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H I G H L I G H T S

• A perovskite smart window is de-
signed, fabricated and investigated
experimentally.

• High solar modulation ability and
high luminous transmittance were
achieved.

• Transition temperature is decreased
with the decrease of relative humidity.

• Color versatility of perovskite smart
window was discovered.

• A temperature reduction of 2.5 °C was
achieved in a field test.
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A B S T R A C T

Windows are one of the most inefficient components in buildings. Common thermochromic smart windows using
VO2 can mitigate such energy loss. However, they suffer from several problems, namely, low solar modulation
ability, high transition temperature (i.e. 68 °C) and low luminous transmittance. In this study, we propose a
perovskite thermochromic smart window towards achieving high solar modulation ability whilst maintaining a
high luminous transmittance and a low transition temperature. Perovskite material shows a significant ther-
mochromism in the visible and ultraviolet region. Since half of the photons lie in this spectral region, a high solar
modulation can be achieved by perovskites. The material was optimized by varying the spin speed in the fab-
rication process as well as the mixing ratio between precursors. The optimized sample exhibits a solar mod-
ulation ability of 25.5% with luminous transmittance of 34.3% and higher than 85% in the hot (80 °C) and cold
(25 °C) states, respectively, making this material suitable for practical device applications. The hysteresis loop,
the transition temperature as well as transition time in relation to the relative humidity of a perovskite smart
window during the heating and cooling process are investigated in this study. From field tests results, the
perovskite smart window can help reduce the indoor air temperature by about 2.5 °C compared to a normal
window. Overall, based on the results obtained in this study, the perovskite thermochromic smart window has
potential to achieve excellent thermochromic properties, providing an alternative to alleviate the high energy
consumed in buildings.
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1. Introduction

A better trade-off technique should be implemented to maintain
thermal comfort levels for residents in buildings but with reduced en-
ergy usage by preventing unnecessary loss. Windows are widely re-
cognized as one of the most inefficient elements. Not only is heat lost
(or gained) through windows by thermal transmission, but incident
solar radiation also has a detrimental effect by heating the room in
summer. Grynning et al. [1] found that the heat loss related to windows
accounted for 45% of the total heat loss through the building envelope
for a typical Norwegian office building.

So, regulating the heat through the window becomes an important
consideration in building design. Smart windows are advanced tech-
nologies that can modulate the solar short-wavelength radiation and
therefore can be used to mitigate such energy loss. Smart windows are
coated with materials which are able to tune the light transmittance in a
certain range of solar radiation such as ultraviolet (UV), visible, and
near-infrared (NIR), dynamically and reversibly in a “smart way”.
There is another term called adaptive facades which are building en-
velopes that are able to adapt mechanically or chemically to external
climate conditions on a daily, seasonal or yearly basis to meet internal
loads and occupant needs [2]. The smart window is one category of
adaptive facade that uses its coating’s chemical or physical properties to
achieve the reversible adaptation to the external environment. For
smart windows, light transmission properties can be controlled by the
application of a voltage (electrochromism) [3], light (photochromism)
[4], or heat (thermochromism). Among them, thermochromic smart
windows are highly competitive due to their unique characteristics: low
cost, passivity and rational stimulus response [5]. This paper focuses on
thermochromic smart windows using a thermochromic perovskite ma-
terial which is highly transparent in the cold state and shows large solar
modulation ability and low transition temperature. This paper aims to
answer the questions; Are there advantages these windows can provide
for the residents in building? What disadvantages need to be further
improved to make perovskite thermochromic smart windows better for
practical application? Also, the most important question: Can these
windows indeed save energy in the field test?

Vanadium dioxide (VO2) is the most widely studied material for
smart windows [6] because of its thermochromic behavior coming from
the Metal-Insulator Transition (MIT) of the material at a tunable tran-
sition temperature. The reversible phase transition of VO2 involves an
abrupt change in near-infrared transmittance, which makes VO2 an
attractive candidate for smart window applications. However, several
drawbacks of VO2 for smart windows are hindering further develop-
ment. Due to absorption in the visible range in both the semiconducting
and the metallic states, VO2 has a low luminous transmittance (Tlum) of
~50%. Energy saving using VO2 thermochromic windows is not effi-
cient because its thermochromic effect is only in the near infrared re-
gion (λ > 900 nm) giving rise to a low solar modulation ability (ΔTsol).
Moreover, VO2 has a high transition temperature of ~68 °C. Other
challenges include the intrinsic yellow-brown color of the material, its
low resistance to oxidization and laborious control of the fabrication
process.

To address the deficiencies of VO2 as an efficient thermochromic
window material, some novel temperature-response materials with
desirable thermochromic properties needed to be urgently explored.
Recently, thermochromic hydrogel and ionogel have attracted con-
siderable attention as candidates for thermochromic smart window
applications. For hydrogel, a drastic transmittance change takes place
in the 250 to 1800 nm-range, induced by a hydrophilic to hydrophobic
transition. The extensively studied thermochromic hydrogels include
polyampholyte hydrogel (PAH) [7], poly(N-isopropylacrylamide)
(PNIPAm) [8], and hydroxypropyl cellulose (HPC) [9]. The thermo-
chromic property of ionogel is based on an octahedral (low tempera-
tures)-tetrahedral (high temperatures) configuration change of transi-
tion metal complexes assisted by interaction with donor solvent
molecules, resulting in a strong absorption at higher temperature and a
favorable thermochromic response [10,11]. However, some challenges
are faced with hydrogel and ionogel thermochromic materials. A rig-
orous encapsulation is required because of the liquid phase nature.
During their utilization, leaks of thermoresponse material could appear
followed by a dramatic decrease in performance [5].

