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Optical waveguide characterization of a tristable antiferroelectric liquid
crystal cell
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The optical convergent-beam waveguide technique has been used to characterize a homogeneously
aligned 3um cell containing a liquid crystal in the antiferroelectric phase. The director structure has
been quantified with the cell at 0 V and &60 V dc, and three distinct states have been observed.
From the optical data collected, it is found that the material forms a tilted-bookshelf ferroelectric
structure in the presence of a suitable voltage, and the characteristic altefaatinbnic) structure

of the antiferroelectric phase when the cell is short-circuited. The biaxiality of the antiferroelectric
state has been measured, @agproximately uniaxial refractive indices, the cone angle, and layer

tilt have been determined for the ferroelectric state. 2@4 American Institute of Physics.

[DOI: 10.1063/1.1645972

INTRODUCTION nematic and smectic materidis’ The latest characterization
method developed is the convergent-beam technique, which

Antiferroelectric (AF) liquid crystals (LCs) are tilted, has previously been used to study the dynamics of LC cells
chiral, and smectic in nature and have great potential for usi detail® ! This method, which involves the collection of
in display applications. They offer the same fast switchingoptical intensity versus angle-of-incidence data in the sub-
properties as conventional ferroelectric displays, but have thmillisecond timescale, is also ideally suited to studying the
added advantage of three stable states. This results in a rangffect of applied voltages on an AF-filled cell, as it mini-
of possible applications including improved gray-scale genimizes the amount of time that high voltages need to be ap-
eration in displays and fast optical switches in the commu-plied to the cell while the data is being collected, reducing
nications industry. any risk of ionic decomposition of the material.

When a thin layer<5 um) of AF LC is confined be- By measuring the optical properties of an AF cell in all
tween two homogeneously aligning substrates, provided thahree stable states, a wealth of detailed information, includ-
the cell thickness is thinner than that of the natural pitch ofing the optical biaxiality, director alignment, layer structure,
the material, the natural helix is suppressed and a layereahd cone angle of the material, can be obtained.
structure forms, with the tilt in alternating layers varying by EXPERIMENT

180°[Fig. 1(a)]. Each of the layers has a spontaneous polar- )
ization associated with it, the direction of which is parallel to A3 #m cell was constructed from ITO-coated low-index

the layer and normal to the primary director, with the direc-912ss (1=1.52) substrates. A homogeneously aligning poly-

tion of polarization alternating between the layrdOn the ~ Mer (JSR AL 1254 was spun down and baked onto both
application of a sufficient dc field, coupling between the ex-Substrates. One substrate was then buffed with a velvet cloth

ternal field and the spontaneous polarization causes the di¢ induce directed homogeneous alignment, while the other
rector to uniformly align, producing a ferroelectric structure, Was left unrubbedFig. 2). The cell was then assembled us-

This property therefore gives rise to two possible ferroelecl

ing 3 um beads in a UV setting glue as spacers, and was
tric states[Figs. 4b) and X0)], with the orientation being filed by capillary action with the LC materi@AH56, Hull

determined by the direction of the applied electric field.In the isotropic phase at 95°C and then slowly cooled into
Switching between these two states causes the director 3¢ AF phase witht50 V dc held across the cell to produce
rotate around the surface of a cone, and it is this cone angf 900d monodomain. _

that determines the relative orientation of the primary direc- '€ Cell was shorted, index matched between two low-
tor in the two applied voltage states. The result is that thdndex glass hemispheres, and enclosed in an insulating oven

optic axis differs in direction among all three cases, and® allow a temperature of 74.9°C to be maintained. The
hence the three states possess different optical properties. rubbed POW'm'de .surface was used as the InCIOden't face, with
Optical techniques have been used with great success fgf€ rubbing direction paraliel to theaxis (i.e., 0° azimuth

many years to probe LC cells and have yielded a wealth O]I_'his arrangement was then m_ounted_at the c_enter of an op-
information about the director structure in a wide range ofiical convergent-beam systeffig. 3. Diffused light from a
35 mW HeNe lasefA=632.8 nm was focused down onto

the cell, and optical intensity versus angle-of-incidence data
dElectronic mail: s.a.jewell@exeter.ac.uk were collected for polarization, conserving and converting
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FIG. 1. (a) The layer structure in an AF cell at 0 V viewed along the layer o . )

normal, showing the alternating nature of the orientation of the spontaneousFIG. 3. Schematic diagram of the optical convergent-beam experiment.

