This article was downloaded by: [University of Haifa Library]

On: 20 August 2012, At: 20:22

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals Science and
Technology. Section A. Molecular Crystals and Liquid
Crystals

—— Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Surface Anchoring Effect on LC-covered Planar
Lightwave Modulator

Xiang Tongl Li @, Bao Xue Chen ® , Shunsuke Kobayashi € & Yasufumi limura 2

® Division of Electronic and Information Engineering, Graduate School of Technology, Tokyo
University of Agriculture and Technology, Koganei, Tokyo, 184-0012, Japan

® Research and Development Department, NHK Spring Co. Ltd., Japan
¢ Science University of Tokyo in Yamaguchi, Onoda, Yamaguchi, 756-0884, Japan

Version of record first published: 04 Oct 2006

To cite this article: Xiang Tongl Li, Bao Xue Chen, Shunsuke Kobayashi & Yasufumi limura (1998): Surface Anchoring Effect on
LC-covered Planar Lightwave Modulator, Molecular Crystals and Liquid Crystals Science and Technology. Section A. Molecular
Crystals and Liquid Crystals, 319:1, 111-120

To link to this article: http://dx.doi.org/10.1080/10587259808045652

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand, or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.



http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259808045652
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of Haifa Library] at 20:22 20 August 2012

Mol. Cryst. Lig. Cryst., Vol. 319, pp. 111-120 © 1998 OPA (Overseas Publishers Association) N.V.,
Reprints available directly from the publisher Published by license under
Photocopying permitted by license only the Gordon and Breach Science
Publishers imprint.

Printed in Malaysia.

Surface Anchoring Effect on
LC-covered Planar Lightwave Modulator

XIANG TONG LI*, BAO XUE CHEN® , SHUNSUKE KOBAYASHI® *
and YASUFUM! IIMURA®

2 Division of Electronic and Information Engineering, Graduate School of Technology,
Tokyo University of Agriculture and Technology, Koganei, Tokyo 184-0012, Japan;

P Research and Development Department, NHK Spring Co. Ltd., Japan;

¢ Science University of Tokyo in Yamaguchi, Onoda, Yamaguchi 756-0884, Japan

(Received 1December 1997)

Liquid crystal (LC) waveguide claddings with different boundary couplings have been
electrically switched. It is observed that the cut-off voltage of guided modes significantly
decreases with decreasing the azimuthal surface anchoring energy of the LCs. An LC-covered
planar lightwave modulator with low driving voltage of 12 volts is demonstrated by controlling
the surface azimuthal anchoring energy of LC claddings using photoalignment technique.

Keywords: Waveguide; liquid crystal, photo-alignment; azimuthal anchoring energy; linear
polarized UV light

1. INTRODUCTION

Silica-based planar lightwave circuits (PLCs) have been extensively studied
for constructing wavelength-division multiplexing and a fiber-to-the-home
system. The add/drop muitiplexer and the Mach-Zehnder interferometer are
very important circuit devices among PLCs {1, 2]. In these devices, thin-film
heaters were used for controlling or adjusting the optical phase of guided
modes. On the other hand, although the higher propagation loss in liquid
crystal (LC) materials hinders them from serving as the waveguide film,
it has been common that LCs exhibiting a large optical anisotropy and an
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electrically controllable molecular alignment are applied to the investigation
of slab waveguide cut-off switching as an active medium. For instance, the
synapse neuron waveguide modulators and the waveguide switch with high
contrast used the electrically-controllable liquid crystal cladding [3—6]. An
effective alignment way to obtain uniform LC orientation on these wave-
guide devices was ployimide (PI) buffing, and these devices needed tens of
volts of the driving voltages due to the strong surface anchoring nature of
the PI alignment films. An LC covered optical waveguide modulator with a
photoalignment film showing a weak surface anchoring energy has been
reported [7]. The surface anchoring energy of the LC alignment on the film
is rather weak and can be controlled by changing the UV exposure dosage
from 1077-107°J/m? (8).

In this paper, we report the surface anchoring effect of LCs cladding on
a channel waveguide modulator. By using an optical fiber and a photo-
multiplier measurement system, the optical output power of an LC-covered
optical waveguide modulator is measured as a function of the surface
anchoring energy varied by changing alignment condition. The results are
also compared with the conventional PI buffing samples.

2. PRINCIPLE

LCs are aligned uniformly along a multimode channel waveguide and are
electrically tunable by a lateral electric field through a pair of film electrodes
separated beside the channel waveguide, as shown in Figure 1. For switching
the channel waveguide, the switching behavior of a surface liquid crystal
layer near a polymer/LC interface (an evanescent region) is of great im-
portance, where the switching behavior of LCs is strongly influenced by the
surface anchoring.

