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ABSTRACT

Stressed liquid crystals (SLCs) have been applied in fields such as optical phase array non-mechanical beam steering
applications, adaptive optical tip-tilt correction, and fast displays because SLCs are capable of switching large phase shift
in sub-millisecond time ranges. SLCs consist of liquid crystal micro-domains dispersed in a stressed polymer matrix. In
this paper, we propose a model of close-packed, shaped liquid crystal droplets inside a sheared polymer matrix based
upon the measurements of polarizing microscopy, fluorescence confocal microscopy, and visible-near-infrared
spectroscopy. The light scattering of SLC films results mostly from the index mismatch between adjacent liquid crystal
domains instead of the index mismatch between polymer matrices and liquid crystals as in traditional polymer dispersed
liquid crystals. We show how the light scattering of SLC cells is greatly reduced upon shearing because the liquid crystal
domains are aligned along the direction of shearing. The stretching of polymer matrices and the reshaping of liquid
crystal domains upon shearing are confirmed by fluorescence confocal microscopy. The calculations of the electro-optic
responses are based on the balance between the elastic torque and the electric field torque. Our experimental results

support the calculations.
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1. INTRODUCTION

Polymer/liquid-crystal composites are promising light modulating materials for displays, shutters, switchable
windows, etc. Many methods have been used to construct fast switching polymer/liquid-crystal composites, such as
polymer stabilized liquid crystal (PSLC"), holographic polymer dispersed liquid crystal (HPDLC?), and polymer network
liquid crystal (PNLC?). However, a polymer/liquid-crystal composite providing large phase shift with fast switching
speed while maintaining optimum optical properties is still under development. Introducing stress to polymer/liquid-
crystal composites**® leads to the appearance of special features, such as shear-induced orientation, light polarization,
and fast response. When a traditional polymer dispersed liquid crystal (PDLC) is stretched’, it becomes a polarizer,
transmitting light with polarization perpendicular to the stretching direction and scattering light with polarization parallel

to the stretching direction. However, unlike stretched PDLCs, stressed liquid crystals®® (SLCs) do not scatter with a
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polarization anisotropy, rather light of any of both polarizations is transmitted. SLCs are comprised of interconnected
micro-domains of a liquid crystal dispersed in a stressed polymer matrix. There are three major benefits of applying
shearing stress in an SLC system: 1) liquid crystal alignment along the shearing direction substantially reduces light
scattering and increases phase shift; 2) greatly reduces response times; 3) produces a linear response between phase shift
and applied voltage. In an SLC system, uniform shear-induced orientation of a liquid crystal can be maintained in a cell
thicker than 500 pm. Therefore, large phase shift (i.e., greater than 30 um) can be obtained from a single SLC sample.
As a result of switching large birefringence in the sub-millisecond range, SLCs have been utilized in areas such as

optical phase array'’ non-mechanical beam steering applications'', adaptive optical tip-tilt correction and fast displays.

In this paper, we study SLCs of different domain sizes, ranging from sub-micron to over 30 microns, by optical
microscopy, fluorescence confocal microscopy'?, and Vis-NIR spectroscopy. We propose a simplified model of close-
packed, shaped liquid crystal droplets inside a sheared polymer matrix for the SLC system. Based on the balance of the
elastic torque and the electrical torque, we calculate the switching fields and response times for a 40-micron-thick SLC
sample of sub-micron domains. We then compare the calculation results with the experimental electro-optic

measurements.

2. EXPERIMENTS

The liquid crystal material we used is a cyanobiphenyl liquid crystal from Merck: 4-pentyl-4'-cyanobiphenyl
(5CB). The monomers are NOA6S, from Norland Optical Adhesive, Inc. and RM82, a reactive mesogen diacrylate

monomer from Merck.

