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 This work explores the use of atomic layer deposited (ALD) ZnO thin films as functional 
and aesthetic layers in monocrystalline silicon solar cells. ZnO films of varying thickness 
were deposited on polished silicon wafers and finished solar cells producing distinct 
interference colours – gold, violet, and green – while enabling precise control over optical 
properties. Colorimetric analyses in RGB and CIE Lab colour spaces confirmed the 
tunability of the perceived colour with increasing ZnO thickness. Raman spectroscopy and 
X-ray fluorescence verified crystalline quality and composition of the ZnO films, while 
spectroscopic reflectometry demonstrated thickness uniformity and growth rates consistent 
with ALD characteristics. The deposition of ZnO layers reduced the power conversion 
efficiency of the solar cells from ~ 15.2% to ~ 13.5%, highlighting a trade-off between 
aesthetics and photovoltaic performance. Nevertheless, the coloured ZnO coatings exhibited 
potential for integrating photovoltaic modules into architecturally sensitive environments 
where visual harmony is desired. The results underline the versatility of ALD technology in 
engineering both the optical and functional properties of solar cells through a controlled thin-
film deposition. 
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1. Introduction  

Silicon-based photovoltaic (PV) devices dominate the global 
solar energy market, accounting for over 80% of 
installations due to their high efficiency, durability, and 
cost-effectiveness. These solar devices have achieved 
efficiency levels close to 25%, approaching the theoretical 
maximum for silicon-based solar cells (the Shockley-
Queisser limit). Continuous advancements in material 
science and manufacturing processes have driven this 
progress, still solidifying silicon position as the primary 
material for solar energy conversion [1–4]. 

One characteristic feature of silicon solar cells is their 
deep blue colour, which results from optimising their 
antireflection coating (ARC). This coating minimises light 
reflection and maximises absorption, thereby enhancing 
energy conversion efficiency. While this colour is ideal for 
performance, it limits the aesthetic versatility of solar 

panels, which increasingly need to blend into diverse 
architectural environments. For example, heritage buildings 
under conservation protection require solar installations 
that respect historical aesthetics. Similarly, modern urban 
designs often demand customised panel colours to align 
with specific architectural styles. The requirement for colour 
customisation introduces technical challenges. Traditional 
ARC materials like silicon nitride (SiNx) are optimised for 
blue wavelengths, making deviations from this colour 
costly in terms of efficiency. Below is a break‑down of 
colour-specific challenges (Table 1) [4–8]. 

One promising solution involves a deposition of speci-
fied additional thin films, such as zinc oxide (ZnO), onto 
ready-made silicon solar cells. ZnO is widely recognised 
for its excellent optical and electrical properties, including 
high transparency in the visible spectrum and low electrical 
resistivity. When applied as an ARC or transparent conduc-
tive oxide (TCO), ZnO can significantly enhance light 
absorption through mechanisms such as multiple scattering 
or reduced surface recombination.  *Corresponding author at: marek.szindler@polsl.pl  

https://journals.pan.pl/opelre
https://doi.org/10.24425/opelre.2026.158112
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9938-4646
https://orcid.org/0000-0001-8125-6435
https://orcid.org/0000-0002-8773-5645
mailto:marek.szindler@polsl.pl


 M. Szindler, M. M. Szindler, J. Popis /Opto-Electronics Review 34 (2026) e158112 2 

 

Beyond its purely functional role, ZnO thin films have 
recently attracted increasing attention as colouring and 
decorative layers in photovoltaic and architectural appli-
cations. By precisely controlling film thickness, refractive 
index, and nanostructure morphology, ZnO-based coatings 
can generate interference-driven colour effects without 
pigments, enabling durable, environmentally stable colour 
customisation of solar panels. Such decorative approaches 
are particularly relevant for building-integrated photovolta-
ics (BIPV), where aesthetic integration with façades or 
heritage architecture is required. However, the available 
literature addressing ZnO specifically for colouring 
purposes remains limited compared to its extensive use as 
a functional ARC or TCO layer, which motivates further 
investigation in this field. Such decorative approaches are 
particularly relevant for BIPV, where aesthetic integration 
with façades or heritage architecture is required. However, 
the available literature addressing ZnO specifically for 
colouring purposes remains limited compared to its 
extensive use as a functional ARC or TCO layer, which 
motivates further investigation in this field [9–11]. 

