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Controlling the anisotropy of holographic polymer-dispersed liquid-crystal gratings
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In this work we investigate the optical properties of electrically switched transmission gratings fabricated
holographically using polymer-dispersed liquid-crystal~PDLC! materials. We have found that the PDLC mix-
ture can be used to control the diffractive properties of the liquid-crystal composite gratings. In one limit the
gratings are highly isotropic and in the other limit the gratings are highly anisotropic with a large birefringence.
The experimental results are compared to theories that include the birefringence of the grating. From theoret-
ical fits to the experimental data, measurements of the liquid-crystal distribution and alignment are obtained.
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Switchable gratings have been under investigation
several applications including time-delay networks@1#, opti-
cal beam steering, and switching@2,3#. Highly birefringence
liquid-crystal composite gratings are attractive because
liquid crystal has a large field-induced birefringence chan
which results in large changes in refractive index modulat
and, therefore, diffraction efficiency of the composite gr
ing. Switchable gratings have been fabricated holograp
cally using polymer-dispersed liquid crystals~PDLC! @2–8#.

In this paper we present the results of an experime
study of the diffractive properties of electrically switche
holographic gratings fabricated using polymer-disper
liquid-crystal mixtures. In a recent series of papers Suth
land and co-workers@5–8# have performed experiments th
show that the morphology of a PDLC grating is depend
on the details of the prepolymer syrup. In this study we c
relate the changes in the optical properties to the detail
the PDLC mixture. In one limit the diffraction from the gra
ing is extremely polarization dependent with high diffracti
efficiency for p-polarized light and near zero efficiency fo
s-polarized light. In this limit the grating is highly birefrin
gent. In the other limit the diffraction is characteristic of
nonbirefringent grating. By modeling the composite grati
we are able to obtain information on the liquid-crystal dist
bution and alignment.

In a recent paper, Montemezzani and Zgonik@9# present a
two-wave coupled wave theory for volume gratings that
fabricated from birefringent materials, which is a modific
tion to the theory of Kogelnik@10# for nonbirefringent grat-
ings. We have previously used the birefringent grating the
to explain the diffraction properties of liquid-crystal compo
ite gratings@11,12#. In this work we have used this theory t
model the changes in the optical properties, as the PD
mixture is changed. For birefringent gratings it is assum
that the relative permittivity tensor of the grating can
written in the form

«J~x!5«J01«J1 cos~2px/L!, ~1!

where«J0 is the average relative permittivity tensor,«J1 is the
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relative permittivity modulation tensor, andL is the grating
spacing. The diffraction efficiency of an anisotropic volum
grating for light incident at the Bragg angle is given by@9#

h5sin2
pd

l0 cosu

ê0•«J1•ê1

2n0 cosd
, ~2!

whered is the grating thickness,l0 is the free space wave
length,ê0 and ê1 are polarization unit vectors for the zero
and first diffracted orders,n0 is the average refractive inde
of the grating,u is defined as an angle between the grat
normal and the energy propagation direction of a diffrac
wave, andd is an angle between the energy propagat
direction and the wave vector direction for the diffract
wave. For composite gratings it is important to rememb
that n0 depends onu due to the average birefringence of th
grating. In addition,d is small for the composite grating
considered in this work. From Eq.~2! we see that the pre
dicted diffraction efficiency is highly dependent upon t
form of the relative permittivity modulation tensor. For th
composite liquid-crystal gratings the form of this tensor
dependent upon factors such as liquid-crystal distribut
and the liquid-crystal alignment within the droplets.

In our experimental work we have only studied unslan
gratings and there is no observed coupling betweens- and
p-polarized light, which leads us to assume that the aver
relative permittivity tensor for the composite grating can
written as

«J05S «xx
0 0 0

0 «yy
0 0

0 0 «zz
0
D ~3!

and the relative permittivity modulation tensor can be writt
as

«J15S «xx
1 0 0

0 «yy
1 0

0 0 «zz
1
D . ~4!

