Electrically tunable lens based on a dual-frequency

nematic liquid crystal
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We report on an electrically controlled liquid-crystal-based variable optical lens filled with a dual-
frequency nematic material. The lens design employs a hole-patterned electrode structure in a flat
nematic cell. In order to decrease the lens switching time we maximize the dielectric torque by using a
dual-frequency nematic material that is aligned at an angle approximately 45° with respect to the
bounding plates by obliquely deposited SiO,, and by using an overdrive scheme of electrical switching.
Depending on the frequency of the applied field, the director realigns either toward the homeotropic state
(perpendicular to the substrates) or toward the planar state (parallel to the substrates), which allows one
to control not only the absolute value of the focal length but also its sign. Optical performance of the

liquid-crystal lens is close to that of an ideal thin lens.
230.3720, 220.3630, 110.2760.
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1. Introduction

Optical lenses are widely used in science, industry,
and daily life. Development of tunable lenses with
variable focal lengths is of great importance for a
number of applications, ranging from eyeglasses with
an adjustable focal length for vision correction, to fast
nonmechanical zooming devices in photocameras and
camcorders. One of the actively pursued approaches
is based on the effect of reorientation of the nematic
liquid crystal (NLC) in the external electric field. The
advantage of NLCs is that these materials have a
large optical birefringence; as a result, the optical
path can be controlled to within a wide range by
changing the applied electric field.

The lens effect is achieved when the optical paths of
the light beams propagating through different parts
of the medium are different. Thus the lens can be
formed either by varying the thickness of the mate-
rial (as in conventional glass lenses) or by varying the
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refractive index across the light beam. The develop-
ment of NLC lenses started in the late 1970s (Refs. 1
and 2) when the design of a NLC cell of varying
thickness with conducting electrodes at the curved
substrates to control the director orientation was pro-
posed. Subsequent designs used NLC cells of con-
stant thicknesses but with patterned electrodes to
achieve nonuniform distributions of the refractive in-
dices by electrical addressing of multiple elec-
trodes,>-> Fresnel-type lenses filled with LCs,-8 L.C
lenses with spatially varying densities of a polymer
network,®-11 lenses formed by the patterning of a
solid electrode, either slit typel213 or hole type,14-16
and other approaches.17-18

One of the fundamental problems in the develop-
ment of electrically controlled NLC lenses is their
slow response. The NLC lens needs to be relatively
thick for the sufficiently wide range of focus changes.
However, by increasing the thickness d of the lens,
one significantly increases the time needed for direc-
tor reorientation, as the latter scales!® as d®. The
typical estimate of the director reorientation time is
the quantity'® 7.4 = v,d*>/n’K, where v, and K are the
characteristic rotational viscosity and elastic con-
stant of NLC, respectively; 7.+ describes how fast the
director relaxes into the original state controlled by
the surface alignment in the cell when the field
is switched off. For example, a cell of thickness
d = 100 pm filled with a typical NLC material with?
K =10""N, vy, = 0.1 kg m ! s ! needs approximately
T =~ 10 s to relax the director when the field is



switched off. The switch-on state can be estimated as

’Yldz [Jc2
T B2K\UP-U2)

where U, is the typical threshold voltage of director
reorientation. Therefore 1, can be reduced by apply-
ing an electric field of large amplitude; however, the
same principle cannot be applied to reduce 7, The
problem has been addressed in the past by using
thinner cells or polymer-stabilized NLC.9-11 Thinner
cells, however, result in a reduced optical power of the
lens, while adding the polymer component might
cause light scattering.

Here we propose an approach based on the so-
called dual-frequency NLC, i.e., the NLC in which the
sign of dielectric anisotropy Ae changes from positive
to negative when the frequency of the applied field
increases.'® The latter feature allows one to switch
the director in both directions, parallel and perpen-
dicular to the field, by applying the electric field of low
and high frequencies. The most important distinctive
feature of our approach is that the nematic director is
aligned at the angle approximately 45° with respect
to the bounding plates2® and not tangentially to it, as
in Ref. 8. As a result, the angle B between the director
and the direction of the field is close to 45°, which
allows us to maximize the reorienting dielectric
torque that is proportional to sin 2f3. In addition, the
director reorientation in both directions is acceler-
ated by elevated amplitudes of the applied voltage
(an overdriving scheme). As a result, we have reduced
the switching time of a cell with thickness 110 pm
down to at least 400 ms, which is approximately 1
order of magnitude faster than in a regular design.

