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Two optical effects in liquid crystals most frequently employed
for light modulation applications include (1) electrically vari-
able birefringence, which can be used to produce either phase
modulation1,2 or, if polarizers are employed, amplitude modu-
lation;3–5 and (2) field-induced scattering effects.6 Although
variable birefringence devices have received much greater
attention in recent literature,1–5,7 the inherent optical losses
posed by the requirement for polarization optics make them
less desirable for applications in which incident light energy is
limited. One such application is in mid-infrared imaging sys-
tems that employ uncooled focal-plane-array detectors, which
are comprised of a two-dimensional array of IR detectors,
sensitive to radiation in the 8- to 14-µm region, that are
thermally isolated from their surroundings.8 The detector
material is selected to display a sharp change in its electrical
properties (resistance, pyroelectric polarization, dielectric con-
stant) with temperature. A frequently used example of such a
material is the ferroelectric ceramic barium strontium titanate
(BST). The individual detector array elements are read out
sequentially by means of an electronically addressable array of
readout cells connected to each detector. The detector signals
are then multiplexed out of the focal plane for signal processing
and display of a visible image of the thermal signature of the
scene and targets. Since these focal-plane arrays operate near
room temperature, only a single-stage, low-power thermoelec-
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tric cooler is required to provide thermal stabilization. A
simple mechanical chopper is the only moving part in systems
using BST detector arrays. These systems are compact, light-
weight, and highly reliable with low-power requirements since
neither a complex mechanical scanner nor cryogenic cooling is
required. Numerous applications in both the military and
commercial sectors have been envisioned for this emerging
imaging technology.

Development activities in uncooled focal-plane-array tech-
nology are currently driven by the need to achieve further
reductions in size, weight, and power requirements without
sacrificing performance.8 One issue that has a relatively large
impact on systems employing BST detector arrays is the
requirement for a modulation device that enables the detector
to see a change in temperature between the target scene and
some background reference temperature. The current technol-
ogy employs a rotating mechanical chopper containing a
germanium disk with a series of lenslet arrays ground into its
surface at various positions to alternately defocus (diffuse) and
transmit the incident IR radiation. A simplified schematic
representation of the BST focal-plane-array imaging device is
shown in Fig. 72.20. Without the chopper in the system, only
moving objects in the scene could be detected since, in the
absence of a repeatedly refreshed background signature, the
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Figure 72.20
A simplified schematic representation of an uncooled BST
focal-plane-array imaging device. The motor-driven ger-
manium chopper disk contains a series of lenslet arrays
ground into its surface at various positions to alternately
diffuse and transmit incident IR radiation.
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detector surface charge would dissipate and cause the scene
contrast to reduce to near zero. Replacement of the motor-
driven mechanical chopper with a low-power, solid-state modu-
lator that could be scaled to detector size would be a highly
desirable technology-development option. Liquid crystal de-
vices suggest themselves as an excellent alternative for this
application by virtue of their low power consumption, short-
path-length requirements, scalability of size, and excellent
transmission characteristics in many regions of the near- and
mid-infrared.1–7,9–12 Modulation device concepts employing
the cholesteric–nematic phase transition,9,10 dynamic scatter-
ing,11 and polymer-dispersed nematic liquid crystals12 have
been demonstrated; however, the long electro-optic relaxation
times observed in these devices (100 ms to several seconds) are
several orders of magnitude too slow to satisfy current require-
ments (<1 ms). A more promising approach uses the scattering
produced by rapid field-induced unwinding of the helical
structure in thick (10- to 100-µm) ferroelectric liquid crystal
(FLC) devices in which the helix axis is oriented parallel to the
substrates. This “transient-scattering mode” (TSM) device,
first reported by Yoshino and Ozaki,13–18 is shown in
Fig. 72.21. The initial application of an electric field produces
a highly transparent, helix-unwound state; the electric field
polarity is then rapidly reversed, and the violent molecular
motion that occurs as the ferroelectric LC domains align with
the new field direction results in intense light scattering. The
transmissive state is then restored as the helix once again

