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A B S T R A C T

Light and heat management are the two vital requirements for smart window towards ideal solar control.
However, as a representative polymer dispersed liquid crystal (PDLC) device, little attention has been paid to
heat management. Herein, a TiO2/Ag(Cu)/TiO2 (TCAT) electrode was designed and optimized to achieve the
tunability of transmission in visible range and near-infrared heat shielding simultaneously. The continuous
growth of ultrathin Ag films with low percolation threshold was achieved on TiO2 underlayer by doping a certain
amount of Cu. Then the trade-off of PDLC devices’ optoelectrical properties was realized. The average ON state
specular transmittance of TCAT-based PDLC devices reached 81.9%, 84.9%, 81.9% and 79.9% for Ag(Cu)
thicknesses of 7 nm, 9 nm, 11 nm and 13 nm, respectively. In addition, TCAT electrodes exhibited satisfactory
ratio of light to solar gain by taking visible transmittance and solar heat gain coefficient into comprehensive
consideration. Compared with ITO-based PDLC counterpart, a notable temperature-decreases of 4.6 °C was
observed at ON state of TCAT-based device, indicating an excellent heat shielding performance. The proposed
TCAT electrode design is promising in smart window application especially for building energy conservation in
hot areas or the summer season.

1. Introduction

Building energy conservation is a vital and urgent worldwide issue
to alleviate global warming, among which saving energy consumption
from window is the top priority. It is reported that energy usage in
buildings accounts for about 35% of the total worldwide energy con-
sumption, of which 50% is dissipated from windows (Wang and Zhai,
2018). With the emerging of smart devices, the development of smart
window whose light transmission properties could be altered with ap-
plied voltage, light or heat provides a good solution to window energy
saving (Sabry et al., 2014; Liang et al., 2018; Khandelwal et al., 2017;
Wang et al., 2016; Zakirullin and Letuta, 2015). As a representative of
smart window, a polymer dispersed liquid crystals (PDLC) device,
featured with a liquid crystal layer sandwiched by two parallel trans-
parent electrodes, is considered as a promising electro-optically
switchable device. PDLC device regulates the transmittance of visible

light by switching between transparency and opacity by applying with
external voltage, which plays a role in protecting privacy and replacing
physical curtains (Murray et al., 2017; Liang et al., 2017). On the other
hand, space heating and cooling are the dominant parts of residential
and commercial energy consumption. Near-infrared (NIR) range of
solar spectrum carries more than 50% of the solar energy which results
in increased heat gain of the buildings. In addition, the heat caused by
NIR light reduces the physical comfort of human body, especially in hot
areas or the summer season (Alghamedi et al., 2014). In general, the
practical application of smart window is faced with the challenge from
the tunability of light and heat. It is of great significance to reduce the
energy consumption through broadband spectrum controlling for both
visible and NIR range via smart window.

Most commonly, the transparent conducting electrodes used for
commercially available PDLC devices nowadays are still based on in-
dium-tin oxide (ITO) because of its excellent and stable photoelectric
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characteristics. However, the ITO electrode is criticized for its draw-
backs such as the scarcity of raw material, the mechanical brittleness
due to its ceramic nature, and limited sheet resistance on flexible sub-
strates, which limit its application (Hosel et al., 2014; Muhsin et al.,
2014). Varied alternative electrodes to ITO have been developed and
integrated into PDLC devices including graphene (Kim et al., 2016),
silver nanowire (Khaligh et al., 2015), conductive polymer
(Boussoualem et al., 2010), metal mesh (Qi et al., 2016) and ultrathin
Ag film stacks (Kim et al., 2014). Among these new materials, trans-
parent electrodes based on ultrathin Ag film (normally sandwiched by
two oxide layers to form a three-layer oxide/metal/oxide structure) are
regarded as a promising alternative because of their superior electrical
and tunable optical properties. Eun Mi Kim et al. reported a transparent
conductive ZnInSnO/Ag/ZnInSnO multilayer films for PDLC smart
windows with a 64% transmittance value at ON state (Kim et al., 2014).
Our previous work presented an amino-functionalized sub-40 nm Ag/
ZnO transparent electrode, and the Ag/ZnO-based flexible PDLC device
exhibited a 65% ON-state specular transmittance (Huang et al., 2017).
However, the transmittance of ultrathin Ag film-based PDLC smart
windows were still lower than that of commercial ITO based devices
(above 70%), which was mainly attributed to the refractive index
mismatch inside the devices. Furthermore, due to the reflectance nature
of metal, the NIR transmittance of the Ag thin films could be tailored by
changing its thickness. Referring to the concept of low emissivity glass
with the similar Ag stack structure, ultrathin Ag film electrode could
reduce the radiative heat transfer through the window, thus regulating
the thermal performance of the PDLC devices. The advantage of this
ultrathin Ag film stack electrodes in modulating NIR light of PDLCs is
worth exploring and optimizing. However, as we know, the thermal
management of PDLC devices is rarely studied.

Normally, in the oxide/metal/oxide structure, the optical and
electrical properties are mutually restricted and mainly determined by
the thickness and surface morphology of the metal layer. To balance the
trade-off between these two properties, the continuous growth of ul-
trathin Ag films with low percolation threshold becomes a prerequisite
to achieve low optical and electrical losses by restraining the traditional
three-dimension growth mode (Wang et al., 2014; Chang et al., 2016;
Kang et al., 2015). Among various methods to enhance the continuous
two-dimension growth of Ag thin films, metal additive is considered to
be an effective one. Guo et al. systematically studied the ultra-smooth
and low threshold growth after adding Al to Ag (Zhang et al., 2017).
Our previous work demonstrated that the Cu dopant into Ag films
achieved 6-nm continuous Ag-Cu films with a transmittance of 80％ at
550 nm and a sheet resistance of 14.1Ω/sq (Huang et al., 2018). The
continuous growth of ultrathin Ag films paves a way for the device
application. However, in the specific application of PDLC devices, the
optical interactions between electrodes and other functional layers, as
well as optoelectronic properties, need to be further investigated.

