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ABSTRACT

Liquid crystals (LCs) are matter with fluidity and anisotropy and have been used in various electro-optic devices for their capabil-
ity to modulate the refractive index by voltage. Here, we show that LCs are capable of electro-mechanically modulating light to
cause giant light deflection at low voltages (exceeding 64° at 1.0 V). We use a composite material where polymerized cholesteric
LC particles that show optical Bragg reflection float in a nematic LC medium. The polymer-particles are elastically coupled with
the host director through their surface molecular anchoring and rotate from a face-on to side-on configuration at the Frederik
transition. Rigid-body rotation of the reflection plane causes light deflection, which is well reproducible and can be modelled the-
oretically. Our findings demonstrate the capability of LCs as a micro-electrical-mechanical system platform, which are potentially

useful for large-area light-controlling applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5083980

Liquid crystals (LCs) are matter in an intermediate phase
between liquids and crystals and thus possess fluidity and
anisotropy. LCs are widely used for not only flat panel displays
but also other electro-optic devices since they are capable of
modulating light. In these applications, nematic LCs with the
simplest orientational order are commonly used because of
their easy tunability of refractive indices.' The functionality of
LCs with higher-ordered structures has also attracted intense
interest for a long time due to the prospect of electro-optic
modulation which cannot be realized using nematic LCs.
However, because their structures are easily deformed by an
electric field, reversible and continuous electro-optic modula-
tion using them still remains a non-trivial challenge.

The cholesteric LC (ChLC) phase is one in which the con-
stituent rod-like molecules self-organize into a helical structure
and give rise to a Bragg reflection band for circularly polarized
light with the same handedness as the helix."” Although ChLCs
have been long known and their electro-optic response has
been well-studied,” ® their practical use had been hindered
because their structure is easily deformed by an electric field
and switching becomes irreversible.’

Here, we propose to tune the optical properties of ChLCs
by mechanically rotating the helical structure instead of

deforming it. We embed disc-shaped polymer particles with a
rigid cholesteric order in a nematic LC and induce its rotation
by an electric field. At the Frederiks transition’ of the host LC,
the particles rotate from a face-on to side-on configuration
through the elastic coupling mediated by molecular anchoring
on the particle surface. The electro-mechanical rotation of the
periodic structure results in continuous tuning of the reflection
spectrum as well as giant light deflection with a maximum mea-
sured angle of ~64° by a voltage as low as ~0.9 V. In addition, no
distortion occurs in the selective reflection band because a rigid
cholesteric structure is physically rotated. We also show that
the experimental observations are reproduced by a theoretical
analysis of the system, which couples rigid-body rotation of the
particle with the director deformation of the host, by construct-
ing a combined model incorporating the free energy of the host
LC and the electrostatic energy of the particle.

The photopolymerizable ChLC material was prepared by
mixing a reactive mesogen mixture (Merck, RMM141C), a right-
handed chiral dopant (Merck, CD-X), and a photoinitiator (TClI,
2-Benzyl-2-(dimethylamino)-4’-morpholinobutyrophenone) at
a weight ratio of 93.2:4.0:2.8. The material was filled into a planar
sandwich cell assembled from two glass substrates coated with
a rubbed polyimide (JSR, AL1254). After confirming planar
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FIG. 1. (a) Schematic of the experimental
configuration for observing the ChLC parti-
cle in the TN cell. The arrows labeled Ry
and Rg indicate the directions of the rub-
bing on top and bottom substrates,
respectively. (b) Schematic and POM

images of the particle at different voltages.
The arrows labeled P and A indicate the
directions of the polarizer and the ana-

B Experimental
— Theoretical

lyzer, respectively. (c) Applied voltage
dependence of measured (filled squares)
and theoretical (solid line) rotation angles
of the particle.

