these models enable the calculation of theoretical optical 
spectra using a simple computational process [36,37].

2.4.2. UV–visible spectroscopy
Optical properties of coatings on glass substrates were measured by 

UV-visible spectroscopy. Transmittance spectra of the bare and coated 
glass substrates were taken using an Analytik Jena Specord 200–0318 
UV–vis spectrophotometer in the wavelength range of 350–1100 nm 
with 1 nm resolution and a scanning speed of 10 nm/s. The obtained 
transmittance curves were analysed in terms of thin-film optical models. 
Transmittance spectra of the coatings were fitted with a homogeneous 
layer model, supposing perpendicular angle of incidence and identical 
homogeneous single-layers of the same material on both sides of the 
transparent substrate (Hild model) [36,37]. For the two-layered samples 
a two-layered optical model was applied. The fitting procedures pro
vided effective refractive index (at 632.8 nm) and layer thickness values. 
The fitting procedure used a Levenberg – Marquardt algorithm. Total 
porosity of the TiO2 and SiO2 coatings was estimated, based on the 
obtained effective refractive index values, using the Lorentz-Lorenz 
formula, considering refractive index values of 2.400 and 1.462 for 
the bulk TiO2 [45] and bulk SiO2 [46], respectively [37].

The light transmission change of the samples compared to their bare 
glass substrates was characterized by the Average Transmittance Change 
(ATC). ATC was calculated from the difference of the integrated area of 
the transmittance spectra measured on the coated sample and the sub
strate in the wavelength range of 400 – 700 nm (visible wavelength 
range), and 701–1100 nm (NIR wavelength range) as presented by Eq. 
(1), where x and y denote the lower and upper limits of the evaluated 
wavelength range, respectively. 

ATC =

∑y
i=x

(
Tsampe − Tsubstrate

)

y − x
(1) 

2.4.3. Spectroscopic ellipsometry (SE) and ellipsometric porosimetry (EP)
Optical properties of the single- and multilayered samples on silicon 

substrates were determined by spectroscopic ellipsometry (SE), using a 
Semilab’s Sopra EP-12 ellipsometric porosimeter. The measurements 
were carried out at atmospheric pressure, at the angle of incidence of 60◦

in the wavelength range of 248.5 nm – 971.5 nm. The thickness and the 
effective refractive index (at 632.8 nm) of the coatings were determined 
by applying the Tauc-Lorentz (TiO2) and Cauchy (SiO2) dispersion 

models.
Ellipsometric porosimetry was used to determine the open porosity, 

pore size, and pore size distribution of the single-layered TiO2 and SiO2 
coatings deposited on silicon substrates. The measurements were carried 
out by the same device (Semilab’s Sopra EP-12). EP is a technique 
suitable for characterizing porous thin coatings for open porosity, sur
face area, pore size, and mechanical strength. EP is a coupled technique 
in which the vapour adsorption can be studied step-by-step through 
spectroscopic ellipsometry. During the measurement, vapour of the 
adsorptive material condenses in the pore system which induces effec
tive refractive index shift. Measuring the adsorption and the desorption 
isotherms, the porosity of the sample can be determined, furthermore, 
the pore size distribution can be calculated based on the modified Kelvin 
equation in case of mesopores and the Dubinin–Radushkevich model for 
micropores. The TiO2 and SiO2 coatings were characterized by this 
method using 2-PrOH as adsorptive material. Before the measurement 
the samples were heated up to 175 ◦C for 15 min, then vacuumed. The 2- 
propanol adsorption-desorption isotherms were taken at 24 ◦C.

2.4.4. X-ray diffraction (XRD)
Crystallinity of the TiO2 powder samples was characterized by X-ray 

diffractometer (Philips PANalytical X’pert Pro, with Cu-Kα radiation) 
and X'celerator detector. Measurements were carried out in the 
2Θ = 4–84◦ range, with scanning rate of 20 s/step and step size of 
0.0167◦, applying the automatic divergence slit system with irradiated 
length of 15 mm.

2.4.5. Scanning electron microscopy (SEM)
Samples deposited onto silicon substrates, including Si/TiO2/pSiO2/ 

hSiO2 and Si/TiO2/cSiO2/pSiO2/hSiO2 multilayer structures, were 
characterized by a Zeiss LEO 1540-XB Field Emission Scanning Electron 
Microscope (FE-SEM) using an acceleration voltage of 5.00 kV. Both top- 
view and cross-sectional imaging modes were applied to investigate the 
surface morphology and cross-sectional structure of the coatings. The 
layer thickness values were determined from the cross-sectional SEM 
images.

2.4.6. Atomic force microscopy (AFM)
The surface morphology of the samples deposited on glass substrates 

was analyzed using an AIST–NT SmartSPM 1000 Atomic Force Micro
scope (AFM) operated in tapping mode. The acquired AFM data were 
processed using Gwyddion software [47].

2.4.7. Wettability measurements
Wettability properties of the samples were studied by the determi

nation of advancing (ΘA) and receding (ΘR) water contact angles (CA). 
The contact angles were measured with a drop shape analyser (DSA30, 
KRÜSS GmbH) using the sessile drop method and the drop-build-up 
technique. Advancing contact angles were determined using a drop 
volume of 20 µL, and in the case of receding angles, a diminished volume 
of 10 µL (removing 10 µL from the 20 µL drop) was used. Measurements 
were performed in a closed chamber with a relative humidity greater 
than 95% on three parallel samples at 25.0 ◦C. The wetting liquid was 
ultrapure water. Advancing and receding values of water contact angles 
were determined from three droplets on each sample. In order to char
acterize the water-repellent property of the coatings the contact angle 
hysteresis (H) was determined using the Eq. (2): 

H = ΘA − ΘR (2) 

The equilibrium contact angle (Θ) was calculated according to Eq. 
(3) [48]: 

Θ = cos− 1
(cosΘA + cosΘR

2

)
(3) 
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2.4.8. Stability and durability tests
The stability and durability tests were performed according to the 

test categories and severity levels specified in ISO 9022–2:2015 [49] and 
ISO 9211–4:2012 [50]. Category C was selected for coatings on glass 
intended for outdoor applications with limited abrasion resistance. 
Accordingly, the coatings were subjected to dry-heat, abrasion, adhe
sion, and solubility tests. The abrasion resistance and adhesion of the 
coatings were evaluated using a Coating Hardness Kit (Summers Optical, 
a division of EMS Acquisition Corp.).