In this work, inspired by the concept from low emissivity glass, a
TiO2/Ag(Cu)/TiO2 structure was simulated and realized to achieve high
transmittance in visible spectrum and tunable thermal shielding per-
formance in NIR range simultaneously. The low percolation threshold
growth with superior electrical and optical properties were realized by
doping little Cu into ultrathin Ag films. Flexible PDLC smart windows
device based on this electrode exhibited high visible transmittance of
over 80% and demonstrated the thermal shielding performance.

2. Experimental details

2.1. Oxide/Ag/oxide electrode deposition

The TiO2/Ag(Cu)/TiO2 transparent electrodes with various Ag(Cu)
thickness (7 nm, 9 nm, 11 nm and 13 nm, respectively) were deposited
on PET substrates (120 μm, Singyes Materials Co. Ltd., Zhuhai) using a
multi-gun sputtering system at room temperature. To observe the
growth behavior of the ultrathin Ag(Cu) films, TiO2/Ag/TiO2 electrodes

with the same thickness were prepared as control samples. The sput-
tering chamber was evacuated to a base pressure of 5× 10−4 Pa and
0.7 Pa during sputtering. The TiO2 films were deposited with a radio
frequency (RF) power of 200W from a 3 in. TiO2 target. The Ag thin
films were deposited using a 3 in. Ag target with a direct current (DC)
power of 40W, while the Ag(Cu) thin films were co-sputtered from Ag
and Cu targets with DC power of 40W and 4W, respectively. The
thickness of the metal and TiO2 thin films were controlled by deposition
time.

2.2. PDLC devices fabrication

The as-deposited PET/TiO2/Ag(Cu)/TiO2 and precleaned PET/ITO
(100 nm, 80Ω/sq) were used as transparent electrodes for PDLC de-
vices. A mixture of polymer and nematic liquid crystals was purchased
from Shenzhen Broadthink Advanced Materials Tech. Co. Ltd.. Silica
microspheres with a mean diameter of 20 μm were used as spacers to
control the thickness of the PDLC device. The mixture was then spread
on the bottom electrode and covered by the top electrode. The sand-
wich structure was then exposed to UV light with an intensity of
5.2 mW/cm2 at 365 nm for 10min of curing. The size of the PDLC de-
vices were about 10×5 cm2. Antireflection (AR) coating of hybridized
hollow silica nanospheres layers on both sides of the PDLC devices were
fabricated using a dip-coated method.

2.3. Characterization and measurement

The thickness and optical constant of films were obtained and fitted
using a spectroscopic ellipsometer (J. A. Woollam, M2000DI). The op-
tical transmittances were measured using a UV–Vis-NIR spectro-
photometer (Agilent, Cary 5000). The surface morphologies were ob-
served using a field emission scanning electron microscope (FE-SEM,
Hitachi S-4800). The sheet resistance was measured using a four-point
probe system (NAPSON, Cresbox). To evaluate the performance of the
fabricated PDLC device, the specular transmittance-voltage curve was
measured using the spectroscopic ellipsometer with an alternating
voltage potential (0–30 V) applied across the device.

3. Results and discussion

3.1. Electrode design and optical simulation of PDLC devices

The schematic of the fabrication process of the oxide/Ag/oxide
electrode based PDLC device is illustrated in Fig. 1a. An oxide under-
lying layer, an ultrathin Ag(Cu) metal intermediate layer and an oxide
upper layer were deposited sequentially on PET substrate to form a
laminated oxide/Ag/oxide electrode structure. Then, the polymer dis-
persed liquid crystal droplets are cured by ultraviolet light and sand-
wiched between two symmetrical oxide/Ag/oxide electrodes men-
tioned above to get a PDLC device. Based on the optical property
tunability of the oxide/Ag/oxide electrode in both visible and NIR
range, as well as the alignment nature of liquid crystal molecules, a
model of PDLC smart window was designed to realize photothermal
collaborative management. Fig. 1b depicts two modulation modes in
TAT electrode-based PDLC devices. At the OFF state (without applied
voltage), the PDLC device strongly scatters both the visible and NIR
light due to random orientation of liquid crystals in polymer (Liang
et al., 2017). At the ON state (with applied voltage), owing to the liquid
crystal alignment, passing of visible light is allowed, while NIR light is
partly rejected by TAT electrodes because of its infrared reflection
nature.

The first requirement for PDLC-based smart window is the high
transmittance, which leads to good visual effect at ON state and high
contrast ratio between the two switch states. To verify the optical fea-
sibility of oxide/Ag/oxide electrodes in PDLC device regarding high
specular transmittance at ON state, the refractive indices matching
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between oxide/Ag/oxide electrodes and polymer layer was taken into
consideration and the transmittance values of the whole PDLC devices
were optimized. To begin with, four types of frequently-used metal
oxide materials were chosen as alternatives of oxide/Ag/oxide elec-
trode, including TiO2, ZnO, ITO and Ga doped ZnO (Ga2O3 content in
the target was 5 wt%, denoted as GZO). Their refractive indices values,
together with those of Ag thin film and polymer layer determined ex-
perimentally using the spectroscopic ellipsometry, are plotted in
Fig. 2a. The transmittance values of the PDLC devices were calculated
by the 4× 4 propagation matrix method using the experimentally de-
rived refractive indices and extinction coefficients (Abdulhalim, 1999).
The optimal simulated results of these four-type oxide/Ag/oxide elec-
trode-based devices with the fixed Ag thickness (9 nm) are plotted in
Fig. 2b. Here, the reflectance of both PET/Air interfaces was neglected
as PET was selected as incident (exit) medium. In order to reduce the
interface reflection loss caused by the mismatch of refractive indices
among substrate, oxide/Ag/oxide electrode and polymer layers, an ef-
fective refractive index value which is close to that of PET substrate and
polymer layer (1.5∼ 1.6) is desired for oxide/Ag/oxide electrode. As
described in our previous work, ultrathin Ag films-based multilayers
could be approximately converted to a single effective layer using ef-
fective-medium theory (EMT) (Huang et al., 2017). The calculated
average effective refractive indices were about 1.69, 1.35, 1.14 and
0.96 for corresponding TiO2, ZnO, ITO and GZO oxide materials, re-
spectively. Among these, device using TiO2/Ag/TiO2 (denoted as TAT)
electrodes exhibited the highest visible transmittance than others.
Therefore, TiO2/Ag/TiO2 (TAT) structure was chosen as electrode for
PDLC devices in this work.