Additionally, doping ZnO with elements like aluminium 
(AZO) or titanium (TZO) further improves its conductivity 
and optical performance. Atomic layer deposition (ALD) 
has appeared as a cutting-edge technique for fabricating 
ZnO thin films with exceptional precision and uniformity. 

It should be emphasised that ZnO may play different 
roles depending on its position within the layer stack. When 
employed directly as a functional ARC or TCO layer, ZnO 
primarily influences charge transport and optical losses. In 
contrast, when deposited as an additional top coating acting 
mainly as a colouring layer on an already existing protec-
tive or functional coating, its contribution is predominantly 
optical, with minimal impact on the electrical performance 
of the device 

ALD enables conformal coating on complex nano-
structures, ensuring consistent layer thickness at the atomic 
scale. This capability is particularly advantageous for 
applications that require high-aspect-ratio structures, such 
as nanowire arrays or textured silicon surfaces. Compared 
to conventional methods like sputtering or chemical vapour 
deposition (CVD), ALD provides superior control over 
film composition and morphology, allowing researchers to 
tailor optical effects to achieve desired colours while 
maintaining high efficiency (Table 2) [12–15]. 

Recent studies have demonstrated the potential of 
ALD-deposited ZnO layers applied directly to finished 
silicon solar cells. This approach represents a significant 

advancement in PV technology by enabling post-manufac-
ture customisation of cell properties. For example [15–18]: 
• enhanced efficiency: ZnO nanorods grown on ALD-

deposited AZO seed layers have been shown to increase 
power conversion efficiency by over 27% compared to 
cells without these coatings; 

• improved aesthetics: by manipulating layer thickness 
and refractive indices, researchers can produce a wide 
range of colours while minimising light reflection to 
below 5%, ensuring both visual appeal and optimal 
performance; 

• transparent electrodes: ALD-deposited TZO films have 
been successfully implemented as top electrodes in 
nanostructured silicon solar cells, achieving high 
transmittance (> 80%) in the visible range while 
maintaining low resistivity. 
These innovations highlight the versatility of ALD 

technology in addressing both functional and aesthetic 
challenges in PV applications. Through the integration of 
improved energy conversion performance and enhanced 
architectural adaptability, the PV sector is progressing 
toward a future in which solar panels achieve high effi-
ciency while harmoniously blending into their environment 
[19–23]. 

2. Materials and research methodology 

Fragments measuring 20 × 20 mm2 were prepared from 
high-purity, mirror-polished silicon wafers – materials 
typically utilized in electronic applications – by manual 
scoring with a diamond scribe. ZnO thin films were 
subsequently deposited using an ALD Picosun R-200 
system (Espoo, Finland). Diethyl zinc (DEZ) served as the 
metal precursor, while deionized water functioned as the 
oxidizing agent (Fig. 1). Thermal ALD processes were 
carried out at 250 °C, employing pulse durations of 0.1 s 
for DEZ and 4 s for water. Each precursor pulse was 
followed by a 4 s argon purge to eliminate residual reactants 
and by-products. The total number of ALD cycles varied 
from 50 to 1000, depending on the target film thickness. 
Although ZnO deposition was initiated from as few as 50 
ALD cycles, the films grown below approximately 250 
cycles correspond to the initial nucleation regime of ALD 
growth. In this early stage, sub-monolayer coverage, island 
formation, and delayed coalescence may occur, resulting in 
discontinuous films with non-uniform thickness. Such 
layers do not produce well-defined optical interference 
patterns, which limits the accuracy and reliability of 
thickness determination by spectroscopic reflectometry. 

Table 1.  
Examples of colour-specific challenges. 

Optical 
demand Application example Optical challenges 

Red colour Historic building 
facades 

High absorption in the 
red spectrum 
(λ > 600 nm) 

Partially 
transparent 

Glass-integrated solar 
windows 

Low efficiency 
(< 15%) due to 
reduced absorption 

Light blue 
colour 

Modern architectural 
designs 

Conflict with optimal 
ARC parameters 

 

 

Table 2.  
Key differences between ALD, sputtering, and CVD for 

achieving desired optical effects. 

