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Transparent planar solar absorber
for winter thermal management

Muhammad Saad Asad™ & M. Z. Alam

Indoor heating during winters accounts for a significant portion of energy consumed by buildings in
regions of cold climate. Development of transparent coatings for windows that efficiently harvest
solar energy can play a major role in reducing energy consumption and fuel costs incurred for winter
heating. In recent years, there has been a great research effort towards designing transparent solar
absorber coatings using nanophotonic structures. The potential of coatings based on planar multilayer
structures, however, has received very little attention. In this work we investigate the performance
of planar multilayer thin films using low-cost materials for design of transparent solar absorber
window coatings. Our study led to the proposal of two planar multilayer designs. Simulation results
predict that an increase in surface temperature by 27 K and 25 K, while maintaining mean visible
transmittance of over 50% is possible using these designs. These results illustrate the great promise
planar multilayer structures hold for winter thermal management of buildings.

Abbreviations

CWA  Conventional weighted aggregation
FDTD Finite difference time domain
FOM  Figure of merit

HEAT  Heat transport solver

Low-E  Low emissivity

NIR Near infrared

MIM  Metal/insulator/metal

PSO Particle swarm optimization

Buildings are responsible for more than 30% of the energy consumption worldwide? and 19% of the global green
house gas emission®. Indoor heating in cold climates is a significant contributor to the energy demand of build-
ings. The use of fossil fuel for heating not only negatively affects the environment, but the high cost of fossil fuels
also results in widespread energy poverty®*. There is an urgent need to develop simple and inexpensive methods of
passive heating to lower building energy usage and costs incurred for winter heating. Current methods of passive
heating including double-glazed window, Trombe wall and solarium have several limitations. These schemes
often require significant investment and cannot be easily retrofitted to existing buildings®. In recent years, the
rapid progress of nanophotonics has provided us greatly improved control on light-matter interaction allowing
new ways of harnessing solar energy for passive heating. This has led to the development of transparent solar
absorber coatings based on metamaterial and metasurface architectures for passive winter thermal management
ranging from applications of indoor heating®™ to de-icing and antifogging applications'*-',

Windows are an important part of most buildings and are often responsible for more than 25% of heat loss in
a typical building". Unlike walls, windows need to be transparent to visible light, making it challenging to avoid
heat loss through them. Furthermore, in addition to being felt cold while touched, a cold window will result in
a draft, causing discomfort anywhere in the room. Thermal comfort does not only depend on air temperature,
but also on factors such as air motion, relative humidity and mean radiant temperature (MRT)®!4-1°, Shifting
the MRT can significantly impact thermal comfort. MRT describes the radiant environment of an object and
is the weighted average temperature of all the exposed surfaces in a given space. During cold days, increasing
the MRT by 3 °C can allow the indoor air temperature to be decreased by 2 °C without affecting indoor thermal
comfort®'®. More than 50% of the solar energy lies in the near-infrared (NIR) region, which does not contribute
to illumination®’. By designing specialized window coatings that effectively absorb NIR solar radiation to raise
the surface temperature one can, in turn, raise the MRT of an indoor space. Such technology will allow the pos-
sibility of lowering the indoor air temperature without affecting thermal comfort and hence reduce both cost
and energy demand for indoor heating.
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Figure 1. Schematic of the MIM design investigated for passive heating.

Optical metamaterial and metasurface have emerged as a very promising technology for the implementation
of transparent solar absorber coatings. 8 K rise in surface temperature of a glass substrate while maintaining
75% overall visible transmittance was reported using a metamaterial design based on nickel nanoantennas®.
Application of hybrid plasmonic metasurface coating based on gold nanoparticles embedded in a TiO, matrix
for antifogging application was investigated in'? which achieved a mean visible transmittance of 36%. An asym-
metric metasurface architecture based on periodic titanium/aluminum oxide/copper arrays for transparent
solar absorber was reported in®. Numerical analysis predicted a mean visible transmittance above 60% and
mean absorption of 45% for this design. Among more recent works, a planar linear gold and silver nanoparticle
assembly coated on a glass substrate demonstrated temperature increase by 9.8 K while visible transparency was
larger than 65%°. Another recent work demonstrated 38 K rise in surface temperature using a coating based on
cesium (Cs) doped tungsten oxide (WO;) nanoparticles for antifogging applications'’. The coating was fabricated
using simple fabrication process and showed excellent stability. Unfortunately, Cs is a rare earth metal and due
to its scarcity and usefulness, has been classified as a critical mineral for US national security®. Therefore, it will
be challenging to use this design for applications where cost would be a major consideration.