2.1. LC Cladding

LC molecules are homogeneously aligned with the director of

n= (sin¢(x,y),0,cos¢(x,y)), (1)

where ¢(x, y) is the tilt angle from the z axis (Fig. 2). The free energy in LC
cladding can be written as

d
F= / (fa +fo)dxdy, @
0

~—
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FIGURE 1

EFFECTS ON LC-COVERED PLANAR LIGHTWAVE MODULATOR
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Schematic illustration of a liquid crystal covered PLC modulator, where LCs are
aligned uniformly along a multimode channel waveguide and are electrically tunable by a lateral
electric field through a pair of film electrodes separated beside the channel waveguide. (a) Cross
view; (b) Top view.

where the distortion fy and electrical f. components of the free energy
density can be written as follows

(3a)

(3b)
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FIGURE 2 An analysis model of the device. Liquid crystals are deformed under the lateral
electric field.

where K, K;, K5 are splay, twist and bend elastic constants of an LC
material, respectively. An applied lateral electric field is given by E = Ei,.
Thus by using the Euler-Lagrange equation with the assumption of K; ~ K,,
we can obtain

Po #¢ ele
o T

E*singcos¢ =0, (4a)

for the bulk LC alignment distribution with the boundary condition of

99

_As _
G| =R sna(0.)e0s0(0.0) =0, (40)

where A4, is the azimuthal anchoring energy at the interface just above the
waveguide.

With applying the electric field, the LC medium is deformed and the
guided TE modes sees the effective refractive index ny ¢ represented by

nyn,

nc = ) .
\/nlsm ¢ + njcos? ¢

(5)

here n. and n, are refractive indices for extraordinary and ordinary lights,
respectively.
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2.2. Optical Modulation

Considering a thin enough LC alignment film, a guided mode in the film
may be neglected in the present theoretical model. An incident lightwave
encoded TE mode propagates along the z direction. In scalar case, the
electromagnetic field distribution for TE modes in LC cladding, waveguide
and glass substrate can be written as

E,exp(yLcx) —c0<x<0
Eym(x) =14 Eym(0)|cos(ywx) + (vLc/Yw) sin(VWx)] 0<x<h, (6a)
Eym(h)exp[—ys(x — h)] h<x<+o0

with the propagation constants of

712,c = ﬂz(sz - ”ic)’
v = B*(nl —N}), (6b)
73 = IBZ(NIZH - nf))

respectively, A is the thickness of the ion-exchanged channel waveguide, N,,
is the effective index of an mth-order mode, 3 = w/c is the propagation
constant in the vacuum, Evy,,(x) is a normalization field of the m th-order
mode, npc, nw and ng are the refractive indices of the LC cladding,
waveguide and glass substrate, respectively, E,, is a constant of the mth-
order guided mode. By normalizing the output power of the guided modes
with the input light power, a power transfer ratio can be obtained as

Pout BNm o
-y (G- [ Bawas), ™

m

where Py, = Ps + P, and P, and P, are the power transmitted ratio in the
glass substrate and the waveguide, respectively. Therefore, the power transfer
ratto T depending on the refractive index ny ¢ of the LC cladding can be
modulated by the electrically controllable orientation of the LC medium.

3. EXPERIMENTAL

A channel waveguide in a BK7 glass substrate (n; = 1.515 at 633 nm) was
fabricated by an Ag " ion-exchange process at 300°C for an hour in AgNO;
solution. The numbers of guided modes supported by the waveguide can be
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controlled by the ion-exchange time. In our experiment, a waveguide
supporting two guided modes was fabricated. The effective refractive indi-
ces of the two guide modes were measured by using a prism-coupling
method. They were 1.5750 and 1.5396 at 633 nm for TEy and TE; modes,
respectively. A pair of lateral electrodes separated by 30 mm-gap was formed
by vacuum evaporation of aluminum and a subsequent photolithographic
lift-off process. The liquid crystal alignment film was used a photo-
dimerization material, the poly (vinyl cinnamate) (PVCi). That was spin-
coated on the electrodes patterned glass substrate and then backed at 100°C
for 30 min. The thickness of the result film was measured to be 20 nm. Then
the PVCi film was exposed to a linearly-polarized UV light from the
substrate normal direction. The UV light source was a high-pressure
mercury lamp with a total outpout power of 0.8 kW. A linearly-polarized
UV light was obtained by a multi-coated dielectric polarizer, and the
intensity was 5mW/cm? at 313nm. The upper substrate was spin coated
with a rubbed polyimide film (JSR). The liquid crystal layer thickness was
4.0mm, and the LC material (ZLI-2293, njy = 1.630, n, = 1.498 at 633 nm,
Merck) was filled into the cell via a capillary action. The surface anchoring
energy of LC molecules on the PVCi surface was measured by using a Neel
wall technique [8]. For comparison, we also fabricated a waveguide sample
with strong surface anchoring, in which both the electrodes patterned
substrate and the opposite one were coated the rubbed PI film. So that, for
observing details of the switching performance of the PLC modulators,
three different orientation treatment samples have been fabricated. They are,
the one side rubbing (treatment 1), the UV exposure (treatment 2) and the
PI rubbing (treatment 3) samples, listed in Table L.