Consequently, to reach a smart window suitable for practical ap-
plications, several points should be considered: firstly, the “ideal” smart
window must remain in the solid state with suitable Tlum, high ΔTsol
with a low transition temperature near room temperature. There are no
regulations for architectural windows in terms of Tlum. High Tlum win-
dows can give residents both positive and negative experiences [12].
On the one hand, the primary role of a window is to provide a visual
portal for residents to external environments, and high transmittance is
needed to save energy for lighting in the day time. On the other hand,
more daylight through high Tlum windows is accompanied by increased
solar gains (thermal discomfort) and glare. Glare is a source of visual
discomfort and can be defined as the contrast lowering effect within a
visual field due to the presence of bright light sources [13]. The glare
can be an impediment to vision and even a direct hazard as it can cause
serious or mild discomfort. Even minor effects may accumulate, as with
a low but incessant noise, to lead to fatigue during the working day
[14]. Therefore, excessive glare should be reduced so as not to disturb
residents. For automobile wind shields, the legal guidelines indicate the
minimum Tlum must be greater than 70% in parts of United States,
Europe and Russia [15]. The ΔTsol has a strong relationship with the
energy saving potential of a thermochromic smart window and the
larger solar modulation is especially helpful in warmer climates. There
is no systematic study of a visible solar spectrum regulating window,
but the optimum transition temperature of a NIR solar spectrum reg-
ulating window should be around 21 °C [16]. Transition time should
also be considerably fast (within several minutes [5]) to achieve instant
response.

Thermochromic properties of perovskite materials have recently
been reported. Halder [17] explored the thermochromic behavior of
hydrated lead halide hybrid perovskites CH3NH3PbI3 and attributed the
thermochromism of perovskite to the reversible hydration/dehydration
process of CH3NH3PbI3 when it encounters moisture.

+ ↔CH NH PbI 3CH NH I (CH NH ) PbI ·2H O, [17]
H O

3 3 3 3 3 3 3 4 6 2
2

(1)

Nomenclature

SHGC solar heat gain coefficient [–]
FDTD finite difference time domain [–]
LCST lower critical solution temperature [°C]
MIT metal-insulator transition [–]
NIR near infrared [–]
TC thermochromic [–]
PMMA poly(methyl methacrylate) [–]
Tlum luminous transmittance [%]

ΔTsol solar modulation ability [%]
Tlum,cold luminous transmittance in cold state [%]
Tlum,hot luminous transmittance in hot state [%]
Tc transition temperature [°C]
ΔTc hysteresis width [°C]
Tc,h transition temperature in heating process [°C]
Tc,c transition temperature in cooling process [°C]
UV ultraviolet [–]
λ wavelength [nm]
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A chemical equation (Eq. (1)) has been derived based on XRD re-
sults of thin film materials before and after the hydration/dehydration
process. As illustrated in Fig. 1, at the cold state the dehydrated per-
ovskite (CH3NH3)4PbI6·2H2O is in a non-perovskite phase. On the other
hand, at the hot state it becomes a normal organic-inorganic lead halide
perovskite CH3NH3PbI3, Following this pioneer work, Lin et al. [18]
developed a smart photovoltaic window using the CsPbI3-xBrx per-
ovskite material. The photovoltaic window can change from a trans-
parent cold state with 81.7% visible transparency to a colored hot state
with 35.4% visible transparency. A device efficiency above 7% has been
achieved in these thermochromic photovoltaic windows in the hot
state. Combining two state-of-the-art technologies, smart window
technology and solar cell technology, into one window will achieve the
two targets of energy saving and energy generation in the same device,
which is a very interesting and important topic that needs to be ex-
plored. However, their thermochromic solar cells showed a high tran-
sition temperature (100–350 °C) and a long transition time (up to 25 h).

According to Table 1, compared to VO2 thermochromic smart
windows, perovskite thermochromic smart windows are highly trans-
parent in the cold state and the thermochromism takes place in the
visible region where half of the phonons lie. These properties imply a
high luminance transmittance and ΔTsol for perovskite thermochromic
smart windows. As for hydrogel and ionogel thermochromic smart
windows, thermochromic perovskite is solid phase and does not need
rigid encapsulation. Based on these reasons, a perovskite thermo-
chromic smart window is thought to have some superior properties over
VO2, hydrogel and ionogel.

