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Liquid Crystal Bistable Devices

Certain periodic liquid-crystal geometries show bistable
behaviour: there are two equilibrium stable states with
different orientation profiles.

Various types: bistable TN, 1-D/2-D gratings, anchoring
conditions, nematic/cholesteric/ferroelectric LCs etc...

Zero power is needed to maintain each one of the stable
states: power consumed only when switching.

Square Wells

[Appl. Phys. Lett. 90,
111913 (2007)]

Post-aligned device

[Appl. Phys. Lett. 80,
3635 (2002)]

Azimuthal Bistable
Device

[Phys. Rev. E 81,
051712 (2010)]

Zenithal Bistable
Device

[Phys. Rev. E 82,
021702 (2010)]

Zenithal Bistable
Device

[Proc. SID 51.2, 1626
(2006)]
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The Liquid Crystal Zenithal Bistable Device

Among the various LC bistable geometries, the Zenithal
Bistable Device has drawn much attention: LC is confined in
a cell formed between a flat top surface and a bottom grating
structure, both treated to provide homeotropic alignment.

By proper design, contrast between the two states can be
maximized: displays for market signage, shelf-edge labeling...

The ZBD© display

[Handbook of Visual Display Technology,
1507-1543, Springer, 2012]

Zero idle consumption, high
tolerance to mechanical stress, no
image sticking, fabrication in
TN-LCD production lines...
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Liquid Crystal Diffraction Gratings

Optical diffraction gratings are components with a periodic
structure that split and diffract light in beams travelling in
different directions

Liquid crystals provide an excellent tunable material to control
the periodic index modulation in diffraction gratings.
Various tuning mechanisms have been demonstrated to this
end: electro-optic control, tunable photoalignment, all-optical
switching in azo-dye LC mixtures, or non-linear materials...

Electro-optic control

[J. Opt. Soc. Am. A
21, 1996 (2004)]

Periodic alignment
pattern

[Opt. Express 3, 3034
(2012)]

Rewritable
photoalignment
pattern

[Opt. Lett. 38, 2342
(2013)]

All-optical azo-dye
switching

[J. Mater. Chem C 2,
3532 (2014)]

All-optical non-linear
switching

[Appl. Phys. Lett. 84,
5145 (2004)]
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Liquid Crystal Bistable Diffraction Gratings

Thus far the ZBD has been investigated in display
applications. What about ZBD switchable optical gratings?
Unexplored possibilities...

Aim to design ZBD LC gratings such that switchable beam
diffraction is obtained between the two LC states: beam
splitting, steering...

Zero idle power, very low switching power consumption, no
need for complicated alignment patters, masks, high power
pump/control optical beams. Ease of integration.

Can leverage on the mature LCD/ZBD fabrication technology.

Need for rigorous numerical tools: a) LC orientation in
bistable devices, b) optical/diffraction studies, c)
Optimization procedure to achieve target results.
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The Q-tensor model for LC studies

The orientation of the nematic molecules is expressed via the
3× 3 symmetric tensor Q, which is the traceless part of the
second moment of the probability density function matrix.

Q =

 q1 q2 q3
q2 q4 q5
q3 q5 −q1 − q4



In the general case of biaxial solutions, it can be decomposed
into two directors and two order parameters,

Q = S1 (n⊗ n) + S2 (m⊗m)− 1

3
(S1 + S2) I
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The Q-tensor model for LC studies

The free energy in the LC bulk is expressed as

z =

∫∫∫
V
Fb dV =

∫∫∫
V

(Fth + Fel + Fem) dV

The energy density functions Fth, Fel, Fem refer to the thermotropic, elastic,
and electromagnetic contributions, respectively.