Previous works on passive heating focused on either periodic structures or nanoparticles. Metal/insulator/
metal (MIM) is an important class of nanophotonic structures that has been investigated for many applications
including broadband solar absorption®!~** and selective visible and NIR filters®® due to its advantages e.g. ability
to enhance light-matter interaction and ease of fabrication. However, the potential of planar MIM architecture
for development of transparent solar energy absorber coatings has received very little attention. In this work, we
carried out a systematic analysis of the potential of planar MIM structure for such an application with a focus
on designs that can be implemented using low-cost materials.

The rest of the paper is organized as follows. In “Methods” section we reviewed the design geometry inves-
tigated in this work and methodology used for optical analysis. In “Results” section we carried out a detailed
parametric study using a combination of transfer matrix method and particle swarm optimization (PSO) to
determine the optimum choices of materials and device dimensions. We focused on designs which can be fab-
ricated using low-cost materials and inexpensive and scalable fabrication process. We found that TiN/SiO,/TiN
configuration provides a combination of good transmission in the visible wavelength range and good overall
absorption. Further analysis revealed that addition of two thin TiO, layers enhances the mean and maximum
transmittance in the visible region. We then carried out thermal simulation for these two optimized designs and
found that under AM 1.5 solar illumination these designs are capable of increasing the steady-state temperature of
a glass surface by 27 K and 25 K respectively. These results are significantly better than many previously reported
nanophotonic structures for passive heating of windows, which requires the use of noble metals or complex
fabrication process steps. The “Discussion” section concludes the paper with comparison of our designs with
available alternatives, and suggestions about potential applications of our designs.

Methods

Overview of the design process. The purpose of this work is to develop a transparent solar absorber that
can be fabricated using low-cost materials with simple, inexpensive, and scalable fabrication process. To achieve
this, we chose to base our initial design on the MIM architecture shown in Fig. 1 because it can be fabricated
using simple thin film deposition process and does not require any patterning step.

We attempted to find designs, which show high visible light transparency (400-700 nm) and high NIR absorp-
tion (700-2500 nm). As described in?*%, even for a simple MIM structure, the light-matter interaction can be
quite complex. Therefore, utilizing a suitable optimization algorithm is required for finding the optimum solution.
We use a combination of PSO and transfer matrix formulation to optimize our designs. Application of transfer
matrix allows fast and accurate determination of transmission, reflection, and absorption of planar multilayer
stacks?”?8, In the following discussion we will briefly review the transfer matrix method. This discussion closely
follows the description reported in®’.

Fig. 2 shows a multilayer structure consisting of N layers of finite thicknesses sandwiched between a clad-
ding (layer 0) and a substrate (layer N + 1). The thickness of the ith layer is given by d; and its complex refractive
index is #i; = n; + jki.

0; denotes the angle at which light propagates in medium i with respect to the normal at the interface of
medium i — 1and i. The transfer matrix relating the electric field entering and leaving the stack is given by
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Figure 2. Planar multilayer structure.
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here D; ;11 is the matrix relating the forward and backward propagating electric field quantities at the two sides
of the interface between layer i and layeri + 1(i = 0, 1, .., N).
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Here r; ;41 and t;;+) are Fresnel reflection and transmission coeflicients between layer i and i + 1. For a TE or s

polarized incident wave, they are given by
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For a TM or p polarized incident wave, these quantities are given by
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The field quantities at the top and bottom interfaces of the ith layer are related by the propagation matrix
Pi(i =1,...,N) which is given by

eI 0
b= { 0 e+j‘ﬂi:| (7)

where ¢; is the phase shift experienced by the wave when it propagates a distance d; through the ith layer, and
has the following expression

2
0 = Tnidicosei (8)

Once the transfer matrix M is calculated, the reflection R and transmission T of the multilayer stack can be
found by using the following expressions,

Mo 12
R=|—2 9)
My
0, 1
T N+100SON+1 (10)
ngcosby My
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where ny1 is the real part of the refractive index of the substrate and n is the real part of the refractive index
of the cladding.
The absorption of the multilayer stack can be determined using the relation

A() =1—R() — T(). (11)

To optimize our designs, we chose to use PSO due to its ability to find an optimum solution from a very large
solution space without the need to make assumptions about the nature of the optimization problem*-**. In PSO,
the optimization process starts with several trial solutions, which are called particles. After each iteration, each
particle updates its local optimal solution found near its vicinity as well as the global optimal solution found
because of the movement of all particles through the search space. We carried out the optimization in two steps.
In step 1, we investigated the simple MIM architecture sandwiched between SiO, substrate and cladding. This
analysis allowed us to identify the optimal choice of materials and layer thicknesses for the MIM design. In Step
2, we extended this analysis and added additional TiO, layers on top and bottom of the optimized MIM structure
and re-optimized the layer thicknesses.

