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 Surface Acoustic Wave Driven Light Shutters Using 
Polymer-Dispersed Liquid Crystals 
 In recent years, polymer-dispersed liquid crystals (PDLCs) [  1  ]  have 
been used in many applications including smart windows, [  2  ]  
displays, [  3  ]  microlenses, [  4  ,  5  ]  lasers, [  6  ,  7  ]  and data storage, [  8  ]  due 
to their excellent electro-optical properties. PDLC fi lms can be 
prepared between two conductive, transparent substrates using 
methods such as encapsulation, thermally induced phase sepa-
ration, solvent-induced phase separation, and polymerization-
induced phase separation. [  9  ]  Within a PDLC fi lm, liquid crystals 
(LCs) are generally trapped in a transparent polymer medium, 
thus forming micrometer-scale LC droplets. The random dis-
persion of LC droplets in the polymer matrix causes a strong 
scattering of light due to the signifi cant refractive index mis-
match between the two materials; therefore, a PDLC fi lm is 
naturally opaque. Based on laser interference holography, 
various periodic structures such as gratings [  10–12  ]  and photonic 
crystals, [  13  ,  14  ]  can be also introduced inside the fi lm, coined as 
holographic PDLCs (HPDLCs). [  15  ]  The application of an electric 
fi eld can re-orientate the LC molecules inside a droplet, thus 
modulating the refractive index difference between the polymer 
matrix and the LC. A complete refractive index match between 
the two materials can be achieved by tuning the LCs to a spe-
cifi c orientation. In such a way, the PDLC fi lm can be switched 
from opaque to transparent. The switching properties of PDLCs 
are infl uenced by many variables including the size and shape 
of the LC droplets, [  16  ,  17  ]  and molecular interactions between the 
LCs and polymer matrix. [  18  ,  19  ]  

 The dynamic switching of PDLCs has been extensively 
studied based on electrically- and optically-driven methods; [  20  ,  21  ]  
however, both methods have their respective limitations. For 
instance, electrically-driven PDLCs require a high driving elec-
tric fi eld ( > 1 V/ μ m), [  18  ]  while optically-driven methods have 
shown poor optical contrast (only 1 − 3). [  20  ]  To overcome these 
limitations, researchers continue to search for driving schemes 
that can achieve low power consumption, high throughput, and 
excellent optical properties. 
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 Besides electrical and optical driving, LC re-alignment has 
also been demonstrated based on the acousto-optic effect, [  22–24  ]  
where acoustic waves change the optical axis of a LC system, 
thus changing the transmitted light intensity. [  23  ]  Various 
mechanisms have been proposed to explain the LC molecules’ 
re-orientation upon application of acoustic waves, such as 
acoustic streaming [  25  ,  26  ]  and minimum entropy generation. [  27  ]  
Acoustic streaming describes a steady fl ow in a fl uid generated 
by propagating acoustic waves. [  28  ]  Due to the absorption, vis-
cosity, and thermal conduction of the fl uid, the acoustic wave 
attenuates while propagating. The attenuated acoustic wave 
exerts a net force on the fl uid through momentum conservation 
and causes the steady fl ow. Ozaki  et al . used acoustic streaming 
to change the alignment of cholesteric LC molecules [  29  ]  and 
demonstrated a lasing effect. [  30  ]  LC realignment based on the 
acousto-optic effect has already found valuable applications 
including imaging [  31  ,  32  ]  and medical diagnostics. [  33  ]  In most LC-
based acousto-optic devices, bulk acoustic waves (BAWs) have 
been employed. In general, BAWs have larger power consump-
tion than surface acoustic waves (SAWs) – a sound wave that 
propagates along the surface of an elastic material. In addition, 
BAW systems are not compatible with existing fast-prototyping 
techniques (e.g., soft lithography), limiting device miniaturiza-
tion. As such, SAWs are more desirable for many device set-
tings due to their unique characteristics: 1) most of their energy 
is confi ned within one to two wavelengths normal to the sur-
face, [  34  ]  making them energy-effi cient when manipulating the 
contact materials; 2) SAW-based devices are free of contamina-
tion, only introducing low-power mechanical vibrations to the 
system. Recently, researchers have demonstrated microfl uidic 
devices utilizing SAW-based mixing, [  35  ]  pumping, [  36  ]  concentra-
tion, [  37  ]  particle focusing, [  38  ]  and tweezers. [  39  ]  

