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conductors and transparent heaters for 
the activation of thermochromism.[6,7] 
Low resistance and high transparency of 
TCEs are two essential prerequisites for 
a variety of applications, including the 
fabrication of smart windows.[8] Among 
various TCEs, highly transparent and 
conductive indium tin oxide (ITO) is 
most commonly employed; however, its 
highly brittle nature hinders its applica-
tion in flexible electronics and the scar-
city of indium results in high material 
cost.[9] The bending strain tolerance and 
mechanical flexibility of ITO/elastomeric 
substrates are inadequate because of the 
brittle nature of ITO, which renders flex-
ible ITO substrates impractical for real-life 
stretchable, foldable, or bendable opto-
electronics applications.[10] In addition, the 
relatively low thermal conductivity of ITO 
leads to longer response times for devices 
reliant on thermally activated transitions, 
such as thermochromic smart windows. 

Extensive research has therefore been devoted to ITO alterna-
tives including carbon-based TCEs such as graphene,[11] carbon 
nanotubes,[12] or conducting polymers,[13] and metal-based TCEs 
such as metal nanowires[14] or metal meshes.[15] Among these 
ITO alternatives, metal meshes, which are composed of peri-
odic micro- or nanostructured metal networks on a transparent 
substrate, have gained considerable attention as high perfor-
mance TCEs offering several advantages, including excellent 
mechanical flexibility, high conductivity, tunable transmittance, 
and low fabrication cost.[16,17] The current fabrication methods 
for these metal mesh films often involve low throughput, small-
scale fabrication techniques such as e-beam lithography, nano-
imprint lithography, photolithography, and laser writing, which 
are generally time-consuming and require substantial capital 
investment. Therefore, the nanosphere lithography method 
which involves a scalable, high throughput fabrication process 
of metal mesh films was introduced.[18]

Nanosphere lithography (NSL) enables rapid, low-cost fab-
rication of deep submicron metal nanomesh (NM) patterns 
via the self-assembled formation of a hexagonal close packed 
monolayer of spherical particles which serves as a patterning 
mask. It provides a scalable and high throughput lithography 
process which can be implemented for both rigid and flexible 
substrates.[19] Moreover, NSL enables precise control over the 

Smart windows are energy-efficient windows whose optical transparency 
can be switched between highly transparent and opaque states in response 
to incident solar illumination. Transparent and conductive metal nanomesh 
(NM) films are promising candidates for thermochromic smart windows 
due to their excellent thermal conductivity, high optical transparency at 
near infrared wavelengths, and outstanding stability. In this study, ZnO/
Au/Al2O3 NM films with periodicities of 200 and 370 nm are reported. The 
ZnO/Au/Al2O3 NM film with a 370 nm periodicity exhibits a transmittance 
over 90% at 550 nm and sheet resistance lower than 20 Ω sq−1. Based on a 
standard figure of merit, this structure outperforms current state-of-the-art 
NM films. Here, the integration of ZnO/Au/Al2O3 NM films into a thermo-
chromic perovskite smart window is also demonstrated. The transparency of 
the smart window structure is manipulated by transient resistive heating to 
trigger the thermochromic transition to the opaque state, which can be then 
maintained solely by 1-sun, AM 1.5 G illumination. This climate-adaptive, 
low power-activated, and fast-switching smart window structure opens new 
pathways toward its practical application in the real world.
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1. Introduction

Thermochromic smart windows are windows whose optical 
transparency changes reversibly from a transparent to an 
opaque state in response to heating, ideally by incident solar 
illumination.[1,2] Hybrid halide perovskites are promising can-
didates for thermochromic smart windows owing to their 
capability to undergo reversible color and phase transitions 
between low and high temperatures.[3,4] Recently, a new con-
cept for smart photovoltaic windows has been realized based 
on inorganic perovskite CsPbI3-xBrx thin films, which pos-
sess both photovoltaic and thermochromic features.[5] Trans-
parent conductive electrodes (TCEs) are a key component 
in thermochromic smart windows, serving as both electrical 
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patterned hole nanostructure dimension in a metal mesh with 
high uniformity over large areas, enabling their potential appli-
cation as high-performance transparent conductive electrodes. 
Recent advances in large-scale NSL methods based on roll-to-
roll Langmuir Blodgett technique[20,21] and micropropulsive 
injection (MPI) method have been reported.[22,23] The developed 
MPI method could successfully yield a highly ordered mono-
layer of polystyrene (PS) spheres on different rigid or flexible 
substrates over very large areas (m2).