Heat transfer modelling. To determine the rise in temperature for our proposed designs, the thermal
simulation needs to take into consideration different mechanisms of heat transfer. Here we briefly discuss these
processes.

The temperature variation through thermal conduction can be modelled using the differential heat transport
equation

aT
Q= Pep—s = V- (kVT) (12)

where Q is the heat source or absorbed energy (W), p is the density of the material (kg'm™?), ¢, is the specific heat
capacity (J-Kg™'*K™!), T is the temperature of the object (K), t is time (seconds), and k is the thermal conductivity
(W-m™-K™).

At thermal equilibrium, the net heat absorbed is equal to the net heat dissipated. The heat transport equation
under this condition simplifies to the following

Q=-V-(kVT). (13)

Since the coating surface is in contact with air, heat loss from the surface will occur through convection. Heat
loss through convection (Qgopny) is directly proportional to the temperature difference between coating surface
and its surroundings and can be modelled using

Qconv = Ahc(T - TO) (14)

where A is the surface area of the object (m?), h, is the convective heat transfer coefficient (W-m™2-K™!), T is the
temperature of the object and Ty is the temperature of ambient air (K).

Heat removed from the coating surface in the form of long wave radiation (Q,,4) back to surrounding air is
described as

Qrad _

n eo (T* = Tp) (15)

where ¢ is the emissivity of the object (dimensionless), and o is the Stefan-Boltzmann constant (W-m™2-K™*).

Results

Determination of optimal material choice and layer thicknesses. To determine the optimal mate-
rial choice and layer thickness of the MIM design, we first investigated different plasmonic materials for the top
and bottom layers. The materials investigated included Al, Cu, Ni, TiN and Au. Al has been extensively studied
due to its strong plasmon response in the visible region****. Cu and Ni are low-cost metals and have been studied
by other groups for transparent thermal management applications®**. Transition metal nitride TiN is consid-
ered a good candidate due to its low-cost and higher mechanical and thermal stability than noble metals®”.
We included Au in our investigation to determine the possible compromise in performance that we may have
to accept when we use cheaper plasmonic materials. Optical properties of Cu, Al and Au were taken from?®,
and those for Ni were taken. For TiN, the refractive index data was obtained from***!. The dielectric spacer
region separating the metallic layers for this analysis is assumed to be SiO,. Optical properties of SiO, were taken
from*. Effect of the choosing other spacer materials will be analyzed later in the paper.

As stated in “Methods” section, since our designs are based on planar multilayer MIM stacks, transfer
matrix formulation together with PSO was used to simultaneously maximize both visible transmittance and
NIR absorption. Many previous reports on transparent coatings for passive heating presented results for normal
incidence. Although the transparent coating under discussion can be useful for various applications, the most
likely application would be as a coating for windows of buildings for passive heating. Sunlight will always be
incident at an inclined angle on the window in such a case. We decided to optimize our design for 45° angle of
incidence. We also carried out performance analysis for various angles of incidence for the optimized designs. The
transfer matrix method was implemented using MATLAB. The accuracy of this code was verified by comparing
the results obtained from this code with those obtained from Lumerical STACK from Ansys. The optimization
procedure was implemented using the PSO toolbox provided by MATLAB.
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Mean transmittance in | Maximum transmittance | Absorbed solar power
t1 (nm) t2 (nm) |3 (nm) | Metal/metal nitride | visible in visible density (W/m?)
2 254 4 Al 0.269 0.336 434.6
4 500 9 Au 0.601 0.837 160.9
2 500 4 Cu 0.706 0.894 185.1
3 214 4 Ni 0.468 0.490 557.2
4 210 4 Ni 0.426 0.452 583.2
5 228 8 TiN 0.518 0.566 573.6

Table 1. Summary of layer thicknesses and optical performance for the optimized MIM design for various
choices of metals. The spacer is SiO,.
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Figure 3. (a) Transmittance “T” and (b) absorption A’ spectra for the optimized designs for different choices of
top and bottom materials.