In order to further explore these smart thermochromic perovskite
windows, a general understanding of the thermochromism of per-
ovskite is needed. Previous studies only reported the thermochromic
ability of CH3NH3PbI3 perovskite material, leaving the quantification of
the major parameters of thermochromism (optical properties and
transition process properties) unstudied. These parameters are essential
to determine whether perovskite thermochromic windows can save
energy and how much energy can be saved. The transition temperature
and transition time of CsPbI3-xBrx thermochromic perovskite windows
is too high and too long respectively and the transition properties of
thermochromic CH3NH3PbI3 perovskite are unknown. How to control
the transition temperature and transition time in a reasonable range for
real application needs to be solved. The fabrication process also needs

to be explored. In addition, if these windows have good thermo-
chromism performance, it remains unclear whether the environment
will influence the windows.

In this study, we aim to give a full picture of CH3NH3PbI3 as a
material for thermochromic smart windows in order to assess real field
application. The major parameters related to the thermochromic effect
such as Tlum and ΔTsol are first quantified. The influence of the mixing
ratio of two ingredients along with the spin speed during fabrication are
investigated and reported in Section 3.1. A transmittance spectrum of
the perovskite smart window is discussed in Section 3.2. The results of
hysteresis properties as well as transition temperature are presented in
Section 3.3, meanwhile the relationship between relative humidity and
transition time of the perovskite smart window are shown in Section 3.4
Finally, the color versatility of the perovskite smart window is discussed
(Section 3.5) and the energy saving property of the perovskite smart
window in a practical application is examined through an experiment
with a model house under real environmental conditions (Section 3.6).
A comparison with other thermochromic smart windows is addressed at
the last section. Overall, this study will help to characterize some op-
tical properties of the perovskite material, understand the principle of
perovskite thermochromism and discuss the possibility of a novel per-
ovskite material for thermochromic smart windows to solve the high
energy consumption issue in buildings.

2. Materials and methods

2.1. Smart window fabrication

Perovskite can only be deposited on a substrate that has good
wettability with the solvent (N, N-Dimethylformamide, namely, DMF)
of the perovskite precursor [30]. Hence, perovskite cannot be deposited
on quartz directly because of the high contact angles of DMF on bare
quartz. A SiO2 thin film was first deposited on quartz substrates as a
buffer layer for its environmentally friendly property (easily fabricated
without high temperature to process). The SiO2 thin film was fabricated
through a facile sol-gel method. The SiO2 sol was prepared by the hy-
drolysis of tetraethyl orthosilicate (Si[C2H5O4], abbreviated as TEOS,
≥ 99.0%, Sigma-Aldrich) in ethanol in the presence of ammonia as a
catalyst. This is commonly known as the modified Stöber growth
method, introduced in 1968 by Werner Stöber, for preparing

Fig. 1. Schematics of the cold to hot state transition by heating (dehydration) and the hot to cold state by cooling (hydration).
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monodispersed spherical silica [31,32]. In this procedure, 5 mL am-
monia NH3·H2O and 100mL ethanol were mixed with 3mL TEOS under
constant stirring at 60 °C for 12 h [33]. The obtained colloidal solution
was the SiO2 sol. A one-step method was used to fabricate the per-
ovskite precursor. A certain amount of PbI2 (99%, Sigma-Aldrich),
CH3NH3I (DYESOL), and CH3NH3Br (DYESOL) were dissolved in DMF
solvent (≥99%, Sigma-Aldrich) under vigorous stirring in a water bath
at 50 °C for 48 h. [17]. The exact amount of chemicals for the perovskite
precursor with different mole ratio ingredients can be found in Table 2.

Fused quartz and glass slide substrates with the dimension of
3 cm×3 cm×1mm (the fabrication method of SiO2 thin film and
perovskite thin film is spin-coating. The minimum substrate size for the
spin coater is 3 cm×3 cm and the thickness of the commonly used
fused quartz and glass slide is 1 mm) were cleaned consecutively with
deionized (DI) water, ethanol, and acetone in an ultrasonic bath. The
perovskite precursor was spin-coated on the substrate with a low rate of
400 rpm for 6 s and a high rate of 2000 to 5000 rpm for 30 s. Then, the
sample was dried on a hot plate at 90 °C for 15min to remove the excess
solvent. The fabrication process is illustrated in Fig. 2. A schematic
diagram of a perovskite thermochromic smart window and a photo-
graph of perovskite smart windows in the “hot” (right) and “cold” (left)
states is shown in Fig. 3.

2.2. Characterization

The transmission measurements were conducted at a spectral range
of 300 to 2500 nm using a UV–vis-NIR spectrophotometer (Lambda
950, Perkin Elmer, USA). This spectrophotometer is equipped with an
integrating sphere accessory. The sample was placed in front of the
sphere entrance port through which the light beam enters the sphere,
collecting all the light passing through the sample. The transmittance

measured by this method refers to the total transmittance, implying
that it includes both the specular transmittance and the diffuse trans-
mittance. A home-built temperature controller was used to manipulate
the sample temperature for a transmission measurement at different
temperatures (25 °C and 80 °C for cold state and hot state). The unit
consists of a kapton resistive heater, a Diqi-Sence PID temperature
controller and a T-type thermocouple, which form a closed loop to
control the temperature of the smart windows. The sample temperature
was measured using a T-type thermocouple taped directly by aluminum
tape onto the film surface. The transmittance curve of a quartz slide was
calibrated as the baseline using software (UV WinLabTM). To quantify
the amount of visible light transmitted by the windows is useful for
human vision under normal conditions, the luminous transmittance
Tlum is defined in Eq. (2). Similarly, to quantify the amount of solar
thermal energy entering a building via solar transmittance, solar
transmittance Tsol is defined in Eq. (3). The solar modulation ability
ΔTsol is then defined in Eq. (4) as ΔTsol.