One key concern for the development of metal mesh films 
in optoelectronic devices is their limited transmittance (less 
than ≈80%) due to the unavoidable opaque metal that covers a 
substantial part of the total area.[16] Another factor is the signifi-
cant trade-off between the transmittance and sheet resistance 
values of metal mesh films. To date, the current state-of-the-art 
metal mesh films with high device performance are based on 
metal mesh patterns with relatively large pitch size. Bley et al. 
have demonstrated a process to fabricate hierarchical micro/
nanohole arrays to create Au NM films consisting of regularly 
ordered large holes superimposed onto an array of smaller 
holes, resulting in transmittance (at 550 nm) and sheet resist-
ance values of 82% and 71.6 Ω sq−1, respectively with periodicity 
of 560 nm.[24] Qiu et al. have established trilayer NM films con-
sisting of TiO2/Au/TiO2 multilayers, yielding transmittance 
(at 550  nm) and resistance values of 88.4% and 30 Ω sq−1, 
respectively with periodicity of 650 nm.[25] In spite of these sig-
nificant advancements in device performance, the large pitch 
size in many metal mesh films (560 and 650 nm) could hinder 
their potential application in optoelectronic devices due to, for 
example, increased charge carrier recombination in photo-
voltaic devices with short minority carrier diffusion lengths and 
high haze factor values in touch panels, displays, and smart 
windows.[24] In such cases, highly conductive and transparent 
metal mesh films with smaller periodicity (less than ≈380 nm) 
are desirable.

For perovskite-based thermochromic smart window devices, 
a configuration based on a metal mesh transparent heater inte-
grated with a perovskite thermochromic layer is needed for the 
activation of thermochromism, which requires a relatively high 
transition temperature (>50 °C). Several studies have addressed 
the UV degradation of the perovskite layer which could lead to 
the release of volatile I2 and CH3NH3I (MAI) from perovskite 
structure.[26,27] Additionally, Shlenskaya et  al. discovered that 
the UV-induced precipitation of I2 and MAI would further 
form a new (MA)2Au2I6 phase in the perovskite film which is 
in direct contact with Au thin film.[28] Therefore, a thin, wide 
bandgap (3.2–3.4 eV) metal oxide material as a synergistic pro-
tective layer needs to be incorporated in between metal mesh 
and perovskite layers to improve the photo- and chemical-
stability of thermochromic smart window devices. Among the 
wide bandgap metal oxide materials, ZnO is considered as a 
promising UV protective layer for perovskite layer due to its 
suitable optical bandgap (3.28 eV) and photostability under UV 
light.[29,30] While TiO2 is another common UV blocking mate-
rial, its sensitivity to UV irradiation results in the formation of 
radical species which could be a potential degradation source 
for the perovskite material.[31,32]

In this study, we introduce a new class of dielectric/metal/
dielectric NM films based on ZnO/Au/Al2O3 with periodicities 

of 200  nm and 370  nm which are fabricated using NSL. For 
the metal mesh film design, an Au (15 nm) thin film is chosen 
as the electrode material due to its malleability and high elec-
trical conductivity. Thin layers of Al2O3 film (20 nm) and ZnO 
film (20 nm) are used as high refractive index dielectric layers 
to induce antireflective effect and suppress surface plasmons. 
We use relatively smaller metal mesh periodicities of 200 and 
370 nm as compared to previously reported trilayer NM films[25] 
to create a potential pathway to optoelectronic applications, 
such as smart windows, that often include nonsingle crystal 
semiconductors without sacrificing the overall device trans-
mittance and sheet resistance. As a result, the ZnO/Au/Al2O3 
NM film with a 370 nm periodicity exhibits transmittance over 
90% at 550  nm which is the highest reported value based on 
our knowledge for these types of dielectric/metal/dielectric 
structures, and a sheet resistance lower than 20 Ω sq−1. Thus, 
the overall device performance is superior to current state-of-
the-art NM films and qualifies to compete with ITO glasses. 
Moreover, we extended this work to fabricate thermochromic 
perovskite (TC-PVK) smart windows that operate by inducing a 
thermochromic transition from transparent to opaque state via 
electrical heating of ZnO/Au/Al2O3 at 50 °C, which can be then 
maintained solely by 1-sun AM 1.5G illumination.

2. Results and Discussion

2.1. Fabrication and Structural Characterization of ZnO/Au/
Al2O3 Nanomesh Films

ZnO/Au/Al2O3 NM films were prepared using the NSL method 
for patterning as illustrated schematically in Figure 1. Briefly, a 
self-assembled monolayer of PS nanospheres, either 200 nm or 
370 nm in diameter, was formed using sequential injection via 
a pipette tip of colloidal PS nanospheres to the air-water inter-
face of an aqueous reservoir, creating a hexagonal close packed 
monolayer on the water surface.[23] The self-assembled mono-
layer was then deposited onto a glass substrate by draining the 
reservoir and air-drying at room temperature overnight. After-
wards, the deposited PS nanospheres were partially etched by 
reactive ion etching (RIE) using an O2 plasma process to reduce 
the diameter of PS spheres by approximately 20–40%. It has 
been reported that the etching rate and reactive gas composi-
tion influence the anisotropic shape and surface morphology 
of the PS nanosphere masks,[33] and etch conditions were opti-
mized to create a spherical PS mask while reducing the sphere 
diameter. Next, 20  nm of Al2O3 and then 15  nm of Au were 
deposited on the nanosphere patterned surface using electron 
beam evaporation. The nanosphere masks were then lifted-off 
in order to form an Au/Al2O3 NM film. Finally, a ZnO sol-gel 
precursor was deposited onto the Au/Al2O3 NM film by spin 
coating and annealed at 200 °C for 30 min to create the final 
ZnO/Au/Al2O3 NM configuration.