For the optimization procedure, we aimed to maximize two objective functions: the mean visible trans-
mittance and the mean NIR absorption. In order to simultaneously maximize both quantities we utilized the
conventional weighted aggregation (CWA) approach for multi-objective optimization***. In this method, all
objective functions are summed to form one single objective function that the optimization algorithm aims to
either maximize or minimize. Each objective function is associated with a non-negative weight that remains fixed
during the optimization. We used the following figure of merit (FOM) to optimize our planar multilayer designs.

FOM = wymean(T,;s) + wamean(ANIR) (16)

where T, is the visible transmittance, Ay is the absorption in the NIR region and w; and w; are non-negative
weights such that

wr+wy =1 (17)

For the optimization, we used 15 particles per iteration and carried out 30 iterations, running a total of 450
simulations for each material configuration. The layer thicknesses were set as the design parameter. The upper
and lower limits set for the thickness parameter were 2 nm and 20 nm for the top and bottom layers and 2 nm
and 500 nm for the middle SiO, dielectric spacer.

The layer thicknesses and the optical performance of the optimized designs are summarized in Table 1. The
last column of Table 1 gives the solar power absorbed by each design under AM 1.5 illumination. This data was
obtained by first multiplying the normalized absorption profile with the solar spectrum (AM 1.5), followed by
integrating the resulting spectra over the 280 nm to 2500 nm wavelength range to calculate the absorbed power
density.

Fig. 3 shows transmittance and absorption profiles obtained for the optimized designs presented.

Au has been extensively used in the past for transparent passive heating applications®*!>12, However, our
study reveals that cheaper alternatives perform much better for applications requiring high solar absorption in
case of the MIM geometry. The TiN and Ni-based designs provide significantly better trade-off between mean
transmittance in the visible region and absorbed solar power density compared to the other designs. In Table 1,
we present two Ni-based designs. The first Ni-based design with top metal layer thickness 1 = 3 nm, was a result
of our optimization. Depositing 3 nm Ni film is however a challenging task. Deposition of uniform Ni film of
thickness 4-7 nm using simple physical vapor deposition process has been reported in literature*2. We therefore
present a second Ni design after increasing the minimum thickness of the top metal layer to 4 nm. Increasing
the top metal layer thickness showed that good performance in terms of higher solar power absorption can be
achieved at the cost of lower mean visible transmittance. Although the 2nd Ni-based design presented shows
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Figure 4. (a) Schematic and (b) optical response of the optimized TiN/SiO,/TiN MIM design.

Mean transmittance in Maximum transmittance Absorbed solar power
t1 (nm) t2(nm) |3 (nm) | Dielectric | visible in visible density (W/m?)
5 228 8 Sio, 0.518 0.566 573.6
4 155 12 Al O, 0.449 0.511 566.0
3 120 12 SiN 0.452 0.529 518.3

Table 2. Summary of layer thicknesses and optical performance for the optimized MIM design for various
choices of spacer materials. The metallic layers are TiN for all the designs.
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Figure 5. (a) Transmittance “T” and (b) absorption A’ spectra for the optimized designs for various choices of
spacer materials. The plasmonic material is TiN for all the designs.

higher solar absorption than the TiN-based design, the TiN-based design shows significantly higher mean
transmission compared to both Ni designs. Therefore, we chose the TiN-based design for further investigation.
Although the optical response of this design was presented in Fig. 3 with those for other designs, we reproduce
the optical response for the TiN-based design in Fig. 4 for ease of visualization.

The analysis presented so far assumed that the spacer material separating the metallic layers is SiO,. We now
consider two alternate choices of spacer material: aluminum oxide (Al,O5) and silicon nitride (SiN). Refractive
index data for Al,O; and SiN are taken from*’ and*® respectively. We reoptimized our designs for these new
choices of spacer materials. Table 2 summarizes the optimized designs and key performance results for the three
choices of spacer material.

The optical response for these three designs is presented in Fig. 5. Among the three choices for spacer mate-
rials we considered, the SiO, design shows the highest mean visible transmittance and solar power absorption.
Therefore, we chose SiO, as the spacer medium for the rest of our paper.

Effect of adding additional TiO, layers to the TiN/SiO,/TiN MIM design. Our choice of MIM
geometry for passive solar heating was motivated by previous reports on the applications of this geometry for
the design of perfect absorbers®'-**. The inverse of this geometry (insulator/metal/insulator or IMI), on the other
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Figure 6. (a) Proposed TiO,/TiN/SiO,/TiN/TiO, design based on insulator/MIM/insulator architecture and
(b) optical response the optimized design.

