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categorized by the materials that are used. Specifi cally, these 
include electrochromic materials, liquid crystals (LCs) and elec-
trophoretic/suspended-particle devices, each technology with its 
own unique characteristics and advantages. [ 1 ]  Electrochromic 
windows take advantage of materials with transparency that 
can be modulated with the application of an electric fi eld, and 
the change in the optical properties is controlled by switching 
between an oxidized and a reduced form of the electroactive 
layer. [ 2 ]  LC-based devices, on the other hand, often involve a dye 
guest-host effect whereby the absorption properties of the dye 
are altered by the reorientation of the liquid crystalline mol-
ecules with an applied electric fi eld. [ 3 ]  In addition to electric 
fi elds, the illumination with light that has specifi c wavelengths 
can also change the device transparency by utilizing optically 
switchable LCs. This is highly benefi cial for smart window 
applications because the window automatically changes its 
confi guration from a transparent to an opaque state depending 
upon the ambient light conditions. 

 In addition to switching between transparent and dark state, 
other functionalities can be integrated to create “smarter” win-
dows, for example, in the form of energy harvesting. [ 4 ]  Recently, 
there has been signifi cant research on materials for photovol-
taic devices, methods for controlling the morphology of such 
materials, and optimization of the device geometry. This com-
bined research has resulted in high effi ciency photovoltaic 
(PV) devices with effi ciencies greater than 10%. [ 5 ]  Along with 
the pursuit of high effi ciency devices, different approaches 
have been proposed to fi nd elegant solutions to the integra-
tion of PV devices such as building-integrated photovoltaics 
(BIPV), whereby a visibly transparent PV is employed as a 
means to harness the incident solar spectrum for energy con-
version. [ 6 ]  Combining a transparent PV device with a photore-
sponsive window, which enables automatic transition from 
opaque to transparent state depending upon ambient condi-
tions, is a promising approach for the smart window. Such a 
window would be able to generate power during daytime and 
would then act as a shutter during the night for added privacy. 
Moreover this photoreaction should be reversible and function 
without any consumption of power. Here, we demonstrate an 
optically switchable smart window system that incorporates a 
photovoltaic layer into a photoresponsive LC device. Combina-
tion of these two structures offers numerous unprecedented 
advantages over conventional window designs. 

 An optically switchable chiral nematic LC is selected to pro-
vide a high contrast optical shutter that can be formed by sand-
wiching a photoresponsive short-pitch chiral nematic between 

  Smart windows with tunable optical transparency have been 
studied extensively for use as curtain-free windows. A typical 
smart window is based on an electrochromic system, where 
external energy is required to switch between the transparent 
and opaque states. Here, a new design for a smart window is 
presented incorporating an optically tunable liquid-crystal layer 
with a transparent solar cell. Depending on the incident light, 
the device switches from a transparent, energy-harvesting mode 
(day mode) to an opaque, idle mode (night mode). 

 Switchable optical materials have attracted considerable 
attention because of their broad application in the building 
environment, vehicle windows, and sunroofs. The technolo-
gies under development for switchable windows are broadly 
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crossed polarizers. [ 7 ]  In this case, the pitch of the chiral nematic 
LC is suffi ciently short such that when the LC material is fi lled 
into a pair of anti-parallel rubbed polyimide glass cells whereby 
the axis of the helix is parallel to the surface normal, the device 
appears dark between crossed polarizers. This short-pitch chiral 
nematic mixture is doped with photoresponsive chiral bis (azo) 
dopants that enable the pitch to be extended when subject to 
UV light. The bis (azo) photoresponsive materials were chosen 
due to various advantages including thermal stability and wide 

optical tuning range. [ 8 ]  In particular, these bis (azo) chiral 
dopants undergo trans to cis confi guration change triggered by 
UV light, and vice versa in the dark. 

