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We have studied the dependence of the electro-optical properties of polymer dispersed liquid
crystals~PDLC! on the ultraviolet~UV! cure of the solution of monomer and liquid crystal. The
kinetics of UV polymerization and its effect on the morphology of the phase separated droplets of
liquid crystal determine the switching voltage, response time, and luminance of the PDLC. Using a
series of statistically designed experiments, we have mapped the dependence of these responses on
the weight fraction of liquid crystal, the temperature of the cell during cure, and light intensity.
Temperature and composition are strongly coupled parameters that influence switching voltage,
luminance, and response times. Switching voltages are minimized at 4–5 V for an 8mm cell gap
over a large region of temperature-composition space. An abrupt transition line occurs through that
space. On one side of the transition line, voltage increases linearly either as temperature increases
or composition decreases, and on the other side of the line, voltage is constant. Analyses of decay
times, the slower response time of the PDLC, show that the times peak along a line of points in
temperature-composition space that is close to the transition line for increasing switching voltages.
We present these results as contours on the same graphs and relate them to our understanding of the
phase separation process in the PDLC mixture. ©1997 American Institute of Physics.
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I. INTRODUCTION

Portable products such as personal digital assistants
wireless communicators drive the need for lightweight d
plays that can be easily read in both artificial and natu
lighting. Reflective displays that are visible in ambient ligh
ing and operate without back lights reduce both the wei
and power dissipation of a portable terminal. Polymer d
persed liquid crystals~PDLCs! are promising materials fo
reflective displays because they do not require polarizers
appear white in the unswitched state. This gives them
potential to be brighter than reflective twisted nematic~TN!
or supertwisted nematic~STN! displays.1–3

PDLCs are made by inducing phase separation in a
mogeneous mixture of liquid crystal and monomers by po
merizing the matrix either by thermal curing, UV curing,
by evaporation of a solvent. As the monomer polymeriz
the liquid crystal phase separates into droplets or dom
separated by ‘‘walls’’ of the cured polymer matrix.4,5 In the
unaddressed state, the nematic texture within the domai
randomly oriented with respect to neighboring domains, a
the display appears white due to light scattering. The
dressed state, where the droplets align in the applied fiel
transparent. Aligning the drops reduces both the scatte
between neighboring drops and the scattering at the bo
ary between the polymer and the liquid crystal. The latte
true because the liquid crystal is chosen so that its ordin
index of refraction is matched to the index of the polyme
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Phase separation induced by uv polymerization is ra
and permits the tailoring of electro-optic properties throu
control of both the degree of polymerization at the time
phase separation and the rate of polymerization. Switch
voltage, response times, brightness, and contrast of PD
displays depend on the morphology of the liquid crys
droplets. The size and shape of these droplets depend o
composition, defined as the weight percentage of liquid cr
tal, and the temperature during the polymerization. The
fect of temperature and composition can be understood
looking at the phase diagram for a PDLC mixture, as sho
in Figure 1.5 Phase separation occurs along the boundar
temperature-composition space between the isotropic re
and the isotropic-nematic~I1N! two-phase region. At points
below this boundary, the homogeneous mixture separ
into a liquid crystal phase in a polymer matrix. Upon irradi
tion of the homogeneous mixture with UV light, polymeriz
tion begins and the average molecular weight increases.
phase separation boundary moves to higher temperatu
When the degree of polymerization is such that the temp
ture of cure corresponds to the temperature of phase sep
tion for the composition of the mixture, liquid crystal drop
lets form.4,5 If the PDLC composition and temperatur
during cure are far from the phase separation line, the ma
will be more polymerized at the onset of phase separa
and the liquid crystal domains have less time to grow bef
the sample is solidified. Inspection of the phase diagr
leads to the expectation that higher temperatures fa
smaller liquid crystal domains. The viscosities of the po
mer matrix and the liquid crystals, however, are lower
high temperatures, driving the formation of larger domai
In addition to the thermal effects on the size distribution
the liquid crystal dispersion, the droplet growth kinetics c

,

1(9)/5984/8/$10.00 © 1997 American Institute of Physics
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be affected by the intensity of the UV cure; a slow cure, fo
example, allows the droplets to grow to a larger size befo
the matrix is fully crosslinked.

