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 A B S T R A C T 

The paper reviews a novel concept employing spectrally selective films 
for the passive cooling of flexible solar cells. This involves controlling 
visible transmittance and reflecting infrared radiation, reducing 
overall temperature without additional weight or moving parts. 
Spectrally selective filters with dielectric layers (TiO2, WO3, ZnO, ZnS) 
combined with noble metal coatings (Ag, Au) allow visible light 
transmission while reflecting infrared radiation. The study examines 
Dielectric/Metal/Dielectric(D/M/D) films coated on glass and flexible 
substrates (PEN, PET). By varying parameters like thickness and 
refractive index, the optical properties of these films can be tailored for 
high visible transmittance (Tvis) and solar infrared reflectance (Rsi). 
The significance of this review lies in bridging the gap in the literature 
related to passive cooling for flexible solar cells. The findings 
contribute to understanding and adopting flexible solar cell technology 
in portable electronics and wearable applications. 
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1. INTRODUCTION  
 
1.1 Global Energy Scenario: Role of PV and 

Flexible Solar Cells 

 
The fast depletion of non-renewable energy 
resources has increased the demand for 
alternative resources, and solar energy has 
emerged as a frontrunner and one of the most 
promising energy sources being used for 
different applications. It is estimated that the 

total global installed capacity of solar PV will 
exceed natural gas by 2026 and coal-based 
energy by the year 2027[1], as shown in Figure 1. 
 

Flexible solar cells offer a promising alternative 
to conventional PV technology, enabling 
lightweight, cost-effective solar harvesting. 
These second-generation thin-film PVs are 
deposited on glass, plastic, or metal substrates 
using high-throughput methods like roll-to-roll 
printing, achieving 3–15% efficiency under 
standard conditions [2]. 

https://www.jme.aspur.rs/
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Fig. 1. Share of cumulative power capacity by 
technology, 2010-2027 [3]. Adapted with permission 
from the publisher. 

Key types include amorphous silicon (α-Si), 
Copper Indium Gallium Selenide (CIGS), and 
Cadmium Telluride (CdTe), with the latter two 
rivaling crystalline PV efficiency [4]. Flexible 
PVs can be organic, inorganic, or hybrid, 
making them ideal for diverse applications. 
Figure 2 illustrates different flexible PV 
designs, including CIGS and CdTe structures, an 
actual CIGS device, an organic flexible cell, and 
material layer composition. 

 

 

 

 
(b) 

 

 
 

(a) (c) 

 
(d) 

Fig. 2. (a) Comparative designs of thin film solar cells: CIGS and CdTe [5]. Pictures of a flexible (b) CIGS device on 
a plastic substrate [6](c) An organic flexible solar cell [3]and (d) Material layers of a flexible solar cell [7]. Adapted 
with permission from the publisher. 

 
The various commonly used substrates for 
flexible PV are shown in Figure 3 with (a) their 
respective timelines of production and use over 
the last six decades. As can be seen, ceramic 
materials such as glass and Zirconia, and 
polymer-based materials such as PEN and 
Polycarbonate have been developed recently 
over the last few decades. In contrast, metals such 
as Molybdenum, Aluminium, Stainless Steel, and 
Titanium have been used for about 50-60 years.  

 
(a) 
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(b) 

Fig. 3. (a) Some common substrates for flexible thin 
film solar cells: a historical view, and (b) Reported 
highest efficiencies of PV cells with various active 
materials, which have the potential for production on 
flexible substrates [7]. Adapted with permission from 
the publisher. 

 
Figure 3 (b) compares the highest reported 
efficiencies of various active layers for flexible 
solar cells. Perovskite-based multi-junction and 
hybrid materials within the groups show the 
highest efficiencies in the region of 25-28 %. 
 

The spectral impact on PV devices can be quantified 
using different indices; spectral response 
describes the sensitivity of the photosensor to 
optical radiation of different wavelengths. Some 
typical spectral response curves for PV 
technologies, given in Figure 4, show that the 
higher bandgap (a-Si, CdTe) technologies have a 
narrower SR-range compared to CIGS and 
conventional c-Si, and the absorption limit for a-Si 
and CdTe is closer to the visible region [8].  
 

 
Fig. 4. Comparison of Conventional PV and Flexible Solar 
Cell technologies: Typical normalized spectral response 
curves [8]. Adapted with permission from the publisher. 

According to Allied Market Research, the flexible 
thin film solar PV market size was valued at 
$ 464.31 m in 2020 and is projected to reach 
$914.07 m by 2030 globally, with a CAGR of 7.1% 
from 2021 to 2030 [9]. A comparative market 
assessment by application for 2020 and 2030 is 
shown in Figure 5. 
 

 
Fig. 5. Market Comparison by Application: Flexible 
Solar Panels between 2020 and 2030 [9]. Adapted 
with permission from the publisher. 
 