polarization in adjacent layergb) and(c) The ferroelectric layer structure

formed when dc voltages of50 V are applied to the cell.

permittivities, absorption, and thickness of the ITO and poly-

imide aligning layers were also allowed to vary, along with

and s-polarized(transverse electridight. This was then re those of the LC. The optical data collected for the two volt-
P gnt. ages were fitted independently, and good agreement was

peated with dc voltages of 50 V and then—_50 V applied found between the optical parameters determined for both
across the cell. The data were then normalized and compare%ses The two measured LC permittivitiesand e, (corre-
' y

. . . . C

to model data generated using a multilayer optics modehn% . . . .

. : onding, respectively, to the ordinary and extraordinary per-
routine based on a4 Berreman modéf The optical per- P g b Y y yp

._mittivities in the uniaxial cage azimuthal angle) (measured

mittivity, absorption, and thickness of each of the layers, in . . .
addition to the director profile of the LC layer, were used asfrom they axis) and director tiit6 (measured from the layer

" . . . ~norma) for the two voltages are shown in Table I, and a
fitting parameters, and the best fit was determined by using &election of the final fits to the data is given in Fig. 4. The
least-squares fitting procedure. .

result is that for both voltages, the director lies approxi-
mately parallel to the substrate with an angle of 73.2° be-
RESULTS AND DISCUSSION tween the two measured azimuths.

Figure 4 shows a selection of optical intensity versus The alternating-layer structufanticlinic) in the 0 V AF

angle-of-incidence data collected for the three applied voltState results in a more complex optical situation, requiring
ages(+50, —50, and 0 V. The clear differences among the the optical biaxiality of the liquid crystal to be taken into

optical data for the three voltages indicate that the directofOnsideration in the model. The alternating tilt in adjacent
structure differs in each case. In particular, at the app"eéayers results in an effective dielectric tensor, which is the

voltages, a critical-edge-type feature can clearly be seen &e€rage of the dielectric tensors associated with the two
76° angle of incidence in th,, andR,, data, but this is not types of layer alignment. The resulting dielectric tensor has

evident at 0 V. This indicates that the apparent optical peroPtical permittivities, measured in the applied voltafggro-

mittivities for the material at both applied voltages are very2ligned state €, ande,), related to those associated with
similar (although the director structure clearly differand e index-ellipsoid of the AF all%n.ed state( €, ande;)
that the associated optical permittivity at 0 V is clearly dif- PY the cone angle of the materiel:

ferent. €,C0% O+ e,si 6 0 0
To obtain the director structure in the two applied volt-

signals from both incidernp-polarized(transverse magnejic

- . = 0 0
age cases, the LC was approximated as a parallel aligne€d¥ € .
slab of a uniaxial material, with the azimuthal orientation of 0 0 &sin +¢,c08 0
the director varying between the two voltages. Due to the 1)

high voltages applied and the negative dielectric anisotropyherefore, the three optical permittivities measured in the 0
of the material, it was assumed that the director in both caseg state correspond to
would be lying approximately parallel to the substréte.,

director tilt =~90°). During the fitting procedure, the optical €1= €, COS' O+ €, Si 6, &)
62: Ey 1 (3)
———— GLASS €3= €, Sirt 0+ ¢€,cos 6. (4)
z POLYIMIDE \\ In this case, for any cone angle other than 45°, the resulting
(RUBBED) === A optical tensor is biaxial, with the optic axis alorg and
LIQUID § collinear with the cone axifor a 45° cone angles,= €, SO
y X CRYSTAL Hm ITO that the material would appear to be uniaxidhitial at-
: = tempts to fit the optical data for the 0 V case using the
POLYIMIDE _| / L : D ; . .
(UNRUBBED) S uniaxial multilayer fitting routine as employed in the applied
| GLASS voltage case were unsuccessful, indicating that the cone
angle was not 45°. A biaxial code was then used to fit to the
FIG. 2. Schematic diagram of a typical AF-filled LC cell. data, with the same uniaxial non-LC layer parameters as
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FIG. 4. Measuredsymbolg and modeledsolid line) optical intensity versus angle-of-incidence data for the polarization conservingpasep- ands- to
s) collected in reflection and transmission for the#%0, and—50 V states.

