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1 | INTRODUCTION

Nonmechanical laser beam steering,"” as shown in
Figure 1, is pivotal for light detection and ranging
(LiDAR), eye-tracking in near-eye displays, high-
precision 3D printing, microscopy, and optical
tweezers.>™® In the past decade, several approaches have
been developed, including liquid crystal (LC)-based opti-
cal phased arrays (OPAs), solid-state OPAs, LC-cladding
waveguides, and so on.””"* However, it is still challenging
to achieve high-precision, large aperture size, wide field
of view (FOV), and high efficiency. Recent development
of autonomous vehicles further promotes the demand for
high-speed and high-precision nonmechanical beam
steerers. Among all the choices, LC-cladding wave-
guides'® and active LC-metasurfaces'® are currently two
promising options.

The refractive LC-cladding waveguide developed by
Vescent Photonics'® offers several attractive features:
(1) 1D beam steerer with a remarkable steering range of
270°, (2) a wide-angle continuous coverage 2D beam
steerer (50° x 15°), (3) high speed scanning (60 kHz), and
(4) a large aperture scanner (1.2 cm demonstrated). The
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A liquid crystal-cladding waveguide with resistive electrode configuration is
proposed for laser beam steering applications. It can achieve wide-angle,
continuous coverage, two-dimensional beam control with fast response time.
With numerical validation, we find that in comparison with previous prismatic
electrode approach, our device demonstrates higher compatibility with high
birefringence liquid crystal materials, and thus, a more compact form factor
can be realized. Such a beam steerer is attractive for a wide range of applica-
tions including automotive LiDAR, eye-tracking for near-eye displays, and
high-precision 3D printing.
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reason this device can achieve such a fast response
time is because the evanescent field of the fundamental
waveguide mode interacts with the LC layer near the
surface of the waveguide core where the ultrathin LC
layer is strongly anchored. As a result, the response time
is in the order of 10 s ps. Moreover, the waveguide is
3-5 mm long, so the accumulated phase can exceed
1000 waves. In this paper, we propose and numerically
validate an improved LC-cladding waveguide structure.
With our high birefringence LC material, the proposed
LC-cladding waveguide is promising for compact, high-
precision, wide-angle, continuous, and high-speed beam
steering.

2 | LC-CLADDING WAVEGUIDES
The system configuration of Vescent Photonics'
LC-cladding waveguide is schematically plotted in
Figure 2. It can achieve two-dimensional beam steering,
with each dimension controlled by a separate module.
Here, we mark them as in-plane steering (horizontal)
and out-of-plane steering (vertical).
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Laser beam steering

FIGURE 1 Nonmechanical laser beam
steering technology for LiDAR, eye-tracking, 3D

printing, and so forth
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(A) Horizontal FIGURE 2 (A) Perspective view and
(B) side view of the LC-cladding waveguide with
Out-of-plane prismatic electrodes. Inset in (A) shows the
electrode typical electric field intensity distribution of a
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The first step for this beam steerer to work is to
couple the laser beam into the waveguide. Note that the
waveguiding mode is fundamental transverse magnetic
(TM) in order to be compatible with the LC director
modulation and to have single mode operation. From the
side view (Figure 2B), the system, from top to bottom,
consists of a cover glass, top electrodes and LC align-
ment, LC cladding, LC alignment and waveguide core,
subcladding, bottom electrode, and a bottom substrate. In

— LC Cladding
— Bottom electrode

the LC cladding part, the LC directors are uniformly
aligned along the light propagation direction. At the null
voltage state, the LC cladding has a refractive index of n,
(ordinary refractive index). Whereas in the voltage-on
state, the TM mode experiences a refractive index of n,
(extraordinary refractive index). In between, an effective
refractive index applies. Because most energy is confined
in the core, only a small portion of energy is extended to
the LC cladding and get modulated. Consequently, the
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LC cladding layer can be thin (~pm) and a fast response
time can be obtained.

In such a system configuration, the laser beam is first
steered in the in-plane direction by a pair of prismatic
electrodes. Figure 3A depicts the top view of the
electrodes. By applying a voltage to the left electrode, the
beam direction is steered toward left. Similar mechanism
holds for the right electrode. Figure 3B shows an example
of refractive index distribution when only the left
electrode is fully turned on. The light direction changes
when passing through a prism with a refractive index
contrast between the prism and the surrounding.