1.2 Thermal Challenges with PV and Flexible 
Solar Cells 

 

PV panels convert only a fraction of the incident 
radiation and have low conversion efficiencies (15-
20%) [10]. More importantly, the efficiencies of the 
vast majority of PV converters drop when the 
temperature increases, with a rate commonly 
between -0.1 to -0.5% K−1. This implies that for 
every 1°C rise in cell temperature, the efficiency will 
reduce by 0.1 to 0.5 % [11]. A diagrammatic 
example of the detrimental effects of temperature 
on the PV efficiency above the standard operating 
conditions from the available literature is shown in 
Figure 6. In Figure 6 (a) a typical Power-Voltage (P-
V) curve for PV is plotted for temperatures up to 
75°C. Figure 6 (b) shows the Current-Voltage (I-V) 
and the P-V curves for a specific type of mono-Si 
solar cell at a constant irradiance of 550 W/m2 for 
cell temperatures of 25°C, 40°C, 50°C , and 60°C. In 
Figure 6 (c), the maximum experimental efficiency 
of a 14kW commercial PV panel with water cooling 
is depicted as the module temperature approaches 
the highest allowable temperature of 45°C.  
 
As the conversion efficiency of the solar cell 
degrades with the rise in temperatures, an efficient 
cooling system is required to compensate for the 
efficiency losses caused by the increased surface 
temperatures. For crystalline silicon solar cells, 
every 1°C temperature rise leads to a relative 
efficiency decline of about 0.45% [3]. 

https://www.sciencedirect.com/topics/engineering/photovoltaic-technology
https://www.sciencedirect.com/topics/engineering/photovoltaic-technology
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(a) (b) 

Fig. 6. The effect of module temperature on: (a) P–V curve for a typical PV (0-75°C)[11], (b) I-V and P-V curves 
for a mono-Si solar cell [12]. Adapted with permission from Publisher. 
 

The fill-factors (FF) of the three key flexible solar 
cell technologies, namely, α-Si, CIGS, and CdTe, 
are shown in Figure 7, where, except α-Si, the 
other technologies show a proportional decrease 
in FF with the increase in temperature. The 
anomaly of α-Si is due to the Staebler-Wronski 
effect, in which a regenerative and beneficial 
effect occurs due to the annealing of the cell. 

 

 
Fig. 7. Comparison of the fill factor of different thin-
film flexible technologies as a function of temperature 
(experimental data) [4]. Adapted with permission 
from the publisher. 

 
2. METHODS 
 
Several cooling methods to reduce the operating 
temperature of solar PV are suggested in the 
literature that can be applied to the surface of the 
solar cells as depicted in Figure 8. These include 
both active (e.g. water cooling using a pump) [13, 
14] and passive cooling techniques such as 
heatsinks and the use of phase change materials 
or PCM [15, 16]. As the passive cooling 
technologies consume no external power and 
does not add to the system bulk due to added 

components, this method is preferred to active 
cooling for flexible solar cells [11]. The authors in 
[17] have studied various passive cooling 
mechanisms for solar PV according to use and 
methods such as immersion cooling, heat pipes, 
natural air cooling with fins, heat sinks, and 
improved heat exchanger designs showed 
uniformity in operating temperatures.  
 

 
Fig. 8. Cooling methods for solar photovoltaic [17]. 
Adapted with permission from Publisher. 

 
The passive cooling techniques, such as radiative 
cooling and spectral selective filtration of the 
incoming solar radiation, are discussed here. 
 
2.1 Radiative cooling using DMD Filter  
 
Passive radiative cooling has drawn much 
attention due to its potential application in 
cooling PV solar cells. It reflects solar radiation 
selectively and transmits in the PV conversion 
band (0.4-1.6 μm) to decrease the temperature 
of the system without consuming any energy 
[18]. A solar cell cannot convert sub-band-gap 
photons to electricity.  
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Fig. 9. Schematic diagram of energy harvesting and saving from the sun and the outer environment via spectral 
control [19](Adapted with permission from Publisher). 

 

Practical solar cells exhibit sub-band gap 
absorption, generating parasitic heat rather than 
photocurrent [19]. Figure 9 illustrates spectral 
control technologies. Radiative cooling passively 
dissipates excess heat into the sky by reflection [18]. 
A blackbody’s spectral radiation follows Planck’s 
law, where emissivity (ɛ) equals absorptivity (α) at 
thermal equilibrium [20, 21]. The cosmic 
background (~3K) acts as a heat sink for solar cells 
[22]. Effective radiative cooling coatings should 
exhibit broad emissivity (3–20 µm) and high 
transmissivity (0.1–1.4 µm) [22]. Unlike terrestrial 
radiative cooling, which utilizes an 8–13 µm 
window, space-based cooling relies on emission 
within 3×10⁻⁵ mm and 8×10⁻¹³ mm [19]. High-
emissivity coatings on flexible solar cells would 
benefit space applications. Various photonic 
strategies enhance radiative cooling by minimizing 

reflection losses (0.375–1.1 µm) and maximizing 
emissivity beyond 4 µm. An ideal radiative cooler 
reduces solar cell temperature by 18°C, improving 
efficiency by 7.9% [23]. A transparent silica-based 
cooler functioned as a blackbody in the mid-infrared 
range, enhancing performance [23]. A designed 
photonic structure enabled solar absorption while 
cooling the cell underneath it [24]. Mono-crystalline 
Si PVs benefited from radiative cooling and sub-
bandgap reflection, reducing temperatures by 
~10°C and increasing efficiency by ~6% compared 
to conventional cooling methods [25]. 
 
