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In response to the urgent need for environmentally sustainable alternatives to combat climate change,
considerable attention has been directed towards the development of functional materials for energy
management. Among these, thermochromic-based smart windows have emerged as a significant area of
interest due to their ability to dynamically and passively regulate the amount of sunlight entering a building
while maintaining consistently high visible transmittance. Additionally, low thermal emissivity is crucial for
energy efficiency in cold climates. In this theoretical study, we numerically explore the application of silver
nanowire networks as a low infrared emissivity coating to enhance the performance of VO,-based
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thermochromic multilayer stacks. We propose a highly efficient thermochromic stack capable of achieving
a luminous transmittance of 79% and a solar modulation ability of 15.7%, while simultaneously exhibiting an
infrared emissivity as low as 8%. Via the addition of the Ag NW network, we show that it is also possible to
reduce the emissivity of VO, nanoparticle-based stacks up to 20% while keeping a FOM higher than 0.01,
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1 Introduction

In 2019, the heating and cooling of buildings accounted for
35% of humanity's net energy use." Windows constitute major
contributors to heat exchange between buildings and their
surroundings, motivating extensive research into improving
their energy performance. Amongst the several approaches
that have been explored to address energy losses through
buildings, smart windows have attracted significant attention
thanks to their ability to dynamically modulate light
transmission.> Central to the functionality of smart windows
are chromogenic materials, which exhibit dual transparency
states. These materials typically modify their transmittance
spectra based on external factors such as temperature
(thermochromics), voltage (electrochromics), or light
(photochromics). Thermochromic materials, in particular,
have garnered significant interest owing to their passive
thermal switching capabilities between opaque and
transparent states in the infrared (IR) part of the
electromagnetic spectrum. Vanadium dioxide (VO,), which
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which we show is not possible by using a Ag thin film alone.

presents a reversible thermally triggered first-order transition
from an insulating to a metallic crystalline structure, stands
out as the most prevalent and extensively studied
thermochromic material.>* Its transition is accompanied by a
significant shift in transmittance, primarily affecting the
near-infrared (NIR) part of the spectrum. While an ideal
smart window would maintain high visible light
transmittance (Tj,,) under any conditions, it would
simultaneously act as a spectrally selective filter, allowing the
NIR spectrum during cool periods to maximize passive solar
heating and blocking NIR transmission during warm periods.
VO, exhibits remarkable properties that align closely with this
ideal behavior. It simultaneously boasts high Tj,, and solar
modulation ability AT.o,>® but also presents the salient
advantage of possessing a relatively low (68 °C) and dopant-
adjustable (down to 32 °C) transition temperature (7.),”*
making it a prime candidate for the development of efficient
and versatile thermochromic smart windows. VO,-based
thermochromic stacks typically consist of multilayer film
stacks, with anti-reflection (AR) layers commonly incorporated
to mitigate reflectance in the visible spectrum.’*> While SiO,
and TiO, are amongst the most popular AR layers,"*"°
numerous others, including Si;N,,'® ZnO,"” Cr,0;,'® and
Ce0,,"” have been explored. Despite their varied
compositions, they share the common objective of smoothing
the refractive index gradient from air (z = 1) to VO, (z > 2 in
the visible range), a technique commonly referred to as

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4lf00234b&domain=pdf&date_stamp=2025-01-13
http://orcid.org/0000-0001-5037-9053
http://orcid.org/0009-0007-7171-5416
http://orcid.org/0000-0002-1340-734X
http://orcid.org/0000-0002-9929-3696
http://orcid.org/0000-0002-0142-1611
https://doi.org/10.1039/d4lf00234b
https://doi.org/10.1039/d4lf00234b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D4LF00234B
https://pubs.rsc.org/en/journals/journal/LF
https://pubs.rsc.org/en/journals/journal/LF?issueid=LF002001

Open Access Article. Published on 04 October 2024. Downloaded on 12/8/2025 12:21:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

optical impedance matching. Another well-known method to
enhance the thermochromic properties of VO,-based stacks
consists in substituting the VO, thin film layer with an
equivalent film of VO, nanoparticles (NPs) embedded in a
transparent polymer such as PET or PVP.*>?*" This idea was
first proposed by Li et al. in their seminal paper from 2010.>
Their theoretical and numerical prediction has been
extensively corroborated in the literature,>**>* with recent
results from Li et al demonstrating the aforementioned
simultaneous improvements in both Tju, (>90%) and ATy
(>10%).>°