 In this Communication, we demonstrate a SAW-driven 
PDLC light shutter by integrating a cured PDLC fi lm and a 
pair of interdigital transducers (IDTs) onto a piezoelectric sub-
strate. The IDTs were used to generate the SAW for driving 
the PDLC fi lm.  Figure  1   illustrates the layout and working 
principle of the SAW-driven PDLC light shutter. A PDLC cell 
is located in between two identical IDTs, which are deposited 
on a piezoelectric substrate with a parallel arrangement. One 
IDT is used for SAW generation and the other is used for SAW 
detection. A radio-frequency (RF) signal is applied to a single 
IDT to generate a SAW, which propagates along the surface of 
the piezoelectric substrate ( x -direction in Figure  1 ). By tuning 
the applied frequencies from the function generator and moni-
toring the frequency-dependent output voltage from the detec-
tion IDT that is connected to an oscilloscope, an optimal res-
onant frequency can be selected for the driving frequency. At 
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    Figure  1 .     The device structure and working principle for the SAW-driven 
PDLC light shutter. The magnifi ed part shows a reversible switching 
process between two different LC droplet confi gurations.  
this working frequency, the acousto-optic properties of PDLCs 
will be investigated.  

 When the propagating SAW encounters the PDLCs, a lon-
gitudinal wave is induced and leaks into the PDLCs. The sam-
ple’s temperature increases as the longitudinal wave attenuates, 
causing a thermal effect in the sample. Both the viscosity and 
the birefringence of the LCs decrease with the increase in tem-
perature. The longitudinal-mode leakage wave also causes pres-
sure fl uctuations and induces a streaming effect in the LC-rich 
regions. In a pure nematic LC medium, this kind of acoustic 
streaming causes a vortical fl ow across the LC cell that is 
responsible for re-orientating the LC molecules perpendicular 
to the substrate. [  26  ]  We believe that this acoustic wave-induced 
shear-fl ow uses a similar mechanism to re-orientate the LC 
molecules inside the LC droplets in the PDLC sample. In our 
case, the SAW propagation is along  x -axis and the PDLC fi lm 
normal is along  z -axis, as labeled in Figure  1 . The induced tilt 
angle   θ  ( x ,  z ) of the LC director from the  z -axis by the shear-fl ow 
can be described as: [  25  ]  
    Figure  2 .     Observation of the optical microscopic PDLC morphology evolution with the appli-
cation of acoustic power: (a) 0 second; (b) 20 seconds; (c) 40 seconds; (d) 60 seconds; 
(e) 80 seconds; (f) 100 seconds.  
K33∂22 / z2 + 61 ∂ 〈L 〉 / z = 0∂ ∂   (1)   