∫

∫
= =

=

T
y λ T λ dλ

y λ dλ

¯ ( ) ( )

¯ ( )
lum

λ nm
nm

λ nm
nm

380
780

380
780

(2)

∫

∫
= =

=

T
AM λ T λ dλ

AM λ dλ

( ) ( )

( )
,sol

λ nm
nm

λ nm
nm

300
2500

1.5

300
2500

1.5 (3)

= −T T TΔ sol sol
cold

sol
hot (4)

where T λ( ) is the transmittance of the smart windows at wavelength λ.
The CIE (International Commission on Illumination) standards for
photopic luminous efficiency of the human eye ( λȳ ( )), and the solar
irradiance spectrum for an air mass of 1.5 ( λAM ( )1.5 ) were used as
weighting functions for the wavelength dependent transmittance. The

Table 1
Summary of the existing thermochromic materials.

Thermochromic materials Enhanced strategies/Different
materials

Thermochromic properties Challenges Refs.

Vanadium dioxide Chemical doping Mg: Tlum=47.5%, ΔTsol=12.8%
Sr: Tlum=64.2%, ΔTsol=6.7%

Low Tlum, low ΔTsol and high intrinsic transition
temperature

[19,20]

Porosity Tlum=41.6%, ΔTsol=14.1% [21]
Antireflection layer ZrO2: Tlum=50.5%

TiO2: Tlum=44.0%
Index-tunable: Tlum=44.0% ΔTsol=18.9%

[22–24]

Composite Tlum=53.0%, ΔTsol=11.7% [25]
Nanogrid FDTD simulations: Tlum=76.5%,

ΔTsol=14.0%
Experiments: Tlum=67.0%, ΔTsol=8.8%

[26,27]

Bioinspired Moth Eye FDTD simulations: Tlum=70.3%,
ΔTsol=23.1%
Experiments: Tlum=44.5%, ΔTsol=7.1%

[15,28]

Hydrogels PNIPAm Tlum,hot=59.9%, Tlum,cold=87.9%,
ΔTsol=20.4%

Liquid phase requires rigorous encapsulation [8]

VO2/PNIPAm Tlum,hot=43.2%, Tlum,cold=82.1%,
ΔTsol=34.7%

[29]

Ionogel IL-Ni-Cl Tlum,hot=15%, Tlum,cold=87.0%,
ΔTsol=50%

Liquid phase requires rigorous encapsulation [11]

Table 2
Exact amount of chemicals used in experiments.

Precursors PbI2(g) CH NH I3 3 (g) CH NH Br(g)3 3 DMF (mL)

=PbI : CH NH I2 3 3 1:4 0.807 1.1128 0 2.5
=PbI : CH NH I2 3 3 1:6 0.807 1.6692 0 2.5
=PbI : CH NH I2 3 3 1:8 0.807 2.2256 0 2.5
=PbI : CH NH I2 3 3 1:10 0.807 2.7820 0 2.5

PbI : CH NH I: CH NH Br2 3 3 3 3 =1:3:1 0.807 0.8348 0.196 2.5
=PbI : CH NH I: CH NH Br 1: 2: 22 3 3 3 3 0.807 0.5565 0.392 2.5
=PbI : CH NH I: CH NH Br 1: 1: 32 3 3 3 3 0.807 0.2783 0.588 2.5

=PbI : CH NH Br 1: 42 3 3 0.807 0 0.784 2.5
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Fig. 2. A schematic of the fabrication process of a perovskite thermochromic smart window. There are four steps to fabricate a perovskite thermochromic smart
window. Step 1 is to prepare the SiO2 precursor using the Stöber method, followed by step 2 to fabricate SiO2 thin film. Step 3 is to prepare the thermochromic
perovskite precursor (the mixing ratio of PbI2 and CH3NH3I is 1:4). Step 4 is to use the one-step method to deposit thermochromic perovskite on SiO2 buffer layer.

Fig. 3. (a) A schematic diagram showing a per-
ovskite thermochromic smart window; (b)
Photograph of the cold state (non-coloured) and hot
state (brown coloured) perovskite smart windows.
The windows in cold state are highly transparent
and the windows in hot state are brown, however,
objects can still be seen clearly through the win-
dows.
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wavelength range used for Tlum is 380 nm≤ λ≤ 780 nm corresponding
to the limits of human vision. The AM1.5 was chosen for solar averaged
transmittance calculations as it represents an overall yearly average for
mid-latitudes including diffuse light from the ground and sky on a south
facing surface tilted 37° from horizontal. The wavelength range used for
these calculations is 300 nm≤ λ≤ 2500 nm which accounts for 99.2%
of terrestrial solar energy. It should be noted that the transmission
spectra results presented in this study are averaged values of at least
three repeated experiments, and the error bars represent standard de-
viations of the collected data.