Another important parameter to consider when designing
smart windows is their thermal emissivity £&.>” Minimizing ¢,
specifically within the long-wave infrared (LWIR) region, is
crucial as this part of the spectrum (2.5 pm < A < 20 um)
aligns with the black-body radiation of objects at typical
indoor temperatures. As a consequence, heat exchanges from
the inside of the building to the outside are kept to a
minimum, thereby maximizing the window's insulating
capacity and enhancing its potential for energy savings in
cold-climate regions. Low-emissivity coatings are commonly
achieved by using metallic thin films.?® These films offer a
balance - they are thin enough to maintain high visible
transmittance yet sufficiently thick to increase the infrared
reflectance, effectively lowering the emissivity. Several studies
have explored this approach for VO,-based thermochromic
stacks. Benkahoul et al. were pioneers in using metallic films
for emissivity control and discovered that the IR reflectance
of the stack depends on the substrate's properties.** While
vanadium dioxide (VO,) naturally exhibits increased
reflectance (and thus lower emissivity) in its metallic state on
transparent substrates such as glass, the opposite occurs
when deposited onto a metallic layer. This so-called positive
switching emissivity behavior, which is crucial for
applications in heat management®>*' and spacecraft thermal
control,>*** can be attributed to the Fabry-Pérot effect, which
is absent when VO, is in its dielectric state.*® Kang et al.
successfully used a thin platinum film to achieve ¢ as low as
45%,* while Baloukas et al. later demonstrated that adding a
thin layer film not only lowers the emissivity (with achieved ¢
= 10%) but can also enhance the solar modulation without
impacting the luminous transmittance."®

Concurrently, there has been a recent surge of interest in
the low emissivity (low-¢) characteristics of silver nanowire
(Ag NW) networks.***” These networks are commonly utilized
as transparent electrodes, showing excellent electro-optical
properties alongside the notable advantage of flexibility.
Additionally, they can be produced using cost-effective and
scalable techniques such as roll-to-roll coating®®*® and easily
coated with protective oxides such as ZnO or SnO, to
enhance their stability.">*" These advantages, combined with
their low-¢ properties, have prompted Zhao and colleagues to
propose a thermochromic stack comprising VO, on glass
coated with Ag NWs to reduce the emissivity’”> up to 0.6.
Despite pioneering this novel material combination, their
research did not concentrate on the thermochromic
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characterization of the stack or on the utilization of an
efficient and optimized stack. Furthermore, the potential of
VO, nanoparticle-based stacks was not explored.
Consequently, we believe that there is an opportunity to
improve upon their findings by investigating the addition of
a low-¢ Ag NW network deposited on top of a VO,-based
thermochromic stack.

In this research, we numerically explore the application of
Ag NW networks as low infrared emissivity coatings to
enhance the performance of VO,-based thermochromic
multilayer stacks. In the first section of this paper, we outline
and justify the chosen theoretical and numerical methods
used to simulate the stack's properties. We also introduce a
new figure of merit (FOM) for quantifying a stack's
thermochromic performance. Subsequently, we detail the
multi-layer thickness optimization process and quantify the
resulting properties, aiming to achieve a maximum FOM
stack with a target low-emissivity value. This optimization
procedure is performed for both VO, thin film-based and
nanoparticle-embedded-in-PET stacks, from here on referred
to as TF and NP stacks, respectively. Finally, we analyze the
impact of adding a Ag NW network on top of the stack,
quantifying its influence on the emissivity, Tiym, and AT,
elucidating the inherent trade-offs involved while providing a
tool for fabricating and designing smart windows with the
desired properties.

2 Methods

2.1 Investigated properties and FOM introduction

To characterize the optical (visible) transmittance of the
investigated stacks, we utilize the quantity T},y, which is a
property defined on the visible spectrum:
LT o0 "
) 780nm dA ’
=380nm

Tium =

where T represents the transmittance, and ¢ denotes the
specific eye sensitivity, expressed as a percentage.
Additionally, we introduce the concept of solar modulation
ability, describing the shift in solar power transmitted
through the window before and after the thermochromic
transition of VO,. Given that most of the solar spectrum
reaching the earth's surface lies in the visible-NIR spectrum,
we have

ATsol _ Tcold _ Thot

sol sol »
_ [t Tea (W (2)d2, (2)
o T ey ()

where ¥()) is the air mass (AM) 1.5 solar power spectrum,*?
and i € {cold, hot}.