The free energy is minimized via the solution of the Euler-Lagrange
equations

3∑
j=1

∂

∂xj

(
∂Fb

∂qi,j

)
− ∂Fb

∂qi
= γ∗

1
∂D

∂q̇i
,

for i = 1...5, where qi,j = ∂qi/∂xj , xj being the unit vectors of the
three-dimensional cartesian system. The r.h.s. of (9) describes the dynamic
evolution of the Q tensor via the dissipation function D = tr(Q̇2), where
Q̇ = ∂Q/∂t. The term γ∗

1 is related to the LC rotational viscosity γ1 via
γ∗
1 = γ1/

(
4S2

exp

)
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The Q-tensor model for LC studies

The thermotropic energy Fth is expressed via a Taylor
expansion around Q

Fth = atr
(
Q2
)

+
2b

3
tr
(
Q3
)

+
c

2

(
tr
(
Q2
))2

The elastic energy is described by

Fel =
∑

i ,j ,k=1,2,3

[
L1
2

(
∂Qij

∂xk

)2

+
L2
2

∂Qij

∂xj

∂Qik

∂xk

]

+
∑

i ,j ,k,l=1,2,3

[
L6
2
Qlk

∂Qij

∂xl

∂Qij

∂xk

]
The elastic parameters Li are related to the Frank elastic constants Kii via the
expressions L1 = (K33 − K11 + 3K22) /

(
6S2

exp

)
, L2 = (K11 − K22) /S2

exp, and
L6 = (K33 − K11) /

(
2S3

exp

)
.
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The Q-tensor model for LC studies

The electrostatic energy in the presence of an external electric
field is given by

Fem = −
∫

D · dE,

The displacement field is given by the constitutive equation

D = ε0ε̃rE + Ps ,

For nematic materials the dielectric tensor is given by

ε̃r = ∆ε∗Q + ε̄I,

where ∆ε∗ = (ε‖ − ε⊥)/Sexp is the scaled dielectric anisotropy and
ε̄ = (ε‖ + 2ε⊥)/3.
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The Q-tensor model for LC studies

The spontaneous polarization Ps derives from the flexoelectric
effect:

Pi = p1
∑

j=1,2,3

∂Qij

∂xj
+ p2

∑
j ,k=1,2,3

Qij
∂Qjk

∂xk
,

where p1 = (e11 + e33)/(2Sexp) and p2 = (e11 − e33)/(2S2
exp) are

terms depending on the classical flexoelectric polarazation
coefficients e11 and e33, as in

Ps = e11 (∇ · n)n + e33 (∇× n)× n,

where n is the nematic director.
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The Q-tensor model for LC studies

The resulting set of partial differential equations is solved via
the finite element method (FEM) in the commercial software
COMSOL Multiphysics�

In this work, the nematic material of choice is E7, characterized by:

Thermotropic coefficients: a = −0.3× 105 J/m3,
b = −1.5× 105 J/m3, and c = 2.5× 105 J/m3

Elastic coefficients: K11 = 10.3 pN, K22 = 7.4 pN, and
K33 = 16.48 pN

Dielectric properties: ε‖ = 18.6, ε⊥ = 5.31,
e11 + e33 = 15 pC/m, and e11 − e33 = 10 pC/m

Rotational viscosity: γ1 = 282.8 mPa
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Diffraction efficiency calculation in optical gratings

The efficiencies for the various diffraction modes in the proposed
liquid-crystal gratings are calculated as follows:

1 The optical field distribution in a single period of the grating
is obtained for a plane-wave excitation using the FEM method
(COMSOL)

2 The optical transmitted field Et is recorded at a constant
plane in the grating’s superstratum

3 The x−component of Et is expanded in a 1-D Floquet series
according to

E t
x (x , y = y0) =

∑
m

E t
x ,m e−jβmy ,

where βm = β0 + 2πm/p0, β0 = (2πng/λ0) sin(θinc) being the polymer
wavenumber projection in the direction of periodicity (x-axis) for the
general case of oblique incidence at an angle θinc.
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Diffraction efficiency calculation in optical gratings

4 The amplitudes E t
x ,m are obtained from orthogonality

considerations with an integration over a grating period

E t
x ,m =

1

p0

∫
y=y0

E t
x (x , y0)e jβmydx .