Mean transmittance in Maximum transmittance | Absorbed solar power Simulated temperature
Multilayer design visible in visible density (W/m?) increase (K)
Design 1 0.518 0.566 573.6 27
Design 2 0.611 0.664 505.2 25

Table 3. Summary of optical and thermal performance results Design 1 and Design 2.

hand has been used for enhancing transmission’****’. We now investigate a combination of MIM and IMI
structures to see if such a combination can provide superior performance than what is achievable from MIM
alone. As shown in Fig. 6a, the new structure is achieved by adding TiO, layers on the two sides of the TiN/SiO,/
TiN structure analyzed in “Determination of optimal material choice and layer thicknesses” section. TiO, has
a higher refractive index than SiO, and has high mechanical strength, which makes it a suitable choice for our
design®®46:47.

As done in “Determination of optimal material choice and layer thicknesses” section, transfer matrix
formulation in conjunction with PSO is utilized to optimize the layer thicknesses. The upper and lower limits set
for the thickness parameter were 2 nm and 50 nm for the TiN layer and 2 nm and 500 nm for the dielectric layers.
Addition of two TiO, layers increased the complexity of optimization, therefore the total number of particles
used per iteration was increased to 30. 40 iterations were carried out, running a total of 1200 simulations. The
optimized design and its optical response are shown in Fig. 6a,b respectively.

A comparison of the optical response before and after addition of the TiO, layers to the TiN/SiO,/TiN design
is presented in Table 3. We designate the TiN/SiO,/TiN and the TiO,/TiN/SiO,/TiN/TiO, designs as Design 1 and
Design 2 respectively. Although the addition of TiO, layers causes a reduction in solar absorption, it significantly
enhances both the mean and the maximum visible transmittance.

Thermal simulations. In “Determination of optimal material choice and layer thicknesses” and “Effect of
adding additional TiO, layers to the TiN/SiO,/TiN MIM design” sections we have identified two designs which
provide good transmission in the visible region, while absorbing a significant amount of solar energy. In this sec-
tion, we examine the temperature rise achievable when the proposed structures are coated on a glass substrate.
The results presented here are obtained using a combination of Lumerical FDTD and Lumerical HEAT Solver
from Ansys. The process flow showing the procedure carried out to determine thermal performance of the of our
designs is represented in Fig. 7a. A schematic of the simulation setup for Design 1 is shown in Fig. 7b.

We first carried out 2D FDTD simulations to determine the spatial absorption under normal illumination
which is then multiplied by the solar spectrum (AM 1.5) and integrated over the 280 nm to 2500 nm wavelength
range to determine the spatial distribution of absorbed power in the xy plane over the area bounded by the dashed
yellow lines in Fig. 7a. This absorption data was then exported to HEAT. For thermal simulation in HEAT, the
x-span was set to 0.4 pm similar to the one used for FDTD simulation, and the planar multilayer structure was
placed on an 0.4 mm thick SiO, substrate. A 100 pm SiO, coating was applied to the top of the MIM structure to
act as a cladding. The ambient temperature of the simulation was kept at 295 K. We would like to mention that
to evaluate the reliability of our thermal simulations, we have reproduced results from several previous reports.
Details for some of these are provided in the Supplementary Information.

Convective surface boundaries depicted in Fig. 7b are applied to the top and bottom of the simulation region
to simulate heat dissipation from the device. The heat transfer coefficient for these boundaries was set to 10
Wm™ K! which is a common value used for air and the atmospheric temperature surrounding the device is
assumed to be uniform at 295 K. The effect of varying the boundary conditions is discussed in the Supplementary
Information. A similar simulation setup was also used for Design 2. The thermal simulations predicted that
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Figure 7. (a) Thermal simulation process flow and (b) thermal simulation setup for Design 1.

X

under AM 1.5 solar illumination, the steady state temperature of the glass substrate will rise by 27 K for Design
1 and 25 K for Design 2.

For our analysis thus far, we used a linear (s polarized) plane wave source incident at an angle of 45° to the
device surface. Now we extend our analysis to p polarization and also to unpolarized light since sunlight by nature
is unpolarized. Results for unpolarized light source can be obtained by adding the results of the two orthogonal
polarizations incoherently using the equation

1,- 1,-
([E)?) = 5|Es|2+ E’EP|2 (18)

where |E|is the amplitude of the electric field for an unpolarized light source and |JT3S ‘ and |Ep‘ are the amplitude
of the electric field for s and p polarizations. Fig. 8 and Fig. 9 show the optical performance of Design 1 and 2
respectively for s and p polarization at different angles of incidence.

Tables 4 and 5 summarize the optical and thermal results obtained when simulating an unpolarized light
source at different angles of incidence for Design 1 and 2 respectively.