In an ideal scenario, the goal is to optimize both T}, and
ATso1 simultaneously to achieve maximum visible
transparency and energy efficiency, respectively. However,
practical implementation reveals a well-established trade-off
between these factors, wherein an increase in one property
leads to a decrease in the other. Thus, a careful balance must
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be struck to identify the most favorable combination of Tj,m
and AT,. In order to identify the most-optimized set, the use
of a figure of merit (FOM) thus appears natural. Sol et al.
introduced the following FOM:"°

ATsol
ATsol,max

ATlum ) 2
ATlumtma.x '

FOM=<

While this FOM has its uses, we believe that it suffers from

two key limitations. Firstly, due to the normalization, FOM
values cannot be directly compared across different studies
as they are relative to the specific dataset on which they
were determined. Secondly, as the maximum values of Tj,m
and ATy, vary with each experiment, it is challenging to
determine which parameter holds greater importance,
hindering the design process for application-specific
properties. Additionally, the FOM's symmetry leads to
situations where distinct (Tjum, ATso1) Sets such as (100, 0),
(50, 50) and (0, 100), which denote contrasting conditions,
all yield the same FOM value, highlighting a limitation of
this approach. Consequently, we propose a new FOM
tailored to the specifics of thermochromic stacks. Drawing
inspiration from Haacke's work,** renowned in the field of
transparent metallic nanostructures, and recognizing the
need to maximize both Tj,, and ATs,, we aim to formulate
a FOM of the form FOM = ATy, X Thum, where n > 1. The
exponent n allows for prioritizing the value of Tj,,, over that
of ATy, justified by the observation that ideal
thermochromic stacks exhibit AT, of approximately 20%
with Ty, as high as 90%. As displayed in Fig. S1 (see the
ESIT), our analysis suggests that n should be set to 4 in
order to maximize the introduced FOM when ATy, exceeds
20% and Ty, surpasses 75%. Therefore, the quality of the
designed stacks in this paper will be quantified using the
following original FOM:

FOM = ATyo; X Thim. (3)

This  revised FOM  facilitates  application-oriented
optimization of the trade-off between T, and ATy, while
enabling absolute comparison across different research
papers, thereby enhancing its universal applicability in the
realm of thermochromics. Additionally, it simplifies
optimization problems to single-parameter scenarios and
facilitates the exploration of other parameters such as the
emissivity. This FOM will be used for the rest of the present
article.

The emissivity in the long-wave infrared (LWIR) region is

typically defined according to the following equation:
e a() o) “

20000nm ¢(/{) ds

J 2=2000nm

Here, @(1) represents the black-body radiance (considered in
this work at a temperature of 300 K), and ¢(4) is the spectral
emissivity. Based on Kirchhoff's law of radiation, &(4) can be
expressed as:
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) =a(l)=1-R(A) - T(A), (5)

where 1) denotes the spectral absorbance, R(4) is the
spectral reflectance, and T() is the spectral transmittance.

While eqn (4) and (5) allow for the calculation of the total
emissivity of multilayer stacks if their reflectance and
transmittance spectra are known, it is not directly applicable
when the stack is covered with nanowires (NWs) due to their
inherently strong anisotropy and unknown refractive indices
in the LWIR. Consequently, this method can only be used to
determine the emissivity of the NW-less stack.

To obtain the total emissivity of the NW-coated stack, we
thus employ the semi-empirical model developed by Hanauer
et al,” which aligns with experimental results from the
literature:*”*®

&= eig + (eAg + esup(1-7) + (nssub —eAg)Tnet)Z, (6)
where T, is the NW network's transmittance, e, is the
emissivity of a thin silver film (0.02)*” at room temperature
and &g, is the substrate's emissivity. The quantity # is an
empirical parameter that accounts for the enhanced
reflectance of the network due to the NWs' pentagonal shape
and is determined through fitting. The value of 7 was
determined (for given Ag NW dimensions of 65 nm and 6
pum, for their diameter and length, respectively) by Hanauer
to be 2.17.*> Given that 5 accounts for the enhanced
reflectance of the network, it is tightly bound to the geometry
of the nanowires themselves and not so much to the
substrate. As a consequence, we believe that it is a reasonable
hypothesis to consider that its deduced value remains valid
across all substrates, although, to the best of our knowledge,
an experimental verification of this is yet to be formally
performed. We note that in eqn (6), The is an indirect
measure of the network's density,’® thus indicating that
sparser networks exhibit higher emissivities (closer to that of
the substrate), and reciprocally (close to that of the silver thin
film).