Thermal stability was tested by exposing the samples to a dry heat 
atmosphere at 70 ± 2 ◦C with a relative humidity below 40% for 6 h. 
Mechanical durability was assessed via a cheesecloth abrasion test, in 
which a cheesecloth pad was moved across the sample surface for 100 
strokes at a frequency of approximately 1 stroke/s under an applied load 
of 5 ± 1 N. Coating adhesion was tested by applying a ~25 mm wide 
piece of pressure-sensitive adhesive tape onto the sample surface, 
smoothing it down firmly by hand to ensure complete contact, and 
quickly (1 s/25 mm of tape) peeling it off perpendicularly to the sam
ple’s surface. Water resistance was evaluated by fully immersing the 
samples in ultrapure water at 23 ± 2 ◦C for 6 h.

Following each test, the transmittance spectra of the samples were 
recorded over the 350–1100 nm wavelength range and compared with 
the corresponding spectra obtained before the treatment. The optical 
changes induced by the tests were quantified by calculating the root 
mean square error (RMSE) between the transmittance spectra measured 
before and after each treatment.

3. Results and discussion

The experimental results presented and discussed in this section are 
restricted to the coating systems that demonstrated the most favourable 
optical performance among the investigated deposition conditions and 
whose optical properties showed the best agreement with the pre
dictions obtained from thin-film optical modelling. For these systems, 
the TiO2 coating was deposited by two successive dip-coating cycles at a 
withdrawal speed of 14 cm/min, with a 30 min interval between the 
cycles, while the cSiO2, pSiO2, and hSiO2 layers were deposited at 
withdrawal speeds of 2, 1, and 3 cm/min, respectively.

3.1. Thin-film optical modelling for coating parameter optimization

The objective of the optical modelling was to propose a coating 
system that enhances the transmittance in the visible light range while 
decreasing it in the near-infrared (NIR) range relative to the bare glass 
substrate. Among the applied optical models, the two-layer model pro
vided the solution identified through systematic manual parameter 
optimization. This solution consisted of a two-layer structure: a 
120–130 nm thick layer with a refractive index of n = 2 deposited on the 
glass substrate, followed by a 100 nm thick layer with a refractive index 
of n = 1.3 (Fig. 1).

Fig. 2 illustrates the optical response predicted by the thin-film op
tical model for the layer structure defined by the thickness and refractive 
index values obtained from optical modelling, together with the calcu
lated ATC values for the visible (Vis: 400–700 nm) and near-infrared 
(NIR: 701–1100 nm) spectral ranges. These results provide an optical 
starting point for the target spectral characteristics used in the subse
quent experimental development and evaluation of the multilayer 
coating systems.

Although optical modelling can, in principle, be extended to more 
complex multilayer configurations, increasing the number of layers in
troduces additional coupled parameters and uncertainties associated 
with layer thicknesses, effective refractive indices, interfaces, and de
viations from the idealized homogeneous-layer assumptions. Such 
additional degrees of freedom complicate both model optimization and 
the direct interpretation of differences between calculated and experi
mental spectra. Therefore, the two-layer structure was deliberately used 

to establish an optical starting point for the subsequent experimental 
development of the more complex multilayer coatings.

Thin-film systems were subsequently prepared based on the model
ling results, and further improvements in optical performance were 
explored experimentally through the preparation of three- and four- 
layer coating structures. Among the prepared samples, the systems 
showing the most favourable combination of spectral characteristics, 
selective optical transmittance, and water-repellent surface function
ality were further characterized. The same preparation procedure was 
applied to silicon substrates to prepare corresponding thin-film samples 
for structural characterization.

3.2. Optical characterization of the developed coating samples

3.2.1. Light transmittance of the samples on glass substrates
Fig. 3 shows the representative, experimentally obtained trans

mittance spectra of the glass substrate and glass/TiO2/pSiO2/hSiO2 
(Fig. 3(a)) and glass/TiO2/cSiO2/pSiO2/hSiO2 (Fig. 3(b)) samples at 
different preparation stages: single-layer (glass/TiO2 Fig. 3(a) and (b)), 
two-layer (glass/TiO2/pSiO2 Fig. 3(a), glass/TiO2/cSiO2 Fig. 3(b)), 
three-layer (glass/TiO2/pSiO2/hSiO2 Fig. 3(a), glass/TiO2/cSiO2/pSiO2 
Fig. 3(b)), and four-layer (glass/TiO2/cSiO2/pSiO2/hSiO2 Fig. 3(b)) 
samples. Across the investigated multilayer structures, increasing the 
number of layers generally increased the visible-light transmission, 
while the introduction of additional silica-based layers modified the 
spectral distribution through interference-driven modulation of near- 
infrared transmittance.