In Eqs. ~3! and ~4! the x direction is parallel to the grating
vector and thez direction is parallel to the grating normal.
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The PDLC gratings were fabricated holographically us
an argon-ion laser operating atl5514.5 nm. The prepoly-
mer mixture was contained in indium-tin-oxide coated gla
cells with a thickness of;11 mm. Volume phase grating
were recorded with a period of 545 nm by exposing
prepolymer mixture to an interference pattern produced
two plane waves derived from the laser. Each of the pl
waves subtended an angle of 28° from the recording pl
normal; they were incident symmetrically upon oppos
sides of the normal. The gratings were typically exposed
a period of 30–60 s. The photocuring of the monomer ta
place through free radical polymerization that results
monomers diffusing to the high intensity regions and liqu
crystal diffusing to the low intensity regions. The phase se
ration results in a refractive index modulation, which resu
in high diffraction efficiency.

The PDLC mixtures that we have used are similar to th
of Sutherland et al. @13#. The liquid crystal E7 (ne
51.7462,n051.5216) and the SR399 monomer are t
main elements of the prepolymer syrup. The comonom
1-vinyl 2-pyrrolidinone is used as a chain extender. The p
toinitiator HNU-470 is used to sensitize the solution for t
wavelength that we are using for polymerization, and
coinitiator DIDMA from Spectra Group Ltd. aids in dissolv
ing the photoinitiator dye.

The optical properties of the composite gratings dep
sensitively on the morphology of the gratings and the ali
ment of the liquid crystal within the grating. Previous stud
have investigated the morphology of PDLC gratings and
effect that changes in the prepolymer syrup have on the
sulting morphology@5–8#. These studies have involved th
examination of scanning electron micrographs~SEMs! of the
gratings. In this work we have characterized the change
the diffractive properties of the composite. Specifically w
have studied the dependence on the comonomer conce
tion. We have found that at low comonomer concentrat
the diffractive properties are characteristic of a highly bi
fringent grating whereas for high comonomer concentrat
the diffractive properties are characterized by an isotro
grating. We keep other constituents of the mixture cons
throughout our investigation.

To obtain information about the components of the p
mittivity tensors and, therefore, the liquid-crystal alignme
for the PDLC mixtures, we measure the diffraction efficien
of the composite grating as a function of angle of inciden
for many different wavelengths. The Bragg condition
given by sinuB5l0/2n0L. From this relation we see tha
each wavelength will have its own Bragg angle. Thus,
measuring the diffraction efficiency at many different wav
lengths we are effectively probing the composite medium
many different Bragg angles, which is a sensitive measur
the relative permittivity modulation tensor and, therefore,
liquid-crystal alignment. For these measurements the liqu
crystal composite grating was sandwiched between two B
prisms. The prism coupling was used so the Bragg angle
a wide range of wavelengths could be accessed. The a
within the prism is defined as the angle that the incid
beam makes with the grating normal at the prism-sam
interface.
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The light sources used in this experiment were an arg
ion laser operating at 0.5145mm, Helium-Neon lasers oper
ating at 0.6328 and 1.125mm, Nd:YAG ~yttrium aluminum
garnet! laser operating at 1.06mm, and semiconductor laser
operating at 0.780, 1.298, and 1.552mm. Figures 1~a!–1~d!
show the experimentally measured values for the normali
diffraction efficiency for p-polarized light incident at the
Bragg angle for each wavelength for the case no applied fi
~solid circles! and for the case of a saturating field of 3
V/mm ~solid squares!. The normalized diffraction efficiency
is defined to be equal to the power in the first diffracted or
normalized to the total power transmitted through the gr
ing. Figure 1~a! shows the case when the comonomer co
centration is equal to 4%. In this limit a striking feature
that, the diffraction efficiency at a Bragg angle of 45° is n
equal to zero for either the field off or field on case. For th
mixture the diffraction efficiency fors-polarized light is near
zero for all Bragg angles. These properties are character
of highly birefringent gratings. Figure 1~d! shows the case o
a grating that is fabricated with a comonomer concentrat
of 24%. In this case we see that the diffraction efficiency
p-polarized light is equal to zero for a Bragg angle of 45° f
the case of no applied field. Also for this concentration t
diffraction efficiency for s-polarized light is increased to
12% that is greater than the diffraction efficiency f
p-polarized light. These properties are characteristic of
isotropic grating. From these figures we also see that
optical properties for the case of a saturating applied field
characteristic of anisotropic, birefringent gratings for
comonomer concentrations.