For the creation of highly conductive and transparent metal 
mesh films, the two essential factors that need to be considered 
are the distance between adjacent etched spheres required to 
create a highly conductive periodic metal network and the size 
of the holes required to maximize the optical transparency, both 
of which are determined by the final etched sphere diameter.[33] 
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15 nm Au was determined to be the optimum thickness of the 
conductive Au film, as greater thickness would reduce transpar-
ency while a reduction in the Au thickness would result in metal 
discontinuity, as described by Volmer–Weber mechanism, and 
consequently large sheet resistances.[34] The total thickness of 
the deposited Au/Al2O3 (15 nm/20 nm) NM film was optimized 
based on our smallest 200 nm PS spherical mask size. When 
the total thickness is greater than 35 nm, the lift-off process is 
typically unsuccessful, which we attribute to a tendency for the 
etched PS spheres to be buried under these thicker layers of 
deposited material, making lift off process difficult. Figure 2a,b 
show typical scanning electron microscopy (SEM) images of 
the ZnO/Au/Al2O3 NM fabricated using 200 and 370 nm NSL, 
respectively. After the lift-off process, the corresponding aper-
ture diameters of 200 and 370 nm NSL ZnO/Au/Al2O3 NM 
films were determined from these SEM images, and decreased 

to 151 and 305  nm, respectively. Based on the SEM images, 
both periodicities (200 and 370 nm periodicity) exhibited highly 
ordered hexagonal nonclose packed NM patterns, confirming 
formation of high-quality nanoscale metal network. Figure 2c,d 
show atomic force microscopy (AFM) images and the corre-
sponding height profiles (Figure  2e,f) of the ZnO/Au/Al2O3 
NM films based on 200 and 370 nm NSL, respectively. The hole 
structures are highly circular, which can be attributed to a good 
optimization of the O2 etching process for the PS nanospheres. 
The actual periodicities of the ZnO/Au/Al2O3 NM films fabri-
cated using 200 and 370 nm NSL remained at 200 and 370 nm 
after the lift-off process. According to the AFM height profiles, 
average hole depths of ≈35 and ≈32 nm were observed on the 
200 and 370 nm periodicity, respectively. These depth values 
were in good agreement with the combined thickness of the 
deposited 20 nm Al2O3 and 15 nm Au.

Adv. Optical Mater. 2023, 2202409

Figure 1.  Schematic illustration of the fabrication process for ZnO/Au/Al2O3 NM films.

Figure 2.  a,b) SEM images and c,d) AFM images with e,f) the corresponding line profile of ZnO/Au/Al2O3 NM films formed along 200 nm nanosphere 
diameter (top images) and 370 nm nanosphere diameter (bottom images).
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2.2. Optoelectronic Properties and Figures of Merit of ZnO/Au/
Al2O3 Nanomesh Films

The optical transmittance spectra of 200 and 370 nm based 
ZnO/Au/Al2O3 NM films are compared with those for Au/Al2O3 
and ZnO/Au/Al2O3 thin films (TFs) in Figure 3a. For the most 
widely used figure of merit (FOM) for TCEs, the optical trans-
mittance at 550 nm is employed as a measure of optical trans-
parency.[25] The Au/Al2O3 and ZnO/Au/Al2O3 TFs  have the 
same Au (15 nm) and Al2O3 (20 nm) thicknesses as the fabri-
cated 200 and 370 nm based ZnO/Au/Al2O3 NM films. A sig-
nificant increase in transmittance (at 550  nm) from 62.3% to 
77.0% was observed for the ZnO/Au/Al2O3 TF after the addition 
of the top dielectric ZnO layer to Au/Al2O3 TF. This increase 
in transmittance can be attributed to the antireflective effect 
and suppression of surface plasmons in dielectric/metal/die-
lectric transparent conductors.[35] The 370 nm based ZnO/Au/
Al2O3 NM film exhibited the highest transmittance at 550 nm 
of 90.1% while the 200 nm based ZnO/Au/Al2O3 NM film 
yielded a transmittance at 550  nm of 72.2%, owing to a sub-
stantial size reduction of the PS spheres in NSL for the 200 nm 
based NM films. The overall improvement in transmittance 
can be ascribed to the ZnO/Au/Al2O3 dielectric/metal/dielec-
tric configuration which synergistically enhances the transmit-
tance over the visible range (350–700 nm) by providing a major 
antireflective effect.