3. Results and discussion

3.1. Tunable luminous transmittance in hot state and solar modulation
ability by different mixing ratio and spin speed during fabrication

The thermochromic behavior of CH3NH3PbI3 perovskite is apparent
when the relative molar concentration of CH3NH3I is higher than PbI2.
Furthermore, when the precursor solution consists of 1:4 M con-
centrations of PbI2 to methylammonium iodide (CH NH3 3I), the coating
can be turned completely transparent in a cold state [17]. The ther-
mochromism of perovskite is caused by the unequal ratio of the two
ingredients. Consequently, the behavior when the mixing ratio further
increases needs to be explored. The results in Fig. 4 show all the mixing
ratios. The Tlum,cold does not change significantly and all maintain a high
value (~90%) (i.e. the spin speed is 2000 rpm for all the different
mixing ratio experiments). To account for the diffuse transmittance of
the samples, an integrating sphere was used to measure the hemi-
spherical transmittance. It is for this reason that the perovskite smart
windows appear slightly opaque to the human eye, despite an in-
herently high transmittance. The thermochromic property still exists
with the increase of the mixing ratio of CH NH3 3I to PbI2; hence, the
Tlum,hot and solar modulation can be precisely controlled by changing
the mixing ratio. The Tlum,hot increases while the ΔTsol decreases with
the mixing ratio. Through adjustment of the mixing ratio of CH NH3 3I
and PbI2, the highest Tlum,hot of 59.4% with ΔTsol of 12.7% is achieved,
while the highest ΔTsol can reach 25.5% withTlum=34.3% in the hot
state.

Fig. 5 shows XRD patterns of perovskite samples with different
precursor ratios. The prominent diffraction peak at θ2 =11.39° in all
the samples and is consistent with the characteristic peak from dihy-
drated perovskite [34], implying that a dominant fraction material in
the cold state is in the dihydrated perovskite phase. The presence of
PbI2 has been known to be associated with perovskite degradation.
However, from XRD results, no detectable PbI2 in the cold state is
present. This is consistent with our observation that the hydration-de-
hydration process in these samples is totally reversible. In all the dif-
ferent mixing ratios, there is no peak corresponding to diffractions from
the CH3NH3PbI3 perovskite phase, suggesting that the transition of
hydration-dehydration is complete and no residual CH3NH3PbI3 phase
is present in the cold state. It is worth noting that all the samples show
only diffraction from hydrated perovskite and the CH NH3 3I. With in-
creasing CH NH3 3I in the precursor, more CH NH3 3I phase is present in
the sample as is evident from the strong CH NH3 3I diffraction peaks.
Hence, the mixing ratio of 1:4 of PbI2 and CH NH3 3I is chosen for further
experiment.

According to Beer-Lambert’s law, the thickness of a coating has a
strong effect on the transmittance. So, the optical properties of per-
ovskite can be modified due to the thickness of the perovskite coating
by changing the spin speed of the spin coater from 2000 rpm to
5000 rpm in the fabrication process. Fig. 6 shows the trend of Tlum,hot

and ΔTsol according to the spin speed. The Tlum,hot increases and the ΔTsol
decreases as the spin speed increases, corresponding to a reduction in
the film thickness. Once the spin speed achieves values near 5000 rpm,
the Tlum,hot reaches 53.2% although the ΔTsol ability drops to 14.5%.
Samples with the highest ΔTsol, which correspond with a spin speed of

2000 rpm, are chosen for further investigation later in this work since
higher ΔTsol leads to higher energy savings, which is the purpose of a
thermochromic smart window. Similarly, for all the spin speeds studied,
the Tlum,cold does not change significantly and all maintain a high value
(~90%).

3.2. Transmittance spectrum of perovskite smart window

Fig. 7 shows the transmittance spectra of the perovskite smart
window in the cold (25 °C) and hot states (80 °C) at ambient relative
humidity (around 60%). The main difference in the transmittance oc-
curs in the visible (380–780 nm) and ultraviolet regions (300–380 nm),
with a small contribution from the near infrared region. The UV and
visible light account for about 57% of the solar energy in the solar
spectrum (yellow filled spectrum in Fig. 7). This indeed is the reason
that the ΔTsol of the perovskite smart window can be as large as
20–30%. Due to the region in which thermochromism takes place, the
ΔTsol highly depends on the Tlum,hot. That means, if the ΔTsol increases,
the Tlum,hot decreases. However, for the perovskite smart window, the
results show a potential trade-off between the Tlum and ΔTsol, which
other types of smart windows cannot achieve. In this study, perovskite
smart windows can be optimized to achieve Tlum,hot=36.0%,
Tlum,cold=89.1% and ΔTsol=25.4%. These performance figures are
very promising when compared to all the other smart windows.