Parameter ALD CVD Sputtering 
Layer 
uniformity 

± 1% 
thickness error 

± 5% 
thickness error 

± 10% 
thickness error 

Colour 
customisation High Moderate Low 

Cost per 
wafer $0.50–$0.80 $0.20–$0.50 $0.10–$0.30 
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Consequently, only ZnO films deposited with 250 or more 
ALD cycles – where a continuous and optically coherent 
layer is formed – were considered in the quantitative 
thickness, colorimetric and optical analyses presented in 
this work. 

Film thickness and visual colouration were evaluated 
by means of spectroscopic reflectometry using a FR-pRo-
UV/VIS system (ThetaMetrisis S.A., Peristeri, Greece). 
Measurements were taken in the reflectance mode. 
Reflectance spectroscopy serves as the foundational 
principle for reflectometers. It quantifies the ratio between 
the acuteness of reflected light waves and that of incident 
light waves. Typically, the incident light beam is directed 
onto the sample surface, where it subsequently reflects 
from both the top and bottom layers, giving rise to 
interference effects. This reflected beam is then guided 
through an optical fibre to a CCD matrix, which is 
connected to a spectrometer via a computer. On the 
monitor, observers can visualise a spectrogram showcasing 
linear interference patterns, directly proportional to the 
thickness of the layers being analysed. 

Structural characterisation of the samples was carried 
out using a Renishaw in Via Reflex Raman spectrometer 
equipped with a 514.5 nm (green) excitation laser. Spectra 
were collected across a broad Raman shift range spanning 
from 50 to 3100 cm−¹. Raman spectroscopy enables the 
detection of Raman-active phonon modes in crystalline 
materials and vibrational modes in particulate systems. 
This technique provides a distinct spectral signature for 
different crystalline polymorphs and enables the extraction 
of molecular-level information from the probed region. 

Complementary analysis of the chemical composition 
of the deposited thin films was performed using 
an EDX‑7000 X-ray fluorescence (XRF) spectrometer 
(SHIMADZU, Kyoto, Japan). XRF is a non-destructive 
analytical method that relies on the emission of charac-
teristic X-rays from elements upon excitation by incident 
X-ray radiation of higher energy. The EDX-7000 operates 
within an energy range corresponding to X-ray wave-
lengths from approximately 0.31 nm (at 4 kV or 4000 eV) 
down to 0.025 nm (at 50 kV or 50 000 eV), enabling the 
detection of elemental signals in the range of 25 to 310 
picometers. 

Based on the preliminary analysis of layer thickness and 
optical appearance, the ALD process was subsequently 
replicated on three monocrystalline silicon solar cells. 
Deposition was performed with 500, 750, and 1000 ALD 
cycles, resulting in a gradual, cycle-dependent variation in 
film colour. The current–voltage (I-V) characteristics of the 
silicon PV devices were evaluated using a solar simulator 
(model SS150AAA) under standard test conditions: 
irradiance of 1000 W/m², AM1.5G spectral distribution, 
and a temperature of 25 °C. Key electrical performance 
parameters of the solar cells were extracted using dedicated 
I-V curve tracing software. 

3. Results and discussion 

Figure 2 presents the Raman spectrum of the ALD-
deposited ZnO thin film obtained after 900 ALD cycles. 
The shown spectrum is representative of all fabricated 
samples, as no significant differences were observed 
between individual measurements. The Raman spectrum of 
the ZnO sample exhibits features characteristics of the 
hexagonal wurtzite structure. The dominant Raman band at 
433 cm−¹ is assigned to the non-polar E2(high) phonon 
mode, which is commonly regarded as a fingerprint of 
well-crystallised ZnO and is widely reported for ZnO thin 
films and nanostructures [24–26]. Weaker bands observed 
in the low-frequency region (327–331 cm−¹) are attributed 
to second-order phonon scattering or combination modes, 
typically associated with nanocrystalline ZnO. A defect-
related band appearing near ~ 531 cm−¹ is commonly linked 
to lattice imperfections such as oxygen vacancies or zinc 
interstitials [26, 27]. The Raman band at 566 cm−¹ 
corresponds to the longitudinal optical E1(LO) phonon 
mode, whose intensity is strongly influenced by defect 
density and carrier concentration. The presence of this 
mode, together with higher-order Raman features at 
elevated wavenumbers, suggests structural imperfections 
typical of nanostructured ZnO thin films [25–27]. 

