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Abstract 

The electro-optic display industry has developed liquid-crystal technology to the level 
of TV imaging. For optical processing and other special applications, a much faster 
response time is desirable. Techniques which optimize the response of nematic liquid 
crystals are reviewed. Ferroelectric liquid crystals are described, with which switching 
speeds well beyond nematic limitation are achieved. A photoaddressed spatial light 
modulator using bismuth silicon oxide as the photoconductor addressing a surface-stabilized 
ferroelectric liquid crystal is described. Initial experimental results are presented. 

Introduction 

Several liquid-crystal phases are illustrated in Figure 1.1 At sufficiently high 
temperature, long-range order is absent and the fluid properties are isotropic. At lower 
temperature, the rod-like molecules of the nematic phase have long-range orientational 
order, which is associated with substantial birefringence or dielectric anisotropy. 
Chirality at the molecular level gives rise to a twisted nematic structure or cholesteric 
phase. 

The smectic phases are associated with the onset of positional correlations and a -- . layered structure. The smectic-C phase (SC) is distinguished from the smectic-A phase 
J (SA) by tilt relative to the layers. Introduction of chirality in SC produces the 

spiral version (SC*) shown in Figure 2. The SC* symmetry accommodates ferroelectricity, 
allowing a bulk dipole moment orthogonal to the tilt direction and parallel to the layer. 
The polarization P spirals in accordance with the chirality of the phase.2 
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Figure 1. Liquid-crystal phases. 
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Figure 2. Chiral smectic-c ferroelectric liquid-crystal phase. 

In the display and electro-optics industry, liquid crystals are identified with 
birefringent modulation at low voltage and low energy. The nematic liquid crystal (NLC) 
technology is maturing so that video rates are readily achieved in a variety of TV 
displays now available. For optical processing or other special applications, much faster 
rates are desirable. 

Room-temperature ferroelectric liquid crystals (FLC) are now readily available, 
prompting an expansion in device activity.3 The current FLC device response time is 
approaching 1 ps, and, with continuing materials development, substantially higher speeds 
are expected. 

Fast nematic devices 

The NLC responds to an applied electric field via an induced dipole mechanism, which 
results in a square law torque dependen~e.~ 

torque = A €  E~ sin9 cos9 

where: 

A €  = - = permittivity anisotropy 
E 

L = applied electric field 
9 = nematic orientation A relative to E 

The NLC response is limited by viscoelastic forces. 

torque = K d2fi/dz2 + qdfi1d.t 

where : 

K = elastic constant 
A n = nematic director which identifies the local orientation 
z = spatial coordinate 
9 = viscosity 

This is a considerable simplification of NLC viscoelasticity, but suffices for most 
device work .l 

The typical NLC device provides a drive-on state, determined by the applied voltage. 
When the voltage is removed, the drive-on state relaxes to an off state at a rate limited 
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by viscoelasticity. The drive-on time can be reduced by increasing the voltage, but the 
relaxation time is determined by material properties and geometry. If AE changes signs 
with frequency, Eq: (1) shows that drive-on and drive-off can be achieved by frequency 
switching the applled voltage.1 Materials with appropriate AC are available, but this 
approach is unpopular due to the additional drive complexity, and power required. 

Fast response favors a thin cell, as indicated in the expressions for a parallel 
aligned cell similar to that shown in Figure 3.l 

where: 

Tr = rise time 
~d = decay time 
L = cell thickness 
V = applied voltage 

A 
Equation (3) is an underestimate when the initial conditions put E orthogonal to n, 

giving zero torque in Eq. (1). Reducing L trades dynamic range for speed, but other 
factors determining cell thickness usually predominate. 