Optical evaluation was limited to single- and two-layer thin-film 
models; thus, only the optical properties (thickness, effective refractive 
index, and estimated total porosity) of the TiO2 and pSiO2 (for the glass/ 
TiO2/pSiO2/hSiO2 type sample, Fig. 3(a)), as well as the TiO2 and cSiO2 
(for the glass/TiO2/cSiO2/pSiO2/hSiO2 type sample, Fig. 3(b)) layers 
could be determined from spectra recorded after annealing. Four sam
ples of both coating types were analyzed. The optical properties of the 
coatings are summarized in Table 1, while the ATC values calculated 
from the transmittance spectra recorded after each coating deposition 
and subsequent heat treatment step for the glass/TiO2/pSiO2/hSiO2 and 
glass/TiO2/cSiO2/pSiO2/hSiO2 samples are summarized in Table 2. The 
glass/TiO2/pSiO2/hSiO2 and glass/TiO2/cSiO2/pSiO2/hSiO2 structures 
showed positive ATC values of 2.3 ± 0.4% and 2.3 ± 0.2% in the visible 
range, respectively, together with negative ATC values of − 9.4 ± 0.6% 
and − 7.8 ± 0.2% in the near-infrared range (Table 2). The transmittance 
maxima for the glass/TiO2/pSiO2/hSiO2 and glass/TiO2/cSiO2/pSiO2/ 
hSiO2 samples were 99.17 ± 0.11% and 99.62 ± 0.07% at wavelengths 
of 498 ± 4 nm and 554 ± 5 nm, respectively (Table 3). Consistent with 

Fig. 1. Layer structure determined from UV–Vis spectral modelling using 
manual parameter adjustment (d: layer thickness; n: refractive index 
at 632.8 nm).
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the transmittance spectra (Fig. 3), the hSiO2-free structures (glass/TiO2/ 
pSiO2 and glass/TiO2/cSiO2/pSiO2) yielded negative ATC values in the 
visible range, indicating that the addition of the hSiO2 layer contributed 
to the enhancement of visible-light transmittance (Table 2).

3.2.2. Thickness, effective refractive index, porosity and pore-size 
distribution of the samples by SE and EP

The optical properties of single- and multilayer samples deposited 
onto silicon substrates were characterized by spectroscopic ellipsometry 
(SE). Measurements were carried out at atmospheric pressure. The 
thickness and effective refractive index (at 632.8 nm) values were ob
tained using the Tauc–Lorentz and Cauchy dispersion models for the 

Fig. 2. Transmittance spectra calculated by thin-film optical modelling for (a) single-layer and (b) two-layer configurations, showing the corresponding layer 
thickness (d), refractive index (n), and Average Transmittance Change (ATC) values for the visible (Vis, 400–700 nm) and near-infrared (NIR, 701–1100 nm) 
wavelength ranges.

Fig. 3. Representative, experimentally obtained transmittance spectra of the glass substrate, (a) glass/TiO2/pSiO2/hSiO2 and (b) glass/TiO2/cSiO2/pSiO2/hSiO2 
samples at different preparation stages: single-layer (glass/TiO2 (a) and (b)), two-layer (glass/TiO2/pSiO2 (a), glass/TiO2/cSiO2 (b)), three-layer (glass/TiO2/pSiO2/ 
hSiO2 (a), glass/TiO2/cSiO2/pSiO2 (b)), and four-layer glass/TiO2/cSiO2/pSiO2/hSiO2 (b) samples.

Table 1 
Optical properties of the coatings determined by UV–vis spectroscopy: thickness (d), effective refractive index at 632.8 nm (n), and total porosity calculated using the 
Lorentz–Lorenz equation. For the glass/TiO2/pSiO2/hSiO2 samples, the properties of the TiO2 and pSiO2 layers are reported, whereas for the glass/TiO2/cSiO2/pSiO2/ 
hSiO2 samples, those of the TiO2 and cSiO2 layers are reported. Values are presented as the mean ± sample standard deviation calculated from four independently 
prepared samples of the same coating type.

Sample TiO2 pSiO2 cSiO2

d [nm] n [-] Total p [%] 
Lorentz-Lorenz

d [nm] n [-] Total p [%] 
Lorentz-Lorenz

d [nm] n [-] Total p [%] 
Lorentz-Lorenz

glass/TiO2/ 
pSiO2/hSiO2

124 ± 1 2.081 ± 0.005 14.2 ± 0.3 68 ± 4 1.195 ± 0.021 54.6 ± 4.7 - - -

glass/TiO2/ 
cSiO2/pSiO2/hSiO2

124 ± 1 2.085 ± 0.008 14.0 ± 0.4 - - - 131 ± 1 1.424 ± 0.007 7.2 ± 1.3
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TiO2 and different SiO2 layers, respectively. The results are summarized 
in Table 4.

The thickness and effective refractive index values obtained by 
spectroscopic ellipsometry for the TiO₂ coatings deposited on Si sub
strates show only minor variations among the investigated systems 
(Table 4). The TiO2 coatings have thicknesses of 125–134 nm and 
effective refractive indices of 2.132–2.139, indicating relatively 
consistent layer thicknesses and effective refractive indices within the 
silicon-supported coating systems. Compared with the TiO2 layers 
deposited on glass, which have thicknesses of 124 nm and effective 
refractive indices of 2.081–2.085 (Table 1), the layer thicknesses are 
similar, whereas the effective refractive indices determined on Si sub
strates are approximately 2–3% higher. Thus, the TiO2 layer thicknesses 
are comparable for the two substrate systems, while a moderate differ
ence is observed in the effective refractive index values.