where  K  33  is Frank’s bend elastic constant, 
  κ   1  is Leslie’s shear-torque coeffi cient, and 〈  υ  〉
is the second-order velocity. When most of 
the LC molecules are realigned perpendicular 
to the substrate due to the fl ow-induced re-
orientation, the normally incident light only 
sees the ordinary refractive index of the LCs 
regardless of its polarization. In our experi-
ments, we intentionally chose LCs with the 
ordinary refractive index close to the refractive 
index of the cured polymer. As a result, under 
SAW application the PDLC fi lm becomes 
homo geneous and transparent. In contrast, 
without an applied SAW, the PDLC fi lm causes 
strong scattering due to the refractive index 
mismatch between the polymer matrix and LC 
droplets, thus demonstrating a non-transparent 
state. This reversible switching process is 
shown in the magnifi ed part of Figure  1 . 
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 In our experiments, we found the optimum working fre-
quency to be 18.76 MHz after the PDLC fi lm was introduced to 
the piezoelectric substrate. We investigated the changes in the 
PDLC morphologies at this frequency.  Figure  2   shows the evo-
lution of the PDLC morphologies as a function of time at the 
applied power of 34 dBm for a sample with LC concentration 
of 70 wt%. Under two crossed polarizers, the initial LC state 
shows strong scattering due to the anisotropic properties of LCs 
(Figure  2 a). Upon SAW application, the PDLC fi lm transitions 
into transparency from one side (near the working IDT) to the 
other (far from the working IDT) (Figure  2 b- 2 e). The PDLC 
fi lm becomes completely transparent after approximately 
100 seconds, corresponding to the dark state observed under 
two crossed polarizers (Figure  2 f).  

 We found that upon applying a SAW, the temperature of 
PDLC sample increased and saturated at  ∼ 40  ° C. This occurred 
when the PDLC sample became totally transparent, and indi-
cated the presence of a thermal effect caused by the attenuation 
of the SAW during the propagation. The measured attenuation 
of the incident SAW through the PDLC cell was  ∼ 17.5 dBm 
in our experiment, implying that the PDLC sample absorbed 
nearly half of the applied SAW energy. The increase in tem-
perature caused a decrease in both the birefringence [  40  ]  and vis-
cosity of the LCs. However, the fi nal temperature (40  ° C) in our 
experiment was still well below the clearing point of the LCs; 
further investigation revealed that the nematic-isotropic tran-
sition of the LCs occurred between 55 and 59  ° C. Therefore, 
the LCs maintained their nematic properties at  ∼ 40  ° C, and 
the thermal effect was not the main factor contributing to the 
transparency of the PDLC sample. In addition to the heating 
effect, we also observed streaming in our experiments at high 
LC concentrations. We believe that the streaming effect plays a 
dominant role in this SAW-driven PDLC light shutter. Provided 
that the LC maintains its nematic state, the realignment of LC 
molecules is the only way to change the transparency of the 
PDLC fi lm. In our experiments, the PDLC fi lm became fully 
transparent, indicating an index match between the LC drop-
lets and the surrounding polymers along the light propagation 
bH & Co. KGaA, Weinheim wileyonlinelibrary.com 1657
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direction. Therefore, we concluded that the acoustic streaming 
re-oriented most of the LC molecules perpendicular to the sub-
strate. To confi rm this prediction, a control experiment was car-
ried out, in which two identical RF signals were applied to both 
parallel IDTs simultaneously to drive the PDLC light shutter. 
In this case, the IDTs generated two counter-propagating SAWs 
that interfered to form a standing wave; no obvious streaming 
was observed in PDLCs with the total driving power applied 
to the sample held constant. If the thermal effect assumes the 
dominant role, we should observe the PDLC sample becoming 
transparent with extended driving time. However, we found 
no switching effect when the IDTs worked together, even with 
much longer time than the single IDT case. This indicates that 
acoustic streaming was the main cause for the switching of our 
PDLC shutter. 