Fast birefringent modulation can be achieved by switching the drive voltage between 
voltage levels V and Vo. The decay time constant can then be written4 

where 

V, = off-state voltage < V = on-state voltage 
Vc = critical voltage = =(K/AE)~/~ - 1 V 

With Vo applied, the NLC is almost entirely aligned along the field direction except 
at the cell boundary region where strong parallel surface alignment prevales, as shown in 
Figure 3. Readout light propagating perpendicular to the cell wall sees only the 
birefringence of the surface region. Switching to the higher voltage modulates the 
birefringence by further depletion of the surface birefringent r e g i ~ n . ~  This 
surface-mode device also favors fast drive-on since the active region approximates 9 = 45' 
in Eq. (1). The n-cell variant, with opposed tilt alignment, is advantageous for off-axis 
viewing in display applications.6 The voltage levels are determined by the required 
dynamic range, where speed can be traded for range. Drive-on times of order 100 ps at 
1-kHz frame rates have been demonstrated. 7 
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Figure 3. Surface-mode liquid-crystal cells. 
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Drive-on and drive-off can be achieved by switching the field direction as shown in 
Figure 4. Application of this technique generally requires an interdigitated electrode 
structure.8 A transverse component of field is readily achieved in the photoaddressed 
spatial light modulator, which can consequently function as a spatially differentiating or 
edge enhancing device.9 This technique can push the fra.me rate beyond 1 kHz. 

In general the synthesis of NLC compounds is well established and further developments 
are not expected to improve the response speed significantly. 

Ferroelectric liquid-crystal device 

The helical ferroelectric phase shown in Figure 2 has zero net polarization on a scale 
greater than the pitch length, which is typically of micrometer order. The helix can be 
unwound by an applied electric field and would constitute an electro-optic effect; however 
the process is associated with disclination structures which slow the response. 

The surface-stabilized ferroelectric liquid-crystal (SSFLC) device structure is shown 
in Figures 2 and 5.1° Here the helix is unwound by surface alignment forces when the 
cell thickness is comparable with the pitch length. The optic axis switches through twice 
the SCX tilt angle when the polarization is reversed, as shown in Figure 5. This is 
achieved by molecular rotation in the smectic layers with a minimum of viscoelastic 
retardation. Amplitude modulation is achieved by the crossed polarizer configuration 
indicated in Figure 5. For maximum contrast the FLC is molecularly engineered to have a 
22.5" tilt angle. 

If the surface alignment influence is modest, the alternate orientations can be stored 
and bistable switching is initiated by a positive or negative voltage pulse. The 
first-order coupling of the FLC polarization and applied electric field gives a torque 
expression: 

torque = P E sin* 

where : 

P = FLC polarization 
E = applied electric field 
$ = angular relation of P and E 

The torque now follows the sign of E (in contrast to Eq. (1) for NLC), allowing rapid 
switching in either direction. The switching speed is viscous limited according to the 
expression 
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Figure 4. Perpendicularly aligned liquid-crystal structure with on/off drive 
capability and image differentiating effect. 
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Figure 5. Surface-stabilized ferroelectric liquid-crystal device. 

The advantage in switching speed of FLC over NLC lies in the large polarization which 
interacts directly with the applied field. 

The bistability and well defined threshold of the SSFLC device are ideal for 
large-scale passive matrix-addressing. Considerable effort is being expended worldwide to 
develop a large-scale matrix-addressed SSFLC device for display purposes. Several 
prototypes have been demonstrateda2 

The photoaddressed SSFLC spatial light modulator (SLM) has been neglected in comparison ' 
with matrix-addressing . Such devices are of value in optical processing applications. 
Our initial results appear to be the first publication in this field.ll 

The alignment of a NLC in contact or close to a surface is determined by physiochemical 
interactions. The alignment can be controlled by surface coatings and surface anisotropy 
introduced by undirectional rubbing or oblique evaporation methods.1 Several techniques 
are established and have been incorporated in the fabrication technology of the NLC 
display industry. 

Although these techniques have some influence, they seem inadequate for the SSFLC 
device. In general the smectic phase is less forgiving of alignment perturbations than 
the nematic; moreover, bistability requires a delicate alignment that can store alternate 
orientations. The rubbed polymer process is the most popular procedure currently 
employed.12 

Switching speeds of 10 ps have been achieved with available stable compounds at room 
temperature. New compounds under development are pushing the speed to 1 ps. 

Experimental 

Bismuth silicon oxide (BSO) has been employed as the photoaddressing element in a 
NLC-SLM.13 BSO has the advantage of ease of fabrication, high resolution, and extreme 
dark resistivity. The optically polished surface of BSO is of some advantage as an 
alignment basis for the SSFLC. The long detrapping times in BSO limit the frame rates to 
order 10 Hz. 