5 Finally, the total diffraction efficiency for each diffraction
mode is calculated by

DEm =
Pm

P i
=

∣∣E t
x ,m

∣∣2
|E i

x |
2 |cos θm|

,

where P i , E i
x are the power and amplitude of the incident electric field,

respectively, and cos θm is given by

cos θm =

√
(k0ng )2 − β2

m

k0ng
,

where k0 = 2π/λ is the free space wavenumber.
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Liquid Crystal Zenithal Bistable Beam Splitters

Structural layout: sinusoidal and triangular gratings

Grating parameters: pitch p0,
height a0, base w0 (for triangular
gratings).

The nematic material is E7.

Target wavelength: λ0 = 633 nm.

Objective: minimize diffraction in one of the LC stable states
and achieve equal power splitting (two to five beams) in the
complimentary state.
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Liquid Crystal Zenithal Bistable Beam Splitters

The sinusoidal ZB-LC grating shows two stable states with
low (HAN) and high (VAN) tilt angle values.

Defects are formed at the peak and
trough of the grating for the HAN state.

The modulation of the qi elements, and
thus refractive index, is significantly lower
in the HAN state.

HAN state: in the vicinity of the grating
LC molecules are aligned mainly along the
grating vector (q1(x , y) obtains high
values).

Matching condition: we opt for a polymer material whose refractive index
np is equal to the LC extraordinary index ne = 1.73 for E7 at 633 nm.
This minimizes diffraction in the HAN state.

Dimitrios C. Zografopoulos Zenithal Bistable Liquid Crystal Gratings 5th WLCP, Erice (IT), September 3, 2014



Introduction Theoretical Framework Liquid Crystal Zenithal Bistable Gratings

Liquid Crystal Zenithal Bistable Beam Splitters

The sinusoidal ZB-LC grating shows two stable states with
low (HAN) and high (VAN) tilt angle values.

Defects are formed at the peak and
trough of the grating for the HAN state.

The modulation of the qi elements, and
thus refractive index, is significantly lower
in the HAN state.

HAN state: in the vicinity of the grating
LC molecules are aligned mainly along the
grating vector (q1(x , y) obtains high
values).

Matching condition: we opt for a polymer material whose refractive index
np is equal to the LC extraordinary index ne = 1.73 for E7 at 633 nm.
This minimizes diffraction in the HAN state.

Dimitrios C. Zografopoulos Zenithal Bistable Liquid Crystal Gratings 5th WLCP, Erice (IT), September 3, 2014



Introduction Theoretical Framework Liquid Crystal Zenithal Bistable Gratings

Liquid Crystal Zenithal Bistable Beam Splitters

The sinusoidal ZB-LC grating shows two stable states with
low (HAN) and high (VAN) tilt angle values.

Defects are formed at the peak and
trough of the grating for the HAN state.

The modulation of the qi elements, and
thus refractive index, is significantly lower
in the HAN state.

HAN state: in the vicinity of the grating
LC molecules are aligned mainly along the
grating vector (q1(x , y) obtains high
values).

Matching condition: we opt for a polymer material whose refractive index
np is equal to the LC extraordinary index ne = 1.73 for E7 at 633 nm.
This minimizes diffraction in the HAN state.

Dimitrios C. Zografopoulos Zenithal Bistable Liquid Crystal Gratings 5th WLCP, Erice (IT), September 3, 2014



Introduction Theoretical Framework Liquid Crystal Zenithal Bistable Gratings

Liquid Crystal Zenithal Bistable Beam Splitters

The sinusoidal ZB-LC grating shows two stable states with
low (HAN) and high (VAN) tilt angle values.

Defects are formed at the peak and
trough of the grating for the HAN state.

The modulation of the qi elements, and
thus refractive index, is significantly lower
in the HAN state.

HAN state: in the vicinity of the grating
LC molecules are aligned mainly along the
grating vector (q1(x , y) obtains high
values).

Matching condition: we opt for a polymer material whose refractive index
np is equal to the LC extraordinary index ne = 1.73 for E7 at 633 nm.
This minimizes diffraction in the HAN state.

