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A B S T R A C T

Energy-efficient windows are being used to increase the thermal insulation of a façade. Such insulating
windows contain an ultra-thin, multilayered, transparent silver coating that acts as an infrared mirror which
significantly reduces thermal losses that occur through radiation from inside the building. These so-called low-
emissivity coatings revolutionized the field of building insulation but also decreased solar heat gain coefficient
which reduces the potential for energy savings during winter. Insulating windows in cold climates should
achieve a selective behavior in the transmittance of EM waves. Ideally, solar energy should be transmitted and
mid-infrared radiation reflected, thus reducing the heating needs in buildings. This scientific paper presents
a numerical investigation based on finite-difference time-domain (FDTD) focused on the optical transmission
characteristics of silver plasmonic square nanohole arrays and explores their potential application in insulating
windows. It is found that a nanohole array with a periodicity of 350 nm and a linewidth of 50 nm gives
outstanding properties and represents a good candidate to achieve high solar heat gain in low-e coatings. The
findings contribute to the understanding of plasmonic effects in nanohole arrays and offer insights into the
practical application of such structures in the development of advanced insulating windows with enhanced
optical performance.
1. Introduction

Double-pane windows with low emissivity (low-e) coating were
developed shortly after the first oil crisis in the early 1970s. It was
introduced to the buildings to reduce the energy loss by space heating.
Compared to traditional simple glazing, Insulated glass units (IGU)
provide a four-time reduction in heat loss, resulting in significant
savings. These new windows had a considerable economic impact and
have become the industry standard for glazing in industrialized nations.
They help offset thermal losses and admit daylight to offset electric
lighting [1]. Nowadays, IGUs in cold climates consist of triple glazing
with two low-e coatings, but unfortunately, this also means a decrease
in total energy transmission within the building. In countries with
cold climates, gaining back this solar energy in households could lead
to energy savings in space heating. This is why a selective coating
could potentially increase the solar heat gain coefficient (SHGC) [2].
One way to achieve this goal is to investigate new approaches [3]
such as nano structuration of the coating which allows an increase in
solar transmittance (𝜏𝑒) and SHGC while maintaining a low thermal
emissivity 𝜖. Table 1 presents typical values of SHGC and U-values for
single, double and triple glazing, with or without a low-e coating.
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E-mail address: jeremy.fleury@epfl.ch (J. Fleury).

The ideal selectivity of insulating windows for cold climates (re-
flection and transmission spectra) is illustrated in Fig. 1. The red and
blue lines give the theoretical most effective coating that optimizes the
transmission of solar heat gain while minimizing the radiation losses in
the mid-IR. This specific selectivity can be achieved by structuring the
low-e coating on the windows into a squared nanohole array (inductive-
type frequency selective surface (FSS) filter). This mesh-like structure
can be described as an inductive filter and acts as a low-pass filter
(letting through signal with lower wavelength, i.e. higher frequencies).

As depicted in the literature [4–9], the dimension of the structures
is a crucial parameter to achieve optimal selectivity. High transmission
in the visible range was demonstrated by structuring silver films into
coaxial aperture arrays with a periodicity between 300 and 500 nm. It
was also shown that nanohole arrays with a periodicity of 260 nm [10],
300 nm [11] and 600 nm [12,13] in metal films exhibit extraordinary
optical transmission. The same physical principles were applied for
transmission enhancement of microwaves through periodic slit arrays
in metallic films and showed similar results [3,14,15]. Most of the
above-mentioned scientific works focus mostly on bio-detection and
sensor application. This work will focus on a finite-difference time-
domain (FDTD) simulation to investigate the optimal dimensions of
vailable online 14 June 2024
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Table 1
Optical properties of single, double and triple glazing taken from AGC online configu-
rator [16]. For each glazing, the panes consist of a clear-white 4 mm thick float glass
and the air gap distance is always 14 mm filled with air. It is compared to the insulated
glazing unit with one (or two for triple glazing) iplus 1.0 low-e coating.

Single Double Triple glazing

– Low-e – Low-e – Low-e

𝑇𝑣 0.9 0.84 0.82 0.77 0.75 0.65
SHGC 0.88 0.56 0.8 0.51 0.73 0.41
U-Value [W/(m2 K)] 5.8 3.2 2.8 1.4 1.8 0.8

Fig. 1. Transmission and reflection spectra of an ideal solar gain coating. The solar
irradiance is transmitted to the building and the radiation from a blackbody at room
temperature is reflected to keep the heat inside the room. Both, the global solar
irradiance at 1.5 AM and the blackbody radiation are normalized between 0 and 1
and expressed in arbitrary units (a.u.) as reference.

an FSS structure for an application as selective coatings in buildings.
First, the theory and structural model used for the FDTD simulation
are presented. Its accuracy is then validated by comparing it to the
literature. Finally, various design parameters are optimized and an
optimal structured coating for high selectivity is presented. To the best
of our knowledge, this is the first time that 2D array structures have
been optimized to achieve high transmission in the visible spectrum
and strong reflectance in the NIR spectrum for building applications.