Figure 10 (a) depicts radiative cooling layers in 
silicon PVs. Figures 10 (b) and (c) compare 
absorptivity and emissivity for different material 
configurations, including encapsulated, bare, and 
EVA-coated cells. 

 

 
Fig. 10. (a) Radiative temperature regulation in Si-PV and the layers of an encapsulated crystalline Si-PV (b) 
Absorptivity/emissivity comparison of bare, encapsulated, and EVA wafers, and (c) Emissivity comparison of an 
encapsulated vs. fused Quartz glass [25] (Adapted with permission from Publisher).  
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The selective spectral response of solar cells 
enhances thermal emissions [23] while minimizing 
waste photon absorption [24]. Dielectric coatings 
(SiO2, TiO2, Si3N4, Al2O3) [26] and thin metal films 
(Ag, Au, Al) [27, 28] improve reflectance in the IR 
spectrum, reducing solar cell temperature. 
Dielectric/metal/dielectric (D/M/D) multilayers 
optimize transmittance in the visible range while 
reflecting IR radiation, as shown in Figure 11. This 
review analyzes D/M/D materials on glass and 
flexible substrates, highlighting their impact on 
passive cooling and electrical efficiency 
enhancement. Flexible solar cells cater to off-grid 
energy needs, benefiting soldiers, wearables, and 
portable power solutions. They can be integrated 
into helmets, jackets, tents, vehicles, and rooftops 
for extended solar harvesting. D/M/D coatings 
offer durable, transparent, low-emissivity layers 
crucial for future passive cooling applications. 
These material systems will continue driving 
energy-efficient PV solutions. 
 
We discuss D/M/D coatings developed via 
chemical and physical vapor deposition, 
including sputtering, evaporation, and atomic 
layer deposition. The impact of material type, 
layer thickness, refractive index (n), and 
absorption coefficient (k) on transmittance and 
reflectance is analyzed. Emphasis is placed on 
applying D/M/D coatings to flexible PET 
substrates, optimizing their use for passive 
cooling in flexible solar cells where temperature 
control is crucial. 
 

 
Fig. 11 A Schematic diagram of popular design 
structure types of DMD multilayer coatings [29]. 
Adapted with permission from the publisher. 

As radiative cooling has certain limitations on 
solar cells whose encapsulated material already 
has high emission properties and acts like a 
radiative cooler, therefore a different approach 
for cooling solar cells is needed. Selectively 
filtering solar radiation by using multilayer 
photonic coolers with different materials of 
(SiO2), titanium dioxide (TiO2), silicon nitride 
(Si3N4), and aluminium dioxide (Al2O3), etc., is 
an effective passive cooling method for solar cells 
[24]. Simulations reveal that using multilayer 
materials coating over solar cells can increase 
effective photon transmittance and increase 
reflection of unwanted photons [30]. A well-
designed photonic cooler could reduce the 
working temperature of solar cells by 5.7°C [30]. 
In literature [31], it was reported that cooling 
solar cells by spectrally selective filters is more 
effective compared with radiative cooling. 
 
2.2 Spectral response of solar cells  
 
The spectral response of solar cells spans 
ultraviolet (250-380 nm), visible (380-780 nm), 
solar infrared (780-2500 nm), and long-wave 
radiation (>3000 nm) [32, 33]. Spectrally 
selective filters play a key role in passive cooling 
by enhancing thermal emission, blocking IR 
radiation, and transmitting visible light. These 
filters eliminate waste photons that do not 
generate electron-hole pairs, reducing optical 
losses. Optimally designed filters transmit high-
energy solar and near-infrared light (up to 2000 
nm) while reflecting thermal infrared radiation 
into the atmosphere, thereby lowering the 
operating temperature of solar cells [33, 34]. 
 
2.3 Passive cooling using Dielectric / Metal / 

Dielectric coating 
 
Dielectric/Metal/Dielectric (D/M/D) structures 
are highly effective as visible transparent solar 
infrared reflecting films, aiding in energy saving by 
transmitting visible light and reflecting solar 
infrared radiation [28]. Solar selective coatings 
exhibit spectrally dependent optical properties, 
enabling passive cooling by controlling incoming 
radiation. Dielectric coatings, composed of 
materials with strong ionic and covalent bonds, 
are transparent to visible and/or infrared light. 
Electromagnetic wave interaction in these 
coatings is explained by Maxwell's equations [35] 
and surface plasmonic resonance [36]. Micro-
nanoscale structures influence permittivity and 

https://www.sciencedirect.com/topics/materials-science/dielectric-material
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optical properties through electromagnetic 
resonance, making photonic crystals crucial in 
optical filters due to their broad spectral tunability 
[37]. The schematic diagram of a metal-dielectric-
metal structure is shown in Figure 12 (a) and 
consists of a bottom Ag layer, a middle SiO2 layer, 

and a top ultrathin silver (Ag) layer. The 
corresponding electric field maps in Figure 12(b) 
confirmed that an m-order Fabry–Perot resonance 
was generated in the SiO2 cavity at the wavelength 
of the absorption peaks. These peaks can shift 
quickly when the thickness of SiO2 changes. 

