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Phase switching of ordered arrays of liquid crystal emulsions
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We report a fabrication method for producing interference-based electro-optic phase gratings that
switch between diffracting and transparent states. The phase grating consists of a
hexagonal-close-packed array of monodisperse emulsion drops of nematic liquid crystal, embedded
in a polymer matrix. Monodisperse droplet size allows for fast switching at low electric
fields. © 2003 American Institute of PhysicgDOI: 10.1063/1.1568818

Polymer dispersed liquid crystalPDLC) are a well es- produced by extrusion through a thin capillary, typically
tablished technology for electro-optic devices used in dis3—10 um in diameter, into a coflowing fluid consisting of
plays and light switches. They rely on dispersions of nematiavater with 1% polyvinyl alcoho[PVA).2 When a droplet at
liquid crystal material in a polymer matrix. In the absence ofthe tip of the capillary grows to reach a critical size, viscous
an electric field, the director field(r), which characterizes drag exceeds surface tension and break-off occurs, producing
the local average orientation of the rodlike nematic me-highly monodisperse emulsions, with polydispersities below
sogens, is randomly oriented, leading to a mismatch betweesfb. After generating the emulsion, the PVA concentration is
the average index of refraction of the liquid crystal and thatincreased to 4%. A small quantity of this concentrated emul-
of the polymer; this results in strong scattering making thesion is placed on an indium tin oxiddTO) coated glass
film opaque. An external electric field aligns the nematiccover slip and the water is slowly evaporated. At sufficiently
director parallel to the direction of light propagation, and, if high concentration the droplets spontaneously order into a
the average index of refraction of the aligned liquid crystalhexagonal-close-packedhcp monolayer as shown in Fig.
matches that of the polymer, scattering is eliminated makind(a). As the remaining water is driven off, the liquid crystal
the film transparent.To control the direction of the light, a drops are distorted and compressed into a flat film consisting
holographic version of this same technola@gy-PDLC) in-  of hexagonally shaped liquid crystal drops embedded in a
corporates a periodic modulation of the liquid crystal; polymer matrix, as shown in Fig.(H). These results are
switching then induces a phase grating, leading to controltypical: a thickness of fum is achieved for drops on a hcp
lable diffraction of the light lattice with a spacing of 1lm. A second ITO coated glass

Formation of PDLCs usually involves the phase separaplate is placed over the dried film to apply an electric figld
tion of liquid crystal during the curing of the polymer matrix; to the liquid crystal droplets normal to the film.

H—PDLCs are formed when intensity gratings from crossed  The liquid crystal drops are stabilized against coales-

laser beams are imposed on the film during curing. Becausgence by the thin polymer walls that both encapsulate the
of the strong pinning of the liquid crystal to the polymer

matrix, PDLCs require relatively large switching fields. An
alternate fabrication technique, which can significantly re-
duce the switching fields, relies on the formation of well |
defined liquid crystal droplets suspended in a polymer ma-f 4"
trix. However, these liquid crystal emulsions are typically
comprised of a highly polydisperse mixture of droplets lim- [

precluding their use in any H-PDLC application.

In this letter, we report a unique technique for producing
phase gratings from liquid crystal emulsions. We accomplish
this by using monodisperse liquid crystal droplets formed
into a precisely ordered two-dimensional hexagonal-close-
packed monolayer. The spacing of this grating is controlled
by the droplet size. This allows us to switch both the inten-
sity and the direction of the light, producing a very simple
material equivalent to a H—PDLC. Moreover, very low

switching voltageg0.1 V/um) and relatively fast switching G 1 Photom b of th i | befarand aft
: e . A otomicrograpns o € Crystalline monolayer pefayena aiter
speeds can be achieved by explomng the interference effec Tying (b). The bipolar character of the droplets having two surface discli-

of these phase gratings. nations and parallel boundary conditions on the director is indicated by the
Monodisperse droplets of nematic liquid crystal wheretexture when viewed between crossed polarizers showe) iwith the drop-

let axis along the polarizeP and (d) rotated by 45°. The insets i) and

(d) indicate the director pattern inside each droplet. The gray shaded regions

¥Electronic mail: darren@deas.harvard.edu indicate approximate regions of extinction.
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10'(8) T T ] fraction peaks; this could easily be improved by tuning the
Transmitted materials to reduce the index mismatch. At lower voltages

the observed oscillations are similar to those reported for
one-dimensional liquid crystal gratingdhe intensity of the
undiffracted beam behaves in a complementary way, show-
ing minima when the intensity of the diffraction peaks is
maximal.