2. Materials and methods

2.1. Finite-difference time-domain FDTD

To predict the amount of light that is passing through an object, it
is needed to understand the interaction between light and matter. This
can be achieved by solving Maxwell’s equations for EM waves. The four
Maxwell’s equations are shown as a schematic drawing in Fig. 2 and are
shortly explained below:

(1) Gauss’ law: the divergence of an electric field is proportional to
the local density of charge 𝜌.

(2) Gauss’ magnetism Law: The divergence of the magnetic flux
density is equal to zero, meaning that magnetic monopoles do not
exist.

(3) Faraday’s Law: a time-varying magnetic field induces a spatially
varying electric field.

(4) Ampère’s law (with Maxwell’s addition): a variation in time of
an electric field or a flowing electric current J will induce a
rotational magnetic field.

For isotropic media, the relationship between the electric displace-
ment field D and the electric field E or the magnetic flux density B and
the magnetic field H are given as follows:

𝐷 = 𝜖 ⋅ 𝐸 = 𝜖𝑟 ⋅ 𝜖0 ⋅ 𝐸 (1)

𝐵 = 𝜇 ⋅𝐻 = 𝜇 ⋅ 𝜇 ⋅𝐻 (2)
2

𝑟 0
Fig. 2. Illustration of Maxwell’s equation in differential form: (1) Gauss’ Law, (2)
Gauss’ Magnetism Law, (3) Faraday’s Law and (4) Ampere’s Law.

Fig. 3. Visualization of the Yee cell and leapfrog time-stepping for (a) TM𝑧 and (b)
TE𝑧-mode. A unit cell of 𝛥𝑥 by 𝛥𝑦 is called a Yee cell. The E𝑧 components are calculated
at a distance 𝛥𝑥 and 𝛥𝑦, the H components are located in the middle of the cell (in
between the E components).

With 𝜖 being the permittivity (𝜖0, 𝜖𝑟 the vacuum and relative per-
mittivity) and 𝜇 the permeability (𝜇0, 𝜇𝑟 the vacuum and relative
permeability).

Maxwell’s equations can be solved numerically using FDTD method.
This numerical analysis provides a full-wave solution without any phys-
ical approximation and is often used for the simulation of nano-scale
optical devices such as nano-patterned metallic films for transparent
electrodes [17–19]. As shown in Fig. 3, FDTD (also called Yee’s method)
consists of using a finite number of grid cells to solve Maxwell’s
differential equations by approximating derivatives with finite differ-
ences. In 2D, these equations can be expressed by the time and spatial
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Fig. 4. (a) Schematic cross-section and (b) top view of a structured coating with w
eing the width of one line, t the thickness and p the periodicity of one unit cell.

istribution of the E and H field in the corresponding radiation modes
M𝑧 and TE𝑧:
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In TM𝑧-mode (see Fig. 3a), the vertical electric field E𝑧 at 𝑡 = (𝑛 +
1∕2)𝛥𝑡 is calculated from the spatial distributions of H-field (H𝑥 and H𝑦)
at 𝑡 = 𝑛𝛥𝑡 and the initial value of E𝑧 at 𝑡 = (𝑛−1∕2)𝛥𝑡. This is depicted by
Maxwell’s third law shown in Eq. (3). In the next time step (𝑡 = 2𝑛𝛥𝑡),
the H-field is determined from the spatial distribution of E𝑧 and H𝑥,𝑦
in the previous time step (Eq. (4)). This finite time-stepping process
(leapfrog time-stepping) is repeated as the simulated EM wave travels
as a wave package through the structures. An analogous process is
carried out for the TE𝑧-mode presented in Fig. 3b where the simulation
starts with a vertical magnetic field H𝑧.

