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Using confocal microscopy, we have studied the morphology of polymer dispersed liquid crystals
~PDLC! as a function of polymer/liquid crystal composition, polymer cure temperature, and
ultraviolet ~UV! curing power and determined how this morphology affects the electro-optical
properties. The PDLC morphology consists of a spongelike texture where spherically shaped liquid
crystalline domains are dispersed in a polymer matrix. These domains grow as the fraction of liquid
crystal increases and as the UV curing power decreases. We observe no significant changes in
domain size with changes in the curing temperature. Instead, high-temperature cures result in
coalescence and the formation of elliptical-shaped liquid crystal domains. The temperature at which
this coalescence starts to be observed marks a threshold temperatureTth , above which the switching
properties are strongly dependent on morphology. BelowTth the switching properties are largely
independent of morphology. ©1997 American Institute of Physics.@S0021-8979~97!05508-4#
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INTRODUCTION

Polymer dispersed liquid crystals~PDLCs! are promis-
ing materials for reflective and projection displays, windo
shutters, and holographic recording media1–4 due to their
relatively low cost and ease of processing over other te
nologies. PDLCs consist of a homogeneous mixture of liq
crystal and monomer in which phase separation has b
induced by either thermal curing, UV curing, or solve
evaporation. For polymer/liquid crystal compositions r
evant for display applications, the polymerization of t
monomer causes the liquid crystal to phase separate
‘‘droplets’’ or domains separated by the polymer matrix. T
nematic texture within these domains is randomly orien
with respect to the neighboring domains such that incom
light into the cell is scattered, and the PDLC appears wh
When an electric field is applied across the cell, the liq
crystal domains align, and the PDLC is transparent if
ordinary index of refraction is matched to the index of t
polymer. The voltageV and speedt at which the PDLC
switches from whiteness to transparency and the optical c
trast between the white and transparent state is controlle
the size, shape, and anchoring energy of the liquid cry
domains, as well as the dielectric anisotropy and viscosity
the liquid crystal~LC!. While the latter properties depend o
the selection of the liquid crystalline material, the form
properties depend on the liquid/crystal monomer comp
tion and the method of polymerization.

Several investigations5,6 into the phase diagram of th
PDLC mixture have shown that the phase separation oc
along a line in temperature-composition space~Fig. 1!. Be-
fore polymerization the system consists of a homogene
mixture of monomer and LC. The isotropic phase occurs
conditions above this line, and a phase separated mixtur
nematic LC-rich and isotropic monomer-rich regions bel

a!Currently at Physics Department, University of California, Santa Cruz,
95064.

b!Electronic mail: jdl@lucent.com
5992 J. Appl. Phys. 81 (9), 1 May 1997 0021-8979/97/8

Downloaded¬09¬Oct¬2003¬to¬128.114.130.133.¬Redistribution¬subjec
h-
d
en

-

to

d
g
.
d
e

n-
by
al
f

r
i-

rs

us
t
of

it. When polymerization is initiated in the homogeneo
state, the growth of the polymer matrix results in an incre
in temperature of the phase separation line. Phase separ
into LC-rich domains occurs when the polymerization h
progressed far enough such that the cure temperature o
PDLC mixture matches the temperature of this phase se
ration lineTps. At this point, nucleation of LC domains i
initiated and the LC domains start to grow. There are sev
time scales that are important for determining the PD
morphology: the time it takes for the drops to grow to th
space limited size via molecular diffusion; the time it for th
drops to coalesce via the movement of polymer matrix fr
between neighboring droplets; the time for coalesced dr
lets to relax into spherical domains; and the time for t
polymer matrix to sufficiently solidify to retard droplet an
matrix movement.6 Extracting these time scales is difficu
since they themselves are time dependent and depend o
extent of the phase separation process. In a simplified
proach, one can assume that the rate of solidification can
controlled by the UV curing power, with lower power resu
ing in larger droplets, and by the extent of polymerization
the phase separation point, with lower compositions a
higher temperature resulting in a larger polymer matrix wh
phase separation is initiated and subsequently smaller d
lets. In contrast, the coalescence of the LC droplets, whic
determined in part by the viscosity of the polymer matr
will cause higher temperatures~lower viscosity! to result in
more coalescing and larger droplets. The PDLC morpholo
should be largely determined by the mechanism for nuc
ation of the liquid crystal domains and the competition b
tween these time scales.

