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An Adaptive Microlens Formed by Homeotropic
Aligned Liquid Crystal with Positive Dielectric
Anisotropy

TORALF SCHARF?, JOEL FONTANNAZ?, MANUEL BOUVIER?
and JOACHIM GRUPPP

Anstitute of Microtechnology, University of Neuchdtel, Rue A.-L. Breguet 2 2000
Neuchdtel, Switzerland and "ASULAB S.A. Rue de Sors 3, 2074 Marin-Epagnier,
Switzerland

A novel switchable microlens configuration is proposed and demonstrated. An adaptive mic-
rolens system was built with a homeotropic aligned liquid crystal of positive dielectric anisot-
ropy and with a circular electrode structure on one side of a sandwiched liquid crystal cell.
The fringing effect at the electrode etches produces spatial distribution of the electric field.
Applying a voltage deforms the liquid crystal director field. This produces an axially sym-
metric profile of the extraordinary refractive index. This director configuration is expected to
have lens properties. Under the influence of an electric field, the liquid crystal cell becomes a
concave (diverging) lens. The director structure was investigated by polarising microscope.
We have simulated the director profile with a finite element method and compared the calcu-
lated director profile with the measurements. The properties are discussed from the viewpoint
of the director orientation in the spatial non-uniform electric field.

Keywords: liquid crystal; homeotropic alignment; microlens; optical properties; polarisation
insensitive

INTRODUCTION.

The use of optical systems where the focal length could be adopted by varying
an electric field would help to realise a lot of interesting applications. Liquid
crystal lens systems'™** offers the potential to do this but the problem of
existing LC lenses is their dependence on the direction of polarisation of light.
In addition, the anisotropy of liquid crystals in the planar configuration makes

obtaining axial symmetric lens systems'” difficult. As long as these systems are
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using polarizers, the light intensity is reduced too much by the absorption of
the polarizers to use them in daylight applications. In binary systems® the
problem of the polarisation dependence could be eliminated by an alignment
for the liquid crystal which is spatially dependent over the substrate surface,
but then a continuous change of the focal length is not possible. The other
possibility is the use of homeotropic liquid crystal configurations with a
material of negative'' or positive dielectric anisotropy. We decided on
studying the lens properties of the homeotropic configuration with positive
dielectric constant material'%. The stability of this texture under the influence
of spatial nonuniform electric fields makes it preferable for us.

EXPERIMENTAL.

The electrode pattern was prepared by a photolithographic method. Holes of
different diameters were fabricated in a chromium thin film evaporated on
glass substrates. The thickness of the glass was 0.3mm thickness. The other
electrode was a ITO (indium tin oxide) coated glass plate of 0.55mm thickness
with a SiO; protection layer from BALZERS. Fig. | shows the electrode
configuration with the hole in the top electrode. The homeotropic alignment
was made by using the polymer

RN 722 from NISSAN on both

) substrate surfaces. This assures
il strong homeotropic anchoring

F / P — V d conditions. The cell thickness d

L e was controlled with glass rod

/ / spacers. The resultant thickness
- o was d= 22um. We used the

nematic liquid crystal E7 from
MERCK, which has a positive
Fig. | The electrode structure o'tl' the si/hstel?w unde; dielectric anisotropy of Ae=8
investigation. The cover glass has a thickness o _ , ) . .
0.3mm with a structured chromium electrode and a (e=7) and a birefringence ) of
hole diameter 1 between 50 and 120um.. The An=0.199 (no=1.51). After sealing
bottom glass substrate with unstructured ITO apnd vacuum filling at room
electro@e l)as a thickness of 0.55mm. The thickness temperature, the cell showed
of the liquid crystal layer was d=22pum. oo
homeotropic alignment.

j_'l.l\\
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Director distribution and imaging properties.
We have investigated the director distribution under crossed polarizers and

circular polarised light with a polarising microscope and an interference filter
for green light (A=550nm). When a voltage is applied between the electrodes,
various fringes appear. Between crossed polarizers, full extinction is observed
along the direction of the polarizers orientation. If the sample is rotated, no
change is visible. This indicates an axial symmetry of the director distribution.
Therefor the analysis of the intensity distribution becomes straightforward.

In circular polarised light, the intensity is independent of the position of the
optical axis®. The fringes give directly the distribution of the effective
birefringence Aney . The effective birefringence depends only on the tilt angle
O of the director. When the voltage is varied, the fringes change in diameter
and appearance. This is due to the change of the director structure by the

10V 15V 20V 30V 50v

Fig. 2 Photograph of the fringes appeared under the polarising microscope in circular
polarised green light (A=550 nm). The diameter of the structure is 120pm and cell thickness
22um.