The variations in the transmitted and diffracted intensi-
ties with applied field forms the basis of the switching of this
H—-PDLC. The number of maxima observed can be under-

PDLC

1% order diffraction peak

Intensity (arb. u.)
=
s

0.6 stood in terms of a simple model based on the interference of
o4 St o T T light passing through a phase grating that consists of alter-
o2l W As5tnm T ] nating periodic regions of a fixed refractive index (poly-
T mer and electric-field-dependent refractive indefg) (lig-
0.0 . ; i uid crysta). The position of the diffraction peaks is fixed by
00 0.1 02 03 the periodicity of the grating. By contrast, the intensity of the
E-field (V/um) diffraction peaks depends on the optical path differefce

=k[n(E)—n,]d, yielding high intensities when it becomes
FIG. 2. (a) Transmitted intensity of an ordered two-dimensional film and of

a PDLC as a function of electric fieldb) First order diffraction peak inten- a multlple of 2. US|ngd= 7 pm, _a VaCL_Jum Wa_\/8|ength of
sity versus electric field at two different wavelengths= 633 nm (solid) A =27/k=633 nm, and the maximum index differenae

and\ =514 nm(dasheql Consecutive arrows indicate tefields between = (ng—np) —(n,—n,)=0.212, we estimate that we should
which switching the diffraction intensity ON and OFF is possible. The insetgpserye 2.4 oscillations in the intensity. Experimentally three
in (a) shows a typical diffraction pattern exhibiting high order peaks, indi- . . .
cating long range hcp order. maxima are observe@lFig. 2(b)], matching the expected
number given the uncertainty in sample thickness. The origin
of these oscillations is confirmed by using a laser with a
liquid crystal and impose strong tangential boundary condishorter wavelengthy =514 nm. In this case, we expect 2.9
tions onn. To accommodate these boundary conditiams, oscillations; we observe an additional interference minimum
adapts a bipolar structure consisting of two disclinations lo{Fig. 2(b)], confirming our interpretation.
cated on opposite sides of the drop, see insets of Figs. 1 The optical path difference giving rise to the oscillations
and Xd). The line joining these defects defines the polar axisjepends on the droplet size, which is well defined in our
of the droplets, which forms the macroscopic optic axis ofmonodisperse samples. In conventional PDLCs, interference
the drops. To minimize distortions in, the polar axis is effects are smeared out due to the broad distribution of drop-
confined to the plane of the film along the direction connectiet sizes. To demonstrate this we measure the transmission of
ing next-nearest neighboring droplets. The threefold degens PDLC film consisting of polydisperse droplets with sizes
eracy in this direction is broken by slight variations in the between fractions and tens of microns. The corresponding
drying process that produce a uniformly aligned film astransmission is shown in Fig(&. No diffraction peaks are
shown in the polarized photomicrographs in Fig&c)land  observed when switching between scatterifig=0 V/um)
1(d). The observed textures are those of bipolar droplets havand transparentg=0.4 V/um) states.
ing their polar axis in the plane of film, and aligned nearly The unique interference effects caused by the ordered
parallel and at-45° with respect to the polarizer directién. array of liquid crystal droplets provide additional flexibility
To demonstrate the functionality of the liquid crystal in the switching behavior. Switching can be achieved in a
droplet array as a tunable phase grating, the diffraction patmuch narrowerE interval by switching between adjacent
tern from a laser incident normal to the film is measured as ainimum and maximum of the first order diffraction peak; a
function of the appliecE field. When no voltage is applied, variation of 80% in the diffracted intensity can be achieved
the scattering pattern consists of a combination of diffractiorwith a E difference of only 0.03 \tm. These small field
peaks and diffusively scattered light, due to small variationglifferences reflect the fact thatdoes not need to be rotated
in the director field of different droplets and director fluctua- by a full #/2, but instead must be rotated only enough to
tions. Upon application of a small electric fieldE( change from a constructive to destructive interference condi-
=0.05 V/um) a well defined diffraction pattern is obtained tion. This happens betweerE=0.029 V/um and E
as shown by the image in the inset of Figa2 As many as =0.061 V/um or between E=0.061 V/um and E
seven orders of diffraction peaks are visible reflecting the=0.4 V/um [arrows Fig. 2Zb)].
long-range hexagonal order of the film. The voltage depen- The interference effect also significantly improves the
dencies of the intensity of the central undiffracted bé¢&ig.  switching times since must change over an angular interval
2(a)] and of a first order diffraction pedlFig. 2(b)] are col- much less than/2. To demonstrate this, we apply square
lected with a photodiode. The intensity of the first order dif-wave ac voltages with two different amplitudes and measure
fraction peak shows an absolute maximum &  the optical response of the first order diffraction peak. The
=0.061 V/ium and decreases at highErfields. The small frequency of the square wave signal is 1 kHz and its ampli-
remaining mismatch of the refractive index of the PWA  tude is switched with a modulation frequen€y,=2 Hz.
=1.484 and the ordinary refractive index of the liquid crystal The fastest response is obtained by switching between the