The XRF spectrometry tests confirmed the presence of 
Zn on the surface of silicon samples. An instance spectrum 

for a silicon sample covered with a ZnO layer after 900 
cycles is shown in Fig. 3. During the scan in the Al–Au 
range, peaks corresponding to Zn were recorded, while 
during the scan in the Na–Sc range, a peak originating from 

 
Fig. 2. Raman spectra of ALD ZnO thin film after 900 cycles. 

 

 

 
Fig. 1. ALD process: schematic of one cycle of ALD ZnO growth. 
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the silicon substrate was detected. It should be noted that 
although XRF spectroscopy is well-suited for the detection 
and qualitative analysis of medium- and high-atomic-
number elements such as Zn, it has significant limitations 
in detecting light elements, including oxygen. The 
characteristic X-ray emission lines of oxygen occur at very 
low energies and are strongly attenuated by air paths and 
detector windows, resulting in insufficient sensitivity and 
unreliable quantification. Consequently, the XRF analysis 
in this work was focused on confirming the presence of Zn 
in the deposited layers rather than determining the oxygen 
content. The formation of ZnO was ensured by the self-
limiting ALD process employing DEZ and water as 
precursors and was independently verified by Raman 
spectroscopy, which confirmed the characteristic phonon 
modes of crystalline wurtzite ZnO. 

In this study, a film thickness was employed as the 
principal variable because all ZnO layers were deposited 
using identical ALD parameters, including precursor 
chemistry, substrate temperature, and pulse–purge 
sequence. Raman spectroscopy confirmed the formation of 
the wurtzite (hexagonal) ZnO phase for all investigated 
samples, indicating consistent crystallographic ordering. 
Wurtzite ZnO is characterised by a well-defined refractive 
index in the visible spectral range, typically reported to be 
approximately n ≈ 1.9–2.0, which allows the optical 
response of the films to be reliably interpreted in terms of 
thickness-dependent interference effects. Under these 
deposition conditions, ALD is known to produce highly 
uniform and conformal films with limited microstructural 
variation over moderate thickness ranges. While gradual 

grain coalescence with increasing thickness cannot be 
entirely ruled out, these effects are expected to be 
secondary to optical interference, absorption, and interface-
related phenomena. A detailed quantitative analysis of 
grain-size evolution would require complementary high-
resolution microscopy techniques beyond the scope of the 
present work. 

The thickness of the deposited ZnO thin films was 
determined by spectroscopic reflectance. This technique is 
based on the analysis of wavelength-dependent interference 
patterns generated by multiple reflections of incident light 
at the air/ZnO and ZnO/silicon interfaces. The recorded 
reflectance spectra were fitted using an optical model that 
accounts for the ZnO refractive index and the known 
optical properties of the silicon substrate. Film thickness 
was extracted by matching the experimental interference 
fringes with simulated spectra using dedicated analysis 
software provided with the FR-pRo-UV/VIS system. This 
non-destructive method enables accurate thickness 
determination over a wide range of nanometer-scale film 
thicknesses and was used to establish the thickness–cycle 
relationship. Figure 4 illustrates the relationship between 
the number of deposition cycles and the resulting thickness 
of the ZnO thin films. Based on these measurements, the 
growth rate for each film was calculated. The growth rate 
of the ALD ZnO layer ranged from 0.15 to 0.19 nm/cycle. 
During the initial growth phase, up to approximately 500 
cycles, the growth rate of the samples fluctuated between 
0.15 and 0.19 nm/cycle. Beyond 500 cycles, the growth 
rate remained steady at 0.17 nm/cycle. 