 With these benefi ts, two dopants in particular have been 
selected in this study to fabricate photo-responsive LC device, 
and molecular structures and calculated cis-trans conforma-
tion of the two dopants are shown in  Figure    1  a,b. In molecular 
structures, the long alkyl chain of the molecule (a) offers more 
conformational freedom and higher solubility in the nematic 
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 Figure 1.    a,b) Molecular structures for the two photo-responsive bis (azo) dopants along with the DFT simulation results showing transition from 
trans to cis conformation through a 90° conformation. c) Schematic illustration of the photoresponsive LC device.
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host than molecule (b) because the relatively bulky rigid end 
group in molecule (b) causes higher steric hindrance. In order 
to identify the energy profi le of cis-trans isomerization of our 
dopant molecules we performed ab initio calculations using a 
popular density functional theory (DFT) package, Q-CHEM, 
with a B3LYP exchange functional and 6–31G** basis set. [ 9 ]  
The molecular structures were fully relaxed by minimizing 
their potential energies while fi xing the torsional angle of azo 
group. Multiple initial confi gurations at each torsional angle 
were utilized in order to rule out existing metastable states 
of large dopant molecules, 132 atoms for compound (a) and 
134 atoms for compound (b). The calculation reveals that the 
cis-trans conformation would be isomerized through transient 
status described as the 90° conformation, corresponding to 
the highest potential energy, and trans conformations for both 
materials are more favorable than cis confi gurations. In par-
ticular, compound (a) is expected to favor relatively facile forma-
tion change from trans to cis by external driving force (i.e., UV 
exposure) due to relatively low transition state energy between 
the trans and 90° conformations. On the other hand, the higher 
energy barrier of compound (b) implies that the trans con-
formation is conserved even under UV exposure. In essence, 
this conservation of trans conformation assists and accelerates 
recovery to initial-state of chiral LCs under UV free condition.  

 Here, the 10:1 ratio of the two molecules is mixed with 
a photo-insensitive chiral dopant and is dispersed into the 
nematic host E7 (Merck KGaA). Without UV exposure, the 
dominant trans-isomers, with the highest twisting power, 
decreases the pitch and results in blocking of the light by 
crossed polarizers. In the presence of UV (e.g., wavelengths 
below 400 nm), the twisting power of chiral dopants decrease 
for cis-trans isomerization and as a result, the pitch of the LC 
device extends and light is transmitted through the crossed 

polarizers. This process can be repeated through controlling the 
UV exposure. A schematic illustration of the photoresponsive 
LC device is shown in Figure  1 c. 

 Our smart window was realized by combining an opti-
cally tunable LC layer with a dye sensitized solar cell (DSSC). 
Depending upon the application, a variety of device confi gura-
tions are possible, as shown in  Figure    2  : one approach is that 
the LC cell can be placed underneath the DSSC (Type 1). In 
this case, a relatively higher power generation can be expected 
because the incident light would be fully harnessed by the DSSC 
without losses through the LC layer (e.g., polarizer). Second, 
the LC layer could be stacked on top of the DSSC (Type 2). The 
incident light is then transmitted through the LC layer prior to 
the DSSC, although the transmittance of incident light would 
be lower due to losses associated with the LC layer. In Type 3, 
the DSSC and the LC layer is sandwiched between the crossed 
polarizers. In this structure, the polarized beam through the 
DSSC would be regulated by the LC cell and the analyzer. 
Recent progress on polarizable organic PVs has opened up the 
possibility to modulate light polarization through PV devices, 
and this confi guration may offer no loss of photocurrent due to 
the polarizers. [ 10 ]  All these structures would be a possible sce-
nario for the smart window applications, and we consider all 
three in this study.  

 For the photovoltaic component, we have selected a DSSC 
primarily for its semi-transparent and versatile properties. 
Moreover, a vacuum-free process combined with abundant 
material allows comparatively less expensive production and 
high scalability compared to conventional silicon solar cells. [ 11 ]  
Our DSSC is composed of a nanoporous titanium dioxide 
(TiO 2 ) layer loaded with dye, a Pt electrode, and an electrolyte 
layer for the oxidation/reduction reaction. Compared to thin-
fi lm Si-based solar cells, DSSCs offer a greater transmittance, 
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 Figure 2.    Schematics of the dye-sensitized solar cell with an optically responsive shutter for three different device confi gurations. Type 1 arrangement 
has a semitransparent solar cell on top of an optically switchable LC layer. On the other hand, for Type 2 the LC layer is stacked on top of a photovoltaic 
layer and for Type 3 the LC and PV layers are sandwiched between the polarizer and analyzer.
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primarily determined by the device structure, cathode thick-
ness, and dye molecule concentration. [ 12 ]  The dye in the DSSC 
governs the absorption spectrum thus giving fl exibility of our 
choice for PV cells. Furthermore, careful selection of the dye 
can also enhance the window’s performance in conjunction 
with the optically tunable LC layer. In this particular device, the 
chiral nematic mixture has been designed to maximize trans-
mission at wavelengths around 550 nm when exposed to UV 
radiation. This particular wavelength is optimal for absorption 
(near 510 nm) of the trimeric ruthenium complex dye used in 
the DSSC. In order to improve transmittance as a window, a 
semi-transparent (Pt) electrode is deposited. 