In contrast, the SiO2 coatings show more pronounced variations 
depending on the underlying substrate or coating. The cSiO2 layer 
deposited directly onto the Si substrate has a thickness of 109 nm and an 
effective refractive index of 1.442, whereas its thickness increases to 
120–124 nm and its effective refractive index decreases to 1.425–1.426 
when deposited on TiO2-containing coating systems. The pSiO2 coating 
shows thicknesses of 44–66 nm and effective refractive indices of 
1.185–1.270, depending on the substrate and underlying coating layers. 
In particular, the pSiO2 layers deposited on TiO2 have thicknesses of 
44–48 nm, which are approximately 29–35% lower than the thickness of 
68 ± 4 nm determined for the glass-supported system. Their effective 
refractive indices of 1.185–1.193, however, are close to the value of 
1.195 ± 0.021 obtained for the glass-supported system. When deposited 
on the TiO2/cSiO2 bilayer, the pSiO2 thickness increases to 60 nm, 
indicating that the pSiO2 layer thickness is influenced by the combined 
effects of the substrate and the underlying coating layers.

A more pronounced variation is observed for the hSiO2 coating. 
When deposited directly onto Si, the hSiO2 layer has a thickness of 
126 nm and an effective refractive index of 1.232, whereas in the 
multilayer systems its thickness decreases to 61–73 nm and its effective 
refractive index increases to 1.262–1.301.

It should be noted that the optical parameters of the glass- and 
silicon-supported samples were obtained using different approaches, 
namely transmittance-based optical modelling and spectroscopic 
ellipsometry, respectively. Therefore, the differences observed between 
the two substrate systems cannot be attributed exclusively to the 
substrate.

Overall, the results indicate that the TiO2 layer thicknesses are 
relatively consistent among the investigated systems, while the effective 
refractive index values show a moderate difference between the glass- 
and silicon-supported samples. In contrast, the optical parameters of the 
SiO2 coatings are influenced by the combined effects of the substrate and 
the underlying coating layers, with the magnitude of the variation 
depending on the coating type and layer configuration.

Single-layer TiO2, cSiO2, pSiO2, and hSiO2 samples deposited on 
silicon substrates were also analyzed by ellipsometric porosimetry (EP). 
Three samples of each coating type were analyzed. Adsorption and 
desorption isotherms were taken at 24 ◦C using isopropanol as adsorp
tive material. The adsorption-desorption isotherms, along with the 
normalized pore radius distribution functions determined by the modi
fied Kelvin equation (for mesopores) and the Dubinin-Radushkevich 
model (for micropores), are presented in Fig. 4.

The ellipsometric porosimetry measurements revealed substantial 
differences in the pore structure of the investigated oxide coatings, 
reflecting the different synthesis strategies employed. The TiO2 and 
cSiO2 coatings were prepared from template-free sols, whereas the 
pSiO2 and hSiO2 coatings were synthesized using Pluronic P123 and 

Table 2 
The average transmittance change (ATC) values of the glass/TiO2/pSiO2/hSiO2 and glass/TiO2/cSiO2/pSiO2/hSiO2 samples, calculated from experimental trans
mittance spectra. Values calculated after each conditioning step (1/2/3) for the visible (Vis) and near-infrared (NIR) wavelength range are presented. Values cor
responding to the final samples are shown in bold. Values are presented as the mean ± sample standard deviation calculated from four independently prepared samples 
of the same coating type.

Sample ATC Vis-1 ATC Vis-2 ATC Vis-3 ATC Vis-4 ATC NIR-1 ATC NIR-2 ATC NIR-3 ATC NIR-4

glass/TiO2/pSiO2/hSiO2 − 10.3 ± 0.3 − 2.1 ± 0.3 2.3 ± 0.4 - − 23.3 ± 0.4 − 19.8 ± 0.4 ¡9.4 ± 0.6 -
glass/TiO2/cSiO2/pSiO2/hSiO2 − 9.9 ± 0.2 − 3.1 ± 0.3 − 4.3 ± 0.4 2.3 ± 0.2 − 22.8 ± 0.4 0.1 ± 0.3 − 0.4 ± 0.0 ¡7.8 ± 0.2

Table 3 
The maximum transmittance (Tmax) and corresponding wavelength (λ) values of the glass/TiO2/pSiO2/hSiO2 and glass/TiO2/cSiO2/pSiO2/hSiO2 samples, determined 
from experimental transmittance spectra. Values determined after each conditioning step (1/2/3) are presented. Values corresponding to the final samples are shown 
in bold. Values are presented as the mean ± sample standard deviation calculated from four independently prepared samples of the same coating type.

Sample Tmax [%] 
1

Tmax [%] 
2

Tmax [%] 
3

Tmax [%] 
4

λ [nm] 
1

λ [nm] 
2

λ [nm] 
3

λ [nm] 
4

glass/TiO2/pSiO2/hSiO2 90.60 ± 0.32 97.16 ± 0.19 99.17 ± 0.11 - 526 ± 5 545 ± 5 498 ± 4 -
glass/TiO2/cSiO2/pSiO2/hSiO2 90.86 ± 0.18 96.34 ± 0.20 96.67 ± 0.27 99.62 ± 0.07 530 ± 1 490 ± 1 510 ± 1 554 ± 5

Table 4 
Optical parameters of thin-film systems deposited on silicon substrates determined by spectroscopic ellipsometry (d: layer thickness, n: effective refractive index at 
632.8 nm).