In this article we attempt to deconvolute the importan
that these effects have in determining the morphology o
PDLC. We study compositions with foam-type morpholo
~;80% LC! where the light scattering occurs primari
among droplets, rather than that between LC and ma
leading to a reduction in scattering at larger angles. O
methodology is to fix the monomer polymer viscosity b
fixing temperature, and then control the extent of polym
1(9)/5992/8/$10.00 © 1997 American Institute of Physics
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ization at the phase boundary and the rate of polymeriza
by varying composition and UV cure power, respectively.
addition, we change the polymer matrix/LC viscosity and
extent of polymerization at the phase boundary by fixing
composition and curing power and curing at different te
peratures. In the former experiments, we observe la
changes in the morphology which can be explained by
simplistic model described above. However, contrary to
pectations, we observe that the drop size does not sig
cantly change with increasing cure temperature. Instead
creasing cure temperatures cause the droplets to coales
form elliptical shaped domains which become larger sph
cal domains at sufficiently high temperatures. We disc
possible mechanisms for the formation of these morpho
gies and compare the morphology to the electro-op
properties.7

EXPERIMENTAL METHODS

The PDLC cells were assembled in a clean room us
large glass plates, 4203300 mm2, coated with indium–tin–
oxide ~ITO! and separated by 8mm spherical spacers mad
of plastic. For the microscopy measurements, a 175-mm
thick ITO-coated glass plate was used as the top plate s
the confocal microscope used for the measurements h
200 mm focal range. The two plates were sealed un
vacuum using a UV curable glue.7 The resulting cell gap was
13.064.0mm due to the flexibility of the top plate. Measure
ments of cell gap over a single cell showed that the gap
uniform to within 15%. Repeated measurements showed
the morphology was not affected by the variances in
gap.8 The PDLC mixture consists of an acrylate based mo
mer mixture~Merck PN393! and a superfluorinated LC mix
ture ~Merck TL213! where the LC fraction was varied be
tween 76% and 82%. The 82% mixture had an average p
separation temperature of 15 °C which decreased with
creasing LC fraction as shown in Fig. 1. A fluorescent pro
~Exciton Corporation!, pyromethene 580, of weight fractio

FIG. 1. Binary phase diagram for TL205/PN393 LC/polymer mixtur
where I is isotropic andN is nematic. The coexistence curves prior
photopolymerization are indicated by solid black lines. As polymerizat
proceeds, the coexistence curves move to higher temperatures and low
fraction.Tps is the temperature at which the phase separation into nem
rich LC droplets and isotropic-rich polymer occurs. The thatched reg
Tth is the threshold cure temperature at which the droplets start to coal
J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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in the range of 1024–1023 was added to this mixture. Thi
probe dissolved preferentially into the monomer enabl
good optical contrast between the LC and polymer. The c
were filled by capillary forces and then UV cured on a te
perature controlled plate at temperatures in the range of
48 °C. The UV lamp power was varied from 22mW/cm2 to
16 mW/cm2 using neutral density filters. In all cases, pha
separation occurred within 20 s of UV exposure; nonet
less, the cells were cured for 400 s to ensure that the poly
matrix was completely cross linked.

