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Continuously controllable, wide-angle liquid
crystal beam deflector based on the transversal
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Abstract. A controllable, refractive, electro-optical liquid crystal (LC)
beam deflector is studied both theoretically and experimentally. The prin-
ciple of operation of this device is based on a beam deflection from a
large gradient of refractive index, generated in an LC layer by a trans-
versal electric field, formed between two lateral electrodes, in a simple
three-electrode LC cell. A continuous, controllable deflection of a Gauss-
ian laser beam, focused into the narrow region at the electrode gap is
demonstrated. Maximum deflection angles of ~18 to 25 deg, depending
on the LC birefringence, as well as a high deflection efficiency of up to
98% are demonstrated experimentally, backed by a theoretical analysis.
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1 Introduction

Liquid crystal (LC) electro-optical devices are widely used
in various areas of displays, optical communication, and
information processing technology. Such LC devices, used
as spatial light modulators, tunable filters, and controllable
diffractive optical elements, offer several attractive features
for beam-steering and beam-switching applications. The
first LC-based beam-steering devices were described and
evaluated in the mid-1970s. One type of such devices was a
LC binary diffraction grating, patented by Borel et al.' This
diffractive structure operated in an on-off mode and gener-
ated numerous diffractive orders. Another kind of beam-
steering device was a refractive LC beam deflector, pro-
posed by Fray and Jones.”® This device deflected the
linearly polarized, focused laser beam due to the electri-
cally induced gradient of the LC’s refractive index. This
early LC-based beam deflector lacked the alignment layers
routinely used in current LC devices, thereby severely lim-
iting its continuous beam deflection capability (which was
never demonstrated by this group). Although this device
did provide a large deflection angle (about 20 deg), the very
large thickness of the LC layer used required a very high
operating voltage in the kilovolt regime. The thick layer
used also resulted in very significant absorption (about
40%) and scattering losses.’

Further development of the LC beam-steering technol-
ogy followed the path of blazed diffractive grating struc-
ture, based on the formation of the blazed phase profile in
the LC layer, by the use of a multiple electrode structure
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onto which a periodically varying potential is applied.*°
The beam deflection angle is varied by changing the peri-
odic voltage profile applied to the set of driving electrodes.
The main drawback associated with these devices are the
limitations imposed on both the diffraction efficiency and
the maximum angular range (less than 2 deg in the visible),
both being due to the fringing field effect that occurs in
vicinity of the sharp spatial resets of the driving potential.
The effect of the fringing and transversal® fields in LC
devices was studied experimentally and theoretically in a
number of early works.””'* In most of the cases studied,
the lateral fringing fields at the electrode edges appear to
degrade the ﬁ)erformance of the LC spatial light
modulators,” '3 ‘most notably, their resolution. How-
ever, in a few cases, such as in the in plane switching (IPS)
devices,'""!? the transversal fringing field is actually used to
an advantage.

*We find it important to clarify the use of the two terms “fringing field”
and “‘transversal field” used in this and other related works. Fringing
field relates to the presence of a secondary, parasitic field at the edge(s)
of the electrodes of a device, onto which a primary field 1s applied in a
particular direction and level, consistent with the designed function of the
device. Such would be the case of an LC spatial light modulator with the
longitudinal fields between each of the pixel electrodes and the common
counterelectrode defining the designed LC voltage drop in each of the
pixels, while the by-product lateral fields at the edges of the pixel elec-
trodes constitute the parasitic, unintended fringing fields. In a situation
where the lateral or transversal field is applied in the region between the
edges of the electrodes, such as in an in plane switching (IPS) device or
in the beam deflector described in this paper, it is more appropriate to
identify the field based on its directionality (e.g.. “transversal™) rather
than as a “fringing” field. This is so since in this case, the field effect
extends beyond the immediate vicinity of the electrode edges into the
regions between the electrodes. This terminology is adopted throughout
this manuscript, and we call such lateral, interelectrode fields transversal
fields rather than fringing fields.
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Fig. 1 Three-electrode LC beam deflector.

Note also some other results on refractive LC beam de-
flectors here. An electrically induced LC prism,"” which
provides an extremely small deflection angles of about 25
arcsec, was demonstrated as a part of an adaptive optics
system for imaging through the atmosphere. An electro-
optic beam deflector was patented'® based on an electrically
controlled refractive index matching between the wedge-
shaped grating structure and nematic LC. Finally, a
multiple-deflection-stage beam deflector device'” has also
been described.