The proposed designs maintain good optical and thermal performance at various source angles; a feature
necessary for practical passive heating applications. As discussed in detail in the next section, these designs
significantly outperform many previous transparent solar absorber designs.

Discussion

Application of nanophotonics for passive heating of buildings can play a significant role in the reduction of
global greenhouse gas emission and energy poverty. In this work we studied the potential of planar multilayer
structures using low-cost plasmonic materials for this application. Our study led to the proposal of two planar
multilayer designs. Design 1 is a TiN/SiO,/TiN MIM design, and Design 2 is a TiO,/TiN/SiO,/TiN/TiO, design,
which is a combination of MIM and IMI architectures. Both designs can be implemented using low-cost materials
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Figure 8. (a) Transmittance “T” and (b) absorption A’ profile for Design 1 at 25°, 35°, 45°, 55° and 65° angle of

incidence using s and p polarized light.

and simple, inexpensive, and scalable fabrication processes. The designs proposed outperform alternatives that
require more expensive materials or complicated fabrication process steps. For example, both Design 1 and 2
are predicted to provide temperature rise which is more than double than that reported in®. Fabrication of the
structure reported in® requires multiple steps including deposition, etching and lift off. In contrast, fabrication
of our proposed designs will require only deposition of multiple layers of thin films. Another very recent work
proposed an asymmetric metasurface design which predicted a mean visible transmittance of above 60% and
mean absorption of 45%®. Similar to the design reported in®, it also requires metal deposition, etching and lift
off for its fabrication. Although the mean visible transmittance for Design 1 is lower than that reported in®, the
mean absorption for Design 1 (calculated but not shown in Table 1) is more than 11% higher. Design 2 exhibits
3% higher mean absorption than that reported in® while demonstrating similar mean transmittance.

The proposed nanophotonic designs for passive heating can be adapted to windows for buildings in a number
of ways. They can be deposited directly on a glass window or on a transparent polymer coating, which can be
attached to windows to achieve passive heating only during winter. It is also possible to integrate these multiplayer
structures with commercially available low-emissivity (low-E) window coating technology®®. Such a window
will be able to simultaneously absorb solar energy for passive heating and prevent escape of heat from indoor
by reflection. The benefit of such a technology for reduction in energy consumption would be significant for
modern residential and commercial buildings, where windows form a large part of building surface. We believe
the low cost, ease of fabrication and ability to provide large temperature increase make our designs attractive
choices for passive heating of buildings and will encourage further exploration of planar multilayer structures

for passive heating applications.
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Figure 9. (a) Transmittance “T” and (b) absorption A’ profile for Design 2 at 25°, 35°, 45°, 55° and 65° angle of
incidence using s and p polarized light.

25 0.583 0.629 478.6 23
35 0.583 0.619 487.5 24
45 0.579 0.607 499.5 25
55 0.551 0.578 512.0 25
65 0.476 0.496 511.8 25

Table 4. Optical and thermal performance of Design 1 for an unpolarized solar light source.

25 0.664 0.706 410.1 20
35 0.672 0.709 417.6 21
45 0.666 0.697 430.2 21
55 0.615 0.637 446.6 22
65 0.532 0.568 462.0 23

Table 5. Optical and thermal performance of Design 2 for an unpolarized solar light source.

Scientific Reports|  (2022) 12:22325 | https://doi.org/10.1038/s41598-022-19448-2 nature portfolio



www.nature.com/scientificreports/

Received: 19 February 2022; Accepted: 29 August 2022
Published online: 25 December 2022

References

1.

Sanchez-Garcia, D., Rubio-Bellido, C., del Rio, J. J. M. & Pérez-Fargallo, A. Towards the quantification of energy demand and
consumption through the adaptive comfort approach in mixed mode office buildings considering climate change. Energy Build.
187, 173-185 (2019).