The PDLC morphology was determined using a co
mercial fluorescent confocal microscope with a resolution
0.4 mm. A 60 Hz voltage source was used to switch to t
transparent~on! state of the PDLC cell, sufficiently reducin
the light scattering so, that three-dimensional scans thro
the entire thickness of the PDLC cell could be obtained. W
observed that the PDLC morphology does not depend on
thickness, except at distances roughly within 1–2mm of the
two plates~Fig. 2 and Fig. 6 below!. Measurements, there
fore, were typically obtained at a depth of 3–4mm below the
top plate. Switching voltage, switching speed, and standa
ized luminance~the reflectivity of white light normalized to a
40% brightness standard! were measured using a norm
viewing angle display measurement system~Autronic-
Melchers DMS-703! on both the microscopy cells and sta
dard thick glass cells prepared under the same condition
order to verify consistency.7 In some cases the switchin
voltages and luminance had to be adjusted for the differen
in gap size. The fluorescent probe did not affect the electr
properties in the range of concentrations used in the exp
ment. At concentrations near 1023, a slight orange coloring
of the PDLC cells occurred, making it necessary to corr
the measured values of luminance~by an offset,15%! in
order to match the standardized cell prepared at the s
conditions without the probe.

RESULTS

In Fig. 3 the morphology of PDLCs cured at room tem
perature and at 16 mW/cm2 lamp power is shown as a func
tion of LC fraction between 76% and 82%. Below 76% t
LC domains are no longer clearly discernible within the re
lution of the microscope. The morphology consists
sponge- or foamlike texture where the LCs form close
packed spherical domains within the polymer matrix. Th
morphology has recently been observed for simi
mixtures.6

Alternative PDLC systems with lower LC weight frac
tion, however, exhibit a more dropletlike morphology.9 At
76% the domains have sufficient polymer matrix betwe
droplets to form nondistorted spherical shapes with a dia
eter of 0.6560.10mm. These domains grow in a size up
1.860.2 mm at 82%, at which point the spherical shape b
comes distorted to a polygon/hexagon shape due to the c
packing of the domains. At this fraction we can clearly o
serve that each domain is surrounded in the plane by
average of five to six other domains. Above 82%, the d
mains become sufficiently large compared to the wavelen
of light that the visible scattering cross section is too sm
for display applications.

,

LC
c-
n
ce.
5993Carter et al.
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FIG. 2. Confocal visible microscopy scan through the entire thickness o
10 mm PDLC cell in order from top to bottom of ITO-covered glass/PDL
interface, 3mm, 6 mm deep, and PDLC/ITO-covered glass interface. T
morphology away from the interface is only weakly dependent on scan
depth. The size of the picture is 32332 mm2.
5994 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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FIG. 3. Dependence of the PDLC morphology on composition at cur
conditions of 24 °C and 16 mW/cm2. Compositions from top to bottom are
76%, 78%, 80%, and 82% LC. The droplets increase in size with increa
LC fraction.
Carter et al.
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The average droplet~domain! diameter, determined by
analysis of a two-dimensional fast Fourier transform of
image, is plotted versus composition~in Fig. 6!. The increase
in droplet size with increasing LC fraction has been obser
previously6,9 and can be explained by changes in the ext
of polymerization at the onset of phase separation. With
creasing fraction, the PDLC mixture moves closer to
phase boundary resulting in a less developed polymer ma
when phase separation occurs and more time for the LC
form large domains. The phase separation temperatureTps
varies from25 °C for 76% to 15 °C for 82%. Since the cur
temperature is at 24 °C, the 82% sample is only 9 °C aw
from the phase transition point in comparison to 29 °C
the 76% sample. The factor of 3 difference is also the fac
observed in the difference in their droplet size~Fig. 6!, sug-
gesting similar linear diffusion rates for the two systems.

