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ABSTRACT

We are presenting a novel electro-optic architecture for non-mechanical laser beam steering with a demonstrated 80
degrees of steering in a chip-scale package. To our knowledge this is the largest angular coverage ever achieved by
non-mechanical means. Even higher angular deflections are possible with our architecture both in the plane of the
waveguide and out of the waveguide plane. In the present paper we describe the steering in the plane of the waveguide
leaving the out-of-plane scanning mechanism to be detailed in a subsequent publication. In order to realize this
performance we exploit an entirely new electro-optic architecture. Specifically, we utilize liquid crystals (LCs), which
have the largest known electro-optic response, as an active cladding layer in an LC-waveguide geometry. This
architecture exploits the benefits of liquid crystals (large tunable index), while circumventing historic LC limitations.
LC-waveguides provide unprecedented macroscopic (>1 mm) electro-optic phase delays. When combined with
patterned electrodes, this provides a truly analog, “Snell’s-law-type” beam-steerer. With only two control electrodes we
have realized an 80 degree field of view for 1550 nm light. Furthermore, the waveguide geometry keeps the light from
ever coming into contact with an ITO electrode, thereby permitting high optical power transmission. Finally, the beam-
steering devices have sub-millisecond response times.
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1. INTRODUCTION: A NEW ELECTRO OPTIC LASER SCANNER

Using our innovative electro-optic (EO) waveguide architecture we developed a novel laser scanning device achieving
unprecedented angular deflection in a chip-scale package. Wide angular coverage (> +/- 40°) is demonstrated with
ultra-low power consumption (microwatts), high scanning speed (< 1 msec), and analog resolution.

Many new applications require strict limitations in size, weight, and power (SWAP) rendering classic opto-mechanic
solutions as inoperative. At less than 15 grams our beam steering solution satisfies even the most stringent requirements
with respect to weight, while the ultra-low power consumption ensures hours of autonomous battery operation.
Moreover, the immunity to vibrations intrinsic to our EO architecture creates a net advantage over alternative
mechanical beamsteering solutions. Pictures of some EO-beamsteering devices are shown in Figure 1 and performance
attributes are summarized in Table 1.
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Figure 1: Pictures of Vescent EO beamsteering devices. On left is a packaged device wherein a fiber laser output is
controllably voltage steered. In the middle are frames from a movie showing a steered IR spot across a parking lot.
On the right is a close up image of the active optical control element, illustrating the simple and compact design.
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Table 1: Performance Attributes of the new Vescent Photonics EO Beamsteerer.

Attribute Performance
Size Compact and Conformal: < 5 cm® optical head
Weight < 15 grams for optical head
Operating Power <100 pWatts
Angular Coverage > +40° for 1-D sweeps
Transmission > 80%
Control Speed < 1 millisecond (full FOV)
Steering Resolution Analog control (> 800 resolvable spots possible)

2. THE ENABLING INNOVATION

The challenge of non-mechanical beam control is a long-standing one,'™® and has been the subject of extensive past
efforts (e.g., The Steered Agile Beam or STAB project’ funded by DARPA in 2000). A diverse array of technical
approaches have been directed toward this problem including: i) planar electro-optic prisms constructed from KTP,"
Lithium Niobate," ferroelectric domain LiTaOs,” " and electro-optic polymers,'?, ii) thermo-optic planar prisms,"

iii) diffractive liquid crystal phased arrays™*®, and iv) diffractive acousto-optic techniques'®. Each of these approaches
has advantages and drawbacks. Electro-optic crystals are very fast but have extremely small electro-optic coefficients,
which means very small steering angles and kilovolts to operate. Furthermore, EO crystals are quite expensive. Liquid-
crystal optical-phased array beamsteerers tend to be slow, provide non-continuous diffractive steering, and have a very
limited steering range because thick LC layers are problematic. Acousto-optic beamsteerers have a larger steering range
but are also diffractive, require very large power and expensive crystals.

Our approach utilizes a new electro-optic architecture that provides unprecedented voltage control over optical phase,
which in turn enables a new generation of low-cost EO laser scanners.