Dimitrios C. Zografopoulos Zenithal Bistable Liquid Crystal Gratings 5th WLCP, Erice (IT), September 3, 2014



Introduction Theoretical Framework Liquid Crystal Zenithal Bistable Gratings

Liquid Crystal Zenithal Bistable Beam Splitters

What about the VAN state? We implement a Nelder-Mead
optimization algorithm and scan the parameter space of the
geometrical features of the grating (p0, a0).

A threshold of 10% is set for the
diffraction efficiency of undesired
modes.

The HAN state shows low
diffraction: more than 90% of the
optical power stays in the m = 0
mode.

Efficient beam splitting in three and five beams is
demonstrated for the optimized grating designs.
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Liquid Crystal Zenithal Bistable Beam Splitters

Triangular gratings offer an extra degree of freedom in the
design: the basis of the triangular elements.

Defects are observed in both LC states.

As in sinusoidal gratings, the modulation
of the LC refractive index is significantly
lower in the HAN state.

The same optimization method is implemented: the parameter space is
composed by the grating pitch p0, the height a0 and the filling factor
f = w0/p0.
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Liquid Crystal Zenithal Bistable Beam Splitters

The triangular grating offers a wider range of functionalities:
two to five beam splitting is achieved.

The HAN state shows low
diffraction, although higher than
the sinusoidal gratings. Still, the
10% threshold for the diffraction
efficiency of undesired modes is
satisfied.

Two and four-beam splitting is
demonstrated: not achievable
with sinusoidal gratings.
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Liquid Crystal Zenithal Bistable Beam Splitters

Switching between the two states: the dual-frequency LC case.

Control voltage is applied across
the the 1→ 3 sinusoidal grating
via two ITO films.

The grating is initially in the VAN
state.

A 10−ms 50 V pulse is applied at
a frequency f1 : ∆ε < 0 at t = 0,
followed by a 5−ms 100 V pulse
at f1 : ∆ε > 0 at t = 300 ms.

Among the two transitions, the VAN to HAN is much slower (100s of ms).
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Liquid Crystal Zenithal Bistable Beam Splitters

What is the impact of the LC dynamics on the grating’s
diffractive properties?

The intermediate states during the VAN to HAN transition are
non-diffracting.

The overall switching speed of the device is governed by the HAN to VAN
dynamics, in the range of 10 ms.
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Liquid Crystal Zenithal Bistable Beam Steerers

Structural layout: blazed triangular grating

Grating parameters: pitch p0,
height a0, base w0, blazing offset
w1.

The nematic LC is E7. The
polymer index np is matched to
the LC extraordinary index ne .

Target wavelength: λ0 = 633 nm.

Objective: minimize diffraction in the HAN state and
maximize it in the VAN state along a single diffraction order.

Dimitrios C. Zografopoulos Zenithal Bistable Liquid Crystal Gratings 5th WLCP, Erice (IT), September 3, 2014



Introduction Theoretical Framework Liquid Crystal Zenithal Bistable Gratings

Liquid Crystal Zenithal Bistable Beam Steerers

Structural layout: blazed triangular grating

Grating parameters: pitch p0,
height a0, base w0, blazing offset
w1.

The nematic LC is E7. The
polymer index np is matched to
the LC extraordinary index ne .
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Liquid Crystal Zenithal Bistable Beam Steerers

Optimized design for 633 nm: p0 = 1.6 µm, a0 = 5.54 µm,
w0 = 1.26 µm, and w1 = 0.65 µm.

The HAN state shows very small
index variation along the grating
vector.

Lower local values of the nematic
order parameter with respect to
the bulk value (0.6) indicate the
presence of point defects.

Diffraction efficiencies for the
HAN and VAN states: 99%
(m = 0) and 91% (m = 1).

Dimitrios C. Zografopoulos Zenithal Bistable Liquid Crystal Gratings 5th WLCP, Erice (IT), September 3, 2014



Introduction Theoretical Framework Liquid Crystal Zenithal Bistable Gratings

Liquid Crystal Zenithal Bistable Beam Steerers

Optimized design for 633 nm: p0 = 1.6 µm, a0 = 5.54 µm,
w0 = 1.26 µm, and w1 = 0.65 µm.