2.2 Numerical simulations

To determine the reflectance R(1) and transmittance 7(1)
spectra of the examined stack, the transfer-matrix
method*®™" (TMM) was employed, utilizing the Python
implementation of the tmm package.”> This numerical
scheme is widely recognized in optics,”® particularly in the
field of anti-reflection coatings. It involves solving Fresnel's
equations at each interface within a given stack while
accounting for light absorption within the layers themselves.
The solutions provided by this model are analytically exact,
revealing interference patterns in the obtained spectra.
Experimental results, in contrast, lack these fringes due to
various coherence-disrupting factors inherent to real
materials, such as surface roughness and inhomogeneity.>*
To best reflect empirical results, incoherent simulations are
essential, focusing solely on the reflection, absorption and
transmission of the power densities at the interfaces without

© 2025 The Author(s). Published by the Royal Society of Chemistry
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considering the amplitudes of the light waves and,
consequently, their interferential effects. In this study,
partially incoherent simulations were performed: incoherent
calculations were applied to simulate light propagation in the
incoming and sorting air layers, as well as in the thick
substrate and PET-embedded NP layer, while coherent
simulations were used for the propagation in the other thin
films. Real and complex refractive indices (n and &£,
respectively) were retrieved from the literature to be used as
inputs to the simulations thanks to the WebPlotDigitizer
tool.>® In this work, the considered wavelength range spans
from 300 to 20000 nm, encompassing both the visible and
LWIR regions. Simulations were performed with a wavelength
step of 1 nm, with a normal incidence angle. Given that
literature data do not always align with this sampling
frequency, any missing values were linearly interpolated. A
summary of the data used for the simulations of the
investigated stacks (excluding those used for Fig. 1, whose
associated data are given in ESI} Table S1) is given in
Table 1.

The refractive indices for the NP layer were determined
analytically based on the values of the VO, thin film, utilizing
theoretical findings from Li et al.>®> Employing the effective
medium approach, they expressed the optical constants of
the NP-embedded layer as a function of the VO, thin film
and polymer matrix refractive indices, the shape of the NPs,
and the volume filling fraction f. Further elaboration on this

]
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o
L ° °
< .
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0.07} © B.Baloukas (2018) W. Jin (2023)
e C.Sol (2020) J. Zheng (2015)
0.06| e N.R. Mlyuka (2009) T. Chang (2017)
: e H. Koo (2013) S.-Y. Li (2010)
e T Chang (2018) Exp. = Sim.
= 0.05
(©)
[
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3
o
S 0.03
£
U 0.02¢ o
[ ] . J
0.01} >
0.00f  °
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Experimental FOM

Fig. 1 Simulated vs. experimental figure of merit (FOM) for different
multilayer stacks found and studied in the literature. The top of the
graph shows the difference between the simulated and experimentally
measured values of the FOM. As expected, most FOMs are
overestimated but are close to the ideal O line. Experimental data and
stack structures were obtained from Baloukas et al.,'® Sol et al,'°
Mlyuka et al,'* Koo et al.,'® Chang et al,*® Jin et al.,*” Zheng et al.,*®
Chang et al.,%” and Li et al.?? Baloukas et al. investigated two distinct
stacks, which were both simulated. Comprehensive refractive index
data sources and stack compositions can be found in ESIt Table S1.
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Table 1 Refractive index sources for the materials used in this work.

Multiple references were sometimes used to cover the whole investigated
wavelength spectra

Material Jrange (um)  Notes Ref.

VO, TF 0.3-2.5 — Mlyuka et al. (2009)°®
VO, TF 2.5-20 — Wan et al. (2019)*°

Ag TF 0.3-2.5 d>6nm  Zhao et al (2009)*°

Ag TF 2.5-20 — Ciesielski et al. (2017)°"
Fused Si0,  0.21-6.7 — Malitson (1965)°>
Fused Si0,  7-20 — Kitamura et al. (2007)*
Si0, TF 0.25-2 — Gao et al. (2012)**

Sio, TF 2-5 — Kischkat et al. (2012)*°
SiO, TF 5-20 — Herguedas et al. (2023)°°
TiO, 0.12-20 — Siefke et al. (2016)%”
PET 0.4-2 — Zhang et al. (2020)°®
PET 2-20 — Zhang et al. (2020)%°

approach and its use in this work can be found in the ESL}
To ensure a fair comparison between TF-based and NP-based
stacks, when dealing with a NP layer, we chose to simulate
an equivalent amount of VO, in each stack. Consequently,
the thickness of the NP stacks is 1/f times higher than that of
the equivalent thin film, maintaining an equal total VO,
quantity. In the rest of this work, we express the NP VO,
layer's thickness as its equivalent thickness, such that a PET-
embedded NP layer of d nm has an equivalent thickness of d
x f. In this work, we considered spherical nanoparticles with
a filling factor f = 0.01, which yields the highest
thermochromic properties according to the results of Li et al.