becomes completely unwound and the new direction of spon-
taneous polarization is established. Rise and decay times
ranged from tens to hundreds of microseconds,14 depending
on the magnitude of the drive voltage pulse and the cell
thickness. More recently, Marshall et al.19 demonstrated that it
was possible to extend the duration of the scattering state to
periods ranging from hundreds of microseconds to millisec-
onds in TSM devices by using specially designed waveforms
that consisted of alternating polarity dc pulses superimposed
upon a high-frequency ac signal. The ability of these “ex-
tended-scattering-mode” (ESM) devices to modulate radiation
in both the visible and mid-infrared regions was verified in a
simple experiment using an Fourier-transform infrared
(FTIR) spectrometer, in which an unoptimized ESM device
displayed a 40% modulation depth for IR radiation in the 8- to
12-µm region.19

In this article, we expand on this previous work to examine
the angular distribution of forward-scattered light by the field-
induced unwinding of the helical structure in TSM and ESM
ferroelectric LC devices. Such information on the distribution
of forward-scattered light is important for the design of optical
systems employing TSM or ESM devices, in that it gives an
understanding of how close to the uncooled focal-plane-array
detector the modulation device must be to ensure that the entire
image fills the detector’s clear aperture. Although it would
have been most desirable to conduct angular-scattering mea-
surements in the mid-infrared for greatest relevance to the
application of interest, our FTIR spectrometer was, by design,
incapable of conducting measurements at any angle other than
normal incidence. Because no other mid-IR detector was
available to us, we instead conducted these measurements
using an existing goniometer setup employing a visible-region
light source.

Angular-Scattering Distribution Measurements
Three FLC materials commercially available from Merck,

Ltd.—ZLI-4139, ZLI-4003, and SCE-9—were evaluated us-
ing the goniometer test setup shown in Fig. 72.22. The beam
from a 15-mW, linearly polarized, helium–neon laser was
expanded and passed through a quarter-wave plate to produce
circular polarization. We chose to use circularly polarized light
in this work in order to observe the distribution of forward-
scattered light without polarization effects. After propagating
through the quarter-wave plate, the beam was collimated and
allowed to pass through the FLC cell at normal incidence. A
larger beam diameter (≈11 mm) than in our previous work
(≈1 mm) was used to ensure that scattering was averaged over
a large portion of the device’s clear aperture, thus allowing a

Figure 72.21
The transient-scattering mode in ferroelectric liquid crystals. (a) With no field
applied, the helix axis lies parallel to the substrates, producing a weakly
scattering texture; (b) application of a dc field causes the helix to unwind,
rendering the cell highly transparent; and (c) a rapid reversal of dc field
polarity and intense, transient light scattering occurs as the ferroelectric LC
domains align with the new field direction.
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more realistic evaluation of the device’s behavior. The for-
ward-scattered light was collected by an integrating sphere
with a UDT PIN-10D photodiode. The integrating sphere was
rotated about the normal to the cell substrate plane to determine
the angular spread (θs) of the incident light out to 20°; beyond
this point the signal-to-noise ratios attainable with this setup
were too small to allow reliable data.

The FLC cells were driven with a Stanford Research Sys-
tems DS345 digital function generator connected to a Hewlett–
Packard 6827A bipolar power supply/amplifier. The amplified
signal was routed to a Hewlett–Packard 54520C digital oscil-
loscope to display the driving waveform. The integrating
sphere detector was connected to a Melles Griot 13AMP005
wideband detector amplifier, which in turn is connected to the
oscilloscope to display the output signal.