FIG. 1. Normalized diffraction efficiency of PDLC gratings fab
ricated using E7 liquid crystal and comonomer concentrations of~a!
4%, ~b! 8%, ~c! 16%, and~d! 24%. The solid circles represent da
recorded for the case when no field is applied to the grating and
solid squares represent the case when a switching field of 34 Vmm
is applied to the gratings. Theoretical predictions are obtained
modeling the grating as a highly anisotropic composite grating. T
solid line represents the theoretical prediction for the case when
field is applied to the sample and the dashed line represents the
when a saturating field is applied to the sample.
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CONTROLLING THE ANISOTROPY OF HOLOGRAPHIC . . . PHYSICAL REVIEW E 65 066603
By comparing the predictions of the birefringent grati
theory @9# to the experimental data we obtain informatio
about the distribution and alignment of the liquid-crys
molecules that are trapped within the droplets. We first m
some assumptions about the composite gratings. We ass
that the grating is composed of two regions. One region
solid polymer region that contains no liquid-crystal drople
This assumption is supported by SEM studies of others@6#.
However this region is assumed to contain some liquid cr
tal that is trapped in the polymer matrix. This trapped liqu
crystal is randomly aligned and is not free to rotate with
applied electric field. In conventional PDLC materials'20%
of the liquid crystal can remain in the polymer matrix a
does not phase separate out into the droplets@14#. The index
of refraction of the solid polymer region can be written a

nb5nP~LC!5cniso1~12c!np , ~5!

where c is the volume concentration of the liquid crysta
np51.49 for the polymer we have used in this work a
niso51.597, which is the three-dimensional average index
refraction of E7 liquid crystal. The other region of the gra
ing is assumed to consist of a polymer matrix containin
volume fraction of liquid-crystal droplets. The refractive i
dex of this region is given by

na5 f nLC1~12 f !nP~LC! , ~6!

where f is the filling fraction of the liquid-crystal droplet
andnp(LC) is the index of refraction of the polymer matrix

We obtain values for the two unknownsnP(LC) and f for
the various gratings by measuring the diffraction efficien
of the composite gratings at a temperature of 70 °C, whic
above the clearing temperature of the E7 liquid crys
These unknowns characterize the morphology of the gra
independent of the alignment of the liquid crystal inside
droplets since at this temperature the liquid crystal contai
in the droplets are in the isotropic state with an index
refraction ofniso51.597. The average refractive index of th
grating can be calculated from the weighted average of
refractive index of the pure polymer (np51.49), and the
concentration and index of refraction of the isotropic liqu
crystal in the solution. For the gratings studied in this wo
the solutions contained 30% E7 liquid crystal. Therefore,
average index of refraction of the gratings for temperatu
above the clearing temperature is'1.522.

The refractive index modulation of the gratings is o
tained by comparing the measured diffraction efficiency
the predictions of coupled-wave theory derived by Kogel
@10#. This theory can be used since at temperatures abovTc
the material is not birefringent. We have characterized g
ings for each of the comonomer concentrations. From m
surements of the diffraction efficiency we calculate the
fractive index modulation of the gratings. Once the avera
index of refraction and refractive index modulation are fou
for each of the gratings, the parametersf andc can be calcu-
lated using Eqs.~5! and ~6!,

n05
na1nb

2
~7!
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na2nb

2
. ~8!

From the fits to the diffraction efficiency at elevated tem
peratures we calculatenp51.51460.0015 and f 521
63.6 %. We note that;20% of the liquid crystal that is
added to the original mixture does not phase separate
and, therefore, does not contribute to the diffraction.

The measurements at high temperatures yield informa
about how much liquid crystal is contained in the droplets
the PDLC. At room temperature the alignment of the liqu
crystal is also an unknown that must be taken into accoun
describe the diffraction. The alignment of the liquid crys
determines the effective refractive indices of the liqu
crystal droplets, which are used in Eq.~6! to calculate the
refractive index of the composite region.