In conjunction with the thickness measurements of the 
deposited layers (Fig. 4), comprehensive colorimetric 
analyses were performed. The study employed advanced 
software tools capable of determining the colour 
coordinates within multiple colour spaces, including RGB, 
HUE, and CIE Lab. The evolution of RGB values as 
a function of the number of ALD cycles is presented in a 
two-dimensional format in Fig. 5 and further summarised 
in Table 3. It is important to note, however, that the RGB 
colour space does not accurately replicate the full range of 
colours perceived by the human visual system when 
observing the examined surfaces. This is primarily due to 
the inherent limitations of RGB, which lacks perceptual 

 

 
Fig. 3. Dispersive XRF spectra of Si sample covered with the 

ZnO layer after 900 cycles. 

 

 

(a) 
 
 

(b) 
 
 

 
Fig. 4. The influence of the number of ALD cycles on the 

thickness of the deposited layers. 
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uniformity and does not account for chromaticity variations 
or the spectral characteristics of the illumination source. As 
a result, discrepancies may arise between the numerical 
RGB values and the samples actual visual appearance. To 
mitigate these shortcomings and enhance the reliability of 
the colour assessment, additional analyses were conducted 
using the CIE Lab colour space. The CIE, unlike the RGB 
Lab model, is designed to better approximate human colour 
perception by incorporating perceptual dimensions such as 
lightness (L*) and chromaticity coordinates (a*, b*), 
thereby offering a more accurate and meaningful represen-
tation of colour changes induced by the ALD process. 

The results of the CIE Lab analysis, demonstrating the 
correlation between the number of ALD cycles and the 
colour changes, are presented in Fig. 6. This method 
provides a more accurate and comprehensive understanding 
of the optical properties of the ZnO films deposited on 
silicon substrates. The two-dimensional representation of 
colours in the CIE Lab colour space provides a more 
accurate depiction of how the human visual system 
perceives colour than simpler models like RGB. Unlike 
RGB, which is based on additive colour mixing and does 
not fully capture human colour perception, the CIE Lab 
model was specifically developed to reflect the way the 
human eye detects colour. It considers critical factors such 
as changes in chromaticity and lightness, as well as subtle 
shifts in colour tones under different lighting conditions. 
The CIE Lab space separates colour into three distinct 
dimensions – lightness (L*), green-red axis (a*), and blue-

yellow axis (b*) – which is especially useful for identifying 
subtle differences in the visual appearance of the deposited 
ZnO layers. By offering a perceptually uniform colour 
space, the CIE Lab model ensures that any observed 
changes in the coatings, whether due to differences in 
thickness, material composition, or ALD cycle parameters, 
can be described in a way that aligns with human visual 
perception. Consequently, the use of the CIE Lab colour 
space in this work significantly amplifies the accuracy and 
relevance of the colour analysis, providing valuable 
insights into the optical characteristics influenced by the 
advanced deposition techniques. 

The coloration of the ZnO-coated silicon substrates 
arises from thin-film interference effects that occur when 
light is reflected multiple times at the air/ZnO and ZnO/Si 
interfaces. Due to the finite thickness and relatively high 
refractive index of wurtzite ZnO, partial reflections at these 
interfaces generate phase-shifted light waves that interfere 
either constructively or destructively, depending on the 
optical path length within the film. As the ZnO thickness 
increases with the number of ALD cycles, the interference 
condition shifts across the visible spectrum, selectively 
enhancing specific wavelength ranges while suppressing 
others. This results in the observed sequence of interference 
colours, such as blue, violet, gold, and green. The perceived 
colour is therefore determined not only by film thickness 
but also by the refractive index of ZnO and the optical 
properties of the silicon substrate, which acts as a reflective 
back surface. Since ALD enables precise thickness control 
and yields films with consistent optical constants, inter-
ference-driven colouration provides a reliable, reproducible 
optical indicator of ZnO layer thickness. 

It should be emphasised that the interference colours of 
ZnO layers are strongly dependent on the optical properties 
of the underlying substrate. In addition, the investigation of 
ZnO layers deposited on plain silicon wafers served as 
a reference system, allowing us to systematically evaluate 
the thickness-dependent optical behaviour of ZnO under 
well-defined, reproducible conditions. This reference analy-
sis enabled calibration of the ALD process and identification 
of thickness–colour relationships independent of device-

nm 

 
Fig. 5. The impact of the number of ALD cycles on the colour 

of the ZnO thin film deposited on a silicon substrate 
showing in the 2-stage RGB colour space. 

Table 3. 
Examples of colour-specific challenges. 