We have used design of experiments methods to char
terize the UV polymerization process and to understand t
dependence of display drive voltages, response times, brig
ness, and contrast on composition, temperature, and light
tensity. We chose to do statistically designed experimen
because we need to know what process parameters to us
order to fabricate displays with specified properties. We h
identified three relevant parameters with at least two of the
strongly coupled. The use of design of experiments reduc
the number of experiments that are needed to obtain a mo
describing the dependence of the measured responses on
cess parameters. In this paper, we describe these experim
and the statistical methods used to characterize the elec
optic responses.

II. PDLC CELL ASSEMBLY

We fabricated single pixel PDLC test displays by mak
ing empty cells of uniform cell gap and then filling them
with the PDLC mixture using capillary filling. The empty
cells were assembled from large glass plates, 320 mm3400
mm, which had been coated with indium-tin-oxide~ITO! and
photolithographically patterned. Plastic, spherical spacers
either 8mm or 10.5mm diameter were sprayed on one plate
We drew a glue pattern for 25 test cells on the opposin
plate, using a computer controlled glue dispenser. The pla
were then tacked together and placed in a plastic bag wh

FIG. 1. Phase diagram~see Ref. 5! for PDLC mixture of liquid crystal and
monomers for high liquid crystal composition with boundary at which phas
separation occurs. At temperatures and compositions below the bound
the homogeneous mixture of liquid crystal and monomers phase separat
form regions of nematic liquid crystal separated by monomer. Ultraviol
polymerization of the mixture leads to increase of the average molecu
weight of the prepolymer components and a shift of the phase separa
line to the northwest.
J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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was heat sealed under vacuum. We used a uv curable
which is cured by placing the vacuum bag under a uv lam
followed by baking at 120 °C in order to ensure that the g
is completely crosslinked and does not react chemically w
the PDLC components. The glue pattern consists of t
beads along two opposite edges, and two dots on each o
top and bottom edges in order to leave gaps for capill
filling. After the glue was cured, we used a computer
scribe the plates prior to breaking them into 25 test ce
This procedure resulted in variation on the order of a f
tenths of a micron in the gaps of the cells of a single pla
pair. All of the cells exhibited similar interference fringe
showing that the cell gap variation was constant from cel
cell.

The PDLC mixture consists of an acrylate based mo
mer mixture ~Merck PN393! and a superfluorinated liquid
crystal mixture~Merck TL213!. The liquid crystals, which
make up roughly 80% of the PDLC mixture by weight, co
tain fluorinated and chlorinated aromatic groups, and exh
a high birefringence between 0.2 and 0.3, which leads
enhanced light scattering. We varied the weight percent
of the liquid crystal from 76% to 82%.

We filled the cells by tilting them on a shim and pipe
ting several drops of the mixture at one of the open edge
the cell. The filled cells were then cured by broad band
light with an emission maximum at 365 using an infrar
filtered, uniform light source. In experiments where we stu
ied the effect of light intensity on electro-optic properties, w
varied light intensity from 22mW/cm2 to 16 mW/cm2. In the
range 8–16 mW/cm2, the time of irradiation was varied s
that the total energy was 6.4 J/cm2. For intensity below 8
mW/cm2, we irradiated for 5 min during which the fina
morphology is established; this was followed by addition
irradiation at 16 mW/cm2 for 400 s in order to ensure that th
total energy was constant and that the polymer matrix w
completely cross-linked. Before exposing the cells to U
radiation, we equilibrated them on a temperature contro
platen for which we varied the temperature from 6 °C
38 °C.