In this paper, we show that using modern LC technol-
ogy, it is possible to significantly improve the operational
features of the refractive beam deflector based on Fray’ and
Jones’s idea.” A simple three-electrode LC devices with 12-
and 24-um-thick, optically uniform, low-absorption and
nonscattering nematic LC layers were fabricated and evalu-
ated. Due to the use of alignment layers, which induce an
initially homogeneous alignment of the LC bulk,'® com-
bined with a drastically reduced LC thickness (by two or-
ders of magnitude—as compared to Fray and Jones’s
work), the resulting refractive beam deflector demonstrates
a continuous, controllable beam steering operation, a major
reduction by factor of 100 of the operating voltage, as well
as a significant reduction in the insertion losses. Thus, our
proposed structure presents a competitive solution for beam
steering compared to the blazed grating devices currently
under study.

2 Device Description

The three-electrode LC beam deflector (Fig. 1) consists of a
glass substrate with two transparent lateral electrodes,
spaced 4 um apart, and a third transparent grounded elec-
trode, placed at the opposite glass substrate. The LC was
homogeneously aligned using mechanically rubbed polyim-
ide layers on both ITO-coated surfaces. A differential volt-
age corresponding to the required phase step change was
applied to the lateral electrodes of this beam deflector. The
gap between the glass substrates was filled with a nematic
LC mixture. The large refractive index gradient generated
by the transversal field between the two lateral electrodes
resulted in the deflection of the incident, lens-focused, lin-
early polarized laser beam. Figure 2 shows a cross section
of the three-electrode LC cell. The short bars within the LC
layer represent the 2-D distribution of the LC director, i.e.,
the local direction of the optical axis of the nonuniform,
birefringent LC, induced by the electric field. It is assumed
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Fig. 2 Deflection of focused beam from the transversal-field-
induced refractive inhomogeneity within the three-electrode LC cell.

that the incoming Gaussian laser beam is linearly polarized
in the direction parallel to the initial alignment of LC (per-
pendicular to the interelectrode slit). As is shown in the
following, for a Gaussian beam focused onto the LC layer,
with its waist contained within the lateral gradient region of
the extraordinary refractive index, a highly efficient, wide-
angle deflection of the focused beam occurs, as shown
qualitatively in Fig. 2.

3 Theoretical Consideration and Computer
Simulation

To investigate the effect of the transversal field on the
phase-step transition, we first studied a simplified model of
the three-electrode LC cell configuration, consisting of two
lateral electrodes with a differential voltage corresponding
to the required phase step change and a third grounded
electrode, placed at the opposite substrate. The computer
simulations were performed for a nematic LC mixture
MLC-6621-100 (Merck), which was subsequently used for
the preparation of an experimental cell. The parameters of
the LC layer used for the simulations were: n,=1.7148 and
n,=1.5082 for the extraordinary and ordinary refractive
indices, respectively; €,=6.7 and €, =3.6 for the dielectric
constants; director pretilt angle=2 deg; and cell
thickness=12 um. The simulation procedure was based on
the numerical generation of 2-D distributions of LC direc-
tor at various voltages applied between the two lateral elec-
trodes. These 2-D distributions were used to calculate the
variations of the LC refractive index. In this simulation
phase we used the commercially available Autronic-
Melchers 2DIMMOS software. '’

The bottom part of Fig. 3 shows the three-electrode con-
figuration, with a 4-um-wide gap between the lateral elec-
trodes in a 12-um-thick LC cell, along with the equipoten-
tial lines and the LC director distribution simulated at a
driving voltage of 10 V. The top part of Fig. 3 shows the
phase (retardation) profiles, A ¢(x), calculated for normally
incident, linearly polarized, 633-nm-wavelength monochro-
matic light. In this case, we neglected the ray-bending ef-
fects within the LC layer and the phase profiles were ob-
tained by integrating the variations of the LC extraordinary
refractive index along the straight rays’ trajectories at vari-
ous driving voltages, applied to one of the two lateral elec-
trodes (the left electrode in Fig. 3). As we can see, both the
swing of the phase profile A@.x—A¢@nm, and its slope in
the vicinity of interelectrode slit dA ¢/dx increase propor-
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Fig. 3 Three-electrode LC cell configuration, director distribution,
and equipotential lines at 10 V (bottom) and retardation profiles at
various driving voltages (top).