To quantitatively evaluate the performance of the metal 
NM films as TCEs, we use the FOM proposed by Dressel and 
Gruner[36] given by

FOM
188.5

1

dc

opt
sheet 550 nm

1

2R T

σ
σ

= =
−







− 	 (1)

where σdc is the direct current conductivity, σopt is the optical 
conductivity in Ω−1cm−1 at a wavelength of 550 nm, Rsheet is the 
sheet resistance in Ω sq−1, and T550 nm is the optical transmit-
tance at 550  nm. This FOM aims to maximize the transmit-
tance and minimize the sheet resistance for TCEs. However, 
maximizing the transmittance and minimizing sheet resist-
ance requires a significant trade-off in metal NM films and one 
or the other therefore needs to be compromised.[37] Generally, 
a TCE film with a transmittance greater than 90% and sheet 
resistance less than 100 Ω sq−1 is required to meet the indus-
trial standard, corresponding to a FOM of 35.[38] Figure  3b 
shows a contour map of FOM as a function of transmittance at 
550 nm (T550 nm) and sheet resistance, with the corresponding 
values for our 200 and 370 nm based ZnO/Au/Al2O3 NM films, 
Au NM film (from reference work), and dielectric/Au/dielectric 
(D/Au/D) NM film with similar aperture size (from reference 
work listed in Table S1, Supporting Information). Transmit-
tance spectra of samples with different O2 etching time for 

Adv. Optical Mater. 2023, 2202409

Figure 3.  a) Transmittance spectra of Au/Al2O3 TF, ZnO/Au/Al2O3 TF, and the corresponding ZnO/Au/Al2O3 NM films based on 200 and 370 nm NSL. 
b) Comparisons of transmittance (at 550 nm), sheet resistance, and FOM of ZnO/Au/Al2O3 NM films based on 200 and 370 nm NSL in this work 
with Au NM and dielectric/Au/dielectric (D/Au/D) NM with similar aperture size from reference works (listed in Table S1, Supporting Information). 
c) Transmittance and absorption spectra of 370 nm ZnO/Au/Al2O3 TF and NM. d) Photograph of the 370 nm NSL ZnO/Au/Al2O3 NM films on the 
glass substrate.
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370 nm based ZnO/Au/Al2O3 NM film are compared in Figure 
S1 (Supporting Information). The correlation between sheet 
resistance and transmittance was influenced by different 
O2 etch time for both 200 and 370 nm based ZnO/Au/Al2O3 
NM films, which is collectively summarized in Table S2 (Sup-
porting Information). The 370 nm based ZnO/Au/Al2O3 NM 
film with a sheet resistance of 16.9 Ω sq−1 at a transmittance 
of 89.2% yields the best FOM value at 190.2. In contrast, the 
200 nm based ZnO/Au/Al2O3 NM film with a sheet resistance 
of 10.2 Ω sq−1 and a transmittance of 67.4% results in FOM 
value of 84.6. This can be attributed to the higher metal cov-
erage percentage (68.3%) in the 200 nm based ZnO/Au/Al2O3 
NM film compared to that of the 370 nm based ZnO/Au/Al2O3 
NM film (35.0%) resulting in high transmittance value. The 
corresponding transmittance, sheet resistance, and FOM value 
for 200 and 370 nm based ZnO/Au/Al2O3 NM films are sum-
marized in Table S2 (Supporting Information). Based on the 
average performance of the 370 nm based ZnO/Au/Al2O3 NM 
films (see Figure 3b), our structures outperform the previously 
reported state-of-the-art Au NM and D/Au/D NM films.[24,25] 
Comparing the FOM value for our 370 nm based ZnO/Au/
Al2O3 NM film (FOM = 190.2, T550 nm= 89.2%, and Rsheet  = 
16.9 Ω sq−1) to that of commercially available ITO (FOM 
≈ 111.3, T550 nm  ≈ 85%, and Rsheet  ≈ 20 Ω sq−1), we conclude 
that our NM films can serve as a potential alternative to ITO, 
including for applications requiring nonplanar or mechani-
cally flexible form factors for which ITO is not well-suited (see 
Supporting Information, Figure S2).

Figure  3c shows the transmittance and absorption spectra 
of the 370 nm ZnO/Au/Al2O3 NM film and ZnO/Au/Al2O3 

TF. The transmittance in the wavelength range of 350  nm to 
620 nm is significantly enhanced in the case of 370 nm ZnO/
Au/Al2O3 NM film as compared to that of the ZnO/Au/Al2O3 
TF. However, a transmittance drop was observed at longer 
wavelengths (from 620 to 800  nm) for the 370 nm ZnO/Au/
Al2O3 NM film due to the presence of distinct absorption 
peaks which are caused primarily by Au plasmonic resonances. 
Figure 3d shows a photograph of the fabricated 370 nm based 
ZnO/Au/Al2O3 NM film on a glass substrate with a dimension 
of 75  mm × 50  mm. The fabricated large, highly transparent 
NM film could open a pathway toward smart windows and 
related applications.