The lens is based on a flat NLC cell with a hole-
patterned electrode. Application of the electric field
results in a nonuniform director configuration and
thus a varying effective index of refraction in the
plane of the cell that leads to the lens effect. A high-
pretilt alignment and the dual-frequency properties
of the NLC allow us to realize both converging and
diverging lenses in the same cell. Note that dual-
frequency NLCs have been used previously as switch-
able fillers in Fresnel lenses with varying thickness of
the cell®; however, the concrete thickness of the
nematic slab has not been indicated, and thus it is
difficult to make a quantitative comparison of the flat
cell lens versus Fresnel lens approach.

Finally, we propose a double-lens design to control
the focal shift with respect to the lens axis.

2. Experiment

A. Design of the Liquid-Crystal-Based Lens

We construct the dual-frequency NLC lens from two
different glass plates. One plate is 1.1 mm thick with
a continuous transparent indium tin oxide (ITO) elec-
trode. The second substrate is 0.2 mm thick with a
hole-patterned aluminum electrode (Fig. 1). To en-
sure the optimum lens properties, the ratio of the lens
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Fig. 1. Design of the dual-frequency nematic lens.

diameter D to the lens thickness d should be2! be-
tween 2 and 3. In our case the lens aperture, i.e.,
the diameter of the hole, is D = 300 pm while
d = 110 pm. The cell is filled with the dual-frequency
NLC material MLC-2048 (Merck), which has the pos-
itive sign of dielectric anisotropy Ae = g — &, > 0 for
frequencies f of the applied electric field smaller than
the crossover frequency f, = 12 kHz (at 20 °C) and
negative Ae < 0 when f > f,. Here ¢ and &, are the
dielectric permittivities of the NLC in the directions
parallel and perpendicular to the LC director, respec-
tively. When Ae > 0, the director reorients toward the
electric field; when Ae < 0, it reorients perpendicu-
larly to the field. We used two characteristic driving
frequencies, f = 1 kHz, at which Ae = 3.2, and f
= 50 kHz, at which Ae = —3.1 (both values of the
dielectric anisotropy correspond to the temperature
20 °C). The optical birefringence of the material
An = 0.22 at A = 589 nm. The initial orientation of
the director is set at approximately 45° with respect
to the bounding plates by treating the substrates
with an obliquely deposited layer of SiO,. Though a
high-pretilt alignment of the LC director leads to a
phase loss in comparison with the planar (low-pretilt)
geometry, a high-pretilt angle plays the key role in
realizing both positive and negative lenses in the
same cell through the change of the frequency of the
applied field. In addition, the 45° pretilt maximizes
the reorienting torque of the electric field. The hole-
patterned electrode provides a nonlinear distribution
of the electric field inside the LC layer, which causes
a nonuniform reorientation of the LC director and
thus the lens effect.14-21 For example, in Figs. 1 and 2
(below) light beams linearly polarized along the x axis
and propagating through different regions of the lens
would experience a different optical path n.d, where

nen,

(n,” cos® 0 + n,” sin” 0)"/?

Negr =

is the local field-dependent effective refractive index
of the LC, 0 is the local field-dependent angle between
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Fig. 2. Experimental setup for response time measurements.

the direction of light polarization and the L.C director,
and n, and n, are the ordinary and the extraordinary
LC refractive indices, respectively.