To further test this model, we cured the polymer at d
ferent temperatures while keeping the composition const
For the 76% samples we observe a change in droplet siz
less than 0.07mm for samples cured at 12 and 20 °C, a mu
smaller change than the 30% decrease in the droplet
expected from the above model in which the effect of
creasing temperature is to cause a larger polymer matri
be formed atTps resulting in less time for domains to form
~smaller drops!. Similar results are observed for compos
tions 78% through 82%~summarized in Fig. 6!. These re-
sults imply that the extent of polymerization at the pha
separation point cannot completely account for the morph
ogy changes. An alternative explanation would be that
creasing temperature also causes a decrease in the visc
of the polymer matrix, and therefore an increase in the m
lecular diffusion rate and the coalescence rate. This wo
result in the formation of larger droplets, offsetting th
smaller droplets expected due to the increased distance
the phase separation point. We note, however, that this i
overly simplistic picture, and that there are several other f
tors, such as surface tension, LC anchoring energy, and
nucleation mechanism itself which need to be taken into
count for a complete understanding of the morphology.

Our resolution at 76% is too low to directly observ
coalescence; however, at 82% composition, the larger d
let size permits a more detailed study of changes in morp
ogy as shown in Fig. 4. We can identify three regions
temperature phase space delineated by a threshold tem
tureTth ~Fig. 1!. At low temperatures (Tps, T , Tth) repre-
sented by the top panel of Fig. 4, we observe no coalesc
and a uniform sponge-type texture forms. As before, v
little change in the domain size occurs. In the second pa
the aggregation or coalescence of the droplets can be
served at 38 °C. We define the temperature range at w
this coalescence starts to be observed asTth . ForT ; Tth , the
polymer matrix freezes before the coalesced droplets
form spherical droplets, leading to elliptical shaped dropl
and subsequently large moments of inertia~Fig. 6!. At 48 °C,
T @ Tth , the matrix viscosity is sufficiently reduced that th
coalesced droplets have sufficient time to relax and fo
larger, more spherical, droplets, as seen in the bottom p
of Fig. 4. This same effect is observed at 78% and 80% w
J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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Tth decreasing with lower LC fractions. This effect is mo
difficult to observe for the smaller droplet size, and our me
surements indicate that the elliptical droplets form at 30 °C,

FIG. 4. Dependence of the PDLC morphology on UV cure temperatur
82% LC and 16 mW/cm2. Cure temperatures from top to bottom are 24, 3
and 48 °C. Coalescence of the droplets starts to occur near 38 °C with la
droplets forming at higher temperatures. Droplet size is only weakly dep
dent on UV cure temperature below 40 °C.
5995Carter et al.
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Tth,36 °C for 80% and 24 °C, Tth,31 °C for 78%,
roughly 25 °C aboveTps ~Fig. 1!.

Last, we vary the speed at which the phase separa
line is approached by varying the UV power at fixed te
perature and composition. The results for 80% composit
cured at 24 °C, are shown in Fig. 5~a!, where the cure powe
has been changed by a factor of 1000. The droplet s
shown in Fig. 6, increased substantially with decreasing c
power below 8 mW/cm2. The average time for phase sep
ration increased from a few seconds for 16 mW/cm2 expo-
sure to above 10 s for 23mW/cm2 exposure. The extent o
the polymer matrix at phase separation is not affected by
polymerization rate; nonetheless, the lower UV cure rate
sults in a slower freezing of the PDLC once phase separa
is induced, allowing more time for the LC to form large
domains as observed. If we repeat the experiment in the
gime whereT . Tth , then the coalesced drops form larg
spherical drops as expected.

Typically, the morphology that subsequently forms d
pends on the difference between the diffusion rate and
polymerization rate, unless the diffusion is limited by the c
dimensions. In the bottom section of Fig. 5~a!, a vertical scan
through the entire 13mm PDLC shows that at the lowes
exposure the cell is still two to three LC droplet layers thic
The molecular diffusion has not been significantly limited
boundary effects, and the droplet size is determined by
diffusion rate, and the shape of the droplets~distorted-
pentagon and hexagon! is determined by the packing. This
not the case for the 82% composition cured at 24 °C
shown in Fig. 5~b! where the scale on the bottom figure
2.5 times the top scale. Here, the vertical scan shows tha
layer is less than one droplet thick. As such, the drop
grow to the size of the gap at which point they start to c
lesce. The ‘‘donut-type’’ structure that occurs for the
mW/cm2 cure presumably results from trapped polymer b
tween coalesced neighboring droplets.