Computational modeling was performed on metal mesh 
structures to elucidate the physical mechanisms governing the 
optical properties of fabricated ZnO/Au/Al2O3 NM films. Sim-
ulations were carried out with commercial software (Synopsys, 
DiffractMOD) based on the rigorous coupled wave analysis 
(RCWA) method. Figure 4a shows the simulated (dashed line) 
and experimental (solid line) transmittance and absorption 
spectra of ZnO/Au/Al2O3 NM based on 370 nm-period NM 
structures, demonstrating good agreement between the optical 
characteristics of simulated and experimental structures. The 
geometric parameters for the structure simulated in Figure 4a 
are periodicity, aperture diameter, and thicknesses of Al2O3, 
Au and ZnO layers which are taken to be 370, 305, 20, 15, and 
20  nm, respectively. Simulated results exhibited slight red 
shifts in both transmittance and absorption maxima compared 
to experimental results that may be attributed to an increase 
in effective periodicity owing to the larger polydispersity in the 
colloidal 370  nm diameter PS particle solutions. An increase 
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Figure 4.  a) Measured and simulated transmittance and absorption spectra of ZnO/Au/Al2O3 NM films based on 370 nm NSL. b) Simulated transmit-
tance and absorption spectra with different periodicities (200 nm to 600 nm) of ZnO/Au/Al2O3 NM films. c) In-plane (X–Y direction) electric field at 
incident wavelength of 700 nm for ZnO/Au/Al2O3 NM films based on 370 nm NSL. Inset scale bar represents 500 nm dimension size. d) Out-of-plane 
(X–Z direction) electric field at incident wavelength of 700 nm for ZnO/Au/Al2O3 NM films based on 370 nm NSL.
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in effective periodicity will cause red-shifting of absorption 
maxima due to a complementary red-shift of plasmonic reso-
nances supported by the periodic structures, as verified by 
periodicity dependent simulations. Simulated transmittance 
and absorption spectra of ZnO/Au/Al2O3 NM with different 
periodicities are shown in Figure  4b. To ensure accurate and 
comparable results across simulated NMs with varying perio-
dicities, the fill factor (ratio of aperture area to metal coverage 
area) of simulated ZnO/Au/Al2O3 NMs was maintained at 1.6 
which is the experimentally measured fill factor of our 370 
nm NSL ZnO/Au/Al2O3 NM film. It is clear that increasing 
periodicity of ZnO/Au/Al2O3 NM results in larger red-shifting 
of absorption maxima from Figure 4b. The red-shifting of the 
absorption maxima also increases the bandwidth of high trans-
mittance regions of NM films with larger periodicities. Max-
imum transmittance is sustained for almost the entire visible 
range for ZnO/Au/Al2O3 NM with periodicity >600 nm. While 
this may outline a path for higher transmittance for ZnO/Au/
Al2O3 NM with applications relevant to the visible spectrum, it 
is important to note that devices with small carrier diffusion 
lengths such as organic semiconductors will have decreased 
electrical performance due to the increased electrode spacing 
and thus require NM with small periodicities.[39] Therefore, 
a pitch of 370  nm was chosen for ZnO/Au/Al2O3 NM to bal-
ance both the optical and electrical performance of our devices. 
Figure 4c,d demonstrate the in-plane (X–Y direction) and out-
of-plane (X–Z direction) of the electric field amplitude of the 
simulated ZnO/Au/Al2O3 NM based on 370 nm NSL under 
monochromic illumination (at 700  nm) corresponding to the 
absorption maxima. The input light was normally incident on 
the simulated structure and the electric field was polarized 
along the Y-direction. As shown in Figure  4c,d, the electric 
field is strongly concentrated in the Au layer at the narrowest 
sections of the ZnO/Au/Al2O3 NM, which account for the 
largest parasitic absorption.

2.3. Application in Thermochromic Perovskite Smart Window

A large portion of energy consumption (50%) in buildings 
arises from heat transfer to buildings, specifically through 
windows due to solar illumination.[1] Energy-efficient thermo-
chromic smart windows, which are composed of special mate-
rials that enable them to adjust light transmission dynamically 
based on the ambient temperature, can allow energy demand 
for building cooling to be reduced.[2] In recent years, halide 
perovskites have been considered as promising materials for 
thermochromic smart windows due to their switchable char-
acteristics, including visible transparency and photovoltaic 
behavior, through phase transition between low and high 
temperatures.[3–5] While the thermochromic materials ideally 
respond to ambient heat from solar illumination, this heat 
can also be produced within smart windows by transparent 
heaters.[7] Transparent conductive oxides (TCOs) exhibit good 
performance as transparent heaters in terms of the trade-off 
between electrical conductivity and optical transparency in the 
visible range, their two main drawbacks concern their brittle 
nature and intrinsic low optical transmittance in the near-
infrared (NIR) range due to plasmonic absorption.[40]

Based on our experimental results from Section  2.2, the 
370 nm NSL ZnO/Au/Al2O3 NM films exhibited a clearly 
superior visible-wavelength optical transmittance compared to 
the ZnO/Au/Al2O3 TF. Moreover, the transmittance of ZnO/
Au/Al2O3 NM in NIR range (800–2500  nm) showed an out-
standing enhancement compared with ZnO/Au/Al2O3 TF 
(Figure S4, Supporting Information). The higher transmittance 
in NIR range of ZnO/Au/Al2O3 NM films could offer capa-
bility of adding another NIR modulation layer in the energy-
efficient thermochromic smart windows to provide better 
heat modulation corresponding to different seasons.[41] Here, 
we use ZnO/Au/Al2O3 NM as an example to demonstrate 
the application in thermochromic smart windows. Figure 5a 