3.3. Hysteresis properties and transition temperature of a perovskite smart
window

A hysteresis loop of transmittance-temperature exists in the
heating/cooling cycles of a perovskite smart window. Studying the
hysteresis loop is essential to explain the transition process of the per-
ovskite material. The transition hysteresis of a thermochromic material
is always considered to have a detrimental effect on the performance.
Because the hysteresis loop exists, the real transition temperature will
deviate from the average temperature. The transmittance and hysteresis
loops of perovskite coatings (at 550 nm wavelength) have been col-
lected under variable temperatures at intervals of 2 °C and are shown in
Fig. 8. This phenomenon can be attributed to the energy barrier being
different between the heating and cooling process (dehydration and
hydration process). Transmittance at the wavelength of 550 nm was
chosen to monitor the thermochromic effect since the biggest difference
in the transmittance of perovskite is observed at 550 nm (Fig. 7), and at
the same time, 550 nm also corresponds to the peak in CIE photopic
luminous efficiency of the human eye. From the transmittance-

Fig. 4. Tlum,hot and ΔTsol as a function of different precursor ratios. The highest
Tlum,hot is 59.4% with ΔTsol of 12.7%, while the highest ΔTsol can reach 25.5%
with Tlum,hot of 34.3%.
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temperature data, the transition temperature of the heating and cooling
cycles (Tc h, , Tc c, respectively), the average transition temperature
( =

+Tc
T T

2
c h c c, , ) and the width of the hysteresis loop, = −T T TΔ c c h c c, , can

be calculated. As the hysteresis loop is unfavorable for a thermochromic
material for smart window applications, a small TΔ c is desirable. Si-
mulation studies suggest that reducing the width of the hysteresis loop
can improve the energy savings to some degree [35].

The transition parameters for these coatings are summarized in
Table 3, where it can be seen that the transition temperature of the
perovskite smart window is lower than that of the traditional VO2 smart
window (~68 °C). Since the thermochromic effect comes from the hy-
dration and dehydration process as illustrated in Eq.1, it is expected
that humidity plays a crucial role in transition temperature and the
hysteresis loop. We have also studied the effect of the relative humidity
of the environment on the transition processes of the samples and re-
sults are shown in Fig. 9. Fig. 9(a) shows that by decreasing the relative
humidity of the environment, the average transition temperature

decreases from 53.7 °C to 42.5 °C. The higher transition temperature at
higher ambient humidity is intuitive since water molecules in the en-
vironment can hinder the dehydration process of the hydrated per-
ovskite, requiring a higher temperature to help the hydrated perovskite
lose the water molecules. This can also be explained by the chemical
equilibrium of Eq.1. During the dehydration process, the system pro-
duced water, so a high humidity condition is not favorable to the de-
hydration process. Therefore, a high temperature is needed for the high
humidity condition to let hydrated perovskite successfully dehydrate.
Therefore, humidity can also be exploited to control the transition
temperature of perovskite smart windows by over 10 °C. It is also worth
noting that the humidity influences the hysteresis width. From
Fig. 9(b), it can be seen that the hysteresis width decreases with the
increase in relative humidity.

3.4. The relationship between relative humidity and transition time of a
perovskite smart window

Although the transition time of a thermochromic material has
drawn much less attention than the solar modulation or the transition
temperature, considering the temperature fluctuation in a day, faster
switch properties are preferred. Therefore, the transition time for the
thermoresponsive material is also an important factor for smart window
applications. To date, there remains no consensus on the desirable
switch time, but it is generally agreed that a switch time within several
minutes should be acceptable for an energy-saving window [5].

Both transition times from cold to hot state ( →τc h) and from hot to
cold state ( →τh c) were investigated with relative humidity ranging from
35 to 85%. First, the transition time from the cold state to hot state
( →τc h) showed no observable dependence on relative humidity values
and stayed below 60 s. On the other hand, we found that the transition
time between hot to cold state →τh c strongly depends on the relative
humidity. When the relative humidity is below 45%, →τh c is more than
30 mins since the perovskite needs more time to absorb enough water
to return to the hydrated state. Fig. 10 shows the strong dependence of
the transition time →τh c on the relative humidity: for relative hu-
midity > 45%, →τh c decreases sharply from a few minutes to ~30 s
when relative humidity is ~85%. This is in good agreement with the
results reported by Lin et al. [18]. Although this result suggests that
there exists a critical relative humidity between 35 and 45% where →τh c
drops drastically from>30min to ~5min with increasing relative
humidity, it is worth noting that the stability of the perovskite smart
window degrades when the environmental relative humidity is too
high.

Also, the dependence of transition temperature on humidity pre-
sented in Section 3.3 shows that, for relative humidity higher than 80%,
the transition temperature will be too high for practical applications.
Consequently, there is a trade-off between transition time and transi-
tion temperature. A relative humidity between 40% and 60% for our
developed perovskite will result in optimum smart window perfor-
mance with transition temperature below 42.5 °C and transition time of
several minutes.

Based on this special transition property of perovskite, a window
configuration was proposed to lower the transition temperature for
practical application. The configuration is similar to the conventional
double-glazing window. However, the perovskite film can be coated on
the inner faces of the panels, and air or argon of a certain relative
humidity can fill the gap to keep the desired transition temperature for
the perovskite film. In this way, a higher degree of freedom can be
achieved by residents in order to control the transition process of the
smart window. In practical applications, by setting the desired hu-
midity, the user could decide the transition temperature of the window
depending of their needs. When humidity inside the gap is set as a high
value, the transition temperature will be high, so the window will re-
main in transparent state for most of the time, allowing residents to
connect with the outside world. Conversely, if the humidity of the filled

Fig. 5. XRD results of different ratio perovskite smart windows. In all the dif-
ferent mixing ratios, there is no peak corresponding to diffractions from the
CH3NH3PbI3 perovskite phase, suggesting that the transition of hydration-de-
hydration is complete.