To validate our numerical approach, we conducted
simulations on multilayer stacks sourced from the existing
experimental literature and compared our simulated results
with those of the same stacks. The results of these
comparisons are depicted in Fig. 1. In most instances, the
similarity between our simulated data and experimental
findings is striking, with negligible differences in the FOM
for the majority of data points. However, certain results,
particularly those from Baloukas et al,'® deviate more from
the ideal ‘x =y’ line. We attribute this variance to disparities
in the quality of the deposited VO, thin films with those
utilized to determine the refractive indices used in our study.
In general, variations in layer deposition quality and surface
roughness can lead to experimental data rather different
from the ideal simulated scenarios, especially evident in the
upper segment of the graph where simulations tend to
overestimate the FOM. This discrepancy is expected given the
idealized conditions assumed in simulations. Nevertheless,
these results confirm the suitability of transfer matrix
method (TMM)-based numerical simulations for analyzing
multilayer stacks in thermochromic applications. It is
noteworthy that these validation results extend beyond our
current study to encompass previous'®’®”? and forthcoming
simulation endeavors from the literature, thus explicitly
confirming the validity of the TMM approach to simulate
thermochromic stacks and properties.

Additionally and as previously mentioned, the influence of
the Ag NW network on the stack's optical properties cannot
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be computed via the TMM due to its highly anisotropic
character. However, this limitation is not problematic
because the nature of the NW network does not give rise to
interference patterns, and the interface between the network
and the underlying substrate thus plays a minimal role in the
resulting optical behavior. Therefore, it is reasonable to
assume that the transmittance of the Ag NW coated-stack
equals the product of the transmittance values for the bare
stack and the Ag NW network. Furthermore, as demonstrated
by Atkinson et al,’* the transmittance of Ag NW networks
remains relatively constant across the wavelength range of
300 nm to 2500 nm, provided that the NW diameter is
sufficiently large (>120 nm). Consequently, as a first
approximation, we can assume a constant value for the
network's transmittance T,.. and write the T,, and ATy
values of a stack covered with a NW network as:

Tlum = Ihet X Tlum,substrate (7)

ATsol = Tnet X ATsol,substrate (8)

3 Results and discussion
3.1 Ag as a low-emissivity add-on

As detailed in section 1, our initial investigation focused on
assessing the implications of incorporating a silver thin film
beneath the VO, layer, both within a thin film and a PET-
embedded NP matrix. As depicted in Fig. 2(a), the behavior
of the Ag layer aligns with findings from the existing
literature when utilized alongside the thin film."® For thin

0.010
0.008

0.006 =

View Article Online
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VO, layers, the addition of silver notably enhances the FOM,
increasing from 0.004 to >0.01 for a 7 nm Ag silver thin film.
This enhancement in thermochromic properties stems from
the augmented AT, facilitated by the Ag layer, which does
not lead to a decrease in visible transmittance for the
relatively low Ag thicknesses investigated in this study but
does make the interface with the VO, layer more sensitive to
its metallic/insulating switching, as shown by Baloukas
et al.*® and detailed in section S4 of the ESL} However, it is
noteworthy that simulations conducted for Ag thicknesses
ranging from 1 to 5 nm (inclusive) may overestimate the
actual FOM. This is attributed to the rapid increase in both
real and complex refractive indices of silver below 7 nm,”
resulting in heightened absorbance and reflectance of the Ag
layer, consequently diminishing the overall thermochromic
properties of the stack. Moreover, due to the well-known
Volmer-Weber growth mode of the Ag layer,”® depositing
such ultra-thin layers of silver poses significant experimental
challenges. Consequently, results for Ag thicknesses in the 1-
5 nm range should be disregarded in this investigation. The
same argument applies to the NP stack.