Adv. Optical Mater. 2023, 2202409

Figure 5.  a) Photographs of TC-PVK smart windows integrated with ZnO/Au/Al2O3 NM films and schematics of cold-state to hot-state phase transition 
by heating and hot-state to cold-state transition by exposure to moisture. b) Temperature response curves of bare glass, ZnO/Au/Al2O3 TF, ZnO/Au/
Al2O3 NM and ITO glass windows under AM 1.5G illumination. The ambient temperature is 23 °C.
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shows a photograph of our ZnO/Au/Al2O3 NM film serving as 
transparent heater for a MAPbI3−xClx TC-PVK smart window 
structure. The transparency of the TC-PVK layer is controlled 
by resistive heating of the ZnO/Au/Al2O3 NM film to increase 
the device temperature and therefore cause a structural transi-
tion of the TC-PVK layer to the optically opaque phase. Figure 
S3 (Supporting Information) shows X-ray diffraction spectra, 
confirming a significant phase transition from room tempera-
ture (nonperovskite phase, low T) to high temperature (perov-
skite phase, high T). At low temperature, MAPbI3-based ther-
mochromic perovskite converts to MA4PbI6·2H2O due to its 
hydrophilic nature that readily absorbs water,[42,43] as hydrated 
MA4PbI6·2H2O desorbs water and transforms to cubic phase 
of MAPbI3 at high temperature.[44] These two phases can be 
reversibly switched in response to ambient temperature as 
illustrated in Figure 5a.

An essential factor to consider in the fabrication of ther-
mochromic smart windows is the critical temperature for the 
thermochromic transition. Previous reports have demonstrated 
a transition temperature of >50 °C for hydrated MAPbI3 perov-
skite thermochromic smart windows.[2] However, the reported 
high transition temperature limits the utilization of TC-PVK 
smart windows in real-life applications since the typical 
window temperature normally does not reach 50 °C even in the 
summer. To evaluate the photothermal behavior of our ZnO/
Au/Al2O3 NM, we constructed an enclosure with double-glazed 
window structure to monitor the change in surface tempera-
ture under an AM 1.5G solar simulator (see Figure S5, Sup-
porting Information). The resulting temperature as a function 
of time for bare glass, ZnO/Au/Al2O3 TF, ZnO/Au/Al2O3 NM, 
and ITO glass were systematically recorded (see Figure  5b). 
The surface temperature of the bare glass, ZnO/Au/Al2O3 TF, 
ZnO/Au/Al2O3 NM, and ITO glass reached steady state at 40.5, 
34.6, 39.9, and 40.3 °C, respectively, in 20 min (ambient condi-
tions were T = 23 °C and relative humidity of 50%). The tem-
perature indicates that an external heating source is required to 

activate the thermochromism of TC-PVK smart windows under 
standard solar illumination.

To address this requirement, we constructed a switchable 
TC-PVK smart window structure consisting of a TC-PVK layer 
integrated with ZnO/Au/Al2O3 NM (dimension of 20  mm × 
15  mm) with an external heating source as illustrated in the 
inset of Figure 6a. The TC-PVK layer was prepared based on the 
fabrication process of reference[2] and was spin-coated on the 
opposite side of the ZnO/Au/Al2O3 NM window. Two bus bar 
copper electrodes were attached on top of the ZnO/Au/Al2O3 
NM film to conduct electricity from an external power supply. 
The power required for the TC-PVK with ZnO/Au/Al2O3 NM 
was compared to that for the control sample of TC-PVK with 
ZnO/Au/Al2O3 TF to reach a target temperature of 50 °C 
(Ttarget = 50 °C) (see Figure 6a). The power consumption of the 
TC-PVK with ZnO/Au/Al2O3 TF, TC-PVK with ZnO/Au/Al2O3 
NM, and ITO glass is 0.54, 0.496, and 0.66 W, respectively, indi-
cating that the TC-PVK with ZnO/Au/Al2O3 NM required the 
lowest power consumption compared with TC-PVK with ZnO/
Au/Al2O3 TF and TC-PVK with ITO glass samples.

A real-time transmittance setup was built to monitor the 
transmittance-time response of the TC-PVK smart window 
integrated with ZnO/Au/Al2O3 TF, ZnO/Au/Al2O3 NM, and 
ITO glass while resistive heating power is switched on and off 
(see Figure S6, Supporting Information). Figure 6b shows the 
transmittance-time response curves revealing thermochromic 
behavior of the TC-PVK smart window integrated with ZnO/
Au/Al2O3 TF and ZnO/Au/Al2O3 NM under electrical heating, 
without (top plot) and with (bottom plot) AM 1.5G illumination. 
Real-time transmittance measurements, without and with solar 
illumination, reveal that while transient resistive heating is 
required to induce the thermochromic transition to the opaque 
state, standard solar illumination without additional heating 
is sufficient to maintain the opaque state. The heating param-
eters and optical properties of TC-PVK with ZnO/Au/Al2O3 TF, 
TC-PVK with ZnO/Au/Al2O3 NM, and TC-PVK with ITO glass 