The cells evaluated in this study—SCE-9 (10 µm and
24 µm), ZLI-4139 (10µm and 22 µm), and ZLI-4003
(24 µm)—were assembled from glass substrates bearing a
500-Å, transparent, conductive ITO coating with a resistivity
of 100Ω/square. The substrates were spin coated with a 2-wt%

solution of nylon in formic acid, which, after being baked at
115°C for 1.5 h and then buffed, served as an alignment layer
for the FLC. The coated substrates were oriented with their
alignment layers parallel to each other, but with opposing rub
directions, and then bonded together using Master Bond
UV15-7TK1A UV curable epoxy mixed with 10-, 22-, or
24-µm glass fiber spacers to control cell thickness. The cells
were then heated above the clearing temperature of the FLC
material’s isotropic phase and filled by capillary action. To
ensure homogeneous alignment of the FLC throughout the
cell, we used a Mettler FP82HT Hot Stage to cool the cell very
slowly (0.2°C/min), from the isotropic phase down to the
ferroelectric Sc

* phase, while applying a 15- to 30-V, 0.1-Hz
sine wave by means of a function generator. This step was most
important for thicker cells (>20 µm) and the short helical pitch
materials (ZLI-4139 and ZLI-4003) to help ensure good align-
ment within the FLC devices. Prior to filling, the cell thickness
was verified through an interference fringe counting method
using a Perkin–Elmer Lambda-9 spectrophotometer.20 These
empty cells were shown to vary by less than 7% from the
nominal spacer diameter. For consistency, all scattering re-
sponse measurements were done at ambient temperature (22°C).
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Figure 72.22
Diagram of the experimental setup used to measure angular scattering for ferroelectric LC devices operating in both the TSM and ESM modes. The integrating
sphere can be rotated through an angle of ±60°, about the normal to the FLC substrate surface.



ANGULAR-SCATTERING CHARACTERISTICS OF FERROELECTRIC LIQUID CRYSTAL ELECTRO-OPTICAL DEVICES

LLE Review, Volume 72 191

TSM Angular Scattering
All TSM angular-scattering measurements were taken us-

ing a simple square wave as the driving waveform (Fig. 72.23).
Similarly shaped plots were obtained for all of the devices

tested when the photodiode output values were plotted over a
20° angular spread, as shown in Figs. 72.24(a) and 72.24(b).
Since all evaluated devices displayed symmetrical scattering
behavior about normal incidence, only one-half of the scatter-
ing envelope about normal incidence is shown in these and all
subsequent figures for convenience. Each cell was driven at its
optimum frequency and within its ideal voltage range [deter-
mined experimentally (at θs = 0) for each material/cell combi-
nation] to produce the greatest possible modulation depth. As
shown in the figures, the bulk of the forward-scattered radia-
tion falls within 6° of the normal and drops off sharply up to
approximately 5°. Very little scattering is observed past 6°,
which is in direct contrast to the behavior observed by both
Tagawa et al.21 and Kobayashi et al.,22 who reported measur-
able scattering of the input beam at angles of up to 50°. One
probable explanation is that the FLC cells used in these studies
were one order of magnitude thicker (≈100 µm) than the cells
used in our study and thus would be expected to exhibit much
stronger scattering behavior due to the increased path length.
We were unable to verify this supposition because the voltage
required to drive such long-pathlength TSM devices at their

Figure 72.24
(a) Angular-scattering behavior of 10-µm-path-
length SCE-9 and ZLI 4139 FLC cells operated in
the TSM mode. The applied voltage per unit path
length for each device is shown in the figure.
(b) Angular-scattering behavior of SCE-9 (24-
µm), ZLI 4139 (22-µm), and ZLI 4003 (24-µm)
FLC cells in the TSM mode. The applied voltage
per unit path length for each device is shown in
the figure.
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Figure 72.23
Electro-optical response of ZLI-4003 in the transient-scattering mode. The
cell path length employed was 25 µm.
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optimal response levels exceeded the output capabilies of our
equipment. However, we can qualitatively compare scattering
as a function of path length under non-optimal drive-voltage
conditions in cases where the applied voltages per unit path
length are of a similar magnitude. If we examine the data in
Table 72.II, which shows the relationship between the magni-
tude of angular forward scattering on applied field, we see that
for the 10-µm and 22-µm ZLI-4139 cells, both driven at
nominally 6.8 V/µm, the thicker cell shows the greater amount
of forward scattering in the 0°–6° range. A similar trend can
also be seen from Table 72.II for the 10-µm and 24-µm
SCE-9 cells, driven at applied field strengths of 7.5V/µm and
7.29V/µm, respectively.