B. Response Times

The experimental setup for the response time mea-
surements is shown in Fig. 2. A light beam from a
He-Ne laser (\ = 633 nm) passes through a beam
expander and a polarizer P oriented parallel to the
projection of the LC easy axis onto the xy plane
(Fig. 2), then hits the LC lens and focuses by the glass
lens L into an optical detector connected to an oscil-
loscope (TDS 210, Tektronix). If there is no electric
field, the diaphragm in front of the detector cuts
a significant part of the laser beam and the opti-
cal signal is minimal (the diaphragm aperture is
250 pm). If the electric field is applied at 1 kHz, then
a converging LC lens is induced and the light beam
passes through the diaphragm causing an increase in
the light intensity measured by the detector. In
Fig. 3(a) we show the optical response of the designed
lens (top trace) under the applied electrical signal
(bottom trace). The applied electric field is a sequence
of high-amplitude special short pulses (SSP) acceler-
ating the initial stage of director reorientation and
low-amplitude holding pulses at two frequencies (1
and 50 kHz).2° The dynamics of the lens response is
composed of fast and slow components. Initially, the
lens shows a fast response time of approximately
50 ms during the transition to the focusing state [Fig.
3(b)], but then the optical signal experiences a slow
drift over approximately 400 ms, during which the
optical signal changes by approximately 10—-15%. The
reason for this drift might be a backflow effect and
dielectric heating.22 The same phenomenon occurs
when the lens relaxes back to the nonfocusing state
[Fig. 3(c)]: a fast reorientation during 75 ms is fol-
lowed by a slow drift of approximately 400 ms.

C. Lens Optical Performance

We now discuss the optical characteristics of the de-
signed LC lens and compare its performance with an
ideal thin lens.

We placed the LC lens between two crossed polar-
izers in such a way that the projection of the LC easy
axis on the xy plane is at 45° to both polarizer axes.
By using a movable CCD camera with an objective we
can monitor the output aperture plane of the lens as
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Fig. 3. Response time of the 110 pm thick lens. (a) Lens optical
response (top trace) under applied voltage (bottom trace). The
driving signal (bottom trace) is a sequence of SSP (50 V rms, 1 kHz)
followed by a holding voltage (4 V rms, 1 kHz) followed by SSP of
40 V rms at 50 kHz. (b) Transition to the focusing state (top trace).
Electric signal applied (bottom trace) is a sequence of SSP (50 V
rms) followed by a holding voltage (4 V rms) at 1 kHz. (c) Relax-
ation from the focusing state to the uniform (nonfocusing) director
state (top trace). The transition is triggered by SSP of 40 V rms at
50 kHz (bottom trace).
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Fig. 4. Double lens design. Two hole-patterned NLC lenses are
coaxial and oriented in a “head-to-head” fashion. The simplified ray
paths and director distribution are shown for the field applied at
1 kHz. Lines of the electric fringe field are shown by thin curves.

The off-axis focusing of the light caused by the first lens is corrected
by the second lens.

well as its focal plane. The experimental setup is
similar to that shown in Fig. 2 except that now we
placed the lens between two crossed polarizers. If the
electric field is applied, we can observe the appear-
ance of interference fringes in the output aperture
plane of the lens caused by the phase shift between
the ordinary and the extraordinary light waves. The
number of fringes indicates the optical power of the
lens. When the applied voltage increases, the number
of fringes and the lens optical power increase too. Due
to the dual-frequency properties of the nematic ma-
terial and a high-pretilt alignment, we can realize
both positive and negative lens regimes by applying
the electrical field with frequencies of 1 and 50 kHz,
respectively. In a cell with a nonzero surface pretilt,
the angle between the electric fringe field and the LC
director is different23 at the antipodal points of the
hole-patterned electrode (Fig. 4). As a result, the pat-
tern of the field-induced director reorientation and
effective refractive index across the hole region is
nonsymmetrical; the interference pattern shifts with
respect to the lens axis. In order to correct the off-axis
focusing, we propose the double lens design shown in
Fig. 4. Two identical hole-patterned lenses are coax-
ial and assembled in a head-to-head fashion. The
symmetry of this configuration is such that the dif-

ference between the direction of the fringe field and
the easy axes of two lenses are mutually compen-

sated. In Fig. 5 we show that by adjusting voltages U,

and U, applied to cells 1 and 2 we can correct the

off-axis focusing of the single lens. If U; = 0 the

interference fringes observed at the output aperture

plane of the system are off center (Fig. 5, top row),

and the lens focal point is shifted away from the lens

U,=0

f=50kHz

U,=3.1V U,=3.3V
f=1kHz f=50kHz

Fig. 5. Output aperture plane of the double lens illustrating the cor-
rection of the off- axis focusing effect based on application of the electric
field to both cells. The left and right parts of the picture illustrate
positive and negative lenses, respectively. Top row: U; = 0, interference
fringes are not centered; Bottom row: the electric field is applied to both
lenses at 1 and 50 kHz; the interference fringes are centered; the lens
focal point is located on the lens axis.