orientation, the sample was placed on a commercial laser scan-
ning microscope system (Carl Zeiss, LSM 510) to perform
two-photon excited direct laser writing (DLW)* "' for particle
fabrication. A Ti:Sapphire laser (Spectra Physics, Maitai) with a
center wavelength of 800 nm, a pulse width of 100 fs, and a rep-
etition rate of 80 MHz was tightly focused at the center of the
cell by an oil-immersion objective lens (63x, NA = 14) and
scanned over a circular area with a diameter of 15 um at a laser
intensity of 4.3 MW cm™? and a scan speed of 9 us um™". This
condition yielded disc-shaped particles with a diameter of 15 um
and a height of approximately 3 ym (measured by laser scanning
microscopy). The helix axis of the ChLC in the resultant particles
was along their height direction. DLW causes a pitch elonga-
tion”'” by approximately 20% and sets the easy axis of molecular
orientation on the particle surface along the polarization direc-
tion of the laser (supplementary material note 1). Considering
this pitch elongation effect, the pitch of the material was
adjusted to obtain particles exhibiting a Bragg reflection band
between approximately 500 and 550 nm, by adjusting the con-
centration of the chiral dopant. After particle fabrication, the
cell was disassembled and the residual reactive mesogen was

Voltage (V)

removed by an absorbent paper. The particles were then mixed
with a nematic LC (Merck, 5CB) and filled in a twisted nematic
(TN) cell with a cell gap of approximately 15 um. The two sub-
strates possessed ITO electrodes and were coated with the
same polyimide used for particle fabrication, with the rubbing
directions set in orthogonal directions to each other. As will be
shown later, the combination of the TN structure and the unidi-
rectional surface orientation on the particle plays an important
role in achieving a reversible response to an electric field. To
confirm that the unpolymerized reactive mesogens and the chi-
ral dopant were removed, we measured the polarized transmit-
tance spectra of the host in the TN cell and ensured that the
same spectrum as that of pure 5CB was obtained (supplemen-
tary material note 2).

Observation was performed under a cross polarized optical
microscope (POM; Nikon, Eclipse LVI00-POL) using a 100x
objective lens with a NA value of 0.90 in the reflection mode, as
a rectangular voltage of frequency 10 kHz was applied between
the substrates [Fig. 1(a)]. The sample temperature was controlled
to 27°C by a commercial hotstage (Linkam, LTS420). Figure 1(b)
shows the POM images of the ChLC particle at various voltages.
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The particle, which is at rest with its surface parallel to the sub-
strates of the cell, rotates to become oriented side-on with
increasing voltage. The rotational behavior is well reproducible,
and the particle switches back to the initial state upon removal
of voltage. To analyze the rotational behavior of the particle, we
define the coordinate axes of the system as shown in Fig. 1(a),
where the rubbing directions on the top and bottom substrates
are at +45° and —45° to the x-axis, respectively. To describe the
particle orientation, we define the molecular orientation on the
top and bottom surface of the particle by a unit vector, m. At
0V, the particle floats in the cell and aligns m along x, parallel to
the substrates. Hereafter, we define this configuration as the ini-
tial state, i.e., 0, = 0°, where 0, is the polar angle of m, measured
from the x-axis. When a voltage is applied along z, the particle
rotates around the y-axis, causing 0, to increase. Figure 1(c)
shows the voltage dependence of 0,,, where 0, was evaluated by
measuring the apparent shortest edge diameter of the elliptical
projection of the bottom surface of particles in the POM images.
The switching behavior has a threshold at ~0.6V and increases
monotonically with an increase in voltage.

The two main contributions driving particle rotation are the
electrostatic torque generated to minimize the electrostatic
energy of the particle, Fei, and the elastic torque generated to
reduce the free energy of the nematic LC, Fic."*" Fue. in the
presence of field is given by Fejec = — (1/8)e0Ae,nD*h(m-E)?, where
&0 is the permittivity of free space, Ag, is the effective dielectric
anisotropy of the ChLC particle, D is the particle diameter, h is
the particle height, and E is the electric field. Fi¢ is given by
Fre = [Lc(ferank — (1/2)e0Aec(n-E))dVy ¢, where firan is the elastic
energy density of the host LC, Ag¢ ¢ is the host dielectric anisot-
ropy, n is the host director distribution, and [ ¢ dV;c indicates
integration over the whole host LC volume around the particle.