Number of ALD 
cycles 

Thickness 
± 0.2 [nm] R G B 

250 36.9 46 72 126 

300 48.7 72 113 196 

350 59.5 118 183 182 

400 66.5 167 241 120 

450 78.2 1 188 59 

500 88.4 0 129 27 

550 102.6 176 67 4 

600 110.3 117 33 3 

650 117.4 75 14 3 

700 121.3 52 4 8 

750 128.6 22 3 36 

800 139.3 6 3 70 

850 147.3 3 3 111 

900 157.8 3 15 181 

 

 
Fig. 6. The influence of the number of ALD cycles on the colour 

of the ZnO thin film deposited on a silicon substrate 
showing in the CIE colour space. 
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specific effects. Based on this understanding, the deposition 
process was subsequently transferred to silicon PV devices, 
where the same thickness control was applied to intention-
ally reproduce targeted interference colours on a more 
complex, optically known substrate. The observed colour 
differences, therefore, reflect the substrate-dependent optical 
response rather than inconsistencies in the deposition 
process. 

The colorimetric analysis shown in Fig. 6 was performed 
on ZnO films deposited on mirror-polished, planar silicon 
wafers, which serve as optically uniform, highly reflective 
substrates. In contrast, the PV devices shown in Fig. 7 
comprise multilayer stacks, including surface texturing, 
passivation coatings, anti-reflective layers, and metallic 
front contacts. These additional layers modify the effective 
refractive index contrast and phase conditions at the 
interfaces, leading to a shift in the interference maxima and, 
consequently, to different perceived colours for ZnO films 
of identical thickness. Furthermore, the macroscopic texture 
of the solar cell surface and variations in illumination and 
viewing geometry during image acquisition contribute to 
differences in colour appearance. As a result, direct visual 
colour comparison between ZnO-coated silicon wafers and 
ZnO-coated PV devices should be interpreted qualitatively 
rather than as an exact thickness–colour correspondence. 

Following the initial evaluation of film thickness and 
optical appearance, the ALD process was repeated on three 
monocrystalline silicon solar cells. Depositions were 
performed using 500, 700, and 900 cycles, leading to 
a progressive colour shift – from navy blue to gold, purple, 
and ultimately green (Fig. 7). The electrical performance of 
the modified silicon PV cells was assessed using a solar 
simulator, with the corresponding parameters summarised 
in Table 4. 

The effect of increasing the ZnO layer thickness on the 
PV performance of solar cells was analysed by systemati-
cally varying the thickness of three identical devices. 
Initially, all uncoated samples (1, 2, and 3) exhibited a 
characteristic deep navy-blue colour, confirming their 
comparable initial state and optical properties. After baseline 
measurements, each of these samples was sequentially 
coated with increasingly thick ZnO films, resulting in 
distinct interference colours: golden for the thinnest layer 
(1+ZnO), violet for the intermediate layer (2+ZnO), and 
green for the thickest one (3+ZnO). These colour changes 
correlate with increasing film thickness, offering a visual 
indication of the ZnO growth. A clear decline in the open-
circuit voltage (VOC) was observed with the introduction 
and subsequent thickening of the ZnO layer. While the 
initial VOC for the uncoated samples was consistent at 
approximately 0.632 V, it dropped to 0.621 V, 0.620 V, 
and 0.619 V for the golden, violet, and green samples, 
respectively. This systematic reduction suggests that thicker 
ZnO layers may introduce additional recombination centres 
or interfacial barriers, thereby impairing carrier separation.  

Although ZnO is generally regarded as a wide-bandgap 
and highly transparent oxide in the visible spectral range, 
its optical absorption cannot be considered negligible when 
the film thickness increases to several tens or hundreds of 
nanometers. In particular, ZnO exhibits increased 
absorption in the near-ultraviolet and blue regions of the 
spectrum, where silicon solar cells still possess a non-zero 
spectral response. As the ZnO layer becomes thicker, 

parasitic absorption within the coating may reduce the 
photon flux reaching the silicon absorber, thereby lowering 
the short-circuit current and overall conversion efficiency. 
This effect may partially explain the monotonic decrease in 
PV performance observed for increasing ZnO thickness. 
Furthermore, thickness-induced interference effects can 
modify the effective optical path and local field intensity 
within the ZnO layer, potentially amplifying absorption 
losses in the thickest films. These considerations highlight 
the importance of carefully balancing ZnO thickness to 
minimise optical absorption while preserving potential 
benefits such as surface passivation and anti-reflective 
behaviour. 