The HAN state shows very small
index variation along the grating
vector.

Lower local values of the nematic
order parameter with respect to
the bulk value (0.6) indicate the
presence of point defects.

Diffraction efficiencies for the
HAN and VAN states: 99%
(m = 0) and 91% (m = 1).

Dimitrios C. Zografopoulos Zenithal Bistable Liquid Crystal Gratings 5th WLCP, Erice (IT), September 3, 2014



Introduction Theoretical Framework Liquid Crystal Zenithal Bistable Gratings

Liquid Crystal Zenithal Bistable Beam Steerers

Optimized design for 633 nm: p0 = 1.6 µm, a0 = 5.54 µm,
w0 = 1.26 µm, and w1 = 0.65 µm.

The HAN state shows very small
index variation along the grating
vector.

Lower local values of the nematic
order parameter with respect to
the bulk value (0.6) indicate the
presence of point defects.

Diffraction efficiencies for the
HAN and VAN states: 99%
(m = 0) and 91% (m = 1).

Dimitrios C. Zografopoulos Zenithal Bistable Liquid Crystal Gratings 5th WLCP, Erice (IT), September 3, 2014



Introduction Theoretical Framework Liquid Crystal Zenithal Bistable Gratings

Liquid Crystal Zenithal Bistable Beam Steerers

Optimized design for 633 nm: p0 = 1.6 µm, a0 = 5.54 µm,
w0 = 1.26 µm, and w1 = 0.65 µm.

The HAN state shows very small
index variation along the grating
vector.

Lower local values of the nematic
order parameter with respect to
the bulk value (0.6) indicate the
presence of point defects.

Diffraction efficiencies for the
HAN and VAN states: 99%
(m = 0) and 91% (m = 1).

Dimitrios C. Zografopoulos Zenithal Bistable Liquid Crystal Gratings 5th WLCP, Erice (IT), September 3, 2014



Introduction Theoretical Framework Liquid Crystal Zenithal Bistable Gratings

Liquid Crystal Zenithal Bistable Beam Steerers

Optimized design for 633 nm: p0 = 1.6 µm, a0 = 5.54 µm,
w0 = 1.26 µm, and w1 = 0.65 µm.

The HAN state shows very small
index variation along the grating
vector.

Lower local values of the nematic
order parameter with respect to
the bulk value (0.6) indicate the
presence of point defects.

Diffraction efficiencies for the
HAN and VAN states: 99%
(m = 0) and 91% (m = 1).

Dimitrios C. Zografopoulos Zenithal Bistable Liquid Crystal Gratings 5th WLCP, Erice (IT), September 3, 2014



Introduction Theoretical Framework Liquid Crystal Zenithal Bistable Gratings

Liquid Crystal Zenithal Bistable Beam Steerers

Design optimized for normal incidence: what is the angular
bandwidth?

Angle of incidence is varied from
−10 to 10◦.

The HAN state remains always
non-diffracting.

In the VAN state, diffracted
power is transferred among the
m = 0, 1, 2 modes as a function
of the incidence angle.

For θinc = −6.4◦ efficient diffraction is achieved towards the
m = 2 mode.
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Liquid Crystal Zenithal Bistable Beam Steerers

Optimized design is based on the index matching condition
np = ne : how robust is the design?

What about the bandwidth of the component?

Diffraction efficiencies
calculated in a [np, λ0]
parameter space.

E7 index dispersion taken
into account (Cauchy
model).

The non-resonant nature of the diffraction mechanism leads
to increased robustness/broad bandwidths.
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Conclusions

1 Switchable beam splitting/steerer demonstrated in zenithal
bistable liquid crystal gratings

2 By optimizing the grating geometry various splitting rates are
achieved

3 Design is robust with respect to variations of material index
and wavelength of operation

4 Zero idle and negligible switching power

5 Switching dynamics preliminarily investigated
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