4. RESULTS AND DISCUSSION

As shown in Figure 3, the cut-off voltage in the LC-covered waveguide
shows quite different while the boundary coupling was varied. From the

TABLE 1 Experimental sample preparation

Upper substrate Lower substrate
(electrodes side)
Treatment | PI buffing non-treated PVCi
Treatment 2 PI buffing UV-exposed PVCI*
Treatment 3 PI buffing PI buffing

® The light source is a linearly polarized UV light (5 mW/cm?).
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Anchoring Effect
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FIGURE 3 The cut-off voltage in the liquid crystal covered waveguide was increased while the
anchoring energy was increased. The one side rubbing (treatment 1), the UV exposure
(treatment 2) and the P1 rubbing (treatment 3).

results of Neel wall width measurement [8], the azimuthal anchoring
energies in the UV-exposed samples of 2sec and 10sec (treatment 2) were
measured to be the order of 1077—107%)/m?, respectively. That of rubbed
PI film (treatment 3) was measured to be 10~*J/m?%. The non-treated PVCi
film (treatment 1) can not be measured.

The LC surface alignment are generally considered to be affected by
various interactions, such as the surface microgroove effect, the anisotropic
van der Waals force, the steric effects and other physical-chemical inter-
actions. In treatment 1, there are no surface microgrooves and optical
anisotropy generated in the PVCi films. The only considerable interface
interaction is the memory effect of the liquid crystal molecules absorbed
on the surface of the alignment films [8 —10]. In treatment 2, the anchoring
energies are varied from 1077—-107%)/m? by controlling the optical
anisotropy of the PVCi film through the linearly polarized UV exposure
dosage. In treatment 3, the anchoring energy of polyimide buffing alignment
is strong enough to be 107*J/m? owing to the large optical and/or
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geometrical anisotropy on the polymer surface by the buffing process. With
applying by a lateral electric field, weak surface LC anchoring leads to large
deformation of the surface LC molecules, even at low electric voltage. The
rigid molecules align on the polymer film surface, do not deviate from their
initial direction in this electric bias range, because of the strong surface
anchoring interactions such as treatment 3, however. So that the cut-off
voltage becomes higher in the sample with the stronger surface anchoring
energy. It is notable that the optical anisotropy in LCs is so large that even a
few angle deflections can lead to a rather significant average refractive index
change in the LC cladding layer.

The electro-optical performance of a low power driving waveguide
modulator was measured as shown in Figure 4. By controlling the surface
anchoring energy to be 1077 J/m? using the photo-alignment method, the
cut-off voltage are 12V and 20V for TE, and TE, mode, respectively. This
cut-off voltage is much lower than that for the PI buffing sample.
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. C Waveguide Modulator 1
4 0.8 | \ -
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FIGURE 4 The electro-optical performance of a low power operating wavegnide modulator
was measured. By controlling the surface anchoring energy to be 107"J/m? using the photo-
alignment technique, the cut-off voltages are lowered to be 12V and 20V for TE, and TE,,
respectively.
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5. CONCLUSION

Liquid crystal claddings aligned on a channel waveguide with different
boundary couplings were electrically switched. By varying LC surface
alignment treatments such as one-side rubbing, photo-alignment and polyi-
mide buffing treatment, LC-covered optical waveguide modulators were
fabricated. The output power of the LC-cladded optical waveguide modu-
lator was measured as a function of the surface azimuthal anchoring energy.
A comparison of electro-optical characteristics for the sample with different
boundary couplings was carried out. Consequently, we found that the cut-
off voltage of guided modes decreased with decreasing the surface anchoring
energy of LCs, and the modulators with LC cladding fabricated by photo-
alignment and one-side rubbing show rather lower driving voltage than the
polyimide buffing one. The experimental results reported in this paper may
also provide useful information for the investigation of the lateral electric
field LCD that shows extremely wide view angle owing to the significant
effect of the surface anchoring energy on the electro-optical performance.
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