III. DESIGN OF EXPERIMENTS

Fabrication of displays for product prototypes requir
knowledge of the switching voltage, response times, and
tical properties of the display. In order to elucidate the d
pendence of these properties on composition, intensity of
uv light ~defined as cure in all plots!, and temperature of the
PDLC during cure, we began by running a full factorial e
periment in which two levels were selected for ea
parameter.6 Samples were made for all combinations of t
different levels for the parameters giving a total of 2358
samples. In addition, we made a ninth sample using the m
point of each parameter. We ran the experiment twice
these nine combinations of the parameters and three tim
the combination at the high level of each parameter. It
difficult to obtain the exact nominal values for some of t
process factors as composition which is expressed as we
percent of liquid crystal, therefore the actual readings are
exactly at the nominal levels of the parameters. After ru
ning this design and obtaining reproducible results, we ra
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FIG. 2. Schematic of the apparatus used to measure display reflectivity as a function of voltage. White light from a diffusing hemisphere is incide
sample. The reflected light is collected through a slit in the hemisphere and measured by a photomultiplier tube.
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series of simpler designs covering a smaller range of par
eters to study only one or two of the parameters while ho
ing the remaining ones fixed.

IV. ELECTRO-OPTIC MEASUREMENTS

We measured reflectivity for all of the above samples
a function of voltage at normal viewing angle using a disp
measurement system ~Autronic-Melchers DMS-703!
equipped with a diffuse, depolarized white light source.7 The
PDLC test cell was placed on top of velvetized paper wh
we used as the black absorber. The measurements were
in a reflective mode with light from a 150 W cold-ligh
source incident on the sample from a diffusing hemisphe
shown schematically in Figure 2. The reflected light from
mm diameter spot on the display passes through a slit in
hemisphere, and then is coupled by a microscope objec
into a fiber bundle leading to a detector. The detector i
photomultiplier tube adjusted to the spectral sensitivity of
human eye. We measured reflectivity as a function of volt
from 0 to 20 V. We recorded switching voltage asV90, the
voltage for which the reflectivity is 90% of the maximu
change. We used 30 V for samples that were 90% switc
at voltages greater than 14 V, since those samples were
completely switched at 20 V. We measured on and off
sponse times using either 10 or 20 V to switch the cell; 20
was used for cells withV90 greater than 14 V. Initially, we
calculated contrast as the ratio of reflectivity in the scatter
state to that of the switched state; however, we could no
a model to the data due to the large variability in both
numerator and denominator. Alternatively, we decided
measure absolute luminance in the white state in orde
reduce the variability due to variations in ambient lightin
incident light source, and in the reflectivity of the top gla
plate. We normalized the reflectivity of the scattering state
5986 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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that of a 42% brightness standard, and then used the rat
the reflectivity in the white and black states to derive t
standardized luminance of the black state.

V. STATISTICAL ANALYSIS OF RESULTS

The process parameters and measured responses fo
samples made for seven experiments are tabulated in Tab
The first 19 samples~experiments 1 and 2! are the following:
~1! two replications for all combinations of the paramete
with nominal levels of 78% and 82% for composition, 24 °
and 38 °C for temperature, and 8 mW/cm2 and 16 mW/cm2

for light intensity;~2! a third replication for the combination
at the high level of each parameter;~3! two replicates for the
mid-point sample of 80% liquid crystal, 12 mW/cm2 cure,
and 31 °C temperature. Due to the difficulty in obtaining t
exact nominal levels for some of the process factors,
actual readings are not exactly at the nominal values. In a
lyzing the results from these samples, we first studied
dependence of switching voltage on the process variable

Figure 3 shows a scatter plot for composition and te
perature space for the 43 samples of experiments 1–5,
samples with the 8mm spacers. The diagonal line is a tra
sition line whose equation will be given below. For samp
fabricated at conditions to the right of this line, voltage do
not depend on temperature or composition; in this region,
voltages vary around a value of about 5 V, for an 8mm cell
gap. For samples made at conditions to the left of the li
voltage is a linear function of temperature and compositi
and increases as either composition decreases or temper
increases.

To account for this observed behavior of the data, we
a model that is a piecewise-linear, continuous spline in co
position and temperature; the spline consists of two pla
that join at the transition line. On one side of the transiti
line, voltage is linear in temperature and composition, and
LeGrange et al.
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TABLE I. Data.

Expt Spacer Comp Temp Intensity V90 Ton Toff Luminance
No. (mm! ~%! ~°C! ~mW/cm2) V ~msec! ~msec! ~%!