Sample TiO2 cSiO2 pSiO2 hSiO2

d [nm] n [-] d [nm] n [-] d [nm] n [-] d [nm] n [-]

Si/TiO2 125 2.136 - - - - - -
Si/cSiO2 - - 109 1.442 - - - -
Si/pSiO2 - - - - 66 1.270 ​ ​
Si/hSiO2 - - - - - - 126 1.232
Si/TiO2/cSiO2 130 2.139 124 1.426 - - - -
Si/TiO2/pSiO2 127 2.132 - - 44 1.185 - -
Si/TiO2/cSiO2/pSiO2 129 2.139 120 1.425 60 1.224 - -
Si/TiO2/pSiO2/hSiO2 134 2.132 - - 48 1.193 61 1.262
Si/TiO2/cSiO2/pSiO2/hSiO2 130 2.139 120 1.425 60 1.222 73 1.301

K. Kovács et al.                                                                                                                                                                                                                                 Applied Surface Science Advances 36 (2026) 101090 

6 



Fig. 4. Isopropanol adsorption-desorption isotherms (a, c, e, g) and normalized pore radius distribution functions (b, d, f, h) determined by ellipsometric porosimetry 
(EP) measured on single-layer TiO2 (a, b), cSiO2 (c, d), pSiO2 (e, f), and hSiO2 (g, h) coatings deposited on silicon substrates.

K. Kovács et al.                                                                                                                                                                                                                                 Applied Surface Science Advances 36 (2026) 101090 

7 



CTAB structure-directing agents, respectively. These differences are 
clearly reflected in the adsorption-desorption isotherms and the corre
sponding pore size distributions (Fig. 4).

The TiO2 coating showed a pronounced hysteresis loop associated 
with capillary condensation at intermediate relative pressures (p/p₀ ~ 
0.5–0.9), indicating the presence of mesoporous structures. The 
adsorption–desorption isotherm showed a type IV isotherm according to 
the IUPAC classification, which is characteristic of mesoporous mate
rials. The pore size distribution revealed a hierarchical micro-/meso
porous structure, with micropores characterized by radii of 
0.45 ± 0.08 nm and 0.51 ± 0.01 nm and mesopores with characteristic 
pore radii of 5.30 ± 0.65 nm and 2.57 ± 0.01 nm determined from the 
adsorption and desorption branches, respectively. The relatively broad 
hysteresis loop suggests a heterogeneous mesoporous network with 
interconnected pore structures. The analysis confirmed an accessible 
open porosity of 8.32 ± 0.13% (Fig. 4 (a, b) and Table 5).

In contrast, the cSiO2 coating showed a steep adsorbate uptake at 
very low relative pressures, followed by a gradual increase over the 
entire pressure range with only a weak hysteresis loop. The adsorp
tion–desorption isotherm corresponds to a type I isotherm according to 
the IUPAC classification, characteristic of predominantly microporous 
materials. The pore size distribution confirmed the dominant micropo
rous character of the coating, with characteristic pore radii 
0.72 ± 0.03 nm and 0.59 ± 0.01 nm, while no significant mesopore 
contribution was observed. The weak hysteresis suggests minor struc
tural heterogeneity or a limited contribution from larger pores. Conse
quently, the coating had the lowest accessible open porosity among the 
investigated samples (5.72 ± 0.04%). (Fig. 4 (c, d) and Table 5).

The pSiO2 coating was characterized by a pronounced capillary 
condensation step in the intermediate relative pressure range, accom
panied by a distinct hysteresis loop, indicating a type IV adsorp
tion–desorption behaviour according to the IUPAC classification, 
characteristic of mesoporous materials. The significant adsorbate uptake 
at very low relative pressures additionally suggests the presence of mi
cropores, indicating a hierarchical micro-/mesoporous pore structure of 
the coating. The development of this templated mesoporous network 
can be attributed to the use of the Pluronic P123 structure-directing 
agent during synthesis, which promotes the formation of mesopores 
through a self-assembly-driven templating mechanism. The pore size 
analysis revealed dominant mesopores with characteristic pore radii of 
5.11 ± 1.74 nm and 3.11 ± 0.49 nm determined from the adsorption and 
desorption branches, respectively. The broad pore size distribution 
extending toward larger radii suggests a heterogeneous mesoporous 
network comprising mesopores with a range of sizes, while the observed 
hysteresis behaviour indicates interconnected pores with varying pore 
neck dimensions. The pSiO2 coating showed a high accessible open 
porosity of 42.68 ± 1.77%, consistent with its well-developed meso
porous network (Fig. 4 (e, f) and Table 5).

Among all samples, the hSiO2 coating exhibited the most uniform 
pore structure. The adsorption and desorption branches nearly over
lapped over the entire relative pressure range, indicating negligible 
hysteresis and highly reversible adsorption–desorption behaviour. 
Although the isotherm showed a capillary condensation step, the 
absence of a pronounced hysteresis loop suggests a relatively uniform 

mesoporous structure with limited pore-blocking effects. This behaviour 
is consistent with the pore size distribution, where adsorption- and 
desorption-derived analyses yielded similar characteristic mesopore 
radii of 1.62 ± 0.26 nm and 1.63 ± 0.35 nm, indicating a narrow pore 
size distribution. The coating was also characterized by the highest 
accessible open porosity of 44.64 ± 2.79% (Fig. 4 (g, h) and Table 5).

The open porosity values determined by EP (Table 4) are lower than 
the respective porosity values estimated from the effective refractive 
indices using the Lorentz–Lorenz equation (Table 1). This difference 
arises from the different types of porosity determined by the two 
methods. The Lorentz–Lorenz-derived values represent the total 
porosity, including both open and closed pores, whereas EP determines 
the open porosity accessible to the adsorbate molecules. The higher 
values obtained using the Lorentz–Lorenz equation are therefore 
consistent with the presence of a fraction of closed or otherwise inac
cessible pores (see Tables 1 and 5).