Fig. 2c demonstrates the dependence of average visible transmit-
tance (400–780 nm) of TAT-based device on the upper and underlying

TiO2 thickness variation with Ag thickness fixed at 9 nm. The maximum
transmittance value reached 92.6% when thicknesses of both upper and
underlying TiO2 were about 35 nm. The optimal calculated transmit-
tance and reflectance spectra of TAT-based PDLC devices are shown in
Fig. 2d. The simulated transmittance values of the TAT-based PDLC
devices were 92.5%, 92.6%, 91.6% and 88.6% for four different Ag film
thicknesses of 7 nm, 9 nm, 11 nm and 13 nm, respectively. It demon-
strated the feasible application of TAT electrode in PDLC devices.
Furthermore, the transmittance and reflectance behavior could be tai-
lored through adjustment of Ag films’ thickness.

3.2. Fabrication and performance of transparent electrodes

To achieve the consistency of the experimental results with the si-
mulated ones, the continuous growth behavior of Ag thin films with a
low percolation threshold thickness and restrained 3D Vomer-Weber
mode is a prerequisite (Yun, 2017). An even worse wetting behavior of
Ag thin films on TiO2 underlayer than that of other frequently-used
oxide materials such as ZnO was reported, because of the stronger Ti-O
bonding than Zn-O bonding (Campbell, 1997). Our previous work re-
ported an improved growth of ultrathin Ag film with a low threshold
thickness of 6 nm by Cu doping. Co-sputtering of Cu during Ag growth
was expected to lower the surface diffusion of the Ag atom, thus modify
the Ag thin film surface morphology towards two-dimensional plane
like, with smaller and denser clusters than those of pure Ag. The atomic
concentration of Cu was about 6% in the Ag(Cu) thin films, which was
confirmed by X-ray photoelectron spectroscopy analysis (Huang et al.,
2018). Herein, the growth behavior of Ag(Cu) thin films sandwiched
between double TiO2 layers were evaluated. Fig. 3 records the SEM
micrographs of PET/TiO2/Ag and PET/TiO2/Ag(Cu) films as the metal

Fig. 1. The schematic of the (a) fabrication process and (b) two optical modulation modes of the oxide/Ag/oxide electrode based PDLC devices.
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thickness increases. Comparing to pure Ag thin films, the Ag(Cu) thin
films on TiO2 showed a more dense and homogeneous morphology at
7 nm and further growth. The result demonstrated a better wetting
behavior of Ag thin films on TiO2 underlayer after doping a small
amount of Cu. The better wetting effect and higher nuclei density on
TiO2 underlayer might be attributed to higher surface energy of Cu
(1.96 Jm−2) than that of Ag (1.2–1.42 Jm−2) (Formica et al., 2013).

Fig. 4a compare the optical transmittance of the TAT and TiO2/Ag
(Cu)/TiO2 (denoted as TCAT) multilayers on PET substrates with varied
metal films thicknesses (7 nm, 9 nm, 11 nm and 13 nm, respectively).
For TAT multilayers with lower Ag thickness (< 13 nm), broad dips
were observed (insert of Fig. 4a), since absorption was related to the
localized surface plasmon resonance of discontinuous Ag island mor-
phology (Gu et al., 2014; Peres et al., 2016). However, after a small
amount of Cu was doped into Ag films, the transmittances of TCAT
multilayers in the whole visible range were improved significantly
compared to that of TAT multilayers with the corresponding thickness.

It further proved the continuous growth of the Ag(Cu) thin films, which
was in accordance with the morphology observation in Fig. 3. The
average visible transmittance values for both TAT and TCAT multi-
layers were calculated and compared with the simulated results in
Fig. 4b. For TAT multilayers with lower Ag thickness (< 13 nm), the
average visible transmittances were fairly low, deviating far from the
simulated data. This could be explained by the absorption and scat-
tering of the discontinuous Ag thin films. Increasing Ag thickness to
13 nm improved the transmittance of TAT, but there still existed a gap
between experimental data and simulated one. Comparatively, the
average visible transmittances of TCAT electrodes were in better con-
sistence with simulated data, suggesting a continuous morphology of
Ag (Cu) mid-layer without unwanted absorption. Fig. 4c plots the
measured sheet resistance values of TAT and TCAT electrodes with
different Ag thicknesses. Obviously, the sheet resistances of TCAT were
much lower than those of TAT with metal thickness < 13 nm. For in-
stance, regarding the metal layer with a thickness of 9 nm, the sheet

Fig. 2. (a) Refractive index of the
materials using in simulations. (b)
Optimal simulated transmittances
spectra of PDLC devices based on
different oxide/Ag/oxide electrodes
(the thickness of Ag thin film was set
at 9 nm). (c) Simulated average
visible transmittance (400–780 nm)
of TAT based PDLC device in ON state
as a function of thicknesses of upper
and underlying TiO2. The thickness of
Ag was 9 nm. (d) Optimal simulated
transmittance and reflectance spectra
of TAT based PDLC devices with
change in the Ag thickness.