2.2. Numerical simulation

The optical response in transmission and reflection are simulated
on a specially designed High-Performance Computer (32 cores, 256 GB
of RAM and high-end 11.2 TFLOPS graphic card (NVIDIA Quadro
RTX 5000)) using a commercial software package from ANSYS Lumer-
ical [20]. The general design of the structured coating is presented
in Fig. 4, where 𝑝 stands for the periodicity of the structure, 𝑤 the
width of the lines and 𝑡 the thickness of the coating. The 3D design
of the simulation (Supp. S1) consists of a glass substrate (with a fixed
refractive index of 1.52) combined with a thin film of silver with n
and k values taken from the literature [21]. An xy-normal incidence
plan-wave source is placed above the structure facing downwards to
the 𝑧-direction (purple arrow). The light is polarized in the 𝑥-direction
depicting the Transverse electric (TE) mode. Two monitors are placed;
one inside the substrate (transmittance) and one behind the source
(reflectance). The structured coating is designed as a unit cell combined
with periodic boundary conditions in 𝑥 and 𝑦 directions to simulate
an infinite array of openings. The simulated region is described by the
orange box and is composed of perfectly matched layers (PML) at the
top and bottom which absorb the EM waves propagating out of the box.
3

Since the FDTD method solves Maxwell’s equations with no approx-
imations, the possible sources of error come only from the numerical
error due to the discretization of space and time, the use of artificial
PML absorbing boundaries, and the error in the broadband material fit.
In this simulation, a mesh size of one-third of the thickness is chosen
for high-accuracy simulation of the conductive film. The PML layer is
placed far away from the structure and additional absorbing layers are
added to reduce possible errors. Finally, the simulation is divided into
two wavelength ranges (250–1000 nm and 1000 nm–20000 nm) to
improve the fit of the material n and k coefficients.

Optical values, 𝑇𝑣 (visible transmittance) and 𝑇𝑒 (solar transmit-
tance), are calculated based on Eqs. (7) and (8) [22,23].

𝑇𝑣 =
∑780 nm

𝜆=380 nm 𝐷𝜆𝑇 (𝜆)𝑉 (𝜆)𝛥𝜆
∑780 nm

𝜆=380 nm 𝐷𝜆𝑉 (𝜆)𝛥𝜆
(7)

where 𝐷𝜆 is the relative spectral distribution of CIE Standard illumi-
nant D65, 𝑇 (𝜆) the spectral transmittance, 𝑉 (𝜆) the spectral luminous
efficiency for photopic vision and 𝛥𝜆 the wavelength interval (in nm).

𝑇𝑒 =
∑2500 nm

𝜆=380 nm 𝑆𝜆𝑇 (𝜆)𝛥𝜆
∑2500 nm

𝜆=380 nm 𝑆𝜆𝛥𝜆
(8)

where 𝑆𝜆 is the relative spectral distribution of the global solar radia-
tion AM 1.5 (ASTM G173).

The absorptance can be determined using the conservation law, say-
ing that the addition of the transmittance, reflectance and absorptance
is equal to 1. Finally, the emissivity at 300 K is calculated using Eq. (9).

𝜖 =

∑2.5 μm
𝜆=50 μm 𝐵𝐵300 K𝐴(𝜆)𝛥𝜆
∑2.5 μm

𝜆=50 μm 𝐵𝐵300 K𝛥𝜆
(9)

with 𝐵𝐵300 K being the distribution of a black body radiation at 300 K
nd 𝐴(𝜆) = 1 − 𝑇 (𝜆) − 𝑅(𝜆).

. Results & discussion

.1. Validation numerical model

The model is first compared with findings based on the light/matter
nteraction of gold nanohole array as a function of nanohole diameter
resented by Q. Tong et al. [24]. As shown in Fig. 5a and b, the side-
y-side comparison of the transmittance gives reliable confidence in
he model and the simulation code. The gap in peak transmittance for
ll dimensions can be explained by the different n and k values used
or the materials. In the case of dℎ𝑜𝑙𝑒 = 500 and especially 300 nm,
he resonance peaks differ more significantly. This might be explained
y the precision of each model: the diffraction effects depend greatly
n the mesh size, which in our model was set to 10 nm, but was not
entioned in Q. Tong et al. work. This parameter could explain the
iscrepancy between the two results for dℎ𝑜𝑙𝑒 = 300. Moreover, small

waves appear in the curves (especially visible for dℎ𝑜𝑙𝑒 = 900 nm)
which may be produced by interference at the boundaries of the unit
cell or due to internal reflections within the thick glass layer. Overall,
these results confirm that the model created in the simulation software
closely describes the behavior of light/matter interaction on structured
thin film material.

3.2. Optimization solar radiation vs emissivity

3.2.1. Perfect electrical conductor
A model is first created with a single layer of a perfect electrical

conductor (PEC) (infinite electrical conductivity) based on squared
geometry presented in Fig. 4. The aim is to investigate the impact
on the transmittance of each dimension of the design presented in
Fig. 4 (linewidth, thickness and periodicity) in a theoretical approach.