tionately to the driving voltage. As we show shortly, the
wide-angle deflection of the optical beam occurs because of
this phase gradient. Let us assume that the Gaussian laser
beam is focused onto the LC layer and that the focal waist
of the beam is localized within the region of the strongest
lateral gradient of the extraordinary refractive index, as
shown in Fig. 2. The quasilinear, large-slope spatial phase
profile formed is expected to result, similar to the linear
phase modulation by a prism, in a wide-angle beam deflec-
tion. Depending on the relative size of the beam waist com-
pared to the constant, linear index gradient region, a beam
breakup may also occur. In the particular case where the
beam waist is much narrower than the lateral extent of the
refractive index inhomogeneity, an almost pure beam de-
flection will be observed.

We performed a simplified, 1-D analysis of this problem
in the Fraunhofer diffraction approximation,20 which
yields, for the angular distribution of the far-field intensity,

= x2
J exp( = —,) exp‘ i }dx
— wr"

0

where 6 is the diffraction angle; w is the effective half
width of the beam waist within the LC layer; A ¢(x) is the
transversal-field-generated, voltage-dependent phase pro-
file; and N is the wavelength used. Using the Gaussian
beam theory,”! we can calculate approximately the waist
width 2w, within the LC layer, using the following rela-
tionships:

2

2
1(6)x A(p(x)—TWxsine
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Fig. 4 Calculated far-field diffraction patterns at various driving volt-
ages, for a 12-um-thick, MLC-6621-100 mixture at A=633 nm.

where F is the focal length or the lens used, D is the diam-
eter of laser beam at rear focal plane of focusing lens, Dy, is
the beam diameter at the output laser aperture, L is the
distance between the laser aperture and rear focal plane of
the focusing lens, and « is the initial beam divergence.
Assuming a linear phase profile such that

Ap(x)=A¢o+ B(V)x, 4)

where B(V) is the voltage-dependent phase gradient, we
can approximate the Fourier transform expression in Eq.
(1) to yield the following estimate for the diffraction angle:

O~\B(V)/21r. (5)

Thus, the diffraction angle is approximately proportional
to the phase gradient, the latter being proportional to the
voltage applied. Figure 4 shows the far-field intensity
distributions, calculated for the phase profiles, shown in
Fig. 3, using Egs. (1) to (3), with the following optical and
geometrical parameters: A=633 nm, F=4mm, D,
=0.63mm, L=300mm, and a=1.3 mrad. As we can see
from Fig. 4, the maximum deflection angle is about 15 deg
at a driving voltage of 10 V.

In the next step of the computer simulation, the 2-D LC
director distributions were used for the numerical calcula-
tion of ray tracing in the LC layer. Our ray tracing proce-
dure was based on the ray equation for a spatially inhomo-
geneous, anisotropic (birefringent) media.”>** Using this
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Fig. 5 Ray tracing within the LC layer at various voltages applied
between two lateral (bottom) electrodes. (Horizontal and vertical
scales are in micrometers.) The beam enters at the bottom and exits
at the top plane.

method of ray tracing, we analyzed the effect of rays bend-
ing in the LC layer, caused by the transversal field. In these
calculations, a focused Gaussian beam within the LC layer
was approximated by a narrow pencil of initially parallel
rays, normally incident on the LC layer. The pencil of rays
was numerically traced through the LC layer. The results of
the ray tracing are presented in Fig. 5, which shows the
electrodes configurations, LC director distribution, the
equipotential lines, and the rays trajectories. As we can see,
the deflection angle of the ray pencil increases in propor-
tion to the voltage difference applied to the lateral elec-
trodes. The deflection angle attained was about 15 deg at an
applied voltage of 10 V, which is in reasonable agreement
with that obtained in the Fraunhofer diffraction calculation.
Note that the ray-tracing results can be used to calculate the
adjusted phase profiles by integrating the refractive index
along the curved ray trajectories. These adjusted phase pro-
files can subsequently be used as the input data for further
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Fraunhofer diffraction calculations under the assumption
that no ray crossing occurs within the LC cell and its output
plane.