Fig. 3. (a)–(d), (e)–(h) Surface SEM micrographs of PET/TiO2/Ag and PET/TiO2/Ag(Cu) films with increasing metal thickness, respectively. The atomic con-
centration of Cu was around 6% in the obtained Ag(Cu) thin film.
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resistances of TCAT and TAT electrodes were 9.2Ω/sq and 22.6Ω/sq
respectively. Fig. 4d evaluates the change of the sheet resistance values
of TACT-9 nm electrode and ITO control sample as a function of the
number of bends at a fixed bending radius of 2mm. The change in the
sheet resistance of the electrodes could be expressed as R/R0, where R0

and R were the sheet resistance values at the initial state and after
bending, respectively. As shown in Fig. 4d, no obvious changes in re-
sistance were observed for the TACT-9 nm electrode after 1000 bending
cycles. In contrast, the resistance of the commercial ITO increased
significantly by about 100 times after only 50 bending cycles.

3.3. Performance of PDLC based smart windows

The as-prepared TCAT transparent electrodes with different metal
thicknesses on PET substrates were applied in PDLC devices.
Commercially available ITO electrodes were also used for comparison.
Fig. 5a exhibits the photographic images of the PDLC device based on
TCAT electrodes at the OFF and ON states with an AC voltage of 25 V.
The high contrast ratio with good uniformity indicated the feasibility of
substituting the traditional ITO electrode by the ultrathin Ag multi-
layer. Fig. 5b shows the specular transmittance-voltage curves of the
TCAT electrode based PDLC devices and ITO-based control sample at
the wavelength of 550 nm. All the PDLC devices based on TCAT elec-
trodes, except TCAT-7 nm, displayed comparable performances than
that of ITO electrodes. The relatively poor transmittance of TCAT-7 nm
based PDLC was mainly attributed to the inferior transmittance of
TCAT-7 nm electrodes as described in Fig. 4a. Furthermore, the average
transmittance of the device in the visible range was further improved by
combined with antireflection coating (ARC) layers on both sides of the

PET substrate, which reduced the unwanted reflection at the PET/Air
interfaces. In our previous work, transmittance value of the PET or glass
substrates was increased by about 5% through fabrication of single-
layer SiO2 ARC coatings with the appropriate refractive index according
to the relation of =n n nair substrate (Zhang et al., 2014). Herein, SiO2

ARC layers were integrated into the PDLC device structure by dipping
coated on both sides of the PET surfaces to further increase the trans-
mittance of the PDLC device. The measured average transmittance of
the devices was compared with the calculated ones (Fig. 5c). As ex-
pected, the average visible transmittance values for all the TCAT-based
PDLC devices were improved obviously, reaching about 81.9% (TCAT-
7 nm), 84.9% (TCAT-9 nm), 81.9% (TCAT-11 nm) and 79.9% (TCAT-
13 nm), respectively. In addition, the variation of average visible
transmittance of TCAT-based PDLCs with Ag(Cu) thickness was in good
consistent with the calculated result. However, there still existed a gap
between the calculated and measured results, which mainly came from
residual reflections at the PET/Air interfaces after a single SiO2 ARC
layer. Fig. 5d plotted the normalized transmittance values of the TCAT-
9 nm based PDLC device changing with ON-OFF switching cycles at
550 nm. As can be seen, the device has endured 300 cycles with no
evident signs of degradation, which demonstrated the stability of the
PDLC device based on the oxide/Ag/oxide electrode.

Table 1 summarizes the key parameters for evaluating the perfor-
mance and characteristics of TCAT and ITO electrodes, including visible
transmittance (Tv), emissivity (ε), heat transfer coefficient (U), solar
heat gain coefficient (SHGC) and light to solar gain ratio (LSG). Tv is the
visible transmittance value of the sample at 550 nm. U indicates the
heat loss arisen from indoor and outdoor environment temperature
difference. SHGC is the measure of solar thermal energy transmitted

Fig. 4. (a) Transmittance spectra of TAT and TCAT electrodes on PET substrates with different metal thickness. (b) Simulated and measured average visible
transmittance of TAT and TCAT electrodes with different metal thickness. Inset showed the photographic images of TAT and TCAT electrodes with different metal
thicknesses. (c) Sheet resistance of TAT and TCAT electrodes with different metal thickness. (d) The change of the sheet resistance values of TACT-9 nm electrode and
ITO control sample as a function of the number of bends at a fixed bending radius of 2mm.
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directly or indirectly (absorbed and then transmitted inward) with a
range of 0–1, in which higher value means higher solar heat trans-
mitted. The lower the SHGC value, the less solar heat transmitted and
the greater the shading ability (Arbab and Finley, 2010). The emissivity
and sheet resistance are directly proportional (Koubli et al., 2015). The
emissivity values of the TCAT electrodes were calculated using the
following formula (Loka et al., 2016):

= − ×▪

−

▪
ε R R0.0129· 6.7 10 5 2 (1)

where ▪R is the sheet resistance of the electrode. The U and SHGC va-
lues were calculated using the Windows5 and Optics5 software. Herein,
we defined LSG value as follows by considering both the visible trans-
mittance and the heat shielding performance in NIR wavelength range:

=LSG T
SHGC

(550 nm)v
(2)

High LSG represents the relative efficiency of glazing materials and
their ability to transmit daylight while blocking heat gain. As metal

thickness increased beyond 9 nm, the TCAT electrodes showed com-
parative and even higher transmittance value at 550 nm compared with
ITO control sample. It was clear that all the TCAT electrodes out-
performed ITO sample in terms of ε, U and SHGC values due to their
high conductivity and reflectance performance in the NIR range. As a
result, high-quality TCAT electrodes are characterized by high LSG
value.