The strength of the spontaneous polarization of the FLC
material and its helical pitch length were both shown to

enhance temporal response in our earlier work with TSM and
ESM devices, which prompted us to look for a similar relation-
ship in these experiments with respect to the intensity of
forward-scattered light. In Fig. 72.24(b), the forward-scatter-
ing response of 24-µm-thick ZLI-4003, 24-µm-thick
SCE-9, and 22-µm-thick ZLI-4139 cells, each driven at its
own optimum frequency and voltage requirements, is com-
pared. The SCE-9 cell, in which the FLC material has a
spontaneous polarization of 33.6 nC/cm2, clearly scatters
more strongly than do the ZLI-4003 and ZLI-4139 cells, in
which the FLC materials have spontaneous polarization values
of −20.2 nC/cm2 and 13.8 nC/cm2, respectively. The helical
pitch length of the FLC material, shown in our earlier work
to have a marked effect on response times, appears to make
little if any contribution to improving the intensity or angular
spread of forward-scattered light. Although our previous work

Table 72.II: Angular-scattering response data obtained from FLC cells of various materials composition  
and path length operated in the TSM mode.  

Material

Path Length  
(µm)

Applied  
Field  

(V/µm)

SCE-9

10

6.5

SCE-9

10

7.5

SCE-9

24

6

SCE-9

24

7.3

ZLI-4139

10

6.8

ZLI-4139

10

10

ZLI-4139

22

5.7

ZLI-4139

22

6.8

ZLI-4003

24

3.5

ZLI-4003

24

5.1

Angle (°) Detector output (V)