 Photographs of our device in the dark and transparent states 
with and without the DSSC are shown in  Figure    3  . An LC layer 
without the DSSC is shown in Figure  3 a,b, in the dark and trans-
parent states, respectively. The transparent state was achieved by 
exposing the device to a solar simulator (AM1.5G, 100 mW cm −2  
1 sun condition) for duration of 60 s. After UV exposure, the 
dominant isomer confi guration becomes the cis-isomers and 
thus the chiral nematic has a relatively long pitch helix as pre-
viously discussed. When linearly polarized light from the fi rst 
polarizer propagates along the longer-pitch chiral nematic, light 
is transformed into elliptically polarized light thus leading to 
transmission through the analyzer. In the transparent state, 
the haze observed in the device is caused by the anti-glare-type 
polarizer and this value can be controlled with the selection of 
other polarizers (see Supporting Information Figure S1 for the 
haze measurement of the fi lm). The reverse transition from a 
transparent state to a dark state can be achieved with absence of 

UV light, as in the night time. Interestingly, our smart window 
system cannot be triggered by an indoor light source with rela-
tively low UV intensity (see Supporting Information Figure S2 
for LC opening threshold evaluation).  

 To quantitatively analyze the transmittance in both the dark 
and transparent states, a UV–Vis spectrometer was used. As 
shown in  Figure    4  b, light transmittance is enhanced around 
550 nm where the dye, a trimeric ruthenium complex, in DSSC 
largely absorbed. This transmittance range is able to be tuned 
by concentration ratio of azo (bis) chiral dopants between com-
pounds (a) and (b) (see Figure  1 ), which favors cis or trans iso-
mers, respectively. The transmittance enhancement factor was 
calculated by measuring the transmittance of LC layer in day 
mode divided by the transmittance of night mode (both with 
polarizers). The integrated device with optimized optical per-
formance is shown in Figure  3 c,d with Type 2 confi guration. 
Figure  3 c shows the device in a dark state, with the minimum 
transmittance. This state can be considered as “night” mode, 
where the LC layer is in a dark state and the PV current is mini-
mized. On the other hand, Figure  3 d was obtained when the 
complete device was exposed to a solar simulator for 60 s to 
simulate day mode, with maximum transmittance and active 
PV current.  

 Figure  4 a shows the  J – V  curve of the three different con-
fi gurations considered here and the device performance is 
summarized in  Table    1  . As previously discussed, the LC layer 
can be situated in different positions depending on the appli-
cation. Type 1, which consists of the DSSC on top of the LC 
layer, was found to have a short circuit current density ( J  sc ) of 
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 Figure 3.    Photographs of the optically tunable photovoltaic smart window. a,b) The phototunable LC device alone in the dark and transparent states, 
respectively. c,d) The integrated device with the photovoltaic layer underneath the LC layer (Type 2). In (a,c), a 390 nm UV cut-off fi lter was used to 
show that the LC layer remains in dark state without a UV source. Removing the UV fi lter, the LC layer switched to a transparent state under exposure 
of 1 sun condition for 60 s as shown in (b,d).
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16.43 mA cm −2 , an open circuit voltage ( V  oc ) of 0.744 V, a fi ll 
factor ( FF ) of 0.626, and an overall effi ciency of 7.936% under 
100 mW cm −2  1 sun conditions. The Type 3 device, where the 
LC and solar cell are placed between the polarizer and analyzer, 
shows the following characteristics:  J  sc  of 5.671 mA cm −2 ,  V  oc  of 
0.779 V, fi ll factor of 0.745, and effi ciency of 3.248%. This rela-
tively low effi ciency would be improved by incorporating light 
polarizing photovoltaics as discussed earlier. [ 10 ]   