As compared above, the TCAT electrodes based PDLC devices were
superior to ITO counterpart regarding heat shielding performance while
keeping the comparable visible transmittance in visual effect. Prototype
experiments were conducted to verify the heat shielding effect using a
halogen lamp. Each device was placed between the lamp and thermo-
couple for 10min, and then the temperature reading was recorded
(Fig. 6). The surface temperature climbed up to 46 °C after irradiation
with only two bare PET substrates. At the OFF state, all the samples
exhibited excellent heat shielding performance due to the strong scat-
tering effect of the disordered liquid crystal alignment. At this state, the
differences in transmittance between the TCAT and ITO samples were
less obvious, which led to a minor temperature difference. However, at
the ON state, TCAT-based devices showed stronger heat shielding effect
than that ITO-based ones. As shown in the inset of Fig. 6a, the surface
temperatures of the ITO and TCAT-13 nm based devices were 39.3 °C
and 34.7 °C, respectively.

To better understand this phenomenon, specular transmittance
curves of PDLC devices based on TCAT and ITO electrodes at ON and
OFF states are plotted in Fig. 6b, respectively. In visible range, the two
types of PDLC devices showed the comparable high transmittance value
at ON state and close to zero transmittance value at OFF state, fully
meeting the requirements of building lighting and privacy protection.
However, in NIR range, the transmittance of TCAT electrode based

Fig. 5. (a) Photographic images of the PDLC device with the TCAT electrodes at the off state and ON state. (b) Specular transmittance-voltage curves of PDLCs at
550 nm. (c) Calculated and measured average visible transmittance of PDLCs devices with and without SiO2 AR coatings. (d) Normalized transmittance values of the
TCAT-9 nm PDLC device changing with ON-OFF switching cycles at 550 nm.

Table 1
Summary of samples with visible transmittance (Tv), emissivity (ε), heat
transfer coefficient (U), solar heat gain coefficient (SHGC) and light to solar
gain ratio (LSG).

Sample Tv (550 nm) ε U (W/m2 K) SHGC LSG

TCAT-7 nm 78.1 0.260 6.22 0.74 1.05
TCAT-9 nm 82.2 0.119 6.19 0.74 1.11
TCAT-11 nm 87.7 0.104 6.18 0.71 1.23
TCAT-13 nm 85.5 0.085 6.18 0.68 1.25
ITO 82.3 0.566 6.28 0.81 1.02
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PDLC devices declined obviously due to the high reflectance of the Ag
thin film, which contributed to the dramatic decrease of the measured
temperature. In general, the smart window made of the TCAT electrode-
based PDLC exhibited good shielding performance under visible light at
OFF state, and high transmittance, as well as excellent heat shielding
performance at ON state. Hence it was best applicable to blocking out
the unneeded solar heat and save cooling energy consumption in the
summer season or hot areas.

4. Conclusions

In summary, we designed a TiO2/Ag(Cu)/TiO2 electrode which was
suitable for PDLC smart window device to realize high transmission and
heat shielding simultaneously. The optimized thicknesses of top and
bottom TiO2 (around 35 nm) and Ag interlayer were simulated to reach
a maximum specular transmittance of the PDLC device in the visible
range. A low threshold percolation continuous growth of Ag thin films
was realized through doping a small amount of Cu into Ag.
Experimentally, at an applied voltage of 30 V, the average specular
transmittance of the TiO2/Ag(Cu)/TiO2 electrode based PDLC devices
with antireflective coatings on both sides reached about 81.9%, 84.9%,
81.9% and 79.9% for Ag thin film thicknesses of 7 nm, 9 nm, 11 nm and
13 nm, respectively. LSG values were evaluated by considering the
trade-off between the visible transmittance and the heat shielding
performance. All the TCAT electrodes outperformed ITO sample in
terms of ε, U, SHGC and LSG values. To demonstrate, a notable tem-
perature decrease of 4.6 °C was observed comparing with ITO coun-
terpart, exhibiting an excellent heat shielding performance. The de-
signed PDLC device featuring high transmittance and good heat
shielding performance demonstrated a potential application of smart
window in summer season or hot areas, contributing to building energy
conservation.
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 Cholesteric liquid crystals (CLCs) can exhibit vibrant colors due 
to a macroscopic helical twist of the molecular director. Selec-
tively refl ective materials with central wavelengths ranging 
from the UV to the infrared can be easily fabricated by mixing 
a chiral dopant into a nematic liquid crystal host. The central 
wavelength of the refl ection is given by 

80 = n̄ p   (1)   

where  p  is the pitch length of the helical twist of the director 
and  ̄n   is the average refractive index of the mixture defi ned as

 ̄n = (ns + no)/2   (2)   

where  n  s  and  n  o  are the extraordinary and ordinary refractive 
indices, respectively. The maximum refl ection of unpolarized 
light is 50% because a planar aligned cell only refl ects circu-
larly polarized light of the same handedness as the helical 
pitch. Methodologies to overcome this limitation include the 
stacking of two opposite-handed CLC fi lms or stacking two 
same-handed CLC fi lms separated by a half waveplate. [  1–8  ]  
Here a methodology is reported to obtain near 100% refl ec-
tivity in a single CLC fi lm (so called hyper-refl ectivity) in which 
surface-bound polymer stabilization is used to spatially segre-
gate disparate regions of opposite handedness in a single cell. 
Through the use of a thermally tunable CLC mixture, the high 
contrast condition can be induced with temperature. The versa-
tility of the approach is further demonstrated by creating a cell 
with two static refl ection notches at different wavelengths and 
thermally inducing high contrast at each notch by varying the 
temperature. 