Fig. 6a shows the resulting transmittance when the linewidth 𝑤 is
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Fig. 5. Simulated transmission spectra of Au nanoholes array as a function of nano-hole diameter. Where (a) describes the results from this work and (b) simulations based on
an article by Q. Tong et al. [24]. The periodicity of the structure is 1000 nm.
varied while the periodicity and thickness are kept constant. As 𝑤
increases the size of the opening in the mesh diminishes which leads to
a reduction in transmittance. The most interesting aspect of this graph
is the transmission maximum located around 2,000 nm: for a linewidth
of 100 and 200 nm, the peak is first located at exactly 2,000 nm which
corresponds to the periodicity of the unit cell. Then, it moves to higher
wavelengths as 𝑤 increases. The 100% transmittance peak is similar
to an absentee layer found in thin film interference and metamaterial
cloaking [25–27]. For w = 100 nm, high transmittance peaks can also
be seen in the visible spectrum, possibly due to the resonance effect.

Larger openings allow higher transmittance, however, the band
selectivity is wider. In contrast, smaller openings allow for fewer trans-
mission resonance modes, resulting in sharper peaks and a decrease
in the transmission coefficients for wavelengths below the size of the
periodicity. When 𝑤 reaches 1’500 nm, the transmittance falls under
20% meaning that the opening might not be large enough for the suc-
cessful transmission of light. Fig. 6b presents the influence of the film
thickness on the transmittance. All designs exhibit a strong maximum
at 100% of transmittance around 2,000 nm. As the thickness increases,
this maximum shifts to higher wavelengths and the transmittance cutoff
in the NIR spectrum is more pronounced.

Lastly, the periodicity is varied while the 𝑝∕𝑤 ratio is kept at 2.5.
The resulting transmittance is shown in Fig. 7. Interestingly, the shape
of the curves stays constant throughout all variations. As the periodicity
(and hence the linewidth) decreases, the maximum of the peak is blue-
shifted. This striking observation means that the transmittance peak
could potentially be tuned by modifying the dimension of the structure
to achieve high transmittance in visible light and strong reflectance in
the NIR. This effect is further investigated in the next section.

3.2.2. Silver squared nanohole array
The final design examined consists of a structured thin Silver film

placed on a glass substrate. In this approach, the linewidth-to-thickness
ratio is kept at a maximum of 1:1 to comply with manufacturing limi-
tations. Fig. 8 presents the transmittance, reflectance and absorptance
spectrum of a 10 nm silver coating and agrees with values reported in
the literature [28,29]. The graph can be divided into three parts:

(i) below 322 nm the refractive index is high, meaning that a strong
reflection occurs

(ii) around 322 nm, both n and k coefficients are low and the trans-
mittance depends on the skin depth: for an ultra-thin silver film
(10 nm) the thickness of the coating lies below the skin depth,
meaning that part of the electromagnetic field will propagate
through the metal film.
4

Fig. 6. Transmittance spectra of a structured PEC mesh with a square geometry and a
constant periodicity p = 2000 nm. (a) the linewidth w is varied from 100 to 1500 nm
(t = 35 nm) and (b) the thickness t is swept between 10 and 500 nm (w = 500 nm).

(iii) above the plasma oscillation (natural frequency of oscillation
within the metal at which free electrons and positive ions may
be thought of as plasma) which, for Ag, is located at 322 nm
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Fig. 7. Transmittance spectra of a structured PEC mesh with a ratio 𝑝∕𝑤 = 2.5 kept
constant and a thickness of 35 nm. 𝑝 is varied and 𝑤 is adapted accordingly to keep
the fixed ratio. The transmission peak moves according to the periodicity.

Fig. 8. Transmittance, reflectance and absorptance spectra of a 10 nm Ag coating.

(3.85 eV) [30], the coefficient k is raising drastically leading to
an increase in reflection.

As shown in Fig. 9, two different thicknesses of ultrathin Ag film (10
and 50 nm) are compared to a squared nanohole array with a 50 nm
thick coating. Because of the larger thickness in the 50 nm thin film,
the transmittance is smaller and the cutoff above the plasma oscillation
is more defined.

The optimized nanohole array shown in blue has a periodicity,
linewidth and thickness of, respectively, 350, 50 and 50 nm. It can be
seen that the design exhibits high transmittance in the visible spectrum
which then significantly decreases in the MIR range. As mentioned
before, the periodicity of the array plays an important role in explaining
the transmission peak around 540 nm. Above this wavelength, the
EM waves become too large to be transmitted through the mesh-like
structure and are mostly reflected. This means that the MIR radiation
of a blackbody at room temperature (300K) is reflected, leading to a
low emissivity.

