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ABSTRACT

A new electro-optic waveguide platform, which provides unprecedented electro-optical phase delays (> 1mm), with very
low loss (< 0.5 dB/cm) and rapid response time (sub millisecond), is presented. This technology, developed by Vescent
Photonics, is based upon a unique liquid-crystal waveguide geometry, which exploits the tremendous electro-optic
response of liquid crystals while circumventing historic limitations of liquid crystals. The exceedingly large optical
phase delays accessible with this technology enable the design and construction of a new class of previously unrealizable
photonic devices. Examples include: a 1-D non-mechanical, analog beamsteerer with an 80° field of regard, a chip-scale
widely tunable laser, a chip-scale Fourier transform spectrometer (< 5 nm resolution demonstrated), widely tunable
micro-ring resonators, tunable lenses, ultra-low power (< 5 microWatts) optical switches, true optical time delay (up to
10 ns), and many more. All of these devices may benefit from established manufacturing technologies and ultimately
may be as inexpensive as a calculator display. Furthermore, this new integrated photonic architecture has applications
in a wide array of commercial and defense markets including: remote sensing, micro-LADAR, OCT, laser illumination,
phased array radar, optical communications, etc. Performance attributes of several example devices are presented.
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1. INTRODUCTION

Numerous applications require active control over light including: robotic-vision, optical computing,
telecommunications, holographic data-storage, remote sensing, cold-atom optics, industrial process analysis, and many
more. In response to this need a diverse array of technologies have been investigated and developed over the past
several decades: micro-electro mechanical systems (MEMs),' photonic crystals,” thermo-optics,’ and electro-optic
materials such as inorganic crystals and organic poled-polymers.* While tremendous progress has been made, there are
still numerous applications, such as beamsteering and large optical phase delay, where bulky and power-consumptive
macroscopic opto-mechanical techniques are still the best. This is, at least in part, because typical electro-optic
approaches do not realize sufficient control over light (R matrix values of typically < 100 pm/V) to replace traditional
opto-mechanics. MEMs techniques are still inherently mechanical, which imposes vibration and inertia design
challenges, and developing MEMs architectures that provide macroscopic (> 1mm) control over optical phase has been
challenging.

Vescent’s proprietary liquid-crystal(LC) waveguide architecture®” provides unprecedented voltage control over optical
phase (> 1 mm), orders of magnitude more than any other technology, e.g., liquid crystal optical phased arrays '° or
MEMs. This previously unrealizable level of control makes possible new devices with remarkable performance
attributes. To date we have demonstrated: ultra-wide field of view (80°) non-mechanical laser beamsteerers, FTIR
spectrometers on a chip with < 5 nm resolution, chip-scale widely tunable lasers (nearly 40 nm tunability demonstrated),
ultra-low power (< 5 uWatts) tunable micro-ring filters and Mach-Zehnder switches, and many more. All of these
devices may be in small LCD-like packages that can ultimately be as low cost as a calculator display.
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2. THE ENABLING INNOVATION

Over the past several decades one of the most technically and commercially successful approaches for light control has
been liquid-crystal (LC) optics. LCs have the world largest electro-optic response (An > 0.2 over 5 volts for a typical
LC, which corresponds to 10>-10° pm/V, i.e., several orders of magnitude larger than any other approach), are
environmentally stable, amenable to high-volume manufacturing, and inexpensive.'' This has enabled the now > $50
billion a year display market. A typical “display-like” LC-optic is shown in Figure 1. The light traverses a thin (< 20
um) LC layer that is sandwiched between glass
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circumvent these limitations we have invented and are
developing the LC-clad waveguide architecture.

2.1. Giant control over optical phase: LC-waveguides

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 2. 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 have modeled the LC upper cladding and the voltage dependent
field profile of the guided light. This is shown in Figure 3. 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 have
numerically solved 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 solve Maxwell’s equation for the guided mode and determine
the effective waveguide 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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