 High-contrast, selectively refl ecting materials have a variety 
of prospective applications in displays and photonics, allowing 
for on/off control of a portion of the spectrum while passing 
all other wavelengths. A simple method to attain high con-
trast refl ectors has utilized chiral polymeric materials mixed 
with opposite-handed CLC mixtures to yield hyper-refl ective 
CLCs (defi ned here as single-cell CLCs with a refl ection greater 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 1453–1457
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than 50%). This approach yields similar optical properties as 
stacking multiple cells of CLCs of opposite handedness but 
results in devices with reduced complexity, decreased optical 
loss (Fresnel refl ection from multiple glass surfaces), and lower 
cost. To date, the fabrication of CLCs with a nearly complete 
bandgap has only been recently reported. In both approaches, a 
polymer network is formed of one handedness and surrounded 
by a CLC mixture of the opposite handedness. In the work of 
Mitov et al. a right-handed polymer structure was formed in the 
presence of a thermally driven twist inversion compound. [  9–12  ]  
Upon cooling, the bulk mixture inverts the rotation handed-
ness of the helix and the surrounding CLC mixture becomes 
left-handed. Thus, regions refl ecting both handedness coexist 
within a single cell. Similarly, Guo et al. formed a helical pol-
ymer structure, but removed the non-polymerized components 
before subsequently refi lling with a left-handed CLC. [  13–15  ]  In 
both of these approaches, the region surrounding the right-
handed polymer structure forms a right-handed CLC bandgap 
while the bulk mixture takes on its preferred left-handed form. 
Matching the position of these refl ection notches allows for 
high contrast. It is important to note that the right-hand/left-
hand local heterogeneity is uniform across the cell thickness. 
We recently reported a methodology to form these high-contrast 
CLCs through the use of a surface tethered polymer network 
(STPN), which is fabricated on only one side of the cell using 
photopolymerization of chiral monomer mixtures, thereby cre-
ating a cell with two separate homogenous regions through the 
thickness. [  16  ]  In the work presented here, dynamic high con-
trast CLC cells wherein the contrast can be controlled through 
temperature are demonstrated. Cholesteric materials that pos-
sess a smectic A ∗ /CLC phase transition just above room tem-
perature are known to have very sensitive temperature depend-
ence of the selective refl ection wavelength. [  17–19  ]  By choosing a 
mixture with an opposite handedness than the STPN, applica-
tion of heat fi rst causes the CLC phase (and a refl ection notch) 
to appear and then to blue shift as the temperature increases. 
When the refl ection wavelength of the right- and left-handed 
regions are equal, a very high contrast condition occurs. 

 The process for fabricating the high-contrast CLCs is shown 
in  Figure  1  . Planar cells were fabricated so that one of the align-
ment layers was doped with 1 wt% of Irgacure 369 (photoiniti-
ator), as shown schematically in Figure  1 a. These cells were cor-
respondingly fi lled with a right-handed CLC mixture containing 
the right-handed chiral dopant (R811), achiral nematic liquid 
crystal (E7), and a right handed chiral monomer (RMM691). 
The central refl ection of this mixture before polymerization 
is approximately 720 nm. Upon polymerization with UV light 
the bandwidth of the refl ection broadens slightly and the notch 
1453bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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    Figure  1 .     a) Schematic representation of the fabrication process where polymerization from one side of the cell causes growth of a chiral polymer 
structure from the top side of the cell only. The middle panel indicates that the polymer structure only traverses a fraction of the cell thickness and that 
when refi lled the bottom half of the cell exhibits properties of the fi lling mixture. b) The unpolarized transmission spectra of the STPN cell refi lled with 
a left-handed SmA ∗  mixture at 27  ° C. c) The texture of the polymer-rich side of the cell and d) the texture from the back-side of the cell. The images 
were taken moments apart from the same cell at the same temperature (20  ° C). Upon careful observation, the underlying smectic broken fan texture 
can be seen in (c) and the underlying cholesteric phase can be in (d).  

    Figure  2 .     Thermal tuning properties of SmA ∗  to CLC transition. a) Unpo-
larized transmission spectra of bulk mixture without polymer structure 
when heated from 25  ° C to 35  ° C. b) The corresponding notch position 
as a function of temperature.  
blue-shifts to 670 nm. There are several clear consequences to 
embedding the photoinitiator in the anchoring polyimide fi lm. 
The polymer gel is tethered to the surface, presumably through 
entanglement, but the nature of the attachment is the subject of 
current studies. The reaction is localized to one side of the cell, 
which results in a polymer network that traverses only about 
two-thirds of the cell upon reswelling. While this approach is 
fairly unique, there are examples of surface-localized poly-
merization through photoinitiation in the presence of highly 
absorbing dyes. [  20  ,  21  ]  For more information about the surface 
based initiation, see the Supporting Information.  

 After polymerization, the liquid crystal (LC) mixture 
and unpolymerized monomer was leeched from the cell by 
immersing in cyclohexane for several days followed by vacuum 
oven drying, leaving only a cell with a surface tethered polymer 
network composed of a collapsed, right-handed polymer tem-
plate. This STPN cell was backfi lled with a thermally tunable 
smectic A ∗  (SmA ∗ ) mixture that transitions to a left-handed 
CLC at 27  ° C. The SmA ∗   →  CLC phase transition has been 
known to yield widely tunable devices, recently reported to be 
tunable by almost 2000 nm. [  17–19  ]  The SmA ∗  mixture drawn 
into the cell was composed of 27% S811 in E7. [  22  ,  23  ]   