Full-wave simulations present the E-field distributions and help
understand the behavior of the light when the size of the structure and
the wavelengths become similar. Fig. 10 shows the E-field distribution
at wavelengths of 363 and 540 nm. At 363 nm, the light is strongly
attenuated with a dip in transmittance. It can be seen clearly in the
cross-section image (see Fig. 10c) where the electric field increases
to more than 13 V/m and shows strong resonance effects on the
surface of the film. These plasmon oscillations arise from the inter-
action of electromagnetic fields with conduction electrons in a metal,
propagating along its surface. These propagating surface plasmons,
termed surface plasmon polaritons (SPPs), can surpass the conventional
5

Table 2
Visible, solar transmittance and emissivity. The value for single glazing are taken from
AGC [16].

Design T𝑣[%] T𝑒[%] 𝜖[%] T𝑒/𝜖

10 nm Ag 65.8 53.2 3.5 15.2
50 nm Ag 2.9 3.1 1 3.1
Ag nanohole 91.1 78.7 4.7 16.7
Ag nanohole - 4% 87.1 74.7 4.7 15.9
Single glazing with low-e 84 54 ∼ 3.5 15.4

diffraction limit, influencing light propagation on a subwavelength
scale [31]. When periodic holes are introduced into a metal structure,
these SPPs enhance light transmission [32]. Additionally, localized sur-
face plasmon resonances (LSPRs) resulting from individual resonances
of plasmonic nanoparticles or apertures contribute to the extraordinary
optical transmission (EOT) phenomenon [33]. As shown in Fig. 10b,
the coupling between SPPs and LSPRs leads to remarkable optical
behaviors, such as EOT [34–37]. The EOT behavior is highly dependent
on shapes, sizes, hole arrangements, and dielectrics [38,39], provid-
ing an opportunity to design innovative plasmonic nanostructures for
manipulating light at the nanoscale.

As presented in Table 2, the selective behavior of the nanohole array
results in excellent visible and solar transmittance while achieving low
emissivity at room temperature. As mentioned by A. Faist [40], a ratio
U-value/SHGC allows one to evaluate the thermal quality of glazing:
this quality improves when the ratio decreases. In the case of these
simulations, the factor 𝜖 plays an important role in the determination
of the U-value and T𝑒 of the SHGC. Hence, the ratio T𝑒/𝜖 should be as
high as possible to improve the thermal quality of a glazing.

It should be noted that the low-e coating used in the single glazing
consists of a silver thin film combined with additional anti-reflective
layer systems which increases the visible and solar transmittance.
Finally, to equally compare the low-e with the simulation an addi-
tional 4% reflection due to the second glass/air interface (which is
not simulated) should be subtracted from the transmittance. Overall,
the optimized design achieves an improved visible transmittance and
an increase of around 20% points in solar transmittance compared to
conventional low-e coating while maintaining low emissivity.

These findings could significantly reduce the heat energy needed in
the winter months by optimizing the passive usage of solar energy. The
understanding of selective structured coating is also crucial for different
applications such as solar cells and high-efficiency greenhouses.

4. Conclusion

The potential of improving the spectral selectivity of thin film
by 2D structuring has been investigated. A numerical model is used
to simulate the interaction of an incident beam of light on a thin
metal coating. The amount of light passing through the film is then
monitored by measuring the E-field distributions, which, in turn, gives
the transmittance. The model is first validated by comparing it to other
simulations found in the literature. It is then used to optimize the size of
a silver plasmonic square nanohole array to achieve high transmittance
in the visible range and strong reflectance in the MIR (low-e). It is found
that a mesh size of p = 350 and w = 50 nm gives outstanding properties
and represents a good candidate to achieve high solar heat gain in low-
e coatings. This study opens the pathway to the future production of
nano-structured samples using, for example, e-beam lithography in a
clean room to achieve the required definition in the nano-scale.
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Fig. 9. Transmittance spectra of two Ag coatings with thicknesses of 10 and 50 nm and a silver squared nanohole array film with 𝑝 = 350 nm, 𝑤 = 50 nm and 𝑡 = 50 nm.
The structured coating shows high transmittance in the visible range and decreases significantly in the MIR region. Both, the global solar irradiance at 1.5 AM and the blackbody
radiation are normalized between 0 and 1 and expressed in arbitrary units (a.u.) as reference.
Fig. 10. (a, b) Top-view and (c, d) cross-section of the electric field distribution in V/m through the mesh at a wavelength of 363 and 540 nm. The edges of the Ag structure
are drawn in white lines. The white crosses indicate the location of the monitors.
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