fringing fields at the edges of the electrodes. Fig. 2 shows photographs of the
fringes for an applied AC voltage at a frequency of 20 Hz for a lens diameter
of 120um in circular polarised light. The fringing fields start at the edges for
low voltages and influence the
centre only at very high voltage
levels. The circular symmetry
does not change. In general, only
3 or 4 fringes are visible at once,
therefor the phase shift is small
compared to conventional lens
systems. No defects appear Fig. 3 Imaging with homeotropic microlenses of

during the change of the voltage. Qme d.iamc.lcr and 2?_pm thickness. The .Iefl

) picture is without applied voltage and the right
The radial symmetry of the i 50v (20Hz rms) applied at the electrode. The
director distribution makes the picture was taken without polarizers under the
microscope (magnification 20x).

lens invariant to the direction of
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the polarisation. The distribution of the extraordinary refractive index is
responsible for the focusing effect. The ordinary refractive index does not
influence the optical properties, therefor the maximum intensity of the lens
function is only 50% of the full intensity.

The imaging properties of an array of a microlenses in white light are shown in
Fig. 3. The distortion of the director field due to the spatial nonuniform
electrical field gives a divergent lens. The imaging quality of the system is
worse compared to conventional microlenses.

THEORETICAL BACKGROUND.

Simulation of the director field.

z The nematic liquid crystal cell geometry
for simulation is shown in Fig. 4. The
cell includes the electrodes with the hole
on top and another electrode of infinite
size on bottom. The radius of the hole is 1

p and the cell thickness d. The director

/2 r  profile of the nematic liquid crystal was

Fig. 4 NLC cell geometry of the simulated in two steps. At first the

simulation with circular symmetry electric potential was calculated by

(cylindrical coordinate system). The solving the LAPLACE equation. Then, the

whole diameter is 1/2 and the thickness of . .

the cell 4. equation for the director profile was

solved by taking the spatial nonuniform
electrical field into account. The calculations were made with a finite element
method using MATLAB.

The equation for the electric potential u(r,z) in cylindrical coordinates for axial

symmetry is

2
u
€, —r—+(Ae+¢e )r—5=0 Eq. 1.
tor or ( 0 0z’ q
where €,_and At are the dielectric constants perpendicular to the director and
the dielectric anisotropy respectively. In the electrode area, in Fig. 4 z=d and
r>1/2, the electrical potential fulfils the boundary condition “'lrbvz =u,, where

uy is the applied potential at the electrode. For the electrode free area (r<l/2

and z=d) one has L. 0. For the bottom electrode the potential is zero, hence

oz
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u, ,=0. For the simulation
parameters ug=2, d=20pum, 1=70um, %
£,=8.85 10"°As/Vm and Ae=8 are

chosen, the resulting electrical field 15

distribution is shown in Fig. 5. Due
to the structure of the Eq.l1 one
always gets a similar shape of the
electrical  field and only the
absolute values of u change.

cell depthimicrons}
3

5
The calculation of the director

distribution is made for small angle

deviations from the initial director % 10 20 ) «0 50

orientation. With the coordinate
system specified in Fig. 6, the

director n is defined as Fig. 5 Electrical field distribution as isopotential

) . o lines in the NLC. 1=70pum, d=20pm, u=2
n= lsm@ 0 cos GJ in cylindrical 4_oum, E7. The lines are specifying the
coordinates. With the assumption of potential form 0 to 2 with 20 levels starting at
small tilt angles ©, one gets cclldepth0.
n=|© 0 1] Thisis valid for tilt angles © smaller than one half. If the tilt
angle O is larger, the electric field distribution cannot assumed to be fixed by
the director reorientation

and the approximation O(rs,On)
reaches the limit of "
validity. The director field

4 Zn

is  determined by the
minimum of the nematic
liquid crystal free energy. Tn
Therefor, the deviation

Fig. 6 Definition of the three dimensional director
anglc  ©(r.z) of the gescription in cylindrical coordinates. The system is
director from the initial independent of the azimuthal angle ¢.
homeotropic orientation is
defined by the EULER LAGRANGE equation. One finds in our special case™® by

neglecting flexoelectric contributions:
1d 00 9’0
”;Er¥+k“§;2—+A€€“E’E’ =0 Eq.2
where k,; and k3 are the splay and bend elastic constants, respectively. Due to
the axial symmetry of the problem no twist deformation occurs. E, and E; are
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the electric field components
E,=-% ada B =-2 m
Tu T oo’ ¢

dielectric coupling is described by
the dielectric anisotropy Ae. At the
substrate surfaces, strong anchoring
is assumed, i.e. at z=0 and z=d the tilt
angle © has to be zero: G)L:o =0,
©),_, = 0. For the other two borders,
boundary conditions were used with
a vanishing derivation normal to the
0 1o 20 30 40 so  surface. The flexoelectric effect was

radius [micrans] neglected in the calculations because
of the use of high voltages’. With

cel depth [microns]

Fig. 7 Isolines of the director profile. The
dimensions are d=20mm, I1=70mm. The
potential is u=2. The lines are indicating the
values from 0 to 0.7 with 20 levels starting at
the boundary.

d=20pm, 1=70um, Ae/g;=0.5 and the
one constant approximation
kii=k3;=15pN the director field
distributions are calculated as shown

in Fig. 7. The potential is u=2. The maximum value of the electric potential is
limited by the condition of the value of ©. For values larger than u=2 one gets
tilt angles © which do not fulfil the condition of the small © approach. This is
one disadvantage of the approach, because the potential u=2 is relatively low.
But the parameter dependence for discussing the influence of the dielectric
constant and the elastic constant does not change.