From Fig. 1 we note that in the limit of low comonome
concentration for the case when no external field is app
to the grating, the diffraction from the grating is character
tic of a highly birefringent grating. However, in the limit o
high comonomer concentration the diffraction properties
dicate a nearly isotropic grating. We attribute the change
the anisotropy of the grating to a degradation of the order
of the liquid crystal as the comonomer concentration is
creased. In the limit of low comonomer concentration t
diffraction efficiency forp-polarized light at near normal in
cidence is high that implies the director of the liquid crys
lies predominately parallel to the grating vector. Therefo
the elongated axes of the liquid-crystal droplets are alig
along the grating vector in thex direction. The effective in-
dices of refraction of the droplet depend on a droplet or
parameterSd . We assume that the order parameter of
liquid-crystal droplets varies as the comonomer concen
tion is changed. The effective refractive indices of the dro
lets can be written as@15#

ned~Sd!5
neno

Fne
21

1

3
~n0

22ne
2!~2Sd11!G1/2 ~9!

and

nod~Sd!5
2

p
noFH p

2
,

1

ne
F2

3
~ne

22no
2!~12Sd!G1/2J ,

~10!

whereF(u,m) is the complete Legendre elliptic integral o
the first kind andno and ne are the ordinary and extraord
nary refractive indices of the liquid crystal, respectively.

The solid lines shown in Figs. 1~a!–1~d! are fits to the
experimental data for the case of no applied electric fie
For these fits we use the polymer refractive index and dro
concentration that are obtained from the fits to the diffract
efficiency at high temperature. The droplet order parame
is adjusted to obtain agreement between the experime
data and the theoretical predictions. For an assumed dro
order parameter the effective indices of refraction for t
3-3
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MICHAEL E. HOLMES AND MICHELLE S. MALCUIT PHYSICAL REVIEW E 65 066603
droplets are calculated using Eqs.~9! and~10!. These values
are then used to calculate the relative permittivities,«ox and
«oz , and relative permittivity modulation values,«1x and
«1z , for the composite gratings. Figure 2 shows a graph
the droplet order parameter plotted as a function of the c
centration of comonomer concentration that is extracted
fitting the diffraction efficiency data for the case of no a
plied field. From this figure we see that the droplet ord
parameter is high for low comonomer concentration, wh
results in a highly anisotropic grating. As the comonom
concentration is increased the droplet order parameter
creases. At concentrations of;15% and higher the orde
parameter is'0.3 and the grating properties are not modifi
significantly by the effects of birefringence. These resu
agree with the SEM work done by Bunninget al. @6# that
shows that in the limit of low comonomer concentration, t

FIG. 2. The change of the droplet order parameter is plotted
a function of comonomer concentration. The droplet order par
eter is obtained from the fits of the diffraction efficiency data
each comonomer concentration.
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droplets within the grating are elongated along the grat
vector and the droplets become more spherical as the
centration is increased.

The dashed lines on Figs. 1~a!–1~d! represent fits to the
experimental data for the case when a saturating electric
is applied to the PDLC grating. To obtain these fits the po
mer refractive index and the droplet filling fraction obtain
from the high temperature fits are used again. However,
the case with an applied electric field the composite grati
are all highly anisotropic with the director of the liquid cry
tal oriented parallel to thez direction since the liquid crysta
trapped inside the droplet aligned parallel to the appl
field. Also since the liquid crystal is aligned by the applie
field we assume that the droplet order parameter is high
is nearly equal for all cases. The best fits to the experime
data were obtained for a droplet order parameter ofSd
50.848.

In summary we have shown that the diffraction propert
depend sensitively on the details of the PDLC prepolym
syrup. We have found that at low comonomer concentrat
the gratings are highly birefringent and are optimized
steeringp-polarized light. At high comonomer concentra
tions we find that the gratings are not highly birefringent a
the diffraction properties are characteristic of isotropic gr
ings. In this limit the refractive index modulations that a
obtained are much lower since the liquid crystal trapped
the droplets is randomly aligned. We have also shown t
there is a smooth progression from the highly birefringe
limit to the highly isotropic limit and this progression can b
characterized by a change in the droplet order paramete
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