 To investigate the effects of the LC layer on the DSSC, the 
Type 2 structure was further explored. For the Type 2 structure, 
only a dark photocurrent was recorded from PV device prior 
to 1 sun exposure because the very short pitch chiral nematic 
LC between the crossed polarizers blocks visible light from 
transmitting through the system. The pitch of the LC layer is 
then extended via exposure to 1 sun conditions and the device 
reaches the maximum transmittance. In this mode, the trans-
mitted light reaches the DSSC and is converted into electrical 
energy with the following characteristics:  J  sc ,  V  oc ,  FF  and effi -
ciency were recorded to be 2.13 mA cm −2 , 0.698 V, 0.739, and 
1.099%, respectively. The relatively low effi ciency compared 

with Types 1 and 3 mainly originates from the optical loss, 
which is primarily due to the polarizers. 

 To confi rm the device stays in night mode without UV ele-
ment, a 395 nm cut-off long pass fi lter was used to block UV 
wavelength from the solar simulator. The LC layer remained 
in dark state and the device showed only dark photodiode 
behavior. Also transition from dark to day mode was tested as 
current density was evaluated in function of time. The 395 nm 
fi lter was removed from solar simulator and photocurrent was 
measured in interval of 2 s. Figure  4 c shows change in the cur-
rent density and the saturated current reveals the fast switching 
from night to day mode under 60 s. 

 In conclusion, we have demonstrated a novel smart window 
by combining an optically switchable LC shutter and a semi-
transparent solar cell. The optically switchable LC shutter could 
be easily applied to many other types of transparent solar cells. 
Therefore, this approach clearly provides a versatile platform 
for BIPV devices. The operation in day mode collects solar 
energy with a suffi cient transparency, while in night mode light 
is effectively cut off for privacy and security. The transition 
between these modes is achieved without any external power 
or signal.   

 Experimental Section 
  Preparation and Characterization of Samples : The 10:1 ratio of 

photoresponsive chiral bis (azo) dopants (see Figure  1 b) synthesized 
by following previous report were mixed with a photo-insensitive chiral 
dopant R2011(Merck KGaA), and the mixture was dispersed into the 
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 Figure 4.    Characterization of the integrated smart window. a)  J – V  characteristics of three device types. b) Comparison of LC layer transmittance 
enhancement factor (with polarizers) and absorbance of trimetric dye in DSSC. c) Time–current density enhancement curve right after exposure of 
1 sun condition.

  Table 1.    Photovoltaic performance for three types of smart window 
confi gurations.  

Structure Effi ciency 
[%]

 J  sc  
[mA cm −2 ]

 V  oc  
[V]

Fill factor 
[%]

 Type 1 7.963 16.43 0.774 0.626

 Type 2 1.099 2.13 0.698 0.739

 Type 3 3.248 5.671 0.779 0.745



C
O

M
M

U
N

IC
A
TI

O
N

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1401347 (6 of 6) wileyonlinelibrary.com Adv. Energy Mater. 2014, 1401347

www.MaterialsViews.com
www.advenergymat.de

nematic host E7 (Merck KGaA). [ 7 ]  The resultant chiral nematic LC 
mixture was fi lled into a 5µm-thick cell and sandwiched between two 
sheet polarizers that were crossed, which formed a dark state in the 
absence of UV light. For the DSSC fabrication, the N719 dyes and 
PMII (1-methyl-3-propylimidazolium iodide) were used as the dye and 
electrolyte, respectively, and the fabrication process was previously 
described in detail [ 13 ]  A SAN-EI ELECTRIC solar simulator with a 300 W 
Xe lamp and an AM 1.5G fi lter was used to simulate the AM 1.5G solar 
spectrum. 100 mW cm −2  irradiation intensity was calibrated with a 
standard silicon solar cell. A Keithely 2400 equipment was incorporated 
to measure current densities. Controlling the optically tunable LC layer 
between dark and transparent states was done using the AM1.5 solar 
simulator with a  λ  = 395 nm cutoff UV fi lter (Newport). This system 
allowed for a cis–trans conformational change with 1 sun intensity. 
Without the UV element, the LC layer remained in a dark state, which was 
successfully tested using the UV fi lter. The transmittance was measured 
by a VARIAN 5000 UV–Vis Spectrophotometer. For haze measurements, 
haze spectrophotometry was measured with a Scinco HazeMate.  
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from the author.  
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