 

 
(a) 

 

 
(b) 

Fig. 12 (a) Schematic of a Metal-Dielectric-Metal (MDM) structure perfect absorber and (b) Variation in electric 
field distribution in the SiO2 cavity at the absorption peaks from m = 1 to m = 6, where m is the mode [38]. Adapted 
with permission from Publisher. 

 
2.4. Optical properties of dielectric and metal 

films 
 
When the incident photons have a frequency that 
matches the energy needed to excite electrons to 
a higher allowed state, then the photons get 
absorbed. When the incoming radiation has 
photons, whose energy does not match the 
required excitation energy, no excitation occurs, 
and the material acts as transparent to incoming 
radiation. In nonmetals, the minimum energy 
separating the highest-filled electron states 
(valence band) and the lowest-empty electron 
states (conduction band) is known as the energy 
band gap. The transition of an electron from one 
band to another band constitutes the highest 
source of absorption. 

 
Fig. 13 Thin film multilayer Dielectric / Metal / 
Dielectric [21] (Adapted with permission from 
Publisher) 

Dielectrics like glass, quartz, and metal oxides do 
not absorb visible light due to their high band 
gaps, with minimal reflection designed at 650 nm, 
where solar photon flux peaks [39]. Metals, in 
contrast, are highly reflective and opaque to 
visible and IR radiation due to free electron 
movement [35]. 
 
Silver, with the lowest optical losses from blue to 
near IR, is ideal for Low E coatings, offering a 
clear, color-neutral appearance [40]. Adding an 
antireflection (AR) dielectric overcoat reduces 
optical losses by minimizing reflection and 
protecting the metal layer [41, 42]. A well-
designed D/M/D multilayer as shown in Figure 
13, provides high visible transmittance and IR 
reflectance, lowering the solar cell's operating 
temperature. 
 
3. MATERIALS  
 
Dielectric/Metal/Dielectric (D/M/D) thin-film 
multilayers are extensively studied due to their 
applications in photonics, plasmonics, optics, 
energy generation, and optoelectronics. Silver-
based D/M/D multilayers are prime candidates 
for heat mirror applications due to their high 
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visible (380-780 nm) transmittance and strong 
solar infrared (780-2500 nm) reflectance, 
essential for the passive cooling of solar cells 
[28, 43]. 
 
The thin metal layer, often made of noble metals 
like Ag, Cu, or Au, provides infrared reflection, 
while dielectric layers such as TiO2, WO3, ZnO, or 

ZnS enhance visible transmittance and act as 
surface passivation [14, 33, 44-46]. The spectral 
selectivity of these films depends on parameters 
like metal layer thickness, refractive index, and 
deposition technique [47, 48]. Table 1 
summarizes D/M/D materials and their impact 
on visible transmittance and IR reflectance, while 
Table 2 provides their optical properties. 

 
Table 1. Summary of D/M/D materials and their effect on maximum visible transmittance at different D/M/D 
layer thicknesses. 

Materials 
(D/M/D) 

Substrate 
Max. Visible transmittance/ 

wavelength 
Deposition technique Reference 

WO3/Au/WO3 Glass 84%/680nm Thermal evaporation [49] 

TiO2/Ag/ TiO2 Pyrex Glass 84%/500nm Rf Sputtering techniques [50] 

TiO2/Au/ TiO2 Polymer Over 80%/680nm Magnetron sputtering [51] 

Al2O3/Ag/Al2O3 
Silicon solar 
cell 

88%/330nm 
Physical vapour 

deposition 
[52] 

ZnS/Ag/ZnS Glass 80%/550nm Thermal evaporation [28] 

ZnO/Ag/ZnO Flexible PET 88%/550nm Magnetron sputtering [53] 

 
Table 2. The optical properties of different samples. Tp represents the peak of visible transmittance.

Structure Thickness(nm) Visible Transmittance Solar Infrared Reflectance Reference 

ZnO/Ag/ZnO 42.7/12.7/39.7 Tvis=87.1% 
Tp=88% 

Rsi=58.9% Rλ=1900=86.7% [28] 

ZnO/Ag/ZnO 37.7/17.9/35.7 Tvis=76.4% 
Tp=84.3% 

Rsi=78.6% 
Rλ=1900=93.4% 

[28] 

ZnS/Ag/ZnS 37/21/37 Tvis=83.9% Rλ=1900 ˷ 91% [54] 

ZnS/Ag/ZnS 31/20/34 Tp ˷ 80% Rλ=1900 ˷ 91% [55] 

TiO2/Ag/TiO2 18/18/18 Tp=84% Rλ=1900 ˷ 92% [50] 