axis. After adjusting U, the interference fringes be-
come well centered (Fig. 5, bottom row), so the focal
point shift is corrected. The results of correction are
shown for both frequencies applied. The focal point
shift can be used as a desirable feature in beam de-
flecting devices. Note that the optical power of a dou-
ble lens system is larger as compared to a single lens.
When U, # 0, the number of interference fringes and
lens optical power increase (Fig. 5, bottom row).

As the thickness of the designed NLC lens is
110 pm and the focal length is of the order of milli-
meters, we can neglect the displacement of the light
beam inside the LC layer. In this case the NLC lens
can be considered as a thin lens introducing a phase
shift to the incident wave. The optical field of a plane
wave A; behind the thin lens is described by?24

k
Ar(x, y) = exp[iknd]exp[—i o (a? +y2)], (1)

where £ = 2m/\ is the wavenumber (\ is the wave-
length), and n, d, and f;, are the lens refractive index,
thickness, and focal length, respectively. The first
exponent describes a constant phase shift, ¢, intro-
duced by a thin lens, while the second exponent is a
quadratic approximation of a spherical wave. Thus
the phase retardation ¢ of the NLC lens along the x
axis (direction of the initial easy axis projection on the
plane of the cell) can be written as follows:

LA
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Fig. 6. Phase retardation measurements (dots) of the double NL.C
lens and the quadratic fitting curves (the solid curves) at two
frequencies of the applied electric field: (a) 50 kHz and (b) 1 kHz.

The phase retardation of LC lenses at different
voltages can be found from the number of interfer-
ence fringes appearing at the lens output aperture.
The distance between two neighboring dark (or
white) fringes corresponds to the phase retardation of
2m. In Fig. 6 we show the experimental results of
phase retardation measurements (dots) of the double
lens together with the fitting curves (the solid curves)
at two frequencies of the applied electric field. The
fitting curves were obtained from Eq. (2) with the
focal length f; as a fitting parameter. The fitting
curves are very close to the experimental data; it
means that for each voltage applied, the induced NLC
lens behaves similar to a thin lens with a certain focal
length. Deviation of the experimental data from the
curves describing the behavior of an ideal thin lens
indicates the presence of aberrations in the system,
such as coma and astigmatism. The aberrations are
most probably caused by a nonsymmetrical distribu-
tion of the refractive index with respect to the geo-
metric axis of the system. In Fig. 7 we show the focal
length dependence of the double NLC lens versus the
applied voltage. Focal length values were extracted
from the results of the quadratic fitting. We verified
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Fig. 7. Focal length of the double LC lens versus the applied
voltage at two frequencies: (a) 50 kHz and (b) 1 kHz.

them independently by moving the CCD camera
along the z axis. The obtained results confirm that
both negative and positive lenses for the very same
nematic cell can be realized by choosing the fre-
quency of the applied voltage at either 50 or 1 kHz.
The focal length varies from —o~ to —1.9 mm (the
optical power varies from 0 to —520 diopters) at
50 kHz, and from +« to +2.5 mm (the optical power
varies from 0 to +400 diopters) at 1 kHz. As the ap-
plied voltage increases, the lens focal length de-
creases (Fig. 7) but at some critical voltage due to the
electric fringing field effect and elastic properties of
the LC, the director in the central part of the lens
starts to reorient too, and the optical retardation and
focal length of the lens both saturate. As the voltage
increases further, the NLC lens becomes distorted.