After the beam direction is tuned by the prismatic
electrodes, the light will be gradually coupled out by a
tapered sub-cladding and then leak into air. The vertical
direction can be slightly modified by applying different
voltages on the out-of-plane electrode. A 50° (horizontal)
by 15° (vertical) steering range has been reported for
A = 1.55 pm.

3 | RESISTIVE ELECTRODE
CONFIGURATION

In the original Vescent Photonics' design, prismatic
electrodes are applied to provide the beam direction
change. In this configuration, beam direction changes
when refracting through each refractive index interface,
and such change depends on the prism apex angle and
refractive index contrast. When a larger beam steering
angle is desired, the prism apex angle can be enlarged,

(A)

FIGURE 3
electrodes. (B) LC refractive index distribution
(TM mode) when the left electrode is fully
turned on

(A) Top view of the prismatic

but the size of each prism is also magnified. Conse-
quently, it has limited freedom to shrink the form factor
of the beam steerer.

Here, we demonstrate a modified device configura-
tion, where instead of the prismatic electrodes, a resistive
electrode is employed to steer the beam in plane. As
shown in Figure 4, the resistive electrode is deposited
between two conductive electrodes. When one of the con-
ductive electrodes is applied with a high voltage and the
other is applied with a low voltage (slightly lower than
the threshold voltage), a gradient electric potential can be
established across the resistive electrode. An example of
refractive index distribution is plotted in Figure 4B,
where the refractive index gradually decreases from
bottom to top. This is achieved by applying a high voltage
on the bottom conductive electrode. Previously, many
have reported that an almost linear refractive index
change can be established across the resistive electrode
by carefully choosing the resistive materials.'”** In this
case, light direction change is no longer caused by
refracting through discrete refractive index contrast inter-
faces, but by continuous phase gradient accumulation. As
we will discuss later, the advantage of using resistive
electrode is its potential to reduce the form factor of the
device.

4 | DEVICE SIMULATIONS

To prove concept and compare the performance of these
two in-plane electrode designs, a series of numerical

Left electrode

Right electrode
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simulations are conducted using the finite-difference
time-domain method. The parameters used in our simu-
lation are listed as follows: the operation wavelength is
905 nm; the refractive index of the sub-cladding and core
is 1.6 and 2.0, respectively; a 20-nm alignment layer with
a refractive index of 1.5 is placed in between the wave-
guide core and LC cladding; the maximum birefringence
of LCs is 0.36; the ordinary refractive index of LCs is 1.50;
the thickness of the core is 400 nm. The choice of core
thickness considers single TM mode operation in the
waveguide.

In the simulation of the resistive electrode configura-
tion, the electrode width is assumed to be 60 pm and a
linear polar angle transition from 0° (parallel to wave-
guide) to 90° (perpendicular to waveguide) is established
under the resistive electrode. Note that a linear polar
angle transition does not correspond to a linear refractive
index transition in the cladding. The refractive index
transition can be obtained using the polar angle informa-
tion shown below?":

NoNe

Reff = .
\/ n2cos? a+ n? sin® a

(2)

In Equation 2, n, and n, stand for the ordinary and
extraordinary refractive indices of the LC, and a is the
polar angle.

Meanwhile, we also estimate the performance of the
prismatic electrode configuration and compare it with
the resistive electrode design. In the simulation, all the
prisms share the same shape and size: the prism apex

N

angle is 5° and the distance between two neighboring
prisms is 8 pm. To study the performance trend, a short
propagation distance of 24 pm is applied to both configu-
rations. The beam steering performance including
steering angle and power loss is plotted in Figure 5, as a
function of An.

As the LC birefringence increases, the steering angle
of the prismatic electrode configuration increases almost
linearly, while that of the resistive electrode design grows
even more rapidly. Apparently, for both configurations, a
higher An LC material is more favorable to increase the
steering angle within a limited space. Interestingly, the
resistive electrode design gains more from a higher An
LC material. On the other hand, light efficiency is also an
important indicator of the beam steering performance.
Since we are targeting at near IR beam steerers, the
intrinsic absorption loss from LC materials is negligible.*!
The light efficiency loss presented in the simulation is
mainly associated with the leaky modes in the wave-
guide, caused by interface refraction or gradual light
direction changes. From Figure 5B, the energy loss in the
resistive electrode design stays at a low level, whereas
that in the prismatic electrode design increases dramati-
cally as the LC An increases. This means, the prismatic
electrode design will be very energy-inefficient if a large
An LC material is employed.