TiO2/Ag/TiO2 33/20/33 Tp ˷ 76 % Rλ=1900 ˷ 89% [55] 

TiO2/Ag/TiO2 48/18/48 Tvis=62.5% Rsi ˷ 71.9% [56] 

TiO2/cu/TiO2 50/20/50 Tvis=59.8% Rsi ˷ 85.6% [56] 

WO3/Ag/WO3 37/20/37 Tp ˷ 82% Rλ=1900 ˷ 89% [55] 

WO3/Ag/WO3 25/16/25 Tvis=74% 
Tp=77% 

Rsi=57.2% Rλ=1900=80% [57] 

In the Past multilayer dielectric/metal/dielectric 
(D/M/D) structures have been explored for 
optimizing optical and electrical properties. 
ZnO/Ag/ZnO films were designed to utilize 
plasmonic effects [58] with ZnO layers (30-40 
nm) and Ag (6 nm), achieving high transparency 
and a Wurtzite structure at 300°C. WO₃/Au/WO₃ 
multilayers, fabricated via thermal evaporation, 
showed optimal transmittance (84%) with a 36 
nm Au layer [49]. Similarly, WO3/Ag/WO3 
coatings with Ag thickness ≥18 nm exhibited 
enhanced visible transmittance (88.3%) and heat 
mirror behavior [55]. 
 
ZnO/Ag/ZnO films on PET, deposited via DC 
magnetron sputtering, demonstrated tunable 
optical and electrical properties [53]. Their 
application as IR reflective coatings resulted in 

9.6% cooling energy savings [28]. NiO/Ag/NiO 
(NAN) films exhibited high transmittance (82%) 
and improved power conversion efficiency in 
organic PVs [59]. TiO2/Ag/TiO2 coatings 
demonstrated 84% visible transmittance and 98-
99% IR reflectivity, promising for solar-thermal 
applications [50]. 
 
TiO2/Au/TiO2 multilayers on polymers 
optimized transmittance (>80%) by tuning TiO2 
and Au thickness [51]. A four-layer waveguide 
structure incorporating Ag-Au nanoparticles 
enhanced solar cell efficiency through controlled 
reflection and transmission [40]. SiO2/ZnO/TiO2 
triple layers minimized reflections and 
maximized transmittance when a high-index ZnO 
layer was sandwiched between two low-index 
materials [60]. 
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3.1 D/M/D material deposition techniques 
 
The optical properties of D/M/D films are 
directly related to the exact chemistry and 
physical morphology of the coatings. Oxide 
coatings depend upon stoichiometry, 
impurities, and defects in films while metal 
films are dependent on nucleation and 
coalescence phenomena. In all films, crystal 
structure and impurities influence both 
electrical and optical conductivity [33]. Due to 
the above correlations, various deposition 
techniques or even alterations of fixed 
techniques can result in a vast range of film 
properties. Deposition techniques, high 
substrate temperature or electron/ion 
influence, and alkali element diffusion can lead 
to serious problems. Also, high temperatures 
can induce diffusion between layers and the 

reaction of alkaline ions under certain 
conditions. Typically, plastic substrates are 
limited to 100-250°C temperature heating, and 
at high temperatures, plastic can melt or soften 
or thermally expand. Even though many 
plastics are prone to oxidation, decomposition, 
or reduction, which can decrease their 
strength [33]. 
 
Therefore, the selection of deposition technique 
according to substrate properties is essential. 
The various deposition techniques used for layer 
deposition over solar cells can be introduced as 
chemical vapour deposition (CVD) technique, 
evaporative physical vapour deposition (PVD; 
vapor plating), magnetron sputtering, electron 
beam deposition, ion beam plating (plasma-
assisted process), and atomic layer deposition 
[61] as shown below in Figure 14. 

 

 

Fig. 14 Systematic layout of various techniques used for DMD deposition. [47-49, 61-71]. The above techniques 
are used to fabricate multilayer optical filters of different thicknesses on a given substrate to optimize the 
transmittance or reflectance for particular wavelengths (Adapted with permission from Publisher) 
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4. FACTORS AFFECTING TRANSMITTANCE 
AND REFLECTANCE SPECTRA OF DMD 
LAYER 

 

4.1 Effect of D/M/D layer thickness on 
transmittance and reflectance using 
different substrates 

 

Numerous studies have analyzed the impact of 
D/M/D layer thickness on optical properties. 
Reflectance and transmittance are key 
considerations in film design, with optimization 
tools employed to determine ideal layer 
thickness. Researchers have proposed various 
methods for optimization. 
 

For instance, [28] experimentally investigated 
ZnO/Ag/ZnO structures, varying Ag layer thickness 
from 12 nm to 50 nm. Using ray tracing methods, it 
was observed that long-wave emittance (ɛlw) 
decreased from 5% to 1.3% as Ag thickness 
increased, indicating low emittance for continuous 
Ag layers. Visible transmittance (Tvis) and solar 
infrared reflectance (Rsi) were evaluated for 
varying Ag thickness, as shown in Figure 15. 
 