2. Ghajarkhosravi, M., Huang, Y., Fung, A. S., Kumar, R. & Straka, V. Energy benchmarking analysis of multi-unit residential build-
ings (MURBs) in Toronto Canada. J. Build. Eng. 27, 100981 (2020).
3. Berardi, U. & Jafarpur, P. Assessing the impact of climate change on building heating and cooling energy demand in Canada.
Renew. Sustain. Energy Rev. 121, 109681 (2020).
4. Gonzalez-Eguino, M. Energy poverty: An overview. Renew. Sustain. Energy Rev. 47, 377-385 (2015).
5. Gupta, N. & Tiwari, G. N. Review of passive heating/cooling systems of buildings. Energy Sci. Eng. 4, 305-333 (2016).
6. Jonsson, G. et al. Solar transparent radiators by optical nanoantennas. Nano Lett. 17, 6766-6772 (2017).
7. Ma, R.,, Wu, D,, Liu, Y., Ye, H. & Sutherland, D. Copper plasmonic metamaterial glazing for directional thermal energy manage-
ment. Mater. Des. 188, 108407 (2020).
8. Wu, D, Meng, Y. & Liu, C. Design of transparent metasurfaces based on asymmetric nanostructures for directional and selective
absorption. Materials (Basel) 13, 3751 (2020).
9. Guo, M. et al. Solar transparent radiators based on in-plane worm-like assemblies of metal nanoparticles. Sol. Energy Mater. Sol.
Cells 219, 110796 (2021).
10. Li, W. et al. Transparent selective photothermal coatings for antifogging applications. Cell Rep. Phys. Sci. 2, 100435 (2021).
11. Mitridis, E. et al. Metasurfaces leveraging solar energy for icephobicity. ACS Nano 12, 7009-7013 (2018).
12. Walker, C. et al. Transparent metasurfaces counteracting fogging by harnessing sunlight. Nano Lett. 19, 1595-1604 (2019).
13. Rezaei, S. D., Shannigrahi, S. & Ramakrishna, S. A review of conventional, advanced, and smart glazing technologies and materials
for improving indoor environment. Sol. Energy Mater. Sol. Cells 159, 26-51 (2017).
14. Lechner, N. M. Heating, Cooling, Lighting: Sustainable Design Methods for Architects (Wiley, 2014).
15. ASHRAE. ASHRAE Handbook-fundamentals (2017).
16. dAmbrosio Alfano, E R., Dell'Isola, M., Palella, B. I, Riccio, G. & Russi, A. On the measurement of the mean radiant temperature
and its influence on the indoor thermal environment assessment. Build. Environ. 63, 79-88 (2013).
17. Habitat, National design handbook prototype on passive solar heating and natural cooling of buildings. (United Nations Digital
Library, 1990).
18. Sengupta, J., Chapman, K. S. & Keshavarz, A. Window performance for human thermal comfort. ASHRAE Trans. 111, 254-275
(2005).
19. Mora, R. & Bean, R. Thermal comfort: Designing for people. ASHRAE ] 60, 40-46 (2018).
20. Fortier, S. M., Nassar, N. T., Lederer, G. W,, Brainard, J., Gambogi, ]. & McCullough, E. A. Draft critical mineral list—summary
of methodology and background information—U.S. geological survey technical input document in response to secretarial order
No. 3359 (2018).
21. Takatori, K., Okamoto, T. & Ishibashi, K. Surface-plasmon-induced ultra-broadband light absorber operating in the visible to
infrared range. Opt. Express 26, 1342 (2018).
22. Huo, D. et al. Broadband perfect absorber with monolayer MoS2 and hexagonal titanium nitride nano-disk array. Nanoscale Res.
Lett. 12, 465 (2017).
23. Kenanakis, G. et al. Perfect absorbers based on metal-insulator-metal structures in the visible region: A simple approach for
practical applications. Appl. Phys. A Mater. Sci. Process. 123,77 (2017).
24. Aalizadeh, M., Khavasi, A., Butun, B. & Ozbay, E. Large-area, cost-effective, ultra-broadband perfect absorber utilizing manganese
in metal-insulator-metal structure. Sci. Rep. 8, 9162 (2018).
25. Ghobadi, A., Hajian, H., Rashed, A. R., Butun, B. & Ozbay, E. Tuning the metal filling fraction in metal-insulator-metal ultra-
broadband perfect absorbers to maximize the absorption bandwidth. Photon. Res. 6, 168 (2018).
26. Chowdhary, A. K., Bhowmik, T., Gupta, J. & Sikdar, D. Energy-saving all-weather window based on selective filtering of solar
spectral radiation. Appl. Opt. 60, 1315 (2021).
27. Kocer, H., Butun, S., Li, Z. & Aydin, K. Reduced near-infrared absorption using ultra-thin lossy metals in fabry-perot cavities. Sci.
Rep. 5,8157 (2015).
28. Katsidis, C. C. & Siapkas, D. I. General transfer-matrix method for optical multilayer systems with coherent, partially coherent,
and incoherent interference. Appl. Opt. 41, 3978 (2002).
29. Jiang, M, Luo, Y. P. & Yang, S. Y. Stochastic convergence analysis and parameter selection of the standard particle swarm optimiza-
tion algorithm. Inf. Process. Lett. 102, 8-16 (2007).
30. Chae, D. et al. Spectrally selective inorganic-based multilayer emitter for daytime radiative cooling. ACS Appl. Mater. Interfaces.
12, 8073-8081 (2020).
31. Piotrowski, A. P, Napiorkowski, J. J. & Piotrowska, A. E. Population size in particle swarm optimization. Swarm Evol. Comput. 58,
100718 (2020).
32. Marler, R. T. & Arora, J. S. Survey of multi-objective optimization methods for engineering. Struct. Multidiscip. Optim. 26, 369-395
(2004).
33. Parsopoulos, K. E. & Vrahatis, M. N. Multi-Objective Optimization in Computational Intelligence: Theory and Practice (IGI global,
2008).
34. Knight, M. W. et al. Aluminum for plasmonics. ACS Nano 8, 834-840 (2014).
35. Valkonen, E., Karlsson, B. & Ribbing, C. G. Solar optical properties of thin films of Cu, Ag, Au, Cr, Fe Co Ni and Al Sol. Energy
32,211-222 (1984).
36. Dalapati, G. K. et al. Color tunable low cost transparent heat reflector using copper and titanium oxide for energy saving applica-
tion. Sci. Rep. 6,20182 (2016).
37. Gherman, A. M. M., Vladescu, A., Kiss, A. E. & Farcau, C. Extraordinary optical transmission through titanium nitride-coated
microsphere lattice. Photon. Nanostruct. Fundam. Appl. 38, 100762 (2020).
38. Guler, U. et al. Local heating with lithographically fabricated plasmonic titanium nitride nanoparticles. Nano Lett. 13, 6078-6083
(2013).
39. P, D. CRC handbook of chemistry and physics. J. Mol. struct. 268, 320 (1992).
40. Palik, E. D. Handbook of Optical Constants of Solids (Academic press, 1991).
41. Pfluger, J., Fink, J., Weber, W,, Bohnen, K. P. & Crecelius, G. Dielectric properties of TiCx, TiNx, VCx, and VNx from 1.5 to 40 eV
determined by electron-energy-loss spectroscopy. Phys. Rev. B 30, 1155-1163 (1984).
42. Wojdylo, P. Thickness optimization of ultrathin nickel films as transparent conductive electrodes. McMaster J. Eng. Phys. 2, 1-4
(2017).
43. Luke, K., Okawachi, Y., Lamont, M. R. E., Gaeta, A. L. & Lipson, M. Broadband mid-infrared frequency comb generation in a
Si3N4 microresonator. Conf Lasers Electro-Opt. Eur. Tech. Dig. 40, 4823-4826 (2015).
Scientific Reports|  (2022)12:22325 | https://doi.org/10.1038/541598-022-19448-2 nature portfolio