As shown in Fig. 2(a), the optimal VO, thickness in terms
of FOM for the TF stack was determined to be 30 nm, the
lowest simulated thickness in this work due to the known
degradation of the solar modulation for very thin VO, films.””
Given the design of the introduced FOM to be maximal for
(Trum, ATso1) = (75%, 20%), a 30 nm thick layer is found to be
sufficient to achieve the required ATy,. Notably and as
expected, increasing the VO, thickness leads to a rise in AT
at the expense of decreasing Tj,m, and vice versa. In contrast
to the TF stack and as displayed in Fig. 2(c), the addition of

Ag thickness (nm)
e 6 9

e 7 o 10

8 e 11

50
VO, thickness (nm)

0.004

Ag thickness (nm)

0.002

% 40 50 60 70 80
VO, thickness (nm)

90

100

Emissivity

Emissivity

00 0.002

0.004  0.006

FOM

0.008 0.010 0.012

50 60
VO, thickness (nm)

Ag thickness (nm)

030 40 50 60 70 80
VO, thickness (nm)

Emissivity

0.30

Ag thickness (nm)
e 6 9
e 7 e 10

0.005 0.010

0.015 0.020 0.025 0.030 0.035 0.040
FOM

Fig. 2 Summary of the parameter space investigation results for a VO,/Ag/fused-SiO, stack. (a) and (c) FOM heatmap and isocontour maps for
the stack with different combinations of Ag and VO, thicknesses for the thin film (TF) and NP stacks, respectively. For the TF stack, the highest
obtained FOM corresponds to Ag and VO, thicknesses of 7 nm and 30 nm, respectively. In the NP stack, the highest FOM is obtained with Ag and
equivalent VO, thicknesses of 6 nm and 50 (5500 real) nm, respectively. (b) and (d) Emissivity ¢ heatmaps and isocontour maps for the stack with
different combinations of Ag and VO, thicknesses for the thin film (TF) and NP stacks, respectively. (e) and (f) Emissivity of the stack as a function

of its FOM for different Ag thicknesses.
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silver to NP stacks results in a unidirectional reduction of the
FOM. Accordingly, the optimal Ag thickness for the NP stack
is determined to be 0 nm when its FOM is the sole
consideration. This divergent behavior from the TF stack is
attributed to the considerably larger thickness of the NP
layer, inducing an incoherent behavior of light propagation
within the material, thereby nullifying the positive
interferential effect at the VO,/Ag interface. Consequently,
increasing the VO, layer's thickness in the NP layer only
amplifies its absorbance, thereby deteriorating both Tj,,,, and
ATy, effectively decreasing the FOM value. The optimal FOM
was achieved for a 55 nm equivalent thickness layer (5.5 pm
of polymer-embedded matrix), underscoring the necessity for
an additional VO, material in embedded NPs to attain
similar AT, to those of the thin film case. In addition to
FOM optimization, Fig. 2(b) and (d) illustrate the impact of
the Ag film on the stacks' emissivities when VO, is in its
insulating state. It is also noteworthy that the addition of
silver leads to a direct reversal of the emissivity switching
sign in the TF stack, transitioning from emer < &ins (defined
as the emissivity of the stack when VO, is in the metallic and
insulating state, respectively) for the Ag-less stack to Ae = et
- ¢&ins > 0 when silver is added. Additionally, increasing the
Ag layer's thickness results in the expected gradual decrease
in emissivity, attributed to the enhanced reflectance of the
stack in the IR domain with increasing Ag thickness.
Considering the impact of the VO, thickness, in the case of
the TF-based stack, increasing the VO, thickness has a
minimal impact on the emissivity. In the case of the NP-
based stack, given that the real thicknesses involved are
larger, increasing the VO, equivalent thickness leads to a
non-negligible enhancement of the absorption in VO,, thus
increasing the total emissivity. Based on these findings, it
becomes evident that an optimal balance must be struck
between the stack's emissivity and its FOM. In
Fig. 2(e) and (f), we illustrate the variation of the emissivity
for both TF and NP stacks as a function of their FOMs. The
outcomes reveal distinct patterns that mirror the expression
of the FOM. Notably, the behaviors of the NP and TF stacks
differ significantly. For NPs, at a given Ag thickness, the FOM
remains relatively stable, while the emissivity can nearly
double by adjusting the VO, thickness. The observed
decreases in ¢ stem from the well-known increase in
reflectance of increasingly thick metallic thin films, which is
attributed to the destructive interferences occurring between
the light waves reflected at the first and second interfaces of
the film.”>”®7° With thicker layers, this interference starts to
play a more negligible role, and the entirety of the light will
eventually be reflected, thus leading towards lower emissivity
values. Consequently, a tradeoff does exist between ¢ and the
FOM in the case of NPs. Since our primary objective in this
initial section is to maximize the FOM (with emissivity
modulation primarily achieved by adding Ag NWs), we
selected a Ag thickness of 7 nm for the NP stack. Conversely,
in the TF stacks, it is apparent that the associated
emissivities are considerably lower than those of the NP