 
Fig. 15. Solar infrared reflectance and the fitted ones 
with Ag thickness varying from 12 nm to 50 nm [9] 
(Adapted with permission from Publisher). 
 

The fitted functions of Tvis and Rsi with the thickness 
t (nm) for Ag are obtained; Tvis =1.105-0.02 x2 and 
Rsi= 0.412 + 0.151x ln (t-10.191) i.e., a linear 
decreasing function for Rsi. The adjusted R-squares 
of the two functions are 99.02 % and 99.5 %, 
respectively, indicating the two functions are well 
fitted. For magnetron sputtering, a continuous Ag 
layer requires a minimum thickness of 12 nm, with 
Tvis dropping below 15% at 50 nm. The optimal Ag 
thickness of 17.7 nm achieves Tvis = 0.751 and Rsi = 
0.716, offering a balance for ZnO/Ag/ZnO/PET 
applications. A study [50] on TiO2/Ag/TiO2 
multilayers shown in Fig. 16(b) found that a 180 Å 

Ag layer sandwiched between TiO2 layers yielded 
the best results, with an optimum TiO2 thickness of 
180 Å for maximum transmittance at 0.5 µm, where 
the outer TiO2 layer acts as protection and the inner 
layer binds Ag to the substrate. For WO3/Au/WO3 
heat mirrors [45], gold layers < 20 nm lacked 
selectivity, while layers >20 nm confined 
transmittance to the visible range, increased 
infrared reflectance, and shifted the peak 
transmittance to higher wavelengths. The dielectric 
layer enhanced transmittance via antireflection, 
with reflectance negligible below 600 nm, is 
depicted in Figure16. 
 
Similarly, the authors [49] estimated the 
performance of WO3/Ag/WO3 transparent heat 
mirrors as shown in Fig.17 for different thicknesses 
of the silver layer. The WO3 thickness was fixed 35 
nm. Detailed analysis, based on complex optical 
admittance, has shown that the thickness of the 
dielectric layer must be greater than λ/8 nd, where 
nd is the dielectric refractive index. For our case nd 
= 2.014 at λ = 550nm, the minimum thickness of the 
dielectric should be 34 nm. The thickness of the 
silver layer plays an important role in deciding the 
operation of the heat mirror. The heated mirror 
with a very thin layer of film did not exhibit the 
required selectivity. For thickness > 24 nm, the 
selectivity was improved. The following 
observation can be made: 

1. Transmittance was confined to the visible 
range 

2. As the silver layer's thickness increased, the 
transmittance bandwidth narrowed. 

3. As the thickness of the silver layer increased, 
the maximum transmittance increased as 
well as infrared reflectance progressively 
increased. 

4. The minimum reflectance was found around 
550 nm wavelength and the wavelength 
shifted to lower values as the thickness of the 
silver layer increased. 

 
A study [54] on ZnS/Ag/ZnS films found that 
increasing Ag thickness reduces transmittance. A 
100Å Ag layer achieves ~93% Tlum but faces 
fabrication challenges since Ag films below 120-
150Å tend to be granular [10, 72, 73]. A more 
practical Ag thickness of 150-200Å yields Tlum of 
92.5% and 84%, respectively, with high IR 
reflectance. The ZnS layer thickness has minimal 
impact on IR reflectivity, increasing it by only 
2.5%, and allowing transmission optimization. 
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(a) (b) 

           
(c) (d) 

Fig. 16 Transmittance and reflectance spectra of (a) WO3/Au/WO3 (b) TiO2/Ag/TiO2 (c) TiO2/Au/TiO2 (d) 
ZnS/Ag/ZnS [49, 53, 74-76](Adapted with permission from Publisher). 

 

 
Fig. 17. Reflectance (R) and transmittance (T) spectra of the heat mirrors (WO3/Ag/WO3/glass. The thickness of 
WO3 was kept at 35 nm. The thickness of the silver film is indicated in the figures. For comparison, the dashed line 
shows the 90 % value of either quantity [45]. Adapted with permission from the publisher. 
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For TiO2/Au/TiO2 films on polymers [51], TiO2 
enhances visible transmittance, with the outer 
layer serving as a protective coating and the inner 
layer aiding adhesion. Increasing Au thickness 
beyond 8 nm reduces transmittance while 
increasing reflectance. At 680 nm, transmittance 
exceeds 80%, with an average of 80% across the 
visible spectrum. Optimized transmittance 
occurs at 8 nm Au and 45 nm TiO2 layers, as 
shown in Figure 16. 
 

In Fig. 18a, the transmittance is plotted as a 
function of the thickness of the top dielectric 
layer(d3) and bottom dielectric layer (d1), where 
f=d3/d1 and for different value of f, different plot 
has been shown in Fig. 18a. The maximum 
transmittance is for f=1, which means for 
maximum transmittance the value of thickness 
for top and bottom dielectric should be same. 
 