Figure 6 illustrates the device structure. The BSO crystal (~umitomo) is capacitively 
coupled by a thin optical cement bond to the transparent indium tin oxide (ITO) electrode 
coating the massive glass substrate. The crystal dimensions are 25 mm square by'1/2 mm 
thick, and both surfaces are optically polished. The counter electrode is formed from a 
similar IT0 coating on glass. The FLC employed is a 50/50 mixture of compounds W7 and W82 
(~is~la~tech).l4 This FLC aligns perpendicularly on BSO, necessitating the use of a 
coating to induce parallel alignment. A solution of 6/9 nylon in cresol/methanol is s un 

j onto the exposed BSO and IT0 surfaces, followed by drying and unidirectional rubbing.13 
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Figure 6. Bismuth silicon oxide photoaddressed ferroelectric liquid-crystal 
spatial light modulator. 

SSFLC requires a cell spacing of micrometer order for the FLC employed. Because the 
viscosity of the FLC is sufficient to maintain the gap in the absence of a spacer, the 
initial experiments were performed without a spacer. The device is assembled by placing a 
drop of FLC between the BSO and the counter-electrode surfaces. The temperature is then 
raised to 60°C, which is beyond the isotropic point of the FLC. After cooling to room 
temperature, the FLC alignment was observed with polarized-light microscopy. 

The SLM test bed is shown in Figures 7 and 8. The acousto-optic modulators switch 
write and read pulses of controllable length. The write pulse is applied via a 
Twyman-Green interferometer which controls the SLM input spatial frequency. 
Alternatively, a transparency or resolution chart can be imaged onto the input plane. The 
optical pulses are synchronized to the SLM activating voltage via controllable delays. 

TV cameras view the output image and Fourier planes. Alternatively, the output can be 
imaged directly onto photographic film. 

The image is written in the BSO with a green argon-laser light pulse and read 
continuously with red helium-neon light. The BSO is insensitive to red light. In this 
case the green light is isolated from the read plane by a dichroic filter. 

Results 

The first SLM devices are switched at video rates and beyond with 10 V dc applied, 
under white-light illumination, in a crossed polarizer environment. Bistability or 
storage is virtually absent. 

A transient image, which fades over a period of seconds, is observed in the SLM test 
bed. This fading is interpreted as space-charge accumulation effects in the BSO. The 
behavior remains essentially the same for a variety of applied voltage waveforms, 
including ac, up to a maximum of 100 V. 

For weaker aligned samples, video rate switching is seen as before in white-light 
illumination, but significant storage is present. In the SLM test bed, a permanent image 
is now written which can be stored for several hours or more. However, there is still 
failure to switch cyclically under ac applied-voltage conditions. 

The refreshed image in Figure 9 shows the USAF 1951 resolution test target immediately 
after writing. Lack of uniformity in this image is associated with variations in FLC 
thickness and alignment. Figure 9 also compares the refreshed image with the same image 
stored overnight for 15 h. The storage is assessed with the BSO completely discharged by 
optical exposure. Deterioration in the stored image is probably associated with surface 
alignment problems. 

Figure 10 shows polarizing-microscope pictures of the stored resolution test image. 
The large number of defects illustrates the inadequacy of the alignment technique in these 
initial experiments. 
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Figure 7. Simplified spatial light modulator test bed. 
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Figure 8. Complete spatial light modulator test bed. 

Similar experiments employing amorphous selenium as the photoaddressing medium show 
transient imaging. This is similar to the initial BSO experiments and can again be 
interpreted as space-charge effects in the selenium. 

We have initiated experiments in a silicon photoaddressing technology which should 
allow the full speed potential of the FLC to be realized.15 With crystalline silicon, 
space-charge effects are absent and cyclic switching is observed. We have recorded beyond 
10 lp/mm resolution in a silicon photoaddressed SSFLC-SLM. 
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Figure 9. SSFLC-SLM refreshed image and stored image. 

Figure 10. Polarizing microscope pictures of SSPLC-SLM stored image. 
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