In the present case, n and m change depending on the
applied voltage to minimize the total free energy of the system,
F = Fic + Feec. Based on this model, we numerically simulated
the distribution of n and m which minimize F. The model
assumes that a disc-shaped particle is positioned at the center
of a TN cell with no translational motion. In calculating F; ¢, we
treat the ChLC particle as a thin nematic particle with zero
thickness and do not consider the influence from the side sur-
face of the particle. A quasi-three-dimensional analysis, where
the director deformation is calculated in the x-z plane and
summed in the y-direction, is performed for the calculation of
the distribution of n and m. As the boundary condition, strong
anchoring is assumed along the rubbing direction on the sub-
strates and along m on the particle surface, with a pretilt angle
of 0p. In calculating Feec, its whole volume is considered.
Because of the short pitch of the ChLC structure, the particle
behaves approximately as a uniaxial dielectric medium, with the
permittivity along its helical axis being smaller than that along
m, yielding Aej, = (¢ — &.)/2, where ¢ and ¢, are the permittiv-
ities of the reactive mesogen parallel and perpendicular to the
director, respectively.

In the considered system, m = (cos 0, 0, sin 0), n = [cos y(x,
z)cos 0(x, z), sin y(x, z)cos 0(x, z), sind(x, z)], and E = (0, 0, E), where
Y and 6 are the azimuthal and polar angles of the host director,
respectively. The expression for F thus becomes

scitation.org/journal/apl

F= [ ( Frank — 1SOA'SLCEZ sin? 0) dVic
LC 2

1
—~eoAepE2nD*hsin®0,, where

8
fFrank:%Kll (Sind/cosg%+Sin@COS{//%_COSH%>Z
+%Kzz (sin Ocos0cos ‘/’%_ coszeg—f —sin lp%) ’
+%K33 { cos?0 (cosxpcos0%+ Sinog—z) 2
+ (cosd/cos 9%+ sin 9%) ’ } ) M

Here, Ky, K22, and Ksj are the splay, twist, and bend Frank elastic
constants of the host LC, respectively, and E is the electric
field strength (= V/d, where d is the cell gap and V is the applied
voltage). For practical purposes of calculation, the integration
(Jic dVic) is taken over the full thickness of the cell and the full
diameter of the particle in the y-direction and extended in the
x-direction from the particle edge by 10 ym. F is minimized by
the finite difference method on a lattice with dimensions
500 x 1000 x 500. Using 0 = 1.8°," Ky; = 5.7 pN, Kop = 3.7 pN, Ka3
=75pN," Aerc = 12,7 and Aep, = 2.5 (= Aepn/2, where Ae,y is
the dielectric anisotropy of nematic particles),” the simulation
result shown by the solid line in Fig. 1(c) is obtained, which is in
excellent agreement with the experimental results. The values
used were the same as those used in the previous study, which
described the motion of RMM-141C-based nematic particles
conducted under the same conditions."”

It should be noted that coupling between the particle and
the host LC, mediated by the surface anchoring on the particle,
is key for achieving the well-controlled electro-mechanical
response. Anchoring of LC orientation on the particle surface
along m, which is different from the case of isotropic colloids, *"’
induces a splay-bend deformation of the host upon particle
rotation, coupling the response of the host and the particle. The
TN cell structure is equally important in achieving a reproduc-
ible response since the intrinsic twist deformation of the TN cell
causes the director to be deformed even for a small rotation of
the particle, leading to a unique orientation configuration at
rest. The reversible response originates from the system relax-
ing to the global ground state upon removal of the field. This is
not achieved in a planar cell with parallel orientation on both
substrates because the particle can rotate freely around the
host director axis (n) without deforming the alignment (supple-
mentary material note 3).

The mechanical rotation of the particle results in continu-
ous changes in the intensity and propagation direction of light.
The reflectance and transmittance spectra of the sample were
measured for incident light polarized parallel to the rubbing
direction of the cell, using a fiber-coupled multichannel spec-
trometer (Hamamatsu Photonics, PMA-11). The measurement
spot diameter was ~10 um. Figures 2(a) and 2(b) show the voltage
dependence of the reflectance and transmittance spectra of the
particle. As a voltage is applied, the particle rotates by angle 0,
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and deflects light at an angle 26,,. The reflectance drops when
the deflected angle exceeds the detection limit of the objective
(a) NA (which corresponds to 0, = ~17°, obtained from Snell’s law
~ assuming the average refractive index of the host LC to be
H 20 20 1.59'%), and this occurs at ~0.8V, which is consistent with the
z 0.0 005 curve of Fig. 1(c). For the transmittance, a blue-shift of the
8 2.0 —-2.0 g reflection band is observed, caused by the increase in the effec-
§ 1 1 2 tive incident angle.”” Figure 2(c) shows the voltage-dependent
3 \ . /"MJNMM > POM images of the back-focal plane of the microscope objec-
o — T 0 S i w e tive. The green hexagon corresponds to the beam divergence