The most important quantity for characterising LC lens properties is the value
of the birefringence. The spatial distribution of the local birefringence is
calculated by using the tilt angle © and the formula of the effective refractive
index®

none

an cos? ©(r,z) +n’sin’ O(r, z)

N (r,z)= Eq. 3.
The effective birefringence is given by the integration over the cell thickness :

l d
An,,,(r):E_[ne,,(l',z)dz-n0 Eq. 4.
0

The absolute relative phase shift between the extraordinary and the ordinary
beam for a birefringent plate is then An,, d/A. Since the optical path during
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observation is much larger than the cell thickness, the optical properties of the
lens are described by the phase shift.

DISCUSSION.

The change of the phase shift for different potentials indicates the mechanism
how the fringing electrical field performs the lens properties. In the centre of
the lens system, for small r, one always has a small dependence of the phase
shift on the radius. The phase shift is increasing with increasing radius, which
gives divergent lens properties. Close to the edges of the patterned electrode
(radius=35um in Fig. 8), the derivation of the phase-shift-radius curve changes
sign. Therefor, a convex like lens property appears in the area outside the hole.
According to Eq 2. the
influence of the electric

field on the deformation g :

of the director field is 3 1:
controlled by the square E

of the electrical field and 7 08
the value of the é 0.6 +
parameter €,4e/k,,. The 5 04
electric field distribution 'é 0.2
itself is also determined B

by the dielectric
anisotropy Ae. For a
given electrical field, it is
evident that the director Fig. 8 The simulated relative phase shift for different
deformation is stronger potential u. n.=1.7 ,n;=1.5, d=20uum and 1=70um, E7.

for a smaller elastic constant k; and a higher dielectric anisotropy Ae. Due to
the structure of Eq 1., one always gets a similar shape of the electrical field
and only the absolute value of the potential changes. Since Eq 1. and Eq 2.
have the same structure, there is the same behaviour for both concerning the
shape of the field distributions. Therefor the director field has also a similar
shape for different values of the electric potential, although the absolute values
of the tilt angles are different. If the shape of the director distribution remains
similar for different potentials, the distributions of the birefringence are self
similar to each other, although the effective birefringence vary in magnitude
and provides different focal lengths. As the lens errors are determined by the

radius [microns]
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spatial  distribution of  the

2 0.5 birefringence, they cannot be
E 0.4 climinated. The ideal shape of the
5 03 birefringence distribution would be
o0 .

5 02 a quadratic dependence of the phase
B o shift on the radius. For the
§ ' potentials simulated in Fig. 8 this is

0 —t

not well fulfilled. This modelisation
gives indeed a simplified picture of
the situation but means on the other
hand, that the improvement of the
Fig. 9 Vol{age f‘lep'endence of thg focal lcngth_of calculation needs a model for large
homeotropic liquid crystal microlenses with
different hole  diameters. 70um,90um ang tilt angles and the knowledge of the
100pm in chromium. flexoelectric contributions.

The experimental results are visible

in Fig. 3, where the bad quality of the imaging is documented. The optical
quality of the lens systems was also tested by using a MACH-ZEHNDER
interferometer. The phase profile of an incident plane wave was evaluated. The
quality standards of micro-optical elements will not be reached with such a
system. The wavefront modulation showed a lot of aberrations, because the
phase deviation is high compared with an ideal lens.
The measurements of the focal length are given in Fig. 9. For the diameters of
70um, 90um and 100um the focal length was measured with a microscope”.
The values of the focal length for the lens systems with smaller diameters were
smaller at the same voltage. With increasing voltage the focal length always
decreases. This is due to the larger phase shift introduced by a stronger
deformation of the director field as indicated in Fig. 8. The measured focal
length changes from infinity at zero voltage to 0.2mm for the 70um diameter
lens and to 0.3mm for the 90um diameters at SOV ms20Hz)-

0 10 20 30 40 50 60
voltage (rms,20Hz,sin)

CONCLUSION.

A LC microlens with a homeotropic liquid crystal configuration and positive
dielectric anisotropy was built. The system has variable focal length and is
invariant to the rotation of the polarisation direction. No disinclination lines
were observed. It was found that the imaging properties are relatively bad
compared to conventional lenses. The spatial distribution of the phase shift
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was simulated for small deviations from the homeotropic configuration and
could explain the optical properties for low voltages. An improved model for
simulating the director distribution has to take into account large tilt angles

and the flexoelectric effect.
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