3.3. Characterization of the TiO2 sample by XRD

The TiO2 powder sample was synthesized from the precursor sol used 
for TiO2 layer deposition, and its XRD pattern is shown in Fig. 5. As 
anticipated from the annealing temperature applied during sample 
preparation, the diffraction peak can be assigned to the anatase crys
talline phase of TiO2 [PDF 00–021–1272] [51].

3.4. Characterization of the samples by field-emission scanning electron 
microscopy (FESEM)

The representative top-view and cross-sectional SEM images of the 

Table 5 
EP analysis results for single-layer Si/TiO2, Si/cSiO2, Si/pSiO2, and Si/hSiO2 samples: open porosity and characteristic pore radius values in the micro- and mesopore 
ranges. Values are presented as the mean ± sample standard deviation calculated from three independently prepared samples of the same coating type.

Sample Open p [%] Pore radius [nm]

Micropores Mesopores

adsorption desorption adsorption desorption

Si/TiO2 8.32 ± 0.13 0.45 ± 0.08 0.51 ± 0.01 5.30 ± 0.65 2.57 ± 0.01
Si/cSiO2 5.72 ± 0.04 0.72 ± 0.03 0.59 ± 0.01 - -
Si/pSiO2 42.68 ± 1.77 0.47 ± 0.10 0.73 ± 0.04 5.11 ± 1.74 3.11 ± 0.49
Si/hSiO2 44.64 ± 2.79 0.67 ± 0.19 0.64 ± 0.17 1.62 ± 0.26 1.63 ± 0.35

Fig. 5. XRD pattern of the TiO2 powder sample. The standard diffraction peak 
positions of anatase [PDF 00–021–1272] are indicated by vertical bars at the 
bottom of the figure.
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Si/TiO2/pSiO2/hSiO2 and Si/TiO2/cSiO2/pSiO2/hSiO2 samples are 
presented in Fig. 6. Top-view SEM images (Fig. 6 (a, b)) revealed a 
homogeneous morphology of the samples. The layer thickness values 
determined from the cross-sectional images (Fig. 6 (c, d)) are summa
rized in Table 6. The TiO2 layer is clearly distinguishable from the other 
layers, with thickness values of 116 ± 3 nm and 103 ± 4 nm for the Si/ 
TiO2/pSiO2/hSiO2 and Si/TiO2/cSiO2/pSiO2/hSiO2 samples, respec
tively. The compact silica layer (cSiO2) with a thickness of 106 ± 4 nm is 
clearly distinguishable from the two adjacent porous silica layers 
(pSiO2/hSiO2); however, the latter two are difficult to differentiate from 
each other due to their similar electron contrast (Fig. 6 (c, d)). Conse
quently, only their combined thickness was determined from the cross- 
sectional SEM images (Table 6), yielding values of 95 ± 8 nm and 
109 ± 4 nm for the Si/TiO2/pSiO2/hSiO2 and Si/TiO2/cSiO2/pSiO2/ 
hSiO2 structures, respectively.

Comparison of the thicknesses determined by cross-sectional SEM 
(Table 6) and spectroscopic ellipsometry (Table 4) reveals a reasonable 
overall agreement between the two techniques. However, the SEM- 
derived thicknesses are consistently lower than the corresponding SE 
values for all investigated coatings. This systematic difference suggests 
that the discrepancy does not arise from random measurement uncer
tainty but rather reflects the different physical quantities determined by 
the two techniques.

3.5. Surface roughness analysis by AFM

The surface morphology of the glass-supported single-layer hSiO2 
sample and the three- and four-layer glass/TiO2/pSiO2/hSiO2 and glass/ 
TiO2/cSiO2/pSiO2/hSiO2 coating systems was further characterized by 
atomic force microscopy (AFM). Quantitative surface characterization 
based on the AFM images (Fig. 7) was performed by evaluating the root 
mean square roughness (Sq) and mean roughness (Sa), as summarized in 
Table 7. The corresponding Sq and Sa values are in the sub-nanometer 
range, indicating that all investigated samples show very smooth sur
faces with only minor differences in surface roughness. The glass/hSiO2 
single-layer reference sample showed Sq and Sa values of 0.274 nm and 
0.218 nm, respectively, whereas slightly lower values of 0.194 nm and 
0.155 nm were obtained for the glass/TiO2/pSiO2/hSiO2 sample. 

Similarly low roughness values of 0.198 nm and 0.159 nm were ob
tained for the glass/TiO2/cSiO2/pSiO2/hSiO2 sample. These results are 
consistent with the homogeneous surface morphology observed by SEM 
(Fig. 6).

Although the two multilayer systems resulted in slightly lower Sq 
and Sa values than the single-layer glass/hSiO2 reference, the differ
ences are small in absolute terms. Overall, the AFM results confirm the 
formation of very smooth surfaces for all investigated coating systems, 
with only minor differences in their quantitative roughness parameters.

3.6. Wettability of the prepared samples

The surface wettability of the prepared samples was characterized by 
water contact angle measurements. Three samples of the same coating 
type were analyzed, with three droplets per sample. Measurements were 
performed using the sessile drop method and drop build-up technique. 
The wetting behaviour of the multilayer structures incorporating a 
hybrid silica (hSiO2) top layer was investigated to assess its contribution 
to the overall surface functionality. The incorporation of methyl groups 
(–CH3) into the hSiO2 network contributes to the water-repellent char
acter of the coating by reducing the polarity of the hybrid silica surface 
[34].

The advancing and receding contact angles along with the calculated 
contact angle hysteresis and equilibrium contact angles obtained for the 
samples on glass and silicon substrates are presented in Table 8 and 
Table 9, respectively.

