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ABSTRACT
Recent and near-term advancements in our multi-level (analog) phase/amplitude liquid crystal spatial light modulators will be
presented. These advancements include higher resolution, smaller pixel pitch, planarized pixel pads, and higher speed
modulation for phase-only, amplitude-only, and phase-amplitude-coupled modulation. These devices have applications in
optical processing, optical storage, holographic display, and beam steering. Design criteria and experimental data will be
presented.
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1. INTRODUCTION
Boulder Nonlinear Systems (BNS) has made, and will continue to make, several advances in all components of our liquid
crystal Spatial Light Modulator (SLM) technology1,2,3,4. These include delivering working versions of our new 512x512
multi-level SLM, performing silicon foundry post-processing techniques to improve the optical quality of the 512x512 SLM,
significantly reducing the size