Similarly, the short-circuit current (ISC) decreased from 
an average of ~ 5.6 A in the uncoated cells to values 
ranging between 5.245 A and 5.310 A in the ZnO-coated 
counterparts. This trend indicates a growing limitation in 
light absorption or carrier collection efficiency, possibly 
due to increased reflection or sub-bandgap absorption 
within the ZnO layer, especially at higher thicknesses. 
Maximum power point parameters (VMPP, IMPP) and the 
overall maximum output power (MPP) also declined with 
increasing ZnO thickness. The output power dropped from 
approximately 2.37 W in the uncoated samples to around 
2.10 W in the thickest ZnO-coated device. Correspond-
ingly, the fill factor (FF) decreased from ~ 0.66 to ~ 0.64, 
highlighting potential increases in series resistance or 
a deterioration in charge extraction efficiency introduced 
by the ZnO overlayer. The overall energy conversion 

 
Fig. 7. Optical photographs of monocrystalline silicon solar cells: 

(1) cell coated with a ZnO layer deposited using 500 ALD 
cycles (golden appearance), (2) cell coated with a ZnO 
layer deposited using 700 ALD cycles (violet appearance), 
(3) cell coated with a ZnO layer deposited using 900 ALD 
cycles (green appearance), and (4) uncoated reference 
silicon solar cell (navy-blue appearance). The images 
illustrate the thickness-dependent interference colours of 
the ZnO coatings. 

Table 4. 
Summary of the PV performance metrics of the solar cells 

before and after undergoing the ALD procedure. 

Parameters 
Solar devices before 

modification 
Solar devices after 

modification 

1 2 3 1+ZnO 2 +ZnO 3+ZnO 

VOC [V] 0.632 0.633 0.632 0.621 0.620 0.619 

ISC [A] 5.610 5.625 5.670 5.295 5.245 5.310 

VMPP [V] 0.474 0.472 0.470 0.466 0.467 0.469 

IMPP [A] 5.015 4.980 5.040 4.513 4.475 4.482 

MPP [W] 2.377 2.351 2.369 2.105 2.091 2.102 

FF 0.669 0.658 0.658 0.640 0.643 0.641 

η [%] 15.26 15.10 15.21 13.52 13.43 13.50 
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efficiency (η) dropped from an average of 15.2% in the 
uncoated samples to approximately 13.5% for the thickest 
ZnO-coated sample. Although the efficiency decrease was 
consistent with increasing ZnO thickness, a subtle recovery 
in performance was observed in the green (thickest) sample 
relative to the violet one. This may suggest a trade-off 
between optical losses and surface passivation, where 
beyond a certain thickness, the ZnO layer begins to 
contribute positively by reducing surface recombination.  

The partial recovery of PV performance observed for the 
thickest ZnO-coated sample suggests that, beyond a certain 
thickness, the ZnO layer may begin to play a more complex 
functional role than merely introducing optical and 
electrical losses. One contributing factor may be improved 
surface passivation at the ZnO/Si interface, which can 
reduce surface recombination by saturating dangling bonds 
and mitigating defect-related carrier losses. Additionally, 
thickness-dependent optical interference effects may alter 
the device spectral reflectance, enhancing light coupling 
into the silicon absorber at selected wavelengths. Another 
potential mechanism, though not directly investigated in 
this study, involves the intrinsic photoluminescence of 
ZnO, which is known to absorb ultraviolet radiation and re-
emit it in the near-visible range. Such down-conversion 
could, in principle, increase the fraction of incident photons 
within the spectral response range of silicon. While the 
present results do not allow a definitive separation of these 
effects, the observed trend suggests that an optimal ZnO 
thickness exists at which the beneficial effects of surface 
passivation and optical modification begin to compensate 
for thickness-related losses. 