Figure  1 b shows the refl ection spectra of the STPN cell at 
27  ° C after fi lling with the S811 (27%)/E7 mixture. The pres-
ence of the refl ection notch (optically confi rmed to be right 
circularly polarized) indicates that the STPN is capable of trans-
forming the bulk smectic structure into the CLC phase. Polar-
ized optical microscopy images from both sides of the cell 
confi rm distinctive mesophases exist on each side of the cell. 
Figure  1 c clearly shows distinct, characteristic oily streaks, 
typical of a CLC planar (refl ective) texture when the samples 
are imaged with the STPN side on top. As shown in Figure  1 d, 
the characteristic broken fan texture of the SmA ∗  phase is 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
observed when the sample is observed from the other side. 
LC phases induced exclusively through structured materials, 
while not common, have been reported. [  24  ]  It is well-known that 
polymerization in the presence of a LC solvent has a dramatic 
effect on the structure of the polymer, as well as the kinetics 
of the reaction. [  25  ,  26  ]  Furthermore, this structured polymer can, 
in turn, change the properties of the surrounding LC (called 
polymer stabilized LCs), such as extending phase temperatures, 
quickening molecular relaxation times, and altering LC elec-
trical switching properties. [  27–31  ]  One advantage of our two-pot 
approach is the ability to decouple the LC-templated polymer 
from the initial LC solvent, which enables the study of polymer 
stabilized systems that have large mismatches in the polymer 
structure and the LC packing structure, such as the case of 
inducing a CLC in a SmA ∗ . 

 The baseline thermal behavior of the LC mixture employed 
to backfi ll the STPN in a standard LC cell is shown in  Figure  2  . 
Large-scale tuning of the selective refl ection notch from the 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 1453–1457
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    Figure  3 .     Unpolarized transmission spectra showing thermal tuning of 
a cell composed of a left-handed SmA ∗ –CLC mixture and STPN that was 
templated in the presence of a right-handed CLC with a notch at 670 nm.  
near-IR ( > 1000 nm) into the blue ( ≈ 450 nm) is observed upon 
heating. The high sensitivity of the thermal shift is shown in 
Figure  2 b. Circularly polarized spectroscopy confi rms that the 
refl ection handedness of the thermally induced CLC phase is 
left-handed (see Supporting Information). Backfi lling of the 
STPN cell with this mixture at room temperature, while the LC 
mixture is still in the smectic phase, does however yield a right 
circularly polarized refl ection notch (again confi rmed with cir-
cularly polarized spectroscopy, see Supporting Information) that 
    Figure  4 .     a) A schematic showing the structure of a cell with two STPN surfaces, yielding three 
possible bandgaps in a single system. The two STPN regions are depicted with green and blue 
shading and the region of the cell without polymer is depicted with red shading. b–d) The 
unpolarized transmission spectra at b) 28.0  ° C, c) 28.5  ° C, and d) 34.5  ° C, show the thermal 
tuning of a left-handed mixture in the presence of two right circularly polarized static notches 
at 550 nm and 750 nm.  
matches the periodicity of the STPN scaffold.  
 Shown in  Figure  3   are the transmission 

spectra of the STPN cell fi lled with the S811 
(27%)/E7 mixture as a function of tempera-
ture. At temperatures up to 27  ° C, a single, 
right circularly polarized notch is evident, 
resulting from the right-handed STPN. Fur-
ther heating to 29  ° C results in the appear-
ance of a second notch (optically confi rmed 
to be left-handed) that appears due to the 
SmA ∗   →  CLC phase transition of the S811/
E7 mixture. Thus, the cell possesses two 
refl ection notches, one centered at 675 nm 
and the second centered at 880 nm, with the 
former refl ecting only right circularly polar-
ized light and the latter refl ecting only left 
circularly polarized light. Additional heating 
between 31  ° C and 43  ° C causes the left-
handed 880 nm refl ection notch to blue-shift 
in wavelength until it overlaps with the static 
refl ection band of the STPN. At this tempera-
ture, a high-contrast condition exists as the 
cell possesses refl ectivity greater than 99% 
in a single cell architecture due to the refl ec-
tion of light of both handedness centered 
at 675 nm (see Movie 1, Supporting Infor-
mation). Continued heating subsequently 
reduces the contrast as the left-handed notch 
continues to blue shift (shown at 560 nm at 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 1453–1457
45  ° C in Figure  3 ). Above 46  ° C, the S811/E7 mixture transi-
tions to the isotropic phase leaving the right circularly polarized 
refl ection notch induced by the polymer scaffold to persist to 
more than 100  ° C.  

 The versatility of the STPN approach is furthered demon-
strated in a cell fabricated with right-handed STPNs on both 
sides, as schematically shown in  Figure  4  a. This cell was fab-
ricated by preparing two STPN cells in the same manner as 
shown in Figure  1 a, but with networks exhibiting slightly 
different selective refl ection wavelengths. After draining, 
(Figure  1 a, second frame) the cells were split and the two cells 
with attached STPNs were put back together to form a LC 
cell with two STPN regions (Figure  4 a, regions depicted with 
green and blue shading) and an untemplated region in between 
(Figure  4 a, region depicted with red shading). This dual-STPN 
cell was backfi lled with the thermally tunable S811 (27%)/E7 
mixture in a manner similar to that described above (see Exper-
imental Section). Two refl ection notches are observed at 25  ° C, 
one at 580 nm and the other at 790 nm, and both were con-
fi rmed to be right circularly polarized bandgaps using circularly 
polarized spectroscopy. Upon heating, a left circularly polar-
ized refl ection notch appears due to the transition of the S811 
(27%)/E7 mixture into the cholesteric phase in the region of 
the cell between the two STPN areas. Thus, at 28  ° C three CLC 
refl ection notches are present, as shown in Figure  4 b, including 
a very broad and shallow left circularly polarized refl ection of 
the S811/E7 mixture centered at 1400 nm and the two right-
handed STPN notches at 580 nm and 790 nm. The left-handed 
refl ection is broad and shallow because the notch position 
shifts dramatically and therefore even at a slow heating rate of 
1455bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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1  ° C min  − 1  the mixture is still not completely at equilibrium. 
Furthermore, the pitch of the CLC is quite long and therefore 
the refl ection depth is expected to be low. Further heating to 
33  ° C blue-shifts the left-handed notch until it overlaps with 
the 790 nm notch, inducing high-contrast at this wavelength as 
shown in Figure  4 c. Continued heating to 42  ° C induces high 
contrast at 580 nm as shown in Figure  4 d (see Movie 2, Sup-
porting Information). The scatter in the sample is caused by a 
lack of homogenous anchoring for the bulk LC. Nonetheless, 
not only do STPN cells allow for the observation of high con-
trast, they also enable the possibility for dynamic optical mate-
rials with three-color capability. Potentially this construct could 
also be used to enable tunable, multimode lasing.  