We first mixed SCB, RM82 and NOAG6S5 at a weight ratio of 94:2:4. The initiator (Irgacure) is 0.1 percent of the
whole mixture in weight. Then we sandwiched the mixture between two indium-tin-oxide (ITO) coated glasses with 12
pm fiber spacers to control the cell thickness. No alignment layers were applied. Next, we polymerized these samples at
60°C for 20 minutes under UV exposure before cooling them to room temperature at different cooling rates. An
additional 20 minutes’ post-cure at a UV intensity of 22mW/cm® was applied at 20°C to guarantee complete
polymerization. In addition, we fabricated a 40 micron-thick SLC sample (5CB-5) of sub-micron domains using a
mixture at a weight ratio of 90:2:8 (SCB:RM82:NOA®65). The electro-optic properties were measured and compared with

our calculations later on (fabrication conditions tabulated in Table 1).

Once we prepared the SCB-SLC samples, we characterized the shearing-distance-dependent transmittance. In
addition, 5SCB-2 and 5CB-3 with relatively large liquid crystal domains (5 to 20 um) were selected to study the shearing
deformation of polymer matrix using polarizing microscopy and fluorescence confocal microscopy. As for the
fluorescence confocal microscopic measurements, we selected a fluorescent dye that accumulates in the polymer matrix
during polymerization, enhancing the contrast. The concentration of dye was minimal, 10* by weight. Very thin (i.e.,

~0.1 mm) ITO-glass substrates were used as the top substrates. The image data were collected by scanning the tightly
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focused laser beam in the vertical cross-section of the sample, providing side views of the polymer morphology between

the two bounding plates.

During electro-optic measurements, we placed the SLC samples in between two crossed polarizers. The
shearing direction was aligned at a 45° angle to each polarizer. The laser wavelength was 633 nm. A continuous ramp of
voltages was applied to measure switching fields at each shearing distance. At a specific voltage value, liquid crystals
were completely switched so that the transmitted light intensity would be at its minimum and would not change with an
increase of voltage. We recorded that voltage value as the switching voltage. The switching field was calculated as E =
V/d, where d is the thickness of an SLC sample. The rise time (t,,) measures a time period for liquid crystals to be
completely oriented along the switching field from the initial unpowered state to the powered state. On the other hand, to
measure relaxation time (t,g), we first applied a switching electric field to align liquid crystals along the field direction.
We then removed the field to allow the liquid crystals to relax back to their initial unpowered state. The time that liquid

crystals take to relax back is T

3. RESULTS AND DISCUSSIONS

In Table 1, we show the fabrication conditions for the five SCB-SLC samples and the estimation of the liquid
crystal domain sizes. Low UV intensity cure allows slower polymerization, therefore producing larger liquid crystal
domains. In addition, slow cooling favors coalescence of liquid crystal domains, which gives rise to large droplets as
well. The droplet sizes were estimated from the micrographs shown in Fig. 1, except for sample 5CB-5, for which the

size was obtained from scanning electron microscopic pictures (not included).

Table 1: Fabrication conditions of the four SCB-SLC samples with different sizes of liquid crystal domains

5CB-SLC Samples 5CB-1 5CB-2 5CB-3 5CB-4 5CB-5

Cell gap (um) 12 12 12 12 40
Composition 94:2:4 94:2:4 94:2:4 94:2:4 90:2:8
5CB/RM82/NOA65

UV intensity (mW/cm?) 6.0 6.0 22 40 40
Cooling rate (°C/min) 0.4 4 4 4 4

Liquid crystal domain size: 30-40 10-20 5-8 ~2 0.2~0.5 (observed
Dy ¢ (diameter in pm) from SEM)
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Figure 1: Micrographs of SCB-SLC samples made of SCB/ RM82/ NOA65 (94:2:4): 5CB-1 to SCB-4, with different sizes of liquid

crystal domains. The white bar represents 10 pm in length scale.

Inside an SLC, each liquid crystal domain is surrounded by other randomly-oriented liquid crystal domains
separated by polymer sheets. The major cause of light scattering is the refractive index mismatch between adjacent liquid
crystal domains. The light scattering also results from the refractive index mismatch between the liquid crystal and the
polymer matrix. However, the mismatch is less significant because the dimension of a polymer sheet is much smaller
than that of a liquid crystal domain'*'*. The mismatch of the refractive index between liquid crystal domains disappears
when liquid crystal domains are aligned in the same direction upon shearing. Thus, the light scattering of the film is

reduced drastically.