1.0 8.0 81.9 24.0 8.5 5.7 22.0 122.0
1.0 8.0 81.9 24.0 16.3 5.9 22.5 121.4
1.0 8.0 81.9 38.0 16.3 6.0 26.8 140.7
1.0 8.0 81.9 38.0 16.3 5.7 27.4 140.4
1.0 8.0 81.9 38.0 8.5 7.3 31.9 94.2
1.0 8.0 78.0 38.0 16.1 18.9 11.9 8.0
1.0 8.0 78.0 38.0 8.5 19.0 10.8 7.6
1.0 8.0 78.0 24.0 16.1 7.5 34.5 85.7
1.0 8.0 78.0 24.0 8.5 9.4 41.0 78.4
1.0 8.0 79.8 31.0 12.5 7.0 26.7 126.4

2.0 8.0 78.2 24.0 8.5 7.4 26.6 108.2 26.7
2.0 8.0 78.2 24.0 16.0 5.9 23.4 170.6 27.7
2.0 8.0 78.2 38.0 16.0 18.5 17.6 11.4 28.7
2.0 8.0 78.2 38.0 8.0 18.8 11.4 9.6 29.8
2.0 8.0 81.9 38.0 16.0 4.8 21.2 152.4 24.0
2.0 8.0 81.9 38.0 8.0 6.1 26.6 112.6 25.4
2.0 8.0 81.9 24.0 8.0 6.2 22.6 73.2 20.6
2.0 8.0 81.9 24.0 16.0 5.6 20.4 116.2 22.7
2.0 8.0 80.2 31.0 12.0 6.3 24.2 176.6 28.2

3.0 8.0 77.5 24.0 16.0 12.0 59.2 49.6 26.3
3.0 8.0 77.5 32.0 16.0 19.0 13.5 11.4 27.7
3.0 8.0 77.5 28.0 16.0 15.9 39.5 22.3 26.3
3.0 8.0 77.5 36.0 16.0 22.8 9.8 12.1 27.4
3.0 8.0 79.1 36.0 16.0 17.2 14.1 21.1 24.2
3.0 8.0 79.1 24.0 16.0 4.9 23.1 295.0 24.6
3.0 8.0 79.1 28.0 16.0 7.2 31.7 138.0 26.8
3.0 8.0 80.4 24.0 16.0 5.0 23.0 213.0 21.7
3.0 8.0 80.4 36.0 16.0 10.7 52.4 56.4 23.9
3.0 8.0 80.4 32.0 16.0 5.8 26.9 190.0 25.0
3.0 8.0 80.4 28.0 16.0 4.7 26.3 337.0 22.9
3.0 8.0 80.4 36.0 16.0 5.0 46.6 59.6 23.9

4.0 8.0 78.9 24.0 16.0 4.7 21.2 315.0 23.2
4.0 8.0 78.9 28.0 16.0 7.5 24.2 94.4 29.2
4.0 8.0 78.9 32.0 16.0 4.7 38.6 38.6 26.5
4.0 8.0 80.0 24.0 16.0 4.7 21.5 238.0 23.2
4.0 8.0 80.0 28.0 16.0 4.5 21.7 306.0 24.7
4.0 8.0 80.0 32.0 16.0 7.6 28.8 97.5 28.0
4.0 8.0 78.9 24.0 16.0 4.8 21.3 239.0 20.9
4.0 8.0 78.9 24.0 16.0 4.7 18.1 199.5 23.1

5.0 8.0 76.0 24.0 16.0 19.6 14.6 17.2 28.7
5.0 8.0 76.0 20.0 16.0 10.6 44.2 57.1 29.8
5.0 8.0 76.0 16.0 16.0 8.6 59.7 122.6 27.9
5.0 8.0 76.0 12.0 16.0 7.2 28.7 96.6 24.5

6.0 10.5 78.2 20.0 16.0 7.9 75.0 129.4 33.1
6.0 10.5 78.2 15.0 16.0 8.7 52.9 91.8 32.7
6.0 10.5 78.2 15.0 16.0 7.1 38.2 145.4 29.4
6.0 10.5 78.2 10.0 16.0 7.6 43.2 138.5 30.3
6.0 10.5 78.2 10.0 16.0 shorted 25.9