For samples deposited on glass substrates, the equilibrium water 
contact angles ranged between 81 ± 2◦ and 83 ± 1◦, indicating moderate 
wettability rather than strongly hydrophobic behaviour. The contact 

Fig. 6. Representative top-view (a, b) and cross-sectional (c, d) SEM images of the Si/TiO2/pSiO2/hSiO2 (a, c) and Si/TiO2/cSiO2/pSiO2/hSiO2 (b, d) samples.

Table 6 
Thickness values of the TiO2, cSiO2, and combined pSiO2/hSiO2 coatings 
determined from the cross-sectional SEM images (Fig. 6 (b, d)). Thickness was 
measured at thirty points on a single cross-sectional SEM image for each sample.

Sample TiO2 cSiO2 combined pSiO2/hSiO2

d [nm] d [nm] d [nm]

Si/TiO2/pSiO2/hSiO2 116 ± 3 - 95 ± 8
Si/TiO2/cSiO2/pSiO2/hSiO2 103 ± 4 106 ± 4 109 ± 4
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angle hysteresis varied between 6 ± 1◦ and 9 ± 1◦, indicating relatively 
low droplet pinning and facilitating water droplet mobility on the 
coating surfaces (Table 8).

In the case of coating systems on silicon substrates, equilibrium 
water contact angles were between 56 ± 4◦ and 64 ± 3◦, with hysteresis 
values in the range of 7 ± 2◦ to 9 ± 2◦. Thus, the silicon-supported 
coatings showed higher water wettability than the corresponding 
glass-supported coatings, while their contact angle hysteresis remained 
relatively low (Table 9).

Upon exposure to a water jet, water droplets were readily shed from 
the sample surfaces. However, this effect was less pronounced for the 
samples prepared on silicon substrates, where a few droplets remained 
on the surface after the water jet was removed. The observed droplet 
removal is consistent with the relatively low contact angle hysteresis 
measured for the coatings, which indicates weak droplet pinning.

The significant difference observed between the water contact angle 

Fig. 7. Top-view AFM images of the glass/hSiO2 (a), glass/TiO2/pSiO2/hSiO2 (b), and glass/TiO2/cSiO2/pSiO2/hSiO2 (c) samples.

Table 7 
Root mean square (RMS) roughness (Sq) and mean roughness (Sa) values 
calculated for the glass/hSiO2, glass/TiO2/pSiO2/hSiO2, and glass/TiO2/cSiO2/ 
pSiO2/hSiO2 sample surfaces shown in Fig. 7.

Sample Sq [nm] Sa [nm]

glass/ hSiO2 0.274 0.218
glass/TiO2/pSiO2/hSiO2 0.194 0.155
glass/TiO2/cSiO2/pSiO2/hSiO2 0.198 0.159

Table 8 
Advancing (ΘA) and receding (ΘR) contact angles measured with ultrapure water 
on the surface of samples on glass substrates, including calculated contact angle 
hysteresis (H) and equilibrium contact angle (Θ) values. Three samples of the 
same coating type were analyzed, with three droplets per sample. Values are 
reported as mean ± sample standard deviation.

Sample ΘA (◦) ΘR (◦) H (◦) Θ (◦)

glass/TiO2/pSiO2/hSiO2 87 ± 1 78 ± 1 9 ± 1 83 ± 1
glass/TiO2/cSiO2/pSiO2/hSiO2 84 ± 1 78 ± 2 6 ± 1 81 ± 2

Table 9 
Advancing (ΘA) and receding (ΘR) contact angles measured with ultrapure water 
on the surface of samples on silicon substrates, including calculated contact 
angle hysteresis (H) and equilibrium contact angle (Θ) values. Three samples of 
the same coating type were analyzed, with three droplets per sample. Values are 
reported as mean ± sample standard deviation.

Sample ΘA (◦) ΘR (◦) H (◦) Θ (◦)

Si/TiO2/pSiO2/hSiO2 68 ± 3 60 ± 4 8 ± 2 64 ± 3
Si/TiO2/cSiO2/pSiO2/hSiO2 64 ± 2 57 ± 1 7 ± 2 61 ± 2
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values of the multi-layer systems on the two different supports may be 
related to the influence of the underlying substrate.

3.7. Environmental and mechanical stability of coatings prepared on glass 
substrates

To quantitatively assess the optical stability of the prepared single- 
and multi-layer coatings, the root mean square error of the trans
mittance spectra (RMSE, %) was calculated over the 350–1100 nm 
spectral range by comparing the transmittance spectra recorded before 
and after each of the three degradation tests (Table 10).

As shown in Table 10, all samples maintained low RMSE values (<
0.5%) following 6 h of water soaking and dry heat exposure, indicating 
good optical stability under these conditions. Under mechanical abra
sion testing, the RMSE values increased for all samples, reaching a 
maximum of 1.24% for the glass/TiO2/pSiO2/hSiO2 sample. Abrasion 
scratches were also visible on the surfaces of the glass/TiO2/pSiO2/ 
hSiO2 and glass/TiO2/cSiO2/pSiO2/hSiO2 samples. However, it should 
be noted that an RMSE of 1.24% is still relatively low; for comparison, 
independently prepared samples of the same coating type showed RMSE 
values of up to 1.76% under similar measurement conditions. The 
adhesion tape test indicated strong coating adhesion to the substrate, as 
the tape could not be cleanly and quickly (1 s/25 mm of tape) removed, 
and adhesive residue remained on the coating surface. Because the ad
hesive residue would interfere with the optical measurements, trans
mittance was not evaluated after the adhesion test.