0 1.516 2.312 1.969 2.562 1.562 2.141 1.453 1.719 1.719 2.328

1 1.344 2.140 1.766 2.328 1.422 1.906 1.344 1.610 1.562 2.219

2 1.109 1.719 1.429 2.008 1.125 1.531 1.094 1.312 1.219 1.891

3 0.734 1.289 0.867 1.321 0.688 1.031 0.812 0.953 0.781 1.297

4 0.367 0.555 0.469 0.750 0.359 0.562 0.406 0.500 0.406 0.625

5 0.070 0.148 0.078 0.141 0.062 0.125 0.109 0.156 0.094 0.188

6 0.031 0.023 0.078 0.086 0.078 0.000 0.312 0.312 0.062 0.000

7 0.031 0.039 0.062 0.078 0.109 0.031 0.312 0.312 0.062 0.031

8 0.031 0.039 0.062 0.078 0.094 0.031 0.312 0.312 0.062 0.031

9 0.031 0.031 0.055 0.078 0.062 0.031 0.312 0.312 0.062 0.031

10 0.023 0.023 0.055 0.062 0.062 0.031 0.312 0.312 0.062 0.016

11 0.023 0.023 0.055 0.062 0.062 0.031 0.312 0.312 0.047 0.016

12 0.023 0.023 0.031 0.055 0.062 0.031 0.312 0.312 0.047 0.000

13 0.023 0.023 0.031 0.055 0.062 0.031 0.312 0.312 0.047 0.000

14 0.023 0.023 0.023 0.047 0.062 0.031 0.312 0.312 0.047 0.000

15 0.023 0.023 0.023 0.031 0.062 0.031 0.312 0.312 0.047 0.000

16 0.023 0.023 0.016 0.031 0.031 0.031 0.312 0.312 0.047 0.000

17 0.023 0.023 0.016 0.031 0.016 0.031 0.312 0.312 0.047 0.000

18 0.023 0.023 0.008 0.016 0.016 0.031 0.312 0.312 0.031 0.000

19 0.023 0.023 0.008 0.016 0.000 0.031 0.312 0.312 0.016 0.000

20 0.016 0.023 0.008 0.016 0.000 0.031 0.312 0.312 0.016 0.000
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illustrated that materials with the shortest helical pitch and
largest spontaneous polarization were the most desirable for
maximizing the speed of response, here we can see from
Fig. 72.24(b) that the material with the longest helical pitch and
the highest spontaneous polarization (SCE-9) shows the larg-
est amount of forward scattering over the 0°–6° range. The ZLI
4003 cell, whose FLC material has the shortest helical pitch
and a large spontaneous polarization, follows closely behind,
while the ZLI 4139 device, whose FLC material has a relatively
weak spontaneous polarization and a moderate pitch length,
shows the poorest performance of the group.

ESM Angular Scattering
The ESM driving waveforms in these experiments were

produced using Stanford Research System’s Arbitrary Wave-
form Generator (AWG) software running on a standard PC
platform and downloaded via an RS-232 interface to the
function generator. These ESM waveforms consisted of alter-
nating-polarity dc pulses superimposed upon a high-frequency
ac signal, which made it possible to modulate the incident light
so as to produce nearly ideal square wave, optical output
(Fig. 72.25). Several specially designed ESM waveforms from
our previous studies were examined for their ability to modu-
late the incident light; those waveforms showing the best
performance were used in this study. These waveforms were
further optimized at the function generator after downloading
by making real-time adjustments to the amplitude and
frequency of the overall waveform while driving the device
under investigation.

The angular-scattering data collected from ESM measure-
ments, shown in Figs. 72.26(a), 72.26(b), and Table 72.III,
show some significant variations from the TSM data in
Figs. 72.24(a), 72.24(b), and Table 72.II. The same general
trends observed in the TSM experiments with respect to
forward-scattered intensity at different applied voltages, path
length, spontaneous polarization, and helical pitch length were
also observed in the ESM experiments. However, comparison
of the TSM and ESM data for ZLI-4139 at 10 µm and
10 V/µm (Fig. 72.27) shows that the TSM mode produces a
considerably higher degree of scattering than does the ESM
mode within the 0°–6° angular range. Similar results were also
observed for SCE-9 at 24 µm, in the TSM and ESM modes with
comparable voltages per unit path length of 7.3 V/µm
(Table 72.II) and 7.1 V/µm (Table 72.III), respectively. This
finding is somewhat contradictory to our earlier investigations
with TSM and ESM devices, in which there was little differ-
ence observed in the intensity of forward-scattered radiation
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Figure 72.25
Electro-optical response of the 25-µm-thick ZLI-4003 cell in the extended-
scattering mode. An expanded view of the drive waveform used for the
measurement is also included.

between the TSM and ESM modes of operation in the same
device. One possible explanation may be that in these experi-
ments the apparatus sampled a tenfold-larger area of the cell’s
clear aperture than in our previous work. Cells that employed
longer material path lengths and/or shorter helical pitch lengths
are known to have a much stronger tendency to be multidomain
and thus reduce the overall scattering response. We can see
some evidence of this by looking at the results in Table 72.III
for the 24-µm ZLI-4003 cell, which has the shortest helical
pitch length (−3 µm) and also shows the greatest variation in
forward-scattered intensity between TSM and ESM modes.
Another contributing factor may be that the ESM waveforms
employed to obtain these results were those used in our earlier
experiments and thus may require further optimization. Al-
though some adjustment of the waveforms is possible after
downloading to the function generator, this adjustment is
limited to modifying only the frequency and voltage values of
the entire waveform. Separate adjustments to the dc and ac
components of the waveforms may provide comparable TSM
and ESM performance.
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Figure 72.26
(a) Angular-scattering behavior of 10-µm-path-length
SCE-9 and ZLI 4139 FLC cells operated in the ESM
mode. This data was obtained using the driving
waveform shown in Fig. 72.25. (b) Angular scatter-
ing behavior of SCE-9 (24-µm), ZLI 4139 (22-µm),
and ZLI 4003 (24-µm) FLC cells in the ESM mode.