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stack, albeit at the expense of a reduced FOM. Nevertheless,
it's noticeable that for a given Ag thickness, it is the
emissivity that remains consistently low, while the FOM
exhibits more significant variation. This corresponds to the
relatively monotonic increase in emissivity for any given VO,
thickness with the Ag thickness, as illustrated in the graph
(Fig. 2(b)). Using the same rationale as that for the NP stacks,
a Ag layer of 6 nm was deemed optimal.

3.2 Antireflection layers and optical impedance matching

After identifying the VO, and Ag thicknesses that reach an
optimum in FOM and emissivity values, we have studied the
subsequent impact of the addition of double SiO,-TiO, layers
onto the previously optimized VO,/Ag/fused-SiO, stack. The
results of these layers' addition are displayed in Fig. 3. In
both cases, the FOM is largely increased from the no-AR case,
as also evidenced in Table 2. For the thin films, an optimum
in FOM was found at (100, 40) nm for the SiO, and TiO,
thicknesses, respectively. This optimum resonates with
findings from the literature.'® Similarly, an optimum of (120,
20) nm was found for the NP-based stack. The pattern
displayed in Fig. 3(a) and (c) for the FOM in terms of TiO,
and SiO, thicknesses is typical for the use of these two
materials and emerges because of the interference between
the two layers. It is also worth noting that the impact of the
addition of those two layers on the emissivity is limited, such
that the (minimum, maximum) ¢ pairs for the SiO,/TiO,
coated stacks are (0.07, 0.09) and (0.45, 0.48) for the TF and
NP stacks, respectively. The observed modest increase in ¢ is
attributed to the increased absorbance of the stack due to the
presence of the AR layers. The resulting transmittance and
emissivity spectra of the stacks with optimal layer thicknesses
are depicted in Fig. 3(b) and (d), with the AM1.5 spectrum
provided as a reference. Notably, a more pronounced
difference between the metallic and insulating transmittance
spectra is observed in the case of NPs compared to TF,
leading to a higher ATj,. Conversely, in terms of emissivity, a
greater difference between the two states is noted for TF
compared to NP stacks, albeit with positive emissivity
switching in the TF stack, as anticipated and desired due to
the presence of the Ag layer. Peaks in emissivity at 7500 and
10000 nm for the TF spectrum are attributed to the fused
SiO, substrate itself, with refractive indices varying in the
LWIR part of the spectrum. Similarly, the seemingly chaotic
appearance of the emissivity spectrum for NPs is
predominantly influenced by the transmittance and
reflectance spectra of the PET itself, as evidenced in Fig. S3
of the ESL}

3.3 Ag NWs and emissivity reduction

This study also aimed to explore and quantify the impact of
adding a top Ag nanowire (NW) network as a low-emissivity
coating to the stack. As outlined in eqn (7) and (8),
incorporating this Ag NW network is expected to alter the
thermochromic properties of the stack, affecting its FOM, but
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Fig. 3 Results associated with the SiO,/TiO,/VO,/Ag/TiO,/SiO, stack. (a) and (c) Heatmaps and isocontour maps of the FOM for different SiO, and
TiO, thicknesses for the TF and NP stacks, respectively. (b) and (d) Metallic and insulating transmittance and emissivity spectra in their respective
relevant wavelength regions for the thin film and nanoparticle stacks, respectively. The AM1.5 solar spectrum, in W m™ nm™?, and the black-body

radiation at 300 K are provided for reference.