Fig. 6. Trend of Tlum,hot and ΔTsol at 80 °C for different spin speeds during
fabrication process. Increasing the spin speed will increase the luminance
transmittance while decreasing the ΔTsol.
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gas is low, the transition temperature will be low; therefore, a great
energy reduction will be achieved. The certain relative humidity of the
filled gas can be set in the manufacturing process according to customer
requirements. This kind of configuration can also protect the perovskite
film from the unstable environment in the long-term operation. At the
same time, the outer faces of the glazing are ready to integrate other
technologies, such as self-cleaning function.

Fig. 7. The transmittance spectrum of a perovskite smart window [yellow filled spectrum is the solar intensity spectrum, while the blue filled spectrum represents the
photopic luminous efficiency of the human eye].

Fig. 8. The temperature-dependent thermochromic hysteresis loop (measured
at 550 nm) of the perovskite smart window upon heating and cooling processes.

Table 3
Key parameters of the hysteresis loop of perovskite smart windows under dif-
ferent relative humidity.

Relative
Humidity

Transition
Temperature (oC)

Average
Transition
Temperature (oC)

Hysteresis Width
ΔTc= Tc,h− Tc,c (oC)

Heating Cooling

35% 51.2 / / /
60% 54.4 30.5 42.5 23.9
71% 59.2 39.1 49.2 20.1
87% 62.5 44.8 53.7 18.5

Fig. 9. (a) Effect of relative humidity on transition temperature; (b) Effect of
relative humidity on hysteresis width.
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3.5. Versatility of perovskite smart window

In addition to the relatively low transition temperature, fast tran-
sition time and large solar modulation, perovskite smart windows also
show great potential for color versatility. In VO2 thermochromic smart
windows, doping [36], photonic crystal [37] and incorporating metal
nanoparticles [38] are commonly used to modify the intrinsic brown-
yellowish color of VO2 smart windows. However, changing the color of
VO2 thin film by applying various methods in the film synthesis always
comes with some drawbacks, such as degradation of solar modulation
performance and costly complex fabrication processes. Inspired by the
continuously tunable bandgap of CH3NH3PbI3-xBrx between 1.55 and
2.3 eV by changing the alloy composition (i.e. x=0–3), we also change
the color of the perovskite smart window by varying halide composition
between iodide and bromide. This enables the color to change con-
tinuously from dark brown to bright yellow due to an increase in the
bandgap of the perovskite material (shown in Fig. 11). All the per-
ovskite material in this experiment can be written as CH3NH3PbI3-xBrx,
and the results show that the higher the value x, the lighter the colour
would be. Additionally, the thermochromism of perovskite smart win-
dows still exists. In terms of the aesthetic property of windows, opinions
differ: a perovskite smart window offers a chance for residents to
choose the colour of their thermochromic smart window from light

yellow to dark brown, which is not possible with other kinds of ther-
mochromic smart windows.

3.6. Scale-up fabrication of perovskite smart window and model house
experiments

Based on the facile fabrication routine of perovskite smart windows,
it is not difficult to scale up using roll to roll tape-cast process for mass
production of commercial smart windows. Researchers have tried to use
various kinds of scalable solution processes to fabricate perovskite solar
cells, such as roll to roll [39], inkjet printing [40] and blade coating
[41]. A 90× 90mm smart window was fabricated for demonstration
(90×90mm is the largest sample size that our spin coater can pro-
cess). To quantitatively evaluate the performance of a perovskite smart
window for autonomous solar energy blocking in a real situation, two
heat-insulated poly(methyl methacrylate) (PMMA) model houses were
built and placed directly under sunlight, to mimic the real application,
as shown in Fig. 12. Each model house had a volume of
12× 12×9 cm3 (i.e. 1296 cm3) with a window of 9×9 cm2 (i.e. the
window to wall ratio is 56.3%, which is the number between the ratio
of a glass curtain wall and a normal residential wall [42]). The smart
window with perovskite layers was attached to one of the model
houses, while the other model house had normal glass windows as a
reference. The rooms were sealed during the testing process. The model
houses were placed on the rooftop of a building in Hong Kong. Two T-
type thermocouples were employed to measure the temperature inside
the houses. Many studies have been conducted using similar methods to
prove the energy saving of thermochromic smart windows [434445].
Actual solar radiation was used in this study to test the performance of
the perovskite thermochromic smart window, evaluating the tempera-
ture reduction inside a model house in summer.