7.0 10.5 78.1 20.0 6.0 7.3 45.7 170.5 33.0
7.0 10.5 78.1 20.0 0.0 8.2 48.7 114.0 24.0
7.0 10.5 78.1 20.0 8.0 10.2 94.7 299.0 39.0
7.0 10.5 78.1 20.0 16.0 7.7 48.4 149.1 33.0
7.0 10.5 78.1 28.0 16.0 17.0 16.5 39.2 35.0
7.0 10.5 78.1 20.0 0.2 8.0 51.7 140.4 25.0
7.0 10.5 78.1 28.0 0.2 23.6 35.8 24.2 31.0
7.0 10.5 78.1 20.0 2.1 7.1 39.9 153.6 30.0
7.0 10.5 78.1 28.0 2.1 21.8 27.7 26.7 30.0
7.0 10.5 78.1 28.0 8.0 20.1 24.9 31.3 33.0
7.0 10.5 79.9 20.0 2.1 7.2 44.7 186.5 25.0
7.0 10.5 79.9 20.0 0.2 7.7 48.7 171.2 25.0
7.0 10.5 79.9 20.0 6.0 6.7 38.4 174.8 28.0
7.0 10.5 79.9 20.0 16.0 7.0 38.7 152.4 30.0
7.0 10.5 79.9 20.0 0.0 8.1 57.5 166.3 24.0
7.0 10.5 79.9 20.0 8.0 6.7 37.1 172.4 30.0
5987J. Appl. Phys., Vol. 81, No. 9, 1 May 1997 LeGrange et al.
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the other side of the line, voltage is constant, just as
observed in the data. We fitted this model by least squa
The estimated transition line which has been displayed
Figure 3 is

C573.6210.22T,

whereC is composition expressed as weight percent of
uid crystal andT is temperature in °C. The estimated mod
is

V523.9@C273.6220.22T#115.1,

whereV is voltage in volts and the notation@x#1 means
x5x if x.0 and is zero otherwise. All coefficients a
highly statistically significant.

The slope of 0.22 of the transition line is roughly th
same as the slope of the curve between the isotropic
isotropic/nematic phases in the phase diagram of Figur
Thus points along lines parallel to the transition line a
equidistant from the phase separation line, and there
have the same switching voltage.

We will now present both the data and the mod
Switching voltage as a function of temperature for a giv
composition is displayed for the first five experiments in F
ure 4 by a Trellis plot.8 The plotting symbols on each pan
of the figure are a scatterplot of switching voltage agai
temperature for values of composition in an interval. T
seven intervals are 76.00%–76.00%, 77.52%–77.5
77.96%–78.24%, 78.90%–79.08%, 79.82%–80.16
80.43%–80.43%, and 81.90%–81.94%. The intervals, wh
are portrayed by the darkened bars in the top strip, are
dered from low to high as we go from left to right and th
from bottom to top through the panels; they cover the ra
of values of composition in the experiments. The switch
voltages of samples cured at light intensities other than

FIG. 3. A scatter plot showing the coordinates in the temperature and c
position space for experiments 1–5. A small amount of uniform rand
noise has been added to the plotting locations to prevent plotting sym
from being obscured. The line is the fitted transition line from the spl
model relating switching voltage to temperature and composition.
5988 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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mW/cm2 were corrected by subtracting 16 mW/cm2 from
light intensity and then multiplying the difference by th
estimated coefficient for light intensity from a model fit
the voltages measured in experiments 1 and 2.

The Trellis display shows clearly the structure of t
data. For a given composition, the voltage is approximat
constant with temperature until a threshold temperature
reached, and then the voltage increases linearly. The ver
line on each panel shows the threshold; it is computed fr
the fitted transition line of the model.