3. Discussion

Let us discuss the advantages of the proposed NLC
lens design. First, the dielectric torque T acting on the
nematic director is proportional to sin 23, where { is
an angle between the electric field and nematic di-
rector. A combination of the overdrive scheme with a
high-pretilt angle (B = 45°) results in strong restor-



ing torques that facilitate director reorientation from
the 45° tilted state toward both homeotropic and
planar states,2° which in turn reduces the response
time during focus change down to at least 400 ms for
the 110 um thick cell. It is more than 1 order of
magnitude faster than in regular cell designs with
Toff — 10 s.

Second, a tilt of the LC molecules eliminates the
threshold of reorientation allowing continuous tun-
ing of the optical power of the double LC lens from
—520 to +400 diopters in the same cell as illustrated
in the example above with A = 633 nm.

Third, a high-pretilt alignment of the LLC molecules
allows us to avoid the appearance of disclination lines
that may cause light scattering and slow relaxation
during lens switching. While in planar cells one needs
to apply an in-plane electric field in order to force the
molecules to rotate in the same direction to eliminate
the disclinations,?? in our approach no additional
field is required; the problem of disclination line ap-
pearance is solved by the high-pretilt alignment of LC
molecules.

By varying the voltage applied to both cells in the
double lens approach, we can focus the light not only
along the lens axis, but also move the focus along a
3D trajectory or in the xy plane, which was realized
earlier for planar cells through the application of the
in-plane field.’¢ This feature may be used in beam
deflecting devices.

Note that the actual response time is determined
by a fast component of the order of 50-100 ms with a
subsequent slow drift of approximately 400 ms for
the 110 pm cell. The slow relaxation [Fig. 3(a)] is
most probably caused by material flow and dielectric
heating. Slow drift of the optical signal can be re-
duced by either polymer stabilization or using the
thinner cells (of course, in the latter case the LC lens
will be less powerful).

The proposed lens design is polarization depen-
dent, which means that only light with polarization
parallel to the easy axis will be focused, while the
light with orthogonal polarization will remain unfo-
cused. If necessary, the polarization dependency can
be eliminated by stacking L.C cells with the easy axes
oriented perpendicularly to each other.25 Note that in
our experiments, we used cells with a relatively small
aperture of 0.3 mm. For applications in photocam-
eras and camcorders, the LC lenses should be few
times larger. The techniques to upscale the L.C lenses
to the 1-5 mm range aperture have been described,
for example, in Ref. 15. These techniques are appli-
cable to the dual-frequency design proposed in this
work.

4. Conclusions

We have demonstrated a NLC-based lens with a hole-
patterned electrode structure, the focal length of
which can be tuned by the electric field. A combina-
tion of a high-pretilt alignment, dual-frequency prop-
erties of the nematic material, and an overdrive
scheme allows us to reduce the response time during
focus change from approximately 10 s down to 0.4 s

for a 110 pm thick cell; most of the director structure
is switched to within the first 50—100 ms. The pro-
posed design allows one to use the same cell as either
a negative or positive lens by changing the frequency
of the applied field. The optical characteristics of the
system are close to the performance of an ideal thin
lens but some wavefront aberrations are still present.
The optical power of the system with the aperture
D = 300 pm can be continuously tuned from —520 to
+400 diopters (A = 633 nm) in the double NLC lens
approach. Such a design can be used to achieve fast
optical communication between multiple channels, in
microlens arrays,26-29 in beam steering or scanning
devices, or for fast nonmechanical zooming in minia-
ture cameras, for example. In the latter case isotropic
fluids have been recently proposed as the focusing
medium.3931 Isotropic liquid lenses are based on the
electrowetting effect, which allows one to control the
droplet or the meniscus shape by applying an electric
field. If the densities of two liquids in contact are
equal, the meniscus is rather insensitive to the ex-
ternal vibrations and shocks.3! The advantage of the
NLC lenses is in a greater mechanical stability
against vibrations as the nematic fluid is confined
between two rigid plates, and the refractive changes
are caused by molecular reorientation, not by the
variation of the fluid surface or interface.

We thank Andrii Golovin, Marenori Kawamura,
Tomoyuki Sakamoto, Sergij Shiyanovskii, and Mao
Ye for their help and valuable discussions. This re-
search was partially supported by the National
Science Foundation and the Japan Society for the
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