Now let us estimate quantitatively the maximum deflec-
tion angle 6,,,, in the general case. Accordingly to Eq. (5):

Hlﬂﬂ)\k ABlnil)(/z)w.' (6)
where
3!]‘]11X: (dA ‘P/d-\f)mux (7)

is the maximum attainable slope of the phase profile. This
slope can be estimated by

d
(dA @/dx) ax™ [ (27/N) | [dAn(x,z )/r’l.\‘]d:]
0

max

~(2m/N) (AR, /AXp)d, (8)

where An,,,,=n,—n, is the LC birefringence, A X is the
effective extent of the transversal-field-induced refractive
inhomogeneity, and d is the LC layer thickness. The effec-
tive extent AXpr can be approximated from earlier
fringing-field studies,'>'* by

AXTF""AXFFNd, (9)

where A X is the lateral extent of the fringing field broad-
ening of a phase profile. Substituting Egs. (7) to (9) into Eq.
(6), we finally get

omaXNAnmaX' (]0)

Thus, within this approximation, the maximum attainable
deflection angle does not depend on the LC cell thickness
but only on the optical birefringence of the LC material.

4 Experiment

The three-electrode LC cells were prepared with two glass
substrates coated by indium-tin-oxide (ITO) conductive
transparent layers. The ITO layer on one of the glass sub-
strates was laser etched, yielding two transparent electrode
sections isolated by a 4-um-wide interelectrode gap. Both
substrates were spin-coated by a polyimide layers and me-
chanically rubbed to produce an initial homogeneous align-
ment of the LC director, perpendicular to the inter-electrode
isolating slit. A 12- or 24-um-thick Mylar strips were used
as spacers between the glass substrates. The cells were
filled with Merck’s nematic liquid crystal mixtures MLC-
6621-100 or BDH-BLO0O06. The cell was excited by a 1-kHz
square-wave voltage driven by a function generator. The
root mean square (rms) value of the driving voltage was
varied from 0 to 10 V. The LC cell was mounted on a
high-precision XYZ translation stage, for a precise posi-
tioning of the LC cell with respect to the focal waist of the
laser beam. The linearly polarized laser beam (633-nm
wavelength) focused onto the LC layer was then deflected
by the transversal-field-generated inhomogeneity. A focus-
ing lens with a focal length of 4 mm was used in the ex-
perimental setup, resulting in a focal waist size of ~4 um
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Fig. 6 Experimental demonstration of beam deflection operation at
various voltages, for a 12-um-thick, MLC-6621-100 mixture; A\=633
nm; the maximum attainable deflection angle is about 18 deg at
10 V.

[calculated by Eqgs. (2) and (3)]. This is significantly nar-
rower than the AXg~d =12 or 24 um lateral extent of the
large-index gradient region.

The beam deflection effect was monitored in two ways.
First, the deflected beam was visually traced using the
rough, scattering surface of a paper sheet, as shown in Fig.
6. In addition to the beam deflection, a significant diver-
gence of the deflected beam due its sharp focusing is
clearly seen in Fig. 6. In the second method, the light spots
of the deflected beam were observed on one side of an
opaque screen, placed 5 cm from the LC cell, and were
photographed from the other side by a digital camera. The
photographs of the deflection patterns are shown in Fig. 7.
As we can see from Fig. 7, the experimental diffraction
patterns are in excellent agreement with the theoretically
predicted patterns shown in Fig. 4. The results shown in
Figs. 6 and 7 were obtained for an LC cell with a gap
thickness of 12 um, filled with MLC-6621-100 mixture.
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Fig. 7 Experimental deflection patterns versus driving voltages at
distance of 5 cm from the 12-um-thick, MLC-6621-100 mixture LC
cell; A=633 nm.

We measured the intensity distribution of the deflected
beam at various deflection angles. The intensity profiles
were scanned by THORLABS INC’s LCI high-resolution
CCD line camera, which consists of a 1-D 3000-element
photodiode array with a 7-um pitch. The sensor array was
placed 11 mm from the LC cell. The intensity profiles were
transferred from the camera to a personal computer via a
parallel port. Figures 8 through 10 show the angular distri-
bution of the output intensity at various driving voltages,
applied between the two lateral electrodes of the three-
electrode LC deflector. The experiments were performed
with an MLC-6621-100 LC mixture, having cell gaps of 12
and 24 um, and with a BDH-BL0O06 LC mixture with a cell
gap of 12 um. The physical properties of LCs used are
shown in the insets of Figs. 8 through 10. As we can see
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Fig. 8 Intensity profiles of deflected beam scanned by the CCD line
camera at various voltages for the 12-um-thick cell filled with the
MLC-6621-100 LC mixture.

May 2005/Vol. 44(5)



Apter, Bahat-Treidel, and Efron: Continuously controllable, wide-angle liquid crystal . . .