The transparency of SLCs depends significantly on the fabrication conditions, such as UV intensity and curing
temperature. We examined the transmittance of the five SCB-SLC samples at two states: before-shearing and after-
shearing. At the after-shearing state, we measured the spectra at the saturation point of shearing, beyond which further
shearing will not reduce light scattering any more. The reference used to correct reflection loss is a fully-cured 12-pm-
thick NOAG65 film sandwiched between two ITO glasses. We use a parameter Ry, to represent the shearing ability:
Ryhear = Lmax/d, where Lyax is the maximum shearing distance beyond which an SLC film will be broken and d is the
thickness of an SLC film. We found that there is little difference (Fig. 2a) between the states of before-shearing and
after-shearing for the samples SCB-1 and 5CB-2. This is due to the less shearing ability of these two samples: Rgpe,r < 4
(Lmax is less than 40 um while d is 12 pm). In contrast, shearing has a greater influence on the samples SCB-3, SCB-4,
and 5CB-5 as seen in Fig. 2b. In particular, the sample S5CB-5, with the smallest of the liquid crystal domains, shows the
best shearing ability (Ry,er > 8) and the most significant increase of transmission at the after-shearing state. There is

essentially no light scattering at the near infrared region.
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Figure 2: Transmittance of SCB-SLC samples of different sizes of liquid crystal domains at the states of before- and after-shearing: a)
5CB-1 and 5CB-2; b) 5CB-3, 5CB-4, and 5CB-5. The hollow and solid symbols represent before-shearing and after-shearing states,

respectively.

To study the shearing deformation, we selected the two samples with relatively large liquid crystal domains,
5CB-2 (10 to 20 um in diameter) and SCB-3 (5 to 10 um in diameter). Fig. 3 displays microscopic top-views of these
two samples. The dark lines indicate a polymer matrix while the light regions indicate liquid crystals confined between
the polymer sheets. Comparing the before-shearing and the after-shearing states of the sample 5CB-3 (Fig. 3a and 3b),
we see that, along the shearing direction, dark lines became parallel to each other, demonstrating that polymer matrices
are stretched during shearing. Liquid crystal domains formed a polygonal droplet shape before shearing for sample SCB-
2 (Fig. 3c). After shearing, the liquid crystal domains were elongated as seen in Fig. 3d. Therefore, we observed two

major shearing effects on SLCs’ structures: the stretch of polymer matrices and the elongation of liquid crystal domains.

. Shearing

—
‘ "‘ direction
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Figure 3: Microscopic pictures of samples SCB-2 (c,d) and 5CB-3 (a,b): (a), (c) the before-shearing state; (b), (d) the after-shearing

state. The horizontal black bars represent length scales for the two samples. The shearing direction is depicted by the dark arrow.

Fluorescence confocal micrographs confirmed the two shearing effects. Fig. 4 shows fluorescence confocal
microscopic textures of the vertical optical scans of samples 5CB-2 and 5CB-3. The image data are collected by scanning
the tightly focused laser beam in the vertical cross-section of the sample, providing the side view of the polymer
morphology between the two bounding plates; the plates are seen as dark top and bottom regions in Fig. 4. Fig. 4a and 4b
were taken before shearing samples SCB-2 and 5CB-3, while Fig. 4c and 4d were taken after shearing. The shearing
direction is from left to right. The white color represents the polymer matrix whereas the gray color inside the white is
the liquid crystal domain. One can see that, during shearing, polymer matrices in both SLC samples are stretched along

the direction of shearing and liquid crystal domains adopt an elongated shape.

Figure 4: Fluorescence confocal microscopic Z-scan pictures of samples SCB-2 and 5CB-3 before and after shearing. a) before-
shearing of 5CB-2; b) before-shearing of 5CB-3; c¢) after-shearing of SCB-2; d) after-shearing of 5CB-3.