DISCUSSION

Several studies have shown that the morphology o
PDLC strongly affects the electro-optic properties.6,7,9 Ex-
pressions for such effects can be derived from equations
lating the elastic energy density for the LC orientation to
frequency-dependent electric-field energy density insid
uniform dielectric sphere, yielding a relation for the volta
required to turn the cell ‘‘on’’~transparent! Von and the time
it takes to turn the cell offtoff of

Von;d/R~L221!1/2~4pK/De!1/2 ~1!

and

toff;gR2/@K~L221!#, ~2!

whereR is the average droplet radius,L 5 R2/R1 whereR2

andR2 are the major and minor radii of an elliptical dro
d is the cell gap,g is the rotational viscosity, andK andDe
are the elastic constant and the dielectric anisotropy of
LC, respectively.10,11DecreasingR causes an increase in th
surface anchoring energy of the LC such that more voltag
needed to switch the LC. When this voltage is removed,
same energy will cause the LC to switch back to its origi
5996 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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state faster. Elliptical droplets (L . 1) switch at higher volt-
ages because they favor a preferred orientation that the e
tric field must overcome, but by the same argument they w
also switch back to their original state more quickly once
field is removed.

We have measured the electro-optic properties of
cells to understand the effect the morphology has on th
properties in light of the above theories. The dependenc
the switching voltage on the inverse droplet radius 1/R as a
function of changing UV power and composition is graph
in Fig. 7. For higher compositions and voltages, the dep
dence is linear as expected from Eq.~1! ~assuming constan
L!; however, we clearly observe that the switching volta
does not depend onR over certain ranges of composition an
temperature. In addition,Von does not depend on UV curin
power, even thoughR increases significantly. There exists
minimumVon, 5.060.4 V for a set gap size of 8.5mm and
7.060.4 V for a set gap size of 11mm, which occurs at low
enough temperatures regardless of the drop size. We
that when the droplets are spherical, i.e.,L 5 1, Eq.~1! ap-
proaches zero; our morphology measurements indicate
the droplets remain very close to spherical in PDLC ce
exhibiting minimum switching voltage. This result sugges
that a complete equation forVon would require an additiona
term that must depend on the intrinsic properties of the L
such as the dielectric anisotropy and the elastic constant,
not on the PDLC morphology. The slight increase inVon that
occurs for the larger droplets~small 1/R) is probably due to
the distortion away from sphericity (L . 1) that occurs in the
packing of the larger droplets.

The dependence ontoff should be similar toVon. Figure
7 shows changes intoff vsR

2 for changes in UV power and
composition. We observe linear dependence over a lim
composition range, but at higher compositions the switch
time drops off in agreement with the slight rise in voltag
This is presumably due again to the distortion of the drop
from sphericity (L . 1) which occurs at the higher compos
tions. As before, UV power does not effect the switchi
voltage even thoughR is changing significantly. A possible
explanation here would be that whenT , Tth , L ; 1 and Eq.
~2! becomes undefined (toff approaches infinity! and another
effect must limit the switching time. This effect must depe
on the intrinsic properties of the LC, such as the rotatio
viscosity and elastic constant. The functional form of the
additive terms is currently under further investigation.