2.1. Giant control over optical phase: LC-waveguides
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Figure 2: A Typical LC-Optic, such as is used in the
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adjacent these alignment layers (adjacent to the electrodes in Figure 2) are highly ordered, which means low scattering
loss, and fast. If one were to make the LC cell thicker, the bulk LC material (middle section in Figure 2) would become
prohibitively slow and opaque. Therefore, even though the LC material has a tremendous electro-optic effect, the
necessarily short interaction length mitigates this effect. In order to circumvent these limitations we have invented and
are developing the LC-clad waveguide architecture, as shown in Figure 3.
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Figure 3: A) The basic geometry of an LC-waveguide. The light is confined to a core and the LC is an electro-optic upper
cladding. As the index of refraction of the upper cladding is tuned the “effective index” of the guided mode is also tuned. B)
A side view of a liquid crystal waveguide. In a slab waveguide the light is guided in the x dimension, but is free to
propagate as Gaussian beams, sheets, or even 1D images in the plane.

Rather than transmit through an LC cell, which by design must be thin (typically <20 um), we utilize the LC as an
active cladding layer in a waveguide architecture, i.e., the light skims along the surface of an LC layer, as shown in
Figure 3. This electro-evanescent architecture circumvents limitations of traditional LC-optics: i) the light never crosses
a transparent electrode, ii) the light only interacts with the well-behaved LC-surface layer via the evanescent field, and
iii) the interaction length is now decoupled from the LC-layer thickness.

For a given liquid crystal and waveguide structure, we can model the LC upper cladding and the voltage dependent field
profile of the guided light. This is shown in the top of Figure 4. Specifically, our model includes: LC surface energy,
pre-tilt, elastic coefficients of the LC, electrical properties of the LC (dielectric constants), optical properties of the LC
(birefringence), electrode spacing, and electrical properties of the waveguide materials. With this information we can
numerically solve for the LC upper cladding index profile as a function of voltage, following an established routine
outlined by S. T. Wu."” Then, for a given index profile we can solve Maxwell’s equation for the guided mode and
determine the effective index. The index modulation is the magnitude of the difference between the effective index at
zero volts and the effective index and a higher voltage. This model does an excellent job of predicting the experimental

results. Furthermore, the model shows that An off = 0.05 is possible by using highly-birefringent liquid crystals and by

keeping the ratio of core thickness to wavelength less than one. While this represents a four-fold decrease in
birefringence from the raw liquid crystal, this is more than offset by a possible 10,000-fold increase in the interaction
length.
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Figure 4: The bottom traces show the calculated index Figure 5: The performance of an LC waveguide filled with a
profile of an LC clad waveguide for different applied nematic liquid crystal with a birefringence of about An~0.2.
voltages. As the voltage is increased the index of the A) The transmission of the LC waveguide between
upper cladding also increases. The top traces show the polarizers. The figure was recorded over a longer sweep
intensity profile for TM light as a function of voltage. time so that individual waves could be observed. B) The
This was obtained by direct solving of Maxwell’s tunable optical phase delay versus applied voltage. For this
equations for the waveguide boundary conditions. device greater than one millimeter of OPD was achieved.

Example operation of a device is given in Figure 5. This device exhibited more than 1 millimeter of voltage tunability
over optical phase. We know of no other technology that can provide similar performance. Furthermore, the LC
waveguide switching time is faster than normal liquid crystals by about one order of magnitude. Typical relaxation times
for LC waveguides are on the order of 500 pusec.

2.2. Using LC-waveguides to make new EO laser scanners

LC-waveguides provide an entirely new approach to electro-optic laser-beamscanning.'® The basic concept is shown in
Figure 6 wherein a lithographically patterned electrode provides a 1-D prism whose refractive index can be tuned
relative to the surrounding area, providing truly analog steering, i.e., it is not diffractive. This lithographically patterned
electrode is similar to, albeit much simpler than, the patterned electrodes required for traditional liquid crystal displays.
In principle, the pointing precision is only limited by the noise on the control voltage.