Similarly, using data of Fig 18a, the maximum 
transmittance was plotted as a function of 
refractive index in Fig 18b, which shows that for 
the maximum value of transmittance, we require 
a high refractive index in the visible region for a 
dielectric material of thickness d1. Once the 
dielectric is selected, Fig. 18a can be used for the 
design of the D/M/D structure for optimum 
performance. As shown in Fig 19, the variation of 
measured spectral reflectance and transmittance 
for different D/M/D structures on a glass 
substrate has been illustrated. It shows the 
structure of WO3/Ag/WO3/glass, 

ZnS/Ag/ZnS/glass, and TiO2/Ag/TiO2/unheated 
glass, where an average transmittance of 0.7 in 
the visible region is observed. But in the case of 
heated glass, the average transmittance is just 
0.4, which may be due to interdiffusion of 
material at different interfaces.  
 
4.2 Effect of refractive index (n) and 

absorption coefficient (k) of D/M/D layer 
on transmittance and reflectance 

 
Most films rely on high and low refractive index 
layers, utilizing refractive index differences and 
layer thickness for optical performance [47]. A 
D/M/D film was designed and fabricated on glass 
[77] as a spectrally selective filter [60, 54, 74, 78-
81], reflecting IR while transmitting visible light. 
The metal layer, which typically transmits little 
visible energy, was sandwiched between 
dielectric layers acting as antireflection coatings 
to enhance transmission. 
 
Optimization focused on maximizing visible 
transmittance while controlling IR reflectance. 
Using Heaven's matrix formulation [27], a 
systematic study analyzed the effect of each layer, 
modeled as air/D(n1, k1)/M(n2, k2)/D(n3, 
k3)/glass(n4, k4), with negligible absorption (k ≈ 
0). Since n1 = n3, identical dielectric materials 
were assumed. Transmittance measured in the 
air was ~4% lower than in glass, with further 
details in subsequent discussions.  

 

Table 3. Refractive index (n) and absorption Index (k; only for Ag) at different wavelengths (λ) [82].  

λ(nm) Ag(n) Ag( k) TiO2(n) WO3(n) TiO2(n) (at 300°C) ZnS(n) 

2000 0.25 14.50 1.94 1.79 2.10 2.23 

1900 0.22 13.75 1.94 1.79 2.10 2.23 

1800 0.20 13.15 1.95 1.80 2.10 2.24 

1700 0.18 12.50 1.95 1.80 2.11 2.24 

1600 0.16 11.80 1.96 1.80 2.11 2.25 

1500 0.14 11.03 1.96 1.81 2.12 2.25 

1400 0.12 10.10 1.97 1.81 2.12 2.26 

1300 0.10 9.50 1.97 1.82 2.13 2.26 

1200 0.09 8.70 1.98 1.82 2.13 2.27 

1100 0.07 8.00 1.99 1.83 2.14 2.28 

1000 0.06 7.18 1.99 1.83 2.14 2.29 

900 0.06 6.40 2.00 1.84 2.15 2.30 

800 0.05 5.60 2.00 1.85 2.16 2.32 

700 0.05 4.80 2.01 1.87 2.18 2.33 

600 0.05 4.00 2.02 1.89 2.21 2.35 

500 0.05 3.07 2.04 1.93 2.27 2.39 

400 0.05 2.25 2.05 2.05 2.40 2.56 
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From Table 3, it can be inferred that Ag acts as a 
lossy metallic layer and TiO₂ / WO₃ / ZnS acts as 
phase-controlling dielectric layers, which is 

perfect for designing DMD (Dielectric–Metal–
Dielectric) coatings and FP resonators for 
selective absorption or cooling applications. 

 

  
Fig. 18. (a) Computer simulations for optimization of D/M/D layers on a glass system. The two D-layers in the system 
are of the same dielectric. Effects of a thickness (d1 and d3) of dielectric layers on transmittance at a wavelength of 550 
nm for different values of f (=d3/d1) are shown for dielectrics with refractive indices of (a) 1.6 (b) 1.8 (c) 2.0 (d) 2.2 and 
(e) 2.4 (b) Dependences of (1) maximum value of the transmittance and (2) thickness of the dielectric layer(s) on the 
refractive index of a dielectric are shown [77]. Adapted with permission from the publisher. 
 

 

Fig. 19. Measured reflectance and transmittance of 
D/M/D on glass systems for the different dielectrics 
[77]. Adapted with permission from Publisher. 

5. CHALLENGES  
 
The passive cooling of solar cells using spectrally 
selective Dielectric/Metal/Dielectric (D/M/D) 
filters has garnered significant interest, 
particularly for flexible solar cells in portable 
electronics and defence applications. However, 
future research is required in nanomaterial 
engineering and deposition techniques to enable 
the integration of these coatings onto flexible 
substrates, as most existing studies primarily 
focus on rigid materials such as glass and quartz. A 
key challenge is the limited research on D/M/D 
films for flexible substrates, which raises 
uncertainties regarding their real-world 
applicability. While D/M/D coatings enhance solar 
cell efficiency, they should be integrated into the 
cell structure rather than externally applied, and 
their long-term stability must be evaluated under 
environmental stressors such as humidity, UV 
exposure, and temperature fluctuations [83-88]. 
Additionally, flexible substrates such as 
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polyethylene terephthalate (PET) and 
polyethylene naphthalate (PEN) have low thermal 
stability, necessitating the use of compatible 
deposition techniques like atomic layer deposition 
(ALD). Furthermore, large-scale and cost-effective 
manufacturing of D/M/D filters remains a 
challenge due to the high cost of dielectric 
materials and deposition processes. Although 
spectrally selective passive cooling effectively 
reduces solar cell temperature and improves 
efficiency, it is crucial to ensure that these filters 
do not compromise the absorption of solar cells, as 
excessive optical losses could counteract the 
benefits of thermal regulation [18]. 
 