The first test results (Fig. 13.a) illustrate that after 10:00 am in fall
(04/10/2018, average relative humidity: 55%), the application of the
perovskite smart window caused a temperature reduction inside the
house. As the sun’s radiation increased, the temperature difference in-
creased gradually and stabilized at about 11:00 am. The maximum
temperature reduction during the whole day was about 2.5 °C. This
means a significant amount of solar radiation was blocked by the per-
ovskite thermochromic window. The temperature inside the model
house with the smart window was always lower than that of the model
house with the normal window until 16:30 pm. For the second and third
test results (14/06/2019, average relative humidity: 76%; 15/06/2019,
average relative humidity: 74%), the temperature reduction was about
2.2 °C and 2.4 °C respectively in the morning. However, there was no

Fig. 10. Effect of relative humidity on transient time of CH3NH3PbI3.

Fig. 11. The optical photographs of CH3NH3PbI3-xBrx perovskite smart windows. The films were deposited on normal slide glass, demonstrating that the color of
perovskite can be easily tuned by changing different halogen elements.
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temperature difference for either the perovskite smart window or the
normal window in the afternoon. This is because the weather became
cloudy and the solar irradiance suddenly dropped from 13:00 on 14/
06/2019 and 12:00 on 15/06/2019. It should be noted that thermo-
chromic smart windows mitigate energy loss through modulating the
short-wavelength solar radiation. When the solar irradiance is low,
most of the energy is lost through windows was by other methods, such
as conduction and convection. Therefore, at this condition, there is no
difference between the thermochromic smart window and the normal
window. All in all, based on the field test results obtained over the three
different days, the designed perovskite thermochromic smart windows
are effective to block the solar radiation showing considerable potential
as energy-efficient solar modulating windows.

3.7. Comparison with other thermochromic smart window techniques

Fig. 14 displays the ΔTsol and Tlum for different types of smart win-
dows which have been reported. Much effort has been spent to lower

the transition temperature and improve the optical performance.
However, due to the characteristics of VO2 (intrinsic yellowish color,
thermochromism is only in the near infrared region), it is rather diffi-
cult to further improve the performance of VO2 smart windows through
different technologies, such as multi-layered structure, porous film,
composite film and so on. The suitable lower critical solution tem-
perature (LCST) and ΔTsol makes hydrogel and ionogel promising can-
didates for energy-efficient smart windows. However, hydrogel and

Fig. 12. (a) The prepared 90× 90mm perovskite smart window in hot state for
the model house experiment; (b) top view: model house experimental setup; (c)
front view.

Fig. 13. Temperature as a function of irradiation time for perovskite smart
windows and reference window with pure quartz. The solar irradiance data was
also provided.
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ionogel are in liquid phase and require rigorous encapsulation, a pro-
blem that still needs to be resolved. However, the idea that they expand
the thermochromism from the near infrared region to the visible region
laid a good foundation for this work. Above all, the optical performance
(i.e. ΔTsol=25.5% at Tlum,hot=34.3% & ΔTsol=12.7% at
Tlum,hot=59.4% for different spin speeds and mixing ratios of PbI2 and
CH NH I3 3 ) of the current perovskite smart windows is extremely com-
petitive for thermochromic smart windows.

4. Conclusions

In this study, a perovskite thermochromic smart window is devel-
oped. The perovskite smart window is highly transparent at room
temperature, with a record of luminous transmittance up to 91%. By
changing the mixing ratio of PbI2 and CH NH3 3I, along with the spin
speed, the results can vary between 34.3% and 59.6% for luminous
transmittance in hot state and between 12.7% and 25.5% for solar
modulation ability. The optimal mixing ratio of PbI2 and CH NH3 3I is
chosen as 1:4 with a spin speed of 2000 rpm for the fabrication process.
The transition temperature hysteresis of the perovskite smart window
has been measured and results show that transition temperature

depends on the relative humidity in the environment. When the relative
humidity is less than 60%, the transition temperature can be reduced to
less than 43 °C. Perovskite transition time of less than 5min is also very
satisfactory. In addition, the flexibility in the color for the proposed
perovskite smart windows adds aesthetic value to the technology.
According to the field test under direct sunlight in Hong Kong, the
perovskite smart window can help reduce the indoor air temperature by
as much as 2.5 °C compared to normal windows. The most typical al-
ternative is the VO2 thermochromic smart window. Compared to VO2

smart windows, perovskite thermochromic smart windows shift the
thermochromism from the NIR region to the mainly visible region,
which leads to a larger solar modulation ability since half of the pho-
tons lie in this spectral region. Also, in the cold state, perovskite smart
windows are almost transparent, making them suitable for winter ap-
plications by providing a sufficient visual portal for residents. However,
the transition temperature of the perovskite is still too high to achieve
the best energy saving performance. Although we found that decreasing
the relative humidity decreases the transition temperature, the lower
limit still needs to be further explored to achieve a better energy-saving
performance. Overall, thanks to the high luminous transmittance, high
solar modulation ability and solid phase of the smart windows, the
proposed perovskite thermochromic smart windows have potential to
meet the targets for real applications. Another point that needs further
enhancement is the long-term stability. Future work is needed to study
how to expand the thermochromism of the perovskite smart window to
the near infrared wavelength to further increase the solar modulation
ability and how to further decrease the transition temperature of the
perovskite smart window such that a larger temperature reduction can
be obtained. This high-performing thermochromic perovskite material
opens a way to develop thermochromic smart windows.
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