 Furthermore, we explored the transmission dynamics of the 
PDLC sample by switching the SAW on and off.  Figure  3  a shows 
the transmission changes during the SAW on/off processes 
under different acoustic powers. It is clear that the switching-
on process strongly depends on the acoustic power. The 
higher acoustic powers correlate to faster switching-on times 
and higher optical contrast ratios. However, the switching-on 
time and the contrast saturate at a certain acoustic power. The 
switching-off time depends only on the material properties of 
LCs and remains nearly constant. The optimized switching-on 
and switching-off times were  ∼ 14 and  ∼ 5 s, respectively, for an 
applied acoustic power of 36 dBm. The achieved optical con-
trast (defi ned as the ratio of the highest transmission to the 
lowest transmission) was  ∼ 33. It is worth mentioning here 
that the switching time and acoustic power can be further 
improved. A decrease in droplet size can signifi cantly improve 
the switching-off time, as the switching-off time in PDLCs is 
proportional to  r  2 , where  r  is the radius of a LC droplet. [  18  ]  In 
general, big droplets induce slow switching time, but strong 
scattering; while small droplets lead to fast switching time, but 
weak scattering. The trade-off between the switching time and 
optical contrast demands a suitable droplet size to optimize 
performance. A PDLC fi lm with uniform micron-sized drop-
lets (1 − 3  μ m) could have a switching time on the order of mil-
liseconds. [  41  ]  In addition, adding a surfactant to PDLCs could 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com

    Figure  3 .     (a) Transmission changes during on and off processes under
power. The insets I and II show the imaging quality at the OFF and ON s
respectively. (b) The magnifi ed switching-on process under different ac
triangular-dot curve shows the experimental data and the solid curve sho
fi tting using a double-exponential function.  
effectively decrease the driving power because the surfactant 
forms an intermediate layer between the LC droplet and sur-
rounding polymers, acting like a lubricant. [  42  ]  The insets I and 
II of Figure  3 a show the OFF and ON states of a PDLC sample, 
respectively. When the acoustic power is off, the fi lm is opaque 
(inset I of Figure  3 a); and when the acoustic power is on, the 
fi lm is transparent and the letters “PDLC” underneath the fi lm 
become visible (inset II of Figure  3 a). We also note that optical 
bounces are clearly observed immediately after turning off the 
SAW and during self-relaxation; this phenomenon is likely 
due to the backfl ow effect. [  43  ,  44  ]  The backfl ow effect is a shear 
fl ow of LCs that causes temporary reverse rotation of the LC 
director in the middle of the cell after the SAW across the cell 
is removed. From Figure  3 a, we can see that higher SAW power 
corresponds to more pronounced optical bounces, indicating a 
stronger backfl ow effect. Figure  3 b shows a detailed examina-
tion of the switching-on process. The experimental curves were 
fi tted using a double-exponential function:

 

I(t) = Imin + I0 sin2

×
{

1

2
*1

[
1 − exp (−t/J1)

]
+

1

2
*2

[
1 − exp (−t/J2)

]}
  

(2)
     

 where   δ  i   and   τ  i   ( i   =  1, 2) are the fi tting parameters, representing 
phase retardation and switching-on time. Figure  3 b shows the 
double-exponential function fi ts the dynamic switching behavior 
well over the full range of time; this observation implies that 
the switching process of the PDLC sample has different relaxa-
tion modes at different time scales. 

 In summary, we have demonstrated a SAW-driven PDLC 
light shutter based on the acoustic streaming-induced realign-
ment of LC molecules as well as absorption-related thermal 
diffusion. The working mechanism was analyzed theoreti-
cally and the acousto-optical properties of the PDLC sample 
were characterized experimentally. This device shows excellent 
performance in terms of energy consumption and optical 
contrast, which is important for applications such as displays 
and smart windows. In addition, the IDTs fabricated by standard 
photolithography are highly compatible for future system inte-
mbH & Co. KGaA, Wein

 different acoustic 
tates of the device 
oustic power. The 
ws the theoretical 
gration. Our future work includes devel-
oping SAW-driven PDLC systems with faster 
response and lower energy consumption—
this could be achieved by optimizing the 
mechanical and dielectric properties of PDLC 
(e.g., using less viscous ferroelectric LCs with 
higher birefringence, controlling the LC drop-
lets size, and adding surfactants). We expect 
that with further developments, the SAW-
based driving scheme could have signifi cant 
impact on future PDLC-based nanophotonic 
and plasmonic devices. [  45–52  ]  
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