0500051015 -0500 05 10 1.5 2.0 25 3.0 35 angle of the incident light (~16° in air), and the white dotted cir-

Time (s) Time (s) cle indicates the detection limit of deflected light (~64° in air)

determined by the objective NA. The distance of each hexagon

(b) from the center of the dotted line corresponds to the deflection

_ angle of reflected light. The images clearly show light being

F;agg: 'i(’;ti:ec deflected by particle rotation, with a threshold at ~0.6V and

m Decay M Decay exceeding the detection limit of 64° at ~0.9V. This is the largest

. T value of light deflection that has been achieved below 1V, with

% U 3 n L] u ! no precedent in LCs or micro-electrical-mechanical systems
£ of (MEMS).”"*

‘é 4 : The response characteristics were determined as a change

S T ° s in reflected light intensity of green light (filtered from the POM

é 01 - . light source using a band-pass filter with a center wavelength of

oF 532nm and a FWHM value of 10nm) using a photomultiplier

‘L tube (Hamamatsu Photonics, H10722). The measurement spot

T ° diameter was ~2 um. Figure 3(a) shows typical response curves

0.01 ' e of the ChLC particle for an applied voltage of 2.0 V. Figure 3(b)

1.0 15 Volt:Q(:e (V)2'5 303540 shows the voltage dependence of the response time of the parti-

cle, defined as the times required for the light intensity to
change from 10% to 90%, and the response times of the host,
measured as the change in transmitted light intensity between
crossed polarizers. The voltage dependence is similar to that of

FIG. 3. (a) Transient response curves of the particle upon application (left) and
removal (right) of voltage (2 V) in the TN cell. (b) Applied voltage dependence of
the response time of the particle and the host LC in the TN cell.
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the host, with the on-response improving with applied voltage
and the off-response showing little dependence. The particle
has a slower response than the host, but theoretical consider-
ations show that the switching speeds are inversely proportional
to D (supplementary material note 4), and therefore, improve-
ment is possible by using smaller particles. Additionally, we pre-
sent the response curves of the particle in a planar cell, which is
much slower than the TN cell because of the absence of a global
ground state (supplementary material note 5).

In conclusion, our work demonstrates the potential of LCs
as an MEMS platform, where not only light intensity is modu-
lated but also its propagation direction. Because the device has a
TN structure, the concept can be extended to matrix addressing
schemes, opening doors to extremely large-area light-control
applications. While the response time is slower than conven-
tional silicon MEMS, we note that it may not be a compromise in
certain applications such as sunlight steering for daylighting
and/or solar power concentration. While we have employed
DLW for its ease in controlling the particle shape and fabrication
parameters,” ™ one can combine ChLC particles prepared by
different fabrication methods, such as freeze-fracturing of poly-
merized ChLC films,”*** soft lithography,”>“® suspension poly-
merization,”’ and microfluidics.”*?° Particles with different
Bragg reflection bands can be fabricated by changing the helical
pitch of the polymerizable ChLC, and the reflection band can be
broadened by mixing them. Mixing particles with left- and light-
handed helices will lead to enhanced reflection, and holographic
optical particles with programmable functionality depending on
the helix phase distribution can be fabricated by patterning the
ChLC alignment.””*" We envision ordinary LC displays being
turned into dynamic mirrors, possessing the capability to con-
trol light.

See supplementary material for the basic properties of the
ChLC particles fabricated by DLW (supplementary material note
1), the experimental check of the removal of the unpolymerized
reactive mesogens and the chiral dopant in the host LC (supple-
mentary material note 2), the discussion on the importance of
using a TN cell instead of a parallel planar cell (supplementary
material note 3), the theoretical considerations on improvement
of the response times of particles (supplementary material note
4), and the response curves of the particle in a planar cell (sup-
plementary material note 5).
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