6. OUTLOOK 

To enable seamless integration of these coatings 
onto flexible substrates, future research should 
focus on developing low-temperature compatible 
nanomaterials and deposition techniques. 
Dielectric materials such as Al₂O₃, TiO₂, and SiO₂, 
along with ultrathin metal layers like Ag or Al, can 
be deposited using atomic layer deposition (ALD), 
which offers excellent uniformity and precision at 
low processing temperatures suitable for 
polymers like polyethylene terephthalate (PET) 
and polyethylene naphthalate (PEN) [89-92]. 
Nanostructured dielectric films, including 
nanolaminates or nanocomposites, can be 
engineered to tailor optical properties while 
maintaining mechanical flexibility and strong 
adhesion to flexible substrates. 
 
To accommodate large-scale production, scalable 
methods such as spatial ALD, low-temperature 
sputtering, and solution-based processes like 
sol–gel or inkjet printing should be optimized for 
roll-to-roll (R2R) manufacturing [93]. Integration 
of D/M/D filters directly into the solar cell 
structure, rather than as externally applied 
layers, ensures better durability and optical 
efficiency [90]. Co-designing the D/M/D coatings 
as part of the encapsulation layer or combining 
them with transparent conductive oxides can 
enhance functionality without compromising 
transparency in the active spectral region. 
 
Optical modeling using techniques such as finite-
difference time-domain (FDTD) simulations is 
essential to design coatings that reflect unwanted 
infrared radiation while maximizing 
transmission in the visible and near-infrared 
regions critical for photovoltaic conversion [89]. 

Environmental stability can be achieved by 
incorporating UV-resistant barrier layers and 
hybrid encapsulation techniques that offer high 
resistance to moisture and oxygen ingress. 
Accelerated aging tests under controlled UV, 
temperature, and humidity conditions should be 
conducted to assess long-term reliability [94-96]. 
To reduce costs, material efficiency can be 
improved by minimizing layer thickness and using 
cost-effective alternatives for metals and 
dielectrics. Incorporating real-time monitoring and 
machine learning algorithms into R2R 
manufacturing lines can further enhance process 
control and yield. Pilot-scale flexible solar cell 
prototypes with embedded D/M/D filters should be 
developed and tested under realistic operating 
conditions to validate thermal performance, 
mechanical integrity, and overall efficiency gains. 
With these innovations, D/M/D coatings can be 
effectively transitioned from rigid substrates to 
high-performance flexible solar cells, enabling 
reliable, thermally managed photovoltaics for next-
generation portable and wearable energy systems. 
 
7. CONCLUSIONS  
 
This study reviewed passive cooling techniques for 
flexible solar cells using spectrally selective 
Dielectric/Metal/Dielectric (D/M/D) filters, which 
selectively filter unwanted photons while 
transmitting effective ones for electron-hole pair 
creation. The findings highlight that D/M/D filters 
significantly reduce the operating temperature of 
flexible solar cells, with their optical performance 
primarily governed by layer thickness, refractive 
index, and absorption coefficient. Dielectric 
materials such as TiO2, WO3, and ZnS exhibit 
minimal absorption in the 400–2000 nm range, 
making refractive index engineering crucial for 
optimizing transmittance and reflectance. Among 
the studied configurations, ZnS/Ag/ZnS achieved 
the highest visible transmittance (Tvis = 83.9%) and 
infrared reflectance (Rλ ≈ 91%), whereas 
TiO2/Cu/TiO2 exhibited the lowest Tvis at 59.8%. 
Given the temperature sensitivity of flexible 
substrates such as PET, PEN, and polyimides, low-
temperature deposition techniques like atomic 
layer deposition (ALD) are preferred for 
maintaining substrate integrity. Material selection 
and deposition methods play a critical role in 
ensuring the large-scale integration of D/M/D 
coatings with flexible solar cells. To enable passive 
cooling, an ideal D/M/D film should possess high 
visible transmittance (380–780 nm) and strong 



Lalit Jyani et al., Journal of Materials and Engineering Vol. 04, Iss. 2 (2026) 216-234 

 

 230 

infrared reflectance (780–2500 nm), with the metal 
layer serving as an IR reflector while dielectric 
layers provide surface passivation. Silver remains 
the preferred metal due to its minimal optical 
losses. Future research should focus on optimizing 
D/M/D coatings for flexible substrates and 
developing scalable fabrication techniques to 
facilitate commercial adoption. 
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