Figure 72.27
Comparison of angular-scattering behavior in
the TSM and ESM modes for the 10-µm-path-
length ZLI 4139 cell. The same 10 V/µm applied
field strength was used in both driving modes.

TSM

ESM

G4201

0.0

0.5

1.0

1.5

2.0

2.5

0 2 4 6 8 10 12 14 16 18 20

Angular scattering (°)

D
et

ec
to

r 
ou

tp
ut

 (
V

)



ANGULAR-SCATTERING CHARACTERISTICS OF FERROELECTRIC LIQUID CRYSTAL ELECTRO-OPTICAL DEVICES

LLE Review, Volume 72 195

Summary
In this work, we have shown that the magnitude and distri-

bution of forward-scattered light in FLC devices operating in
the TSM and ESM modes are most greatly influenced by the
device’s path length, the strength of the spontaneous polariza-
tion of the particular FLC material used in the device, and the
operation mode—TSM or ESM. The helical pitch length,
which was shown to have a large effect on the temporal
response of TSM and ESM devices in our previous work,
appears to have little or no effect on the magnitude or distribu-
tion of forward-scattered light in either mode of operation.
Although there appears to be little difference in the angular
distribution of forward-scattered light between the TSM and
ESM modes, the TSM mode appears to produce more efficient

forward scattering over the 0°–6° measurable range of our
experimental apparatus than does the ESM mode. These re-
sults indicate that additional work will be required before ESM
devices can be employed as modulation devices in practical IR
imaging systems employing uncooled focal-plane-array de-
tectors. Of greatest importance is to obtain a much better
understanding of the physical and optical mechanisms that are
the underlying processes that govern the ESM effect. Only
with a better working knowledge of these processes will it be
possible to design driving waveforms and new FLC materials
to better enhance angular scattering while at the same time
maintaining the rapid temporal response required for mid-IR
modulation applications.

Table 72.III: Angular-scattering response data obtained from FLC cells of
various materials composition and path length operated in the ESM
mode.

Material

Path Length  
(µm)

Applied  
Field  

(V/µm)

SCE-9

10

10

SCE-9

24

7.1

ZLI-4139

10

10

ZLI-4139

22

7.4

ZLI-4003

24

8.5

Angle (°) Detector output (V)

0 1.531 1.422 1.109 2.047 1.100

1 1.461 1.344 1.078 1.921 0.965

2 1.226 1.102 0.773 1.625 0.717

3 0.766 0.726 0.531 1.180 0.497

4 0.289 0.336 0.258 0.719 0.244

5 0.070 0.133 0.109 0.328 0.094

6 0.133 0.055 0.172 0.109 0.044

7 0.102 0.031 0.187 0.055 0.031

8 0.078 0.023 0.164 0.055 0.025

9 0.055 0.023 0.156 0.055 0.025

10 0.031 0.023 0.125 0.055 0.025

11 0.031 0.031 0.109 0.039 0.021

12 0.023 0.031 0.078 0.039 0.025

13 0.023 0.031 0.078 0.039 0.019

14 0.023 0.031 0.070 0.039 0.019

15 0.023 0.031 0.062 0.031 0.019

16 0.016 0.031 0.055 0.031 0.016

17 0.016 0.031 0.047 0.031 0.016

18 0.016 0.031 0.047 0.031 0.019

19 0.016 0.031 0.039 0.031 0.016

20 0.016 0.031 0.039 0.023 0.016
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