www.nature.com/scientificreports/

44. Kulczyk-Malecka, J. et al. Investigation of silver diffusion in TiO2/Ag/TiO2 coatings. Acta Mater. 66, 396-404 (2014).

45. Mahtani, P. et al. Diamond-like carbon based low-emissive coatings. Sol. Energy Mater. Sol. Cells 95, 1630-1637 (2011).

46. Okada, M., Tazawa, M., Jin, P., Yamada, Y. & Yoshimura, K. Fabrication of photocatalytic heat-mirror with TiO2/TiN/TiO2 stacked
layers. Vacuum 80, 732-735 (2006).

47. Yuste, M., Galindo, R. E., Carvalho, S., Albella, ]. M. & Sanchez, O. Improving the visible transmittance of low-e titanium nitride
based coatings for solar thermal applications. Appl. Surf. Sci. 258, 1784-1788 (2011).

Acknowledgements
We acknowledge the support of the Natural Sciences and Engineering Research Council of Canada (NSERC).

Author contributions
M.S.A. in consultation with M.Z.A. conceived ideas reported in this manuscript. M.S.A. carried out numerical
simulation. Both authors participated in reviewing and editing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-19448-2.

Correspondence and requests for materials should be addressed to M.S.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:22325 | https://doi.org/10.1038/s41598-022-19448-2 nature portfolio


https://doi.org/10.1038/s41598-022-19448-2
https://doi.org/10.1038/s41598-022-19448-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Transparent planar solar absorber for winter thermal management
	Methods
	Overview of the design process. 
	Heat transfer modelling. 

	Results
	Determination of optimal material choice and layer thicknesses. 
	Effect of adding additional TiO2 layers to the TiNSiO2TiN MIM design. 
	Thermal simulations. 

	Discussion
	References
	Acknowledgements