The luminance~LUM ! shows a fair amount of scatte
over the samples studied. Nonetheless, we can still obs
~Fig. 7! that the optical scattering in the off state is reduc
as the droplet size becomes significantly larger than
wavelength of visible light. The peak in the luminance o
curs for samples with composition around 76%–78% s
gesting that the optimum drop size for back scattering
visible light is around 0.860.2 mm, in agreement with pre-
vious findings.12 As expected, lower UV cure powers resu
in a decrease in the luminance due to the larger drop siz

The droplet radiusR remains roughly constant as a fun
tion of cure temperature~Fig. 6! so the dependence of th
Carter et al.
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FIG. 5. Dependence of the PDLC morphology on UV cure power showing the increase is droplet size with decreasing UV cure power.~a! Changes in
morphology for 80% composition and 24 °C cure temperature, with UV cure powers from top to bottom of 16, 2, and 0.02 mW/cm2. ~b! Changes in
morphology for 82% composition and 24 °C cure temperature, with UV cure powers of 16 mW/cm2 ~top! and 0.02 mW/cm2 ~bottom!. Bottom slice is a cross
section of the cell showing that the droplet size is limited by the cell gap dimensions.
th
lip

o ence
switching voltage, switching speed, and luminance on
temperature is determined primarily by changes in the el
ticity L due to the changes in the onset of coalescenceTth . In
Fig. 8 we graph the electro-optic properties as a function
J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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temperature for 80% composition cured at 16 mW/cm2, for
whichTth starts around 30 °C. The changes int andV occur
slightly beforeTth , which may be due to a resolution limit in
our optical observation of the coalescence. Since coalesc
5997Carter et al.

t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/japo/japcr.jsp



le
i

th

e
e

ver
her
rops
Al-
de-

pl
om
a

er
m

s-

s

leads to an increase in the elliptical nature of the drop
~Fig. 6!, L increases resulting in the expected increase
Von predicted by Eq.~1!, and the expected decrease intoff ,
predicted by Eq.~2!. Von remains constant belowTth as ex-
pected. The mechanism for the weak decrease oftoff below
the peak is unknown, but could be due to changes in
elastic constant or anchoring energy with temperature.13 The
fastest speeds are observed for small coalesced drops~small
R, largeL! as predicted by Eq.~2!. The observed peak in th
luminance has been attributed previously to an increas

FIG. 6. From top to bottom, plots show the dependence of the LC dro
diameter on cell depth, composition, UV cure temperature for different c
positions, and light intensity for a fixed composition and temperature
cure. The bottom graph shows the dependence of the moment of in
~ellipticity of the droplets! on the UV cure temperature which results fro
the coalescence of droplets for two different compositions.
5998 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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the backscattering due to changes in the drop size;12 how-
ever, we observe negligible changes in the droplet size o
this temperature range. The falloff in the luminance at hig
temperatures could be due to the coalescence of the d
which leads to less efficient scattering between droplets.
ternatively, there must be some additional temperature
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FIG. 7. Summary of the dependence of the electro-optic propertiesVon ,
switching voltage;toff , the response time for switching between the tran
parent and scattering states; and LUMoff , the luminance of the scattering
state, on the LC droplet radius.

FIG. 8. Dependence ofVon , toff , and LUMoff on the UV cure temperature
for 80% LC and 16 mW/cm2 UV cure power. The change in propertie
around 30 °C marks the threshold temperatureTth , at which droplet coales-
cence starts to occur.
Carter et al.
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pendent scattering, possibly due to changes in the LC
choring or dielectric constant, which determines t
luminance.

CONCLUSIONS

We have studied the morphology and electro-optic pr
erties as a function of varying composition, UV cure te
perature, and UV cure power. We find that for the spon
type PDLC ~;80% LC fraction!, the morphology is
determined primarily be the rate of solidification of the po
mer matrix and the viscosity of this matrix once phase se
ration has been initiated, with the latter property being p
marily determined by the curing temperature. If this curi
temperature is below the temperatureTth , then the morphol-
ogy is determined by the nucleation mechanism and mole
lar diffusion, and the electro-optic properties are only wea
affected by the changes in morphology. However, if the c
temperature is increased aboveTth , the LC domains start to
coalesce resulting in substantial changes in the electro-o
properties. These results suggest that for low switching v
ages and high luminance, PDLC cells should be polymeri
under conditions which are below the coalescence temp
ture. The fastest switching times are obtained by polymer
tion at temperatures above the coalescence temperature
J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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