To alter the optical functionality one may simply alter the lithographic pattern. The simple example of Figure 6 is for
beam deflection, since it contains a non-normal interface. One could also include curved or otherwise shaped interfaces
for focusing and/or aberration correction, translation, filtering, or any number of other functions. Figure 7 shows two
pertinent examples of lithographically patterned electrodes and how they could be integrated onto a single device.
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Figure 6: A 1-D LC-waveguide beamsteerer. A single control voltage is applied to a prism-shaped electrode
having a non-normal interface to the beam propagation direction. As voltage is applied, the index under the
patterned electrode is changed relative to the surrounding area and the beam is steered via Snell’s law refraction.
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Figure 7: Examples of electrode patterns for different optical functionality. A) A multiple refractive element
electrode for increased angular deflection. B) Focusing and conditioning elements for controlling the transmitted
wavefront. C) An example of how these might be integrated onto a single adaptive-scanner optical chip.
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3. DEVICE PERFORMANCE

3.1. 80° of analog electro-optic deflection

We have designed and built several prototype LC-waveguide beamsteerers. In order to realize a larger deflection angle
each steer electrode is patterned to have multiple interfaces in series. In this way the amount of deflection is
accumulated along the length of the waveguide. The vertical dimensions of the later electrodes may be expanded to
prevent optical clipping of the steered beam.” An example of a multiple interface electrode pattern is shown in Figure
8A. A picture of a prototype waveguide device is shown in Figure 8B, and Figure 8C shows the performance as viewed
with a high-gain InGaAs CCD camera. A small amount of non-steered light was deliberately allowed onto the exit card,
s0 an accurate beamsteering angle could be measured. This device exhibited a total analog steer range of over 80° for a
1 mm input aperture, with only two control electrodes. To our knowledge this is the largest electro-optic steering ever
realized for a two-electrode device. Performance examples of LC-waveguide beamsteerer devices are shown in several
short videos online'.
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Figure 8: A) The lithographically patterned electrode for controlling beam deflection. B) A picture of a large-
angle electro-optic beamsteerer. The red lines are drawn to help guide the eye. This device was made on Si, but it
could have been made on glass. C) Images recorded with an InGaAs CCD camera of the prototype beamsteerer in
action. The device produced 80° (+ 40 °of non-mechanical beamsteering, with only two control voltages).

3.2. Robust photonic packaging for field deployment

In order for these devices to be useful they must be constructed in a robust package that is suitable for field deployment.
We have packaged these devices with a standard FC fiber connector input and a voltage scanned tunable deflection
output, as illustrated in Figure 9. The active optical waveguide device is mounted on a ceramic base that serves as both
structural support and thermal heat spreading for optional temperature control. Also mounted to the ceramic base are the
in-coupling optics and a collimating output lens. The user may control the angle of deflection of the near-diffraction
limited output beam via the control electronics. Images of a typical output beam profile are shown in Figure 10.

T http://www.vescentphotonics.com/SEEOR.html
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Figure 9: Example of prototype device construction and packaging. The LC-waveguide EO beamsteerer is
mounted on a ceramic base, which also holds input coupling optics and an output collimation lens. The user
provides a fiberdized light source, which is directly coupled into the device via an FC connector. The output
beam is a near-diffraction limited collimated spot the propagation direction of which may be voltage selected by
the user.

Output Beam Profiles for Near-IR Light

Figure 10: Image scans of a typical near-IR output beam profile from an LC-waveguide EO laser scanner.

The switching speed of liquid crystal devices is generally limited by the “voltage-off” relaxation time. As already
mentioned for the LC-waveguide architecture this is greatly reduced due to the close proximity of the liquid crystal
molecules to the surface alignment layer. Figure 11 shows two characteristic temporal responses for an LC-waveguide
beamsteerer. On the left a photo-diode is placed to detect the maximally steered beam. The voltage is switched on and
the beam arrival from no-deflection to maximum-deflection is recorded. As it can be seen the temporal response is
approximately 50 pusec. On the right of Figure 11 the same experiment is repeated except that the beam is now relaxed
from a maximum-deflection to a no-deflection point. Even though this operation requires the longest response time of
the device, the transition time of < 600 psec still ensures a > 1 kHz full scan rate. This is also the worst-case scenario for
random access transition times. If required, optimization of both the LC-waveguide and the electronics can significantly
improve upon the speed.
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