n,=1.530 precludes the complete disappearance of the difmaximum of the diffraction intensit}/E(O =0.061 V/um)
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’5 "0.06 V'/um " " (a) _=45 ms._Despite the fact that the ele_ctric field drives the_ rise

£ L ] time, AE is now ~ 20 times smaller; since the response time

< ‘ is proportional toAE~2,° it should be~400 times longer,

-‘g oL @ 0 ] consistent with our observations. By contrast, the slower off

o) time reflects the weaker restoring force of the elastic energy

S op0.72Vim . 0.72Vium [Fig. 3b)]. The switching speed andE requirements de-

§_ 0.06 V/ium (b) pend delicately on the orientation ofand the total change

o4 : required’

S The use of monodisperse droplets results in phenomena

S 2 that can be used to switch between diffracting and transpar-

ﬁo ok . ent states in shorter times and at lower electric fields. Im-

A Gi09 vigom . . 003 MM provement of the relaxation times can be achieved through
00 01 02 tim(: () 04 05 06 the use of smaller droplet sizes, since the characteristic re-

laxation time scales aa. Alternatively, by incorporating a
FIG. 3. Response and relaxation dynamics of the first order diffraction peal?0lymer gel within the liquid crystal droplets the switching
corresponding to switching betweerfa) E=0.061 V/ium and E time can be improved because of the increased elastic en-
=0.720 Vjum and (b) E=0.029 V/um andE=0.061 Vium. The sche-  argy put the field requirements will be increased. A qualita-
z”le?gg.droplets show the mean orientation of the polar axis at the différent tive improvement of the switching can be achieved through
the use of a three-dimensional ordered structure that will
exhibit true Bragg switching of the light.
and the final minimum of the diffracted intensity at high ]
voltage Eope=0.72 V/um). We emphasize that the OFF The authors thank G. P. Crawford, P. S. Drzaic, T. C.
state occurs at the high field where index matching reducesubensky, and R. B. Meyer for valuable discussions. This
almost all scattering. The fall time i§=0.2 ms and is rapid Work was supported by NASINAG3-238). D.R. acknowl-
because the change in orientationrofs controlled by the —€dges the financial support of the Alexander—von—Humboldt
electric field as is shown in Fig(8. However, the rise time Founda}ion. A.F-N. expresses his gratitude to Ministerio de
is 7,=20 ms, which is much slower than the fall time, since Educacia, Cultura y Deporte for support under Grant No.
now the change in orientation afis controlled by the elastic EX2001-44250458 and to University of Aimarior allowing

response of the droplgEig. 3@)]. Nevertheless this switch- Nis leave of absence.
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over that obtained when switching between the maximum
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