Table 2 Summary of the obtained results for the different stack structures investigated in this work

StaCk 1ayerS [nm]/fused Si02 [1 mm] Tlum,ins (O/D) Tlum,met (OA)) Tsol,ins ((%) Tsol,met (OAJ) ATsol (OA)) €ins FOM
VO, [30] 49.16 50.91 55.91 49.12 6.79 0.78 0.004
VO, NPs + PET [4500] 77.97 68.51 77.29 57.69 19.6 0.83 0.07
VO, [30]/Ag [7] 54.18 53.17 53.75 41.21 12.54 0.07 0.01
VO, NPs + PET [4500]/Ag [6] 70.4 61.8 60.41 45.88 14.53 0.45 0.04
AR [100 + 40]/VO, TF [30 nm]/Ag [7]/AR [40 + 100] 79.37 73.31 69.78 58.72 11.06 0.08 0.04
AR [120 + 20]/VO, NPs + PET [4500]/Ag [6]/AR [20 + 120] 78.93 69.34 65.32 49.58 15.74 0.49 0.06
Ag NWs [Ts50 = 70%]/VO, NPs + PET [4500]/Ag [6]/AR [20 + 120]  55.23 48.54 45.72 34.7 11.1 0.2  0.01

also enabling reaching lower & in the insulating state,
rendering the stack suitable for use in cold-climate regions.
It is noteworthy that the following investigation and results
can be applied to any multilayer stack, and the stack chosen
for this study was selected solely for the purpose of
maximizing the FOM.

Our primary objective is to decrease the thermal
emissivity while maintaining a high FOM. Hence, it is
relevant to compare the results obtained in terms of
emissivity adjustment through Ag NW network deposition
versus those that could be obtained by increasing the
thickness of the existing thin Ag layer. Increasing the Ag
layer thickness will lead to suboptimal FOMs, similarly to
the addition of the NW network. Therefore, a comparative
analysis of both effects is necessary to determine the
most advantageous approach. Fig. 4 illustrates the
emissivity evolution of the whole stack as a function of
its FOM, for both stacks with and without a Ag NW
network.

100 | RSC Appl. Interfaces, 2025, 2, 94-103

Two distinct behaviors are observed. For NPs, thickening
the Ag layer gradually decreases the emissivity with the FOM.
This reduction is slower than that achieved by adding a Ag
NW network, which, for a given FOM, results in lower-
emissivity stacks compared to those with a thicker Ag layer
but without NWs. Thus, incorporating a Ag NW network is
advantageous in terms of emissivity reduction compared to
simply increasing the thickness of the Ag layer, enabling the
stack to achieve previously unattainable emissivities as low as
20% with FOM > 0.01. Conversely, the behavior of the TF
stack offers less potential for utilizing an Ag NW network as
a low emissivity add-on. Although it is possible to reduce the
emissivity with dense Ag NW networks, achieving ¢ lower
than those attainable with just a thicker Ag layer (¢ < 5%)
requires FOMs lower than 0.01, making the network's use
less advantageous. These distinct behaviors can be explained
by noting that eqn (6) predicts that the relative variation of
emissivity of the stack is high for elevated substrate's
emissivities, but tends towards 0 for low (<0.1) emissivities,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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such that the variation observed for the NP stack is greater
than that for the TF stack. More details on this mechanism
can be found in section S6 of the ESL}

4 Conclusions

In the present study, we conducted a comprehensive
numerical analysis to assess the influence of incorporating a
silver nanowire (Ag NW) network as a low-emissivity coating
on VO,-based thermochromic stacks. First, a novel figure of
merit, defined as AT,y X Tium, Was proposed and utilized to
identify an optimally performing thermochromic stack.
Furthermore, our results and the exhaustive use of data from
the literature also validated the numerical approach as valid
when dealing with the modelling of thermochromic systems
and properties. Next, we studied the integration of a thin
silver layer aimed at reducing emissivity, coupled with
antireflection layers SiO, and TiO, employed to enhance the
FOM. This investigation was conducted concurrently for both
a VO, thin film and a VO, nanoparticle-embedded PET
matrix, with subsequent comparative analysis, and showed
that it is theoretically possible to reach (Tjum, ATso) as high
as (79.4%, 11%) and (79%, 15.7%) for the TF and NP stacks,
respectively. Additionally, the impact of varying the thickness
of the Ag layer on the overall stack emissivity was quantified
and compared to the impact of the Ag NW network coating.
Our results show that while using a Ag NW network coating
on a thin film-based stack did not yield a superior
enhancement compared to the thicknening of the Ag thin
film, it notably amplified emissivity reduction with a minimal
effect on the final FOM for the nanoparticle-based system.
This enhancement enabled the stack to reach a 50% relative

reduction in emissivity, while maintaining luminous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transmittance above 50% and solar modulation beyond 8%.
The results of this research are not confined to the specific
stack under examination and hold relevance for a broader
range of thermochromic stack configurations.
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