The above simulation results are based on a propagat-
ing distance of 24 pm. In real cases, the propagating
distance is much longer, reaching the order of ~mm or
~cm. We confirmed by the simulation that if the propa-
gating distance increases, the steering angle enlarges
linearly if the steering angle remains smaller than 5°.
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FIGURE 5 (A) Simulated steering angles in a medium with a

refractive index of 2, as a function of LC An. (B) Simulated relative
energy loss of LC-cladding waveguides as a function of LC An.
Note that here the propagating distance is only 24 pm. In real cases,
a ~mm scale can be used

To further enlarge the steering angle, a modified resistive
electrode configuration can be employed, as will be dis-
cussed in next section. As a reference, a theoretical pre-
diction on the relationship between steering angle and
the arc length of resistive electrode is shown in Figure 6.
The horizontal dimension of the waveguide structure is
also depicted in Figure 6. Because we are using a curved
resistive electrode here, the horizontal dimension will
become smaller than the arc length of the resistive elec-
trode, especially for larger steering angles. Meanwhile, as
the propagating distance increases, the energy loss grows
exponentially, following Beer's law. Considering both the
steering angle range and optical efficiency, the resistive
electrode design with high An LC materials will be a
good choice. Fortunately, our group has developed
several high An LC materials. For LiDAR at A = 905 nm,
an LC An as large as ~0.355 can be expected,”” as
Figure 7 shows.
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FIGURE 6 A theoretical prediction of the arc length of the

resistive electrode and horizontal dimension of the waveguide as a
function of steering angle in a high refractive index medium
(n=2)
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FIGURE 7 Birefringence dispersion of a high An LC mixture
developed by our group
5 | DISCUSSION

Although the idea of the resistive electrode configuration
is numerically validated, some challenges still need to be
overcome. For example, in the simulation, we assume
that the resistive electrode is straight. This may be fine
for a small steering angle. If a larger steering angle is
needed, a straight resistive electrode may cause problems.
Since the guided beam will shift left/right while propa-
gating in the waveguide, after some propagation distance,
the beam could shift out of the resistive electrode area. A
possible solution is to design a left/right track using
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FIGURE 8 (A) Schematic of the curved
resistive electrode design for a larger steering

range. (B) Schematic of the refractive Fresnel

patterned resistive electrodes, as Figure 8A shows. In this
modified configuration, three electrodes are utilized. To
steer the beam to the left, a high voltage is applied to
steer-left electrode, and a low voltage (~threshold voltage
of LCs) is applied to steer-right and ground electrodes.
When the steer-left electrode is at on-state, the laser
beam will follow the designed track. While it is at inter-
mediate states (e.g., applied voltage < on-state voltage),
the beam will leak out the track by passing through the
ground electrode at some position. Ideally, by controlling
the steer-left electrode, the steering angle can be continu-
ously tuned. This working principle can be similarly
utilized to steer the beam to the right.

Another concern is the limited aperture. In our
simulation, an electrode width of 60 pm was assumed. If
the input beam size is large than 60 pm, only part of the
energy in the resistive electrode area will be modulated.
Even though simply increasing the resistive electrode
width may alleviate such limitation, the steering angle
will be decreased due to the reduced refractive
index gradient. A possible configuration to increase the
aperture is shown in Figure 8B. Instead of only one
resistive electrode, a group of resistive electrodes can be
designed. The working mechanism is similar to a
refractive Fresnel lens, where after each block of resis-
tive electrodes, the phase of light undergoes a reset. The
downside is the existence of flyback areas between two

1
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1
1
1
1
1
1
1
_______ 4
1
1
1
1
1
1
1
1
1
1
1
> 1
1
1
> 1
1
1
1
1
1
1
1
1
1

blocks, which will inevitably cause energy loss and some
beam profile distortion. Yet this trade-off needs to be
further evaluated.

6 | CONCLUSION

We proposed a resistive electrode-based LC cladding
waveguide for non-mechanical beam steering. Finite-
difference time-domain simulation models were
established to evaluate its performance. Compared to the
previous prismatic electrode design, our device shows
higher compatibility with high birefringence LC mate-
rials and thus can potentially achieve a more compact
beam steerer with a lower energy loss. We also proposed
some electrode designs to further enlarge the steering
range and acceptance aperture size. The resistive
electrode-based LC cladding waveguides can potentially
offer compact, fast-response, continuous, and wide-angle
laser beam steering features that are ideal for practical
applications such as LiDAR, near-eye displays, and
beyond.
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