6000
2V MERCK MLC-6621-100
n, =1.7148
& o 4V n, =1.5082
g £, =67
= 4000 6vHe, =36
5 3 v](Cell thickness of 24 um
>
2’ 3000 { T0V]
=
2
= 2000
3 AN
= 1000
U\

0 —
-5 0 5 10 15 20 25 30 35 40 45 50 55
Deflection Angle (deg)

Fig. 9 Intensity profiles of deflected beam scanned by the CCD line
camera at various voltages for the 24-um-thick cell filled with the
MLC-6621-100 LC mixture.

from Figs. 8 and 9, the maximum intensity of the beam
spot, deflected at the maximum angle (~18 deg at a 10-V
driving voltage, for the MLC-6621-100 LC mixture) is ap-
proximately 50% of the maximum intensity of the unper-
turbed beam (transmitted through the nonactivated cell),
with the spot width being proportional to the deflection
angle. The beam deflection angle was found to be practi-
cally independent of the cell gap thickness, as predicted by
the preceding qualitative analysis. For the deflector filled
with BDH-BL0O06 LC material, the maximum deflection
angle of about 25 deg was attained at a driving voltage of 5
V, as shown in Fig. 10. We note that the maximum angular
deflection ratio of 25 deg/18 deg=1.388 for the two LC
mixtures is approximately equal to their birefringence ratio
(0.286/0.207=1.382), again in agreement with the predic-
tion of our approximate analysis [Eq. (10)].

To estimate quantitatively the deflection efficiency of the
device, the profiles of the intensity distributions of the 12-
pum-thick cell, filled with the MLC-6621-100 LC mixture,
shown in Fig. 8 were numerically integrated over the pho-
todiode elements along the spatial extent of the beam spot
for the different deflection states. The results of the integra-
tion show that the total energy of the deflected beam varies
by only about 1 to 2% for the entire angular deflection
range, within the accuracy of the photometric measure-
ments performed. The absolute deflection efficiency is
therefore approximately 98 to 99%. Note however, that the
practical deflection efficiency is in fact lower due to the
significant beam profile broadening at large deflection
angles.

For the 12-um-thick cells, filled with the MLC-6621-
100 LC mixture, the total losses measured were below 8
and 14% in the nondeflected and the maximum deflection
states, respectively. These values are in a reasonable agree-
ment with the estimated losses due to multiple Fresnel re-
flections in the LC cell, since we have not used antireflec-
tive coatings. The increase of losses in the maximum
deflection states may be due to the increase in the Fresnel
reflection from the output glass substrate of the LC cell at
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Fig. 10 Intensity profiles of deflected beam scanned by the CCD
line camera at various voltages for the 12-um-thick cell filled with
the BDH-BL0O06 LC mixture.

larger incident angles. Note that we did not observe any
light scattering phenomena in all three tested cells during
the deflection operation.

The response time of the beam deflector was estimated
by measuring the duration of the beam deflection process
from a level of 10% deflection to 90% of the maximum
deflection angle, by applying a transversal voltage step ex-
citation of 10V to the LC cell. The deflection times of
the 12- and 24-um-thick cells were 140 ms and 540 ms,
respectively. This experimental data is in a good agreement
with the well known quadratic thickness dependence of the
response time, in parallel aligned nematic LC cells.

Finally, for completeness, we also analyzed both experi-
mentally and theoretically the case where the beam waist
extends beyond the inhomogeneous index gradient region.
This was done using the same experimental setup, but with
an 8-mm-focal-length focusing lens, replacing the 4-mm
one previously described. In this case, the theoretically ex-
pected beam breakup was indeed observed, again with an
excellent agreement between the theoretical and experi-
mental output intensity profiles.

5 Conclusion

A large phase gradient generated by the application of a
transversal field between two lateral electrodes in a three-
electrode LC cell was used to continuously deflect in a
controlled manner, an incident optical beam with maximum
deflection angles as large as 25 deg at high deflection effi-
ciency. The advantages of this deflection method compared
to that of the diffractive LC-blazed grating are the much
simpler device structure and voltage driving scheme, as
well as the much larger deflection angle attainable. The
main disadvantage is the necessity to focus the beam into
the narrow region of the phase gradient at the electrode
gap, which in addition to the added difficulty in beam fo-
cusing, also results in a significant increase in the diver-
gence of the deflected beam.
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