Adv. Optical Mater. 2023, 2202409

Figure 6.  a) Electric heating test of ZnO/Au/Al2O3 TF, ZnO/Au/Al2O3 NM and ITO glasses for TC-PVK smart windows. The inset shows the cor-
responding device configuration of TC-PVK smart windows. b) Transmittance-time response curves for thermochromic behavior of TC-PVK smart 
windows integrated with ZnO/Au/Al2O3 TF, ZnO/Au/Al2O3 NM, and ITO glasses under electrical heating, without (top plot) and with (bottom plot) 
AM 1.5G illumination. The dashed lines show the timing for electric heat power on (red dashed line) and power off (green dashed line).
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are summarized in Table 1. In Figure  6b, the average trans-
mittance in the visible wavelength range (380–760  nm) under 
electrical heating was 28.8%, 33.7%, and 35.4% for the TC-PVK 
with ZnO/Au/Al2O3 TF, TC-PVK with ZnO/Au/Al2O3 NM, 
and TC-PVK with ITO glass, respectively in the translucent 
state (low T). The average transmittance value in the opaque 
state (high T) was 5.9%, 7.0%, and 8.5% for ZnO/Au/Al2O3 
TF, TC-PVK with ZnO/Au/Al2O3 NM, and TC-PVK with ITO 
glass, respectively (see top figure of Figure 6b). The difference 
in average transmittance in both low T and high T states can be 
ascribed to the transmittance difference in visible wavelength 
range of ZnO/Au/Al2O3 TF, ZnO/Au/Al2O3 NM, and ITO 
glass. The transition time from low T to high T for the above-
mentioned samples is ≈4 min to reach steady opaque state. 
Notably, the transition time from high T to low T for TC-PVK 
with ITO glass was 60s longer than the other two samples. This 
is most likely due to the excellent thermal conductivity of Au 
(310  W m−1 K−1) thin film that efficiently dissipates the heat 
from the surface as compared to the much lower thermal con-
ductivity of ITO (0.84  W m−1 K−1) that likely results in slower 
heat dissipation.[45,46] Finally, the TC-PVK smart window with 
the integrated ZnO/Au/Al2O3 NM film was first heat-activated 
to induce the phase transition to occur at high T, and solar 
illumination was then applied to consistently maintain its low 
transmittance over time with the heating power shut-off (see 
bottom figure of Figure 6b). The observed consistency in trans-
mittance over time can be attributed to the stable high-tem-
perature perovskite phase, wherein the perovskite layer with a 
small bandgap absorbs a broad spectrum of photons from solar 
irradiation.[47]

3. Conclusion

In summary, ZnO/Au/Al2O3 NM films with periodicities of 200 
and 370 nm have been fabricated using NSL. The experimental 
results demonstrated that the ZnO/Au/Al2O3 NM film with a 
periodicity of 370  nm exhibited a transmittance over 90% at 
550 nm and sheet resistance lower than 20 Ω sq−1. This struc-
ture yields a standard FOM of over 190 which is superior to the 
current state-of-the-art TCEs, opening new pathways toward its 
application in many optoelectronic devices. We further demon-
strated smart window structures based on highly conductive, 
transparent ZnO/Au/Al2O3 NM and TC-PVK films. The trans-
parency of the developed structure was manipulated by tran-
sient resistive heating to trigger a thermochromic transition 
to an opaque state that can be maintained solely by 1-sun, AM 

1.5 G illumination. Thus, the developed climate-adaptive, low 
power-activated, and fast-switching smart window structure 
could be beneficial for the next generation of perovskite-based 
smart photovoltaic windows.

4. Experimental Section
Materials: Nonfunctionalized PS particles were purchased from 

Polysciences Inc. 200 proof ethanol was purchased from Sigma 
Aldrich. Chemicals and nanoparticles were used as received from the 
manufacturer. Particles used in this experiment were 200 and 370  nm 
in diameter with 2.5 and 4% coefficient of variation, respectively. Both 
200 and 370  nm nanoparticles were 2.5 w/v % concentration. Self-
assembling colloidal nanoparticle solutions used to lithographically 
define the NMs were made from a 1:1 volume ratio of nanoparticle 
solution and ethanol.

Fabrication of ZnO/Au/Al2O3 Nanomesh Films: First, the glass 
substrates were thoroughly cleaned using a sequential sonication 
process with acetone, methanol, and deionized water. Then, the glass 
substrates were immersed in water which is contained in a 3D printed 
drop cast. PS spheres (≈200 and ≈370 nm) were sequentially injected at 
the air–water interface, creating a self-assembled monolayer of spherical 
particles. After that, the water in the drop cast was drained, allowing 
the monolayer to be deposited on the glass substrates. Then, the 
glass substrates were air dried at room temperature for 24 h, creating 
a hexagonal close packed pattern of PS spheres on glass substrates. 
Next, with the PS spheres as soft lithography masks, the substrates 
were etched under O2 plasma in a reactive ion etcher (RIE, Oxford 
Instruments) to reduce the PS size and open the gaps in between 
particles to expose the glass area. Subsequently, Al2O3 (≈20  nm) and 
Au (≈15 nm) were deposited on the substrates using e-beam evaporator 
(CHA Industries), with a base chamber pressure of 5 × 10−6  Torr and 
deposition rate of 1 Å s−1. After that, the PS spheres were lifted off the 
substrates using a sonication process with toluene for 10 min. Then, the 
substrates were treated with UV-Ozone to improve the wettability for the 
sequential zinc oxide (ZnO) sol–gel spin coating process. Finally, the 
substrates were annealed on the hot plate at 200 °C for 30 min.