Figure 5 shows the data and the model in a differ
way. Voltage is plotted against an axis in compositio
temperature space that is perpendicular to the transition
The vertical line marks where this axis equals 0 and rep

-

ls

FIG. 4. A Trellis plot of switching voltage as a function of temperature f
given intervals of composition. The data are from experiments 1–5. A sm
amount of uniform random noise has been added to the plotting location
prevent plotting symbols from being obscured. These plots show that
each value of composition, there is a threshold value of temperature a
which the switching voltage increases and below which it is constant.
vertical line on each panel is at the threshold temperature of the observa
on that panel. Light intensity is fixed at 16 mW/cm2 in experiments 3–5.
The voltages for samples from experiments 1 and 2 cured at lower l
intensities were adjusted for intensity. Some noise has been added to
perature values in the righthand panel in the second row to avoid ove
ping symbols.
LeGrange et al.
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sents the threshold for the transition from constant to cha
ing voltage. The crosses in Figure 5 are points from the s
experiment where the cells were made with 10.5mm spacers
instead of 8mm spacers; the voltages were scaled by div
ing by the ratio of the two gaps. We verified that this adju
ment is supported by the data; we fit a model for voltage
a function of composition and temperature that containe
multiplicative constant for the voltages for the 10.5mm spac-
ers, and the resulting fit yielded voltages within 5% of tho
that we got from our ratio adjustment.

We fit a model to response time as a function of com
sition and temperature. We used the switching from the c
to scattering state because this is generally the slower
sponse time. We used the 34 samples from experiments
for which the switching voltage is less than 14 V. The r
sponse time was treated in a way similar to our treatmen
voltage; that is, we fit a model in which response time a
function of temperature and composition consists of t
planes that join at a transition line; but in this case neit
plane has zero slope. The estimated transition line is

C572.1110.29T.

The estimated model is

R52140.6252.08@C272.1120.29T#1

1107.63@C272.1120.29T#2,

whereR is the response time in milliseconds, and the no
tion @x#2 meansx5x if x,0 and is zero otherwise. Al
coefficients are highly statistically significant. Figure

FIG. 5. A 2-dimensional representation of the voltage data from exp
ments 1–5 as a function of the composite variable defined by the form
labelling the abscissa. The vertical lines defines the 0 value for this c
posite variable where the transition between constant and linearly increa
voltage occurs. The slope of the left line and constant value of the right
were determined by least squares fitting to the appropriate points.
crosses, which are points from experiment 6, represent values of voltage
have been scaled to account for the larger cell gap, and agree well wit
fitted line.
J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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5.

We also fit standardized luminance data for experime
2–6. Figure 7 is a Trellis plot of the standardized luminan
as a function of temperature for different levels of compo
tion. There is a peak in standardized luminance as a func
of temperature. Such a peak may correspond to a pea
backscattering due to the optimum drop size for lig
scattering.9 Furthermore, brightness tends to increase w
decreasing composition. In order to account for the non
earity in the dependence of luminance on temperature, w
a model to the data, which is linear in cure intensity a
composition, and quadratic in temperature. The estima
model is

L5123.5310.56T20.007T221.34C20.2I ,

whereI is the cure intensity in mW/cm2 andL is the lumi-
nance expressed as brightness percent. All coefficients
highly statistically significant.

VI. RESULTS: SUMMARY AND DISCUSSION

The three responses — standardized luminance, swi
ing voltage, and response time — can be viewed with c
tour plots which are based on the models derived from
data. Figure 8 displays contours for standardized lumina
plotted in composition-temperature space for three differ
light intensities. The line dividing the constant low voltag
regime characterized by switching voltages of 5.1 V
shown by the dashed line. Points below and to the righ
this line define a plane of increasing voltage. A seco
dashed line, parallel to the 5.1 V break line, shows the line
points that gives switching voltages of 7 V.

i-
la
-

ing
e
he
hat
he

FIG. 6. This plot of the dependece of response time on composition
temperature is carried out in the same way as Figure 5. The response tim
a function of the composite variable is described by a line of increas
slope that reaches a peak value and then decreases for increasing val
the composite variable. The vertical line marks where the composite v
able equals 0 and the response time peaks.
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Previous results suggest that as the liquid crystal drop
grow in size, the switching voltage decreases and the
time increases.1,4,5 The voltage at which the PDLC exhibit
90% of its maximum transmission (V90) depends on drople
size R, droplet anisotropyL, cell gap d, and the elastic
constantsK and the dielectric anisotropyDe of the liquid
crystal according to the following expression:1,3,10

V90}d/R~L221!1/2~4pK/De!1/2.