The ZnO thickness range applied to the PV devices 
(approximately 90–160 nm, corresponding to 500–900 
ALD cycles) was selected to ensure fully continuous films 
while avoiding the early nucleation regime and excessive 
optical losses. Within this intermediate thickness window, 
the observed variations in PV efficiency are relatively 
small, indicating that the dominant performance reduction 
arises from the introduction of the ZnO overlayer itself 
rather than from thickness alone. Thickness-dependent 
effects – such as interference-related spectral 
redistribution, increasing parasitic absorption, and gradual 
modification of interfacial recombination – contribute as 
secondary mechanisms and manifest as systematic but 
moderate trends. Thinner ZnO layers do not provide stable 
or reproducible optical behaviour, whereas significantly 
thicker coatings are expected to further reduce efficiency 
due to enhanced absorption and increased series resistance. 
These results suggest that ZnO thickness primarily 
modulates device performance once a continuous layer is 
formed, rather than acting as the sole determining factor. 

In conclusion, while the deposition of ZnO layers on the 
surface of solar devices systematically alters their optical 
appearance and electrical performance, the relationship is 
clearly thickness-dependent. Thinner ZnO coatings lead to 
decreased performance due to optical and electrical losses, 
but an optimal thickness range may exist in which the 
benefits of surface passivation and anti-reflective effects 
begin to outweigh the drawbacks. These findings 
emphasise the need to carefully optimise ZnO thickness 
when used as a functional coating in PV devices. 

4. Conclusions 

This study systematically investigated the influence of 
ALD-deposited ZnO thin films on the optical properties 
and electrical performance of silicon PV cells. By varying 
the number of ALD cycles, precise control over the ZnO 
film thickness was achieved, enabling reproducible tuning 
of interference-related colouration across a broad visible 
spectrum. The combined RGB and CIE Lab colour space 
analyses confirmed that the observed colour evolution 
correlates consistently with film thickness and aligns well 
with human visual perception, demonstrating the 
effectiveness of ALD as a tool for controlled optical surface 
engineering. 

A reference analysis performed on planar, mirror-
polished silicon substrates isolated the intrinsic thickness-
dependent optical behaviour of ZnO under well-defined 
boundary conditions. This reference framework enabled 
subsequent transfer of the deposition process onto silicon 
PV devices, where the same thickness control was used to 
intentionally reproduce selected interference colours on a 
more optically complex substrate. Differences in perceived 
colour between planar silicon and PV devices were shown 
to arise from substrate-dependent interference conditions 
rather than from variations in ZnO growth or deposition 
parameters. 

From an electrical standpoint, the introduction of the 
ZnO overlayer led to a systematic reduction in PV 
performance, including decreases in energy conversion 
efficiency (η), short-circuit current (ISC), open-circuit 
voltage (VOC), and fill factor (FF). The average efficiency 
decreased from approximately 15.2% for uncoated cells to 
about 13.5% for the thickest ZnO-coated devices. These 
losses are primarily attributed to additional optical 
reflection and parasitic absorption in the ZnO layer, as well 
as to interfacial effects that may enhance carrier recom-
bination and series resistance. Within the investigated 
thickness range (approximately 90–160 nm), the observed 
efficiency variations were moderate, indicating that the 
dominant impact arises from the presence of the ZnO layer 
itself, while thickness-dependent effects act as secondary 
modulation mechanisms. 

Notably, a subtle stabilisation or partial recovery of 
performance at the highest investigated thickness suggests 
the presence of competing effects, such as improved surface 
passivation, interference-induced spectral redistribution, or 
changes in interfacial recombination dynamics. This 
observation implies that an optimal ZnO thickness window 
may exist in which the optical and electrical trade-offs are 
partially balanced, although identifying this optimum 
requires further targeted investigation. 

Overall, the results demonstrate that ALD-deposited 
ZnO thin films can serve a dual function in PV systems: as 
functional coatings that modify optical and electrical 
behaviour and an effective means of tailoring the visual 
appearance of PV devices. This duality offers promising 
opportunities for the aesthetic integration of solar modules 
into architecturally sensitive environments, where visual 
design is a key consideration. Future work should focus on 
optimising ZnO thickness, interface engineering, and layer 
composition, as well as on extending optical characterisation 
and device-level analysis to achieve a better balance 
between aesthetic customisation and PV performance. 
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