Fabrication of ZnO/Au/Al2O3 Thin Films: For the fabrication of ZnO/
Au/Al2O3 TFs, the glass substrates were first cleaned using the standard 
cleaning procedure as described in the previous section. A thin layer of 
Al2O3 (≈20 nm) and Au (≈15 nm) were deposited on the glass substrates 
using e-beam evaporator (CHA Industries), with chamber pressure of  
5 × 10−6 Torr and deposition rate of 1 Å s−1. After the evaporation process, 
the substrates were treated with UV-Ozone to improve the wettability 
of the substrates. Subsequently, sol-gel processed ZnO, which was 
synthesized as described in the previous report,[29] was spin coated on 
the substrates. Afterwards, the final substrates were annealed at 200 °C 
for 30 min.

Device Characterization: The surface morphology and topography of 
the fabricated ZnO/Au/Al2O3 NM films were investigated using scanning 
electron microscope (SEM Zeiss Neon 40) and atomic force microscope 
(AFM Bruker Icon), respectively. The crystallinity of the perovskite 
used for thermochromic device was studied using X-ray Diffraction 
(XRD, Rigaku Miniflex 600 Diffractometer). The sheet resistance 
measurements were carried out using a four-point probe system (Ossila 
Ltd). The absorption and transmittance spectra were measured using a 
UV–visible spectrometer (Cary 5000 UV/Vis NIR). Electric heating test 
for ZnO/Au/Al2O3 TF, and ZnO/Au/Al2O3 NM samples were carried 
out by connecting to the external power supply (Caswell, NSP-2050) 
and a thermocouple with a K-type sensor probe was used to record the 
window temperature. The temperature response of different window 
layers (bare glass, ZnO/Au/Al2O3 TF, and ZnO/Au/Al2O3 NM) under AM 
1.5G illumination was conducted with a solar simulator (Newport LCS-
100) at ambient temperature 23 °C. For the measurements of average 
transmittance (380–760  nm) determining thermochromic behavior, a 
transmission meter (LS162, Linshang) was used.

Adv. Optical Mater. 2023, 2202409

Table 1.  Heating parameters and optical properties of TC-PVK windows 
integrated with ZnO/Au/Al2O3 TF, ZnO/Au/Al2O3 NM and ITO glasses.

Sample Voltage  
[V]

Current  
[A]

Power  
[W]

τlum,cold  
[%]

τlum,hot  
[%]

TC-PVK on ZnO/Au/
Al2O3 TF glass

2.5 0.216 0.540 28.8 5.9

TC-PVK on ZnO/Au/
Al2O3 NM glass

4 0.124 0.496 33.7 7.0

TC-PVK on ITO glass 4 0.165 0.660 35.4 8.5
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Simulations of Transmittance and Absorption Spectra: Simulated 
transmittance and absorption spectra were carried out with Synopsys, 
DiffractMOD model using a 3D model based on ZnO/Au/Al2O3 NM 
configurations. Periodicity, aperture diameter, and thicknesses of 
Al2O3, Au and ZnO layers were defined as 370, 305, 20, 15, and 20 nm, 
respectively. The background was set to air (n = 1) and SiO2 was used as 
substrate material. The refractive index of the SiO2 was obtained from 
DiffractMOD material database. The refractive index of Al2O3, Au, and 
ZnO was obtained from references.[48–50]

Fabrication of Thermochromic Perovskite Smart Windows: The 
sample fabrication was conducted in a nitrogen-filled glove box (water 
content ≤ 1  ppm, oxygen content ≤ 1  ppm). CH3NH3I (MAI, >99.0%) 
was purchased from TCI America. PbCl2 (99%), PbI2 (99%) and DMF 
(anhydrous, 99.8%) were purchased from Sigma–Aldrich. ITO glass 
substrates (20 Ω sq−1) were purchase from Ossila Ltd. The MAPbI3−xClx 
thermochromic perovskite precursor was prepared based on the 
reference work.[2] Briefly, 6.5  m MAI and 1  m PbCl2 were dissolved in 
DMF solvent, respectively and stirred at 50 °C for 1 h to ensure the 
dissolution was complete. The ZnO/Au/Al2O3 TF, ZnO/Au/Al2O3 NM, 
and ITO glass substrates were treated with UV-Ozone cleaner for 20 min 
before transferred to glove box. The MAPbI3−xClx precursor solution 
was then spin-coated on the glass substrates at 2000  rpm for 30 s 
and sequentially annealed on a hot plate at 100 °C for 1 h to facilitate 
crystallization of perovskite layer.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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