used in the applied voltage case. A reasonable result warg optical microscopy while switching a bm cell with a
achieved by approximating the cell as a uniformly alignedfield of 15 V um™! gave the cone angle as 3560.2)°,
slab, with the orientation of the index ellipsoid described bywhich is in excellent agreement with the cone angles calcu-
the Euler angles given in Table I, and the resulting fit showrlated here. Furthermore, adding together E@.and (4)
in Fig. 4. Although the quality of the fit is generally good, gives
poor agreement is found between data and theory at the
higher angles of incidence. This suggests that, although the €+ e3=€4+¢€,, (5)
uniformly aligned slab approximation is valid for the bulk of
the cell, the alignment in regions close to the surfaces, whicland from the measured values,+ e3=4.875(=0.004) and
light at close to grazing incidence is particularly sensitive to,ex+ €,=4.881(x 0.004), again in excellent agreement.
is more complex. Surface influences may also explain why  The measured cone angle can be verified further by con-
the rubbing direction and the azimuthal orientation of thesidering the geometry of the cone and tilted layers in the
director at 0 V(which also coincides with the midpoint be- applied voltage cas@ig. 5. As stated previously, the Euler
tween the azimuths of the applied voltage caskiffer by tilt angle measured at 0 V corresponds to the orientation of
~27°. the axis of the cone, and hence the tilt anglef the layer
Using the optical permittivitye; measured for the 0 V
case and the values ef and e, determined by fitting to the
applied voltage data, in conjunction with E@), the cone
angle of the material is calculated a=35.3(+0.1)°.
Similarly, using the measured value f with Eq. (4) gives Cone axis
0.=36.4(=0.1)°. Measurements made on the material us-

TABLE I. Values for the real part of the optical permittivity of AH56 pro-
duced by performing a least-squares fitting procedure on the optical inten-
sity versus angle-of-incidence data collected at applied voltages56fV

dc, and at 0 V with the cell shorted. The Euler angfe$azimuthal twist

and ¢ (director tilt) used to define the director orientation are also given.

€x €y € e Ok
(+0.00) (+0.00) (+0.00) (x0.7° (=0.°

+50 V 2.166 2.166 2.719 9.1 93.2
-50V 2.168 2.168 2.709 -64.1 89.0 y
€ € €3 Dar Orr
(+0.00) (+0.00) (+£0.001 (x0.D° (£0.0° FIG. 5. Diagram to show the relationship between the director-aziitt)th
oV 2.350 2.235 2.525 —27.4 —4.7 director-tilt (), layer-tilt (5), and cone-axis angles, where the cone axis is

lying in the x—z plane.
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normal. This is related to the angle measured between thef alternating tilt, resulting in a more complex optical struc-

azimuths of the applied voltage and 0 V cases, and the dire¢ure. By measuring the apparent permittivities in the 0 V

tor tilt angle 6 by the expressidfi state and using them in conjunction with those measured
o . . when the voltages were applied, the cone angle of the mate-

co fc) =sin($) cod §)sin( 6) + sin( 9)cod 6). © rial was calculated as 35.90.6°. This is in close agreement

The azimuthal angle is the Euler angle twist, measured in with the cone angle calculated by considering the orientation

the coordinate geometry where the cone axis lies irxthe  of the director at an applied voltage with respect to the layer

plane. Therefore, from the Euler angles measured intth@  normal, and also with optical measurements made on a cell

V case, the value ofp is given by ¢=¢r— par=36.6°.  switching at a high voltage.

Here, ¢ is the azimuthal twist of the applied voltage case

and ¢ is that of the 0 V case. Using= = —4.7° (the
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