4. Conclusions

In this study, titania- and silica-based multilayer sol–gel coatings 
with spectrally selective light transmission and water-repellent surface 
functionality were developed on glass substrates using a model-guided 
experimental approach. The optical modelling provided a starting 
point for identifying suitable combinations of layer thickness and 
effective refractive index, while the final three- and four-layer structures 
were developed and optimized experimentally. The targeted spectral 
response was selected to meet the requirements of photovoltaic cover- 
glass applications, particularly for perovskite-based solar cells, where 
efficient transmission in the visible spectral region is important for light 
harvesting, while reducing the transmission of near-infrared radiation 
can help limit non-photocontributing radiation and associated heating.

The developed multilayer systems combined TiO2 and SiO2 layers 
with different thicknesses, effective refractive indices, and porous 
structures. The individual layers showed distinct structural and optical 
characteristics resulting from the different sol–gel synthesis routes. 
These differences, together with the layer thicknesses and their combi
nation within the multilayer systems, contributed to tailoring the overall 
spectral response toward the targeted optical characteristics.

The optimized glass/TiO2/pSiO2/hSiO2 and glass/TiO2/cSiO2/ 
pSiO2/hSiO2 systems increased the average visible transmittance by 
2.3 ± 0.4% and 2.3 ± 0.2%, respectively, while reducing the average 
near-infrared transmittance by 9.4 ± 0.6% and 7.8 ± 0.2%. Maximum 
transmittance values of 99.17 ± 0.11% at 498 ± 4 nm and 
99.62 ± 0.07% at 554 ± 5 nm were obtained for the two systems, 
respectively. The hSiO2-free structures showed negative average trans
mittance change values in the visible range, indicating that the hybrid 
silica top layer contributed to the enhancement of visible-light trans
mittance. Thus, the multilayer coatings provided a combination of 
enhanced transmission in the visible region and reduced near-infrared 
transmission relevant to spectrally selective photovoltaic cover-glass 
applications.

The surface characteristics of the coatings were also closely related to 
their functionality. Atomic force microscopy measurements showed sub- 
nanometer surface roughness, root mean square roughness (Sq) values 
of 0.194–0.198 nm and mean roughness (Sa) values of 0.155–0.159 nm 
for the two optimized multilayer systems, indicating very smooth 

surfaces. The hybrid silica top layer, containing methyl groups, provided 
water-repellent surface functionality, characterized by low contact 
angle hysteresis and efficient droplet removal under a water jet. Equi
librium water contact angles of 81–83◦ and hysteresis values of 6–9◦

were obtained, indicating moderate wettability combined with low 
droplet pinning rather than strongly hydrophobic behaviour.

The coatings also showed good optical stability after dry-heat 
exposure and ultrapure water immersion, with root mean square error 
(RMSE) values below 0.5%, whereas abrasion resulted in visible surface 
scratches and a moderate increase in the RMSE values. The adhesion test 
indicated strong adhesion of the coatings to the substrate. Overall, the 
results demonstrate that combining controlled layer thickness, effective 
refractive index, porous structure, and surface properties through sol
–gel processing enables the development of multifunctional oxide 
coating systems with tailored optical and wetting characteristics. The 
demonstrated combination of spectral selectivity, smooth surface 
morphology, water-repellent functionality, and optical stability makes 
these multilayer coatings promising candidates for functional photo
voltaic cover-glass surfaces.
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Hórvölgyi: Writing – review & editing, Conceptualization. Emőke Al
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Table 10 
Root mean square error (RMSE) values calculated from the transmittance 
spectra after the dry heat, ultrapure water immersion, and abrasion tests for the 
glass/hSiO2, glass/TiO2/pSiO2/hSiO2, and glass/TiO2/cSiO2/pSiO2/hSiO2 
samples.

Sample RMSE of the transmittance [%]

Dry heat at 
70 ◦C

Ultrapure water at 
23 ± 2 ◦C

Abrasion 
test

glass/hSiO2 0.11 0.30 0.39
glass/TiO2/pSiO2/ 

hSiO2

0.21 0.37 1.24

glass/TiO2/cSiO2/ 
pSiO2/hSiO2

0.21 0.45 1.02
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Kerschaver, S. De Wolf, Interplay between temperature and bandgap energies on 
the outdoor performance of perovskite/silicon tandem solar cells, Nat. Energy 5 
(11) (2020) 851–859, https://doi.org/10.1038/s41560-020-00687-4.

[14] T. Moot, J.B. Patel, G. McAndrews, E.J. Wolf, D. Morales, I.E. Gould, B.A. Rosales, 
C.C. Boyd, L.M. Wheeler, P.A. Parilla, S.W. Johnston, L.T. Schelhas, M.D. McGehee, 
J.M. Luther, Temperature coefficients of perovskite photovoltaics for energy yield 
calculations, ACS Energy Lett. 6 (5) (2021) 2038–2047, https://doi.org/10.1021/ 
acsenergylett.1c00748.

[15] S.S. Dipta, A. Uddin, G. Conibeer, Enhanced light management and optimization of 
Perovskite solar cells incorporating wavelength dependent reflectance modeling, 
Heliyon 8 (11) (2022) e11380, https://doi.org/10.1016/j.heliyon.2022.e11380.
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[24] O. Dupré, R. Vaillon, M.A. Green, Thermal issues in photovoltaics and existing 
solutions. Thermal Behavior of Photovoltaic Devices, Springer International 
Publishing, Cham, 2017, pp. 1–28, https://doi.org/10.1007/978-3-319-49457-9_1.
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admittance function and its WKB approximation to simulate and evaluate 
transmittance spectra of graded-index colloidal films, J. Opt. Pure Appl. Opt. 9 (10) 
(2007) 920–930, https://doi.org/10.1088/1464-4258/9/10/023.

[37] E. Albert, P. Basa, B. Fodor, Z. Keresztes, J. Madarász, P. Márton, D. Olasz, A. 
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