L5R2 /R1 , whereR2 andR1 are the major and minor rad
of an elliptical drop. The interaction of the electric field wi
the liquid crystal competes with the interfacial energy b
tween the liquid crystal and the polymer wall of the dropl
Smaller droplets are harder to switch because of larger
choring energies. Both the dielectric anisotropy and anch
ing energy are affected by the configuration of the liqu
crystal director. The off-timetoff is proportional to the rota-
tional viscosity of the liquid crystalg, and depends on drop
let size, droplet anisotropy, and the liquid crystal elastic c
stant according to the expression

FIG. 7. A Trellis plot of standardized luminance against temperature
different levels of composition. The data, which are from experiments 2
suggest that there is a peak in luminance at a critical temperature and
the peak shifts to a higher temperature for a higher composition.
5990 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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This expression predicts that the off time is longer for larg
drop size, therefore, as the switching voltage increases,
response time decreases.1,3,10

Our results for response time and switching volta
show that this simple model based on drop size and sh
does not describe the electro-optic behavior of a PDLC.
sponse time does not correlate with switching voltage.

r
,
hat

FIG. 8. A Trellis plot displaying contours of luminance as a function
composition and temperature for different light intensity levels. The lin
superimposed on the plots mark the isovoltage lines for 5.1 V and 7 V
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have shown that the switching voltage increases afte
threshold value of composition and temperature. Below
composition-temperature line at which the transition occ
between constant voltage and linearly increasing voltage,
response time increases even though switching voltag
constant. In the region where voltage increases linearly,
data are consistent with the above equations since resp
time decreases with increasing voltage. PDLCs exhibit
creasing drop size as a function of composition in the ra
of 76–82 wt %. The drops remain circular over this rang5

The fact that switching voltage is constant over a large a
of temperature-composition space does not agree with
idea that voltage scales with drop size. We have shown
the same switching voltage may be obtained over a la
range of drop sizes. This suggests that the anchoring ene
are small and that the electro-optic behavior in the region
constant voltage is determined mainly by the dielectric
isotropy.

We have also studied the dependence of switching v
age and standardized luminance on light intensity in
range of 22mW/cm2–16 mW/cm2 with the idea that a very
slow cure would lead to larger drops and therefore l
switching voltages. We found that at 78% and 80% com
sition and at 20 °C, conditions on the constant voltage s
of the transition line, voltage is constant with light intensi
On the other hand, at 78% composition and 28 °C, which
in the linear increasing regime, there is a slight decreas
voltage as intensity increases, a result that is in fact oppo
to what we expected since higher intensity implies a fas
cure of the polymer and, therefore, less time to grow la
droplets. Luminance as a function of light intensity for t
same samples, reaches a maximum value at about 8
cm2. This is consistent with a peak in the backscattering
some optimum drop size.9

VII. CONCLUSIONS

We have mapped out the dependence of standard
luminance, switching voltage, and response time on the
uid crystal weight fraction, on temperature during cure, a
on light intensity by using a series of statistically design
experiments and by fitting models to the resulting data. T
standardized luminance behaves as we would expect f
our knowledge of the light scattering properties of PDLC
confirming that the light scattering behavior is dominated
J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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liquid crystal droplet size and shape. The switching volta
and response time behavior, however, cannot be expla
by a simple model based on drop size. The transition fr
constant, low voltages to a linearly increasing function su
gests a sudden change in morphology, either in the dom
shape or in the liquid crystal director configuration. One p
sible explanation is that the anchoring energy is small a
that electric field effects dominate over the region on the l
composition and low temperature side of the break-line.
are currently extending the previous investigations based
confocal microscopy5 in order to explain the electro-opti
behavior of these PDLC materials.

PDLC materials based on photopolymerizable mon
mers have the advantage that the electro-optical prope
may be controlled over a large range of values by vary
liquid crystal weight fraction and both the cure temperatu
and light intensity. We have demonstrated by statisti
methods that it is possible to make displays with reprod
ible properties over a large range of conditions. This rep
ducibility and the possibility for tuning the display propertie
make PDLC materials promising candidates for the manu
ture of reflective displays for portable products.
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