 In conclusion, we have presented a method to fabricate sur-
face tethered polymer networks composed of helical polymer 
structures. This technique allows for the realization of high-
contrast CLCs with spatially segregated refl ection through 
the thickness of the cell ( z -axis) rather than throughout the 
cell. Similar to earlier works, the STPN acts as a structurally 
chiral scaffold that forces the swollen LC mixture to take on the 
same handedness of the polymeric material and refl ects light 
according to the as-fabricated pitch. Backfi lling a STPN cell 
with a thermally tunable SmA ∗  mixture allows for temperature-
induced, nearly complete refl ection. Additionally, cells made 
with STPN on both substrates show the capability for simulta-
neous three-color refl ection and multicolor thermally induced 
hyper-refl ectivity.  

 Experimental Section 
  Cell Preparation  :  A mixture of polyimide solution (8 mL of PI2555 

polyimide (HD Microsystems), 32.5 mL of  N -methyl pyrolidone and 
9.1 mL of 1-methoxy-2-propanol) was fi ltered through a 0.45- μ m fi lter 
(Pall, Acrodisc PSF syringe fi lter) onto a glass substrate. The mixture was 
spin-coated (APH, spin 150) by ramping up to 1500 rpm for 15 s followed 
by spinning at 3000 rpm for 1 min. The coated glass was placed on the 
edge of a hot plate (Torrey Pines Scientifi c, HS30) set to 200  ° C (the edge 
temperature,  T   =  50  ° C, measured with surface probe thermometer) for 
30 min. An initiator-doped polyimide solution was prepared by mixing in 
1% by weight Irgacure 369 (Ciba) to the previously prepared polyimide 
mixture. A glass substrate was coated with this initiator-doped polyimide 
solution under identical spin-coating conditions. This coated glass was 
also baked in the same manner. Then the fi lms were rubbed to achieve 
a planar oriented anchoring layer. Then the glass pieces were glued 
together with 30- μ m spacers to form an empty cell.  

 Polymeric Scaffold Preparation  :  All cells, except the dual STPN 
cells, were fi lled with a mixture containing 19.5% chiral monomer 
RMM691 (Merck), 8.5% chiral dopant R811(Merck), and 3.5% achiral 
diacrylate RMM257 (Merck), and 68.5% achiral nematic E7(Merck). The 
cells were exposed to 1.7 mW cm  − 2  UV light (Exfo Omnicure S1000, 
300–500 nm) for 30 min, thereby polymerizing the monomer. The 
side with photoinitiator was facing the UV light. The cells were then 
immersed in cyclohexane for at least 7 days, until the cell was essentially 
transparent; the faint color was homogenous and did not change with 
time. Then the cells were dried under the application of a light vacuum. 
If a dried cell was broken open, it was apparent by eye that the polymer 
scaffold was only on the side with the initiator by faint the blue refl ection. 
Dried single-sided STPN cells cells were capillary fi lled the SmA ∗  mixture. 
To create the two-sided STPN cells, two 15- μ m cells were fi lled with their 
monomer mixtures. One cell was fi lled with a mixture containing 19.8% 
RMM691, 19.8%R811, 3.7% RMM257, and 56.7% E7. The other cell was 
fi lled with 19.2% RMM691, 2.6% R811, 2.6% RMM257, and 75.6% E7. 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
The cells were polymerized, the LC mixture was leeched, and the cells 
were dried as before. The dried cells were split open and the SmA ∗  
mixture was applied to the polymer surface and allowed to swell. After 
swelling, the excess SmA ∗  mixture was thoroughly removed by gently 
blowing the mixture off. Then these two glass substrates with STPN 
were glued together with 30- μ m spacers and the cell was subsequently 
further capillary fi lled with more of the SmA ∗  mixture to fi ll the empty 
remaining gap.  

 Optical Measurements  :  Cells were attached to a thermoelectric cooler 
(TEC) with a thermal grease. The TEC had a hole in it that facilitated 
the transmission measurements. The TEC temperature was measured 
with a surface mounted thermistor and temperature was controlled with 
a 2510 TEC controller (Keithley). Transmission spectra were taken with 
an USB2000 +  vis-NIR spectrometer (Ocean Optics). Measurements 
were made by passing unpolarized light through the sample and then 
passing it through a Fresnel rhomb/polarizer. The Fresnel rhomb/
polarizer combination broke the light into the left circularly polarized 
component and the right circularly polarized component. A split fi ber 
was used to send both the right-CPL and left-CPL to the spectrometer. 
Then the polarized measurements were made by blocking either the 
right-handed or left-handed channel. The unpolarized measurements 
were performed both by combining the left-CPL and right-CPL channels 
of the Fresnel rhomb with the split fi ber and also through by-passing the 
Fresnel rhomb/polarizer to the spectrometer.   

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