4. THE MODEL
Based on the microscopic studies, we propose a simplified model of stressed liquid crystals: close-packed,
shaped liquid crystal droplets inside a sheared polymer matrix. In this model, SLCs are composed of multiple stacks of
liquid crystal hexagonal tubes separated by thin polymer sheets. The model is illustrated in Fig. 5. Both the side view and
the top view are presented in order to demonstrate the shearing mechanism.
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Figure 5: The model of shearing close-packed, shaped liquid crystal domains: including the side view and the top view.
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Figure 6: Deformation of liquid crystal droplets during shearing. L is the shearing distance; D is the cell thickness; R is the radius of
original spherical droplet. A, b, and c represent semi-major axis, semi-minor axis at the direction along shearing direction, and semi-

minor axis at the direction perpendicular to shearing direction, respectively.

First, we simplified the hexagonal tubes into spherical droplets in the before-shearing state and ellipsoids in the
after-shearing state. Then we neglected the interaction between adjacent droplets to calculate electro-optic properties.
Modified from B-G Wu’s model*, we derived formulas for switching electrical fields and response times of an SLC

system at different shearing distances. As depicted in Fig. 6, geometrically, the semi-major axis can be obtained as a =

R* /(E)Z +1= R*J(L,)* +1 where L; = L/d. We assumed that the volume of liquid crystal droplets does not change
d

during shearing. Thus, we have a*b*c = R’. From the microscopic study, we assumed ¢ = R (the width of droplet does

not change as shown in Fig. 3d). Thus, we derived bas b =R’/a=R/ (L,)* +1 - Then the aspect ratio (/) is calculated as:

/= g =(L) +1- Therefore, the formulas for response times and switching voltage are listed as follows:

Relaxation time (T,f):

ya rR(L7+1) (1)

for Tk - K((le +1)2 _])

where v is the rotational viscosity of a liquid crystal, a is the long axis of a liquid crystal droplet, Ks; is the bend elastic

constant of a liquid crystal, and / is the aspect ratio, ; — ¢, where b is the short axis of a liquid crystal droplet.
b

Rise time (Toy):

2
T{)Il = }/
Ko (L2 +1) 1) [k (221 -1
33 1 33 1
A | | (AeE?) 4y
R (L7 +1) R*(L?+1) (£ +1)
where Acg is the dielectric anisotropy of a liquid crystal and E is the strength of an applied electric field.
Switching field (Egwiten):
1 1
2 2 2 2 2
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where o, and &, are the conductivities of a polymer matrix and a liquid crystal, respectively.

We calculated the electro-optic responses of the SLC sample SCB-5, and compared the calculations with our
experimental results. The data for the calculation parameters are tabulated in Table 2. According to SEM micrographs,
the liquid crystal domain size is in the range of 0.2 ~ 0.5 um. Therefore, we selected two radius R;=0.2 um and R,=0.5

pm to calculate the electro-optic responses. The results are compared in Fig. 7.

Table 2: Parameters used in the calculations.

v (kg/ms) Gy/G) K3 (1077N) Ag R, (um) R, (um)
0.056 20 0.61 12 0.2 0.5
3 30 15
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Figure 7: Comparison between calculations and experimental measurements: a) turn-on time; b) relaxation time; c) switching field.
The hollow triangles with dotted lines represent the calculation results using R;=0.2 um; the hollow circles with dashed lines represent
the calculation results using R;=0.5 um; the solid squares with solid lines represent the experimental data.

As seen in all three graphs of Fig. 7, the experimental curves agree well with the two corresponding calculated

curves. The switching field increases with the increase of the shearing distance. In addition, both the relaxation time and

the rise time decrease with the increase of the shearing distance. As such, this model provides a useful tool to predict

electro-optic performance of SLCs.

5. CONCLUSIONS
We propose a simplified model of stressed liquid crystals: close-packed, shaped liquid crystal droplets inside a
sheared polymer matrix. We investigated the shearing effects in the stressed liquid crystal system, such as variations of
light scattering and changes of electro-optic properties upon shearing. The experimental data are in good agreement with
the calculation results. Future research may take into account the interconnection of adjacent liquid crystal droplets and
other relevant factors to enrich this model. All in all, our model sheds light on the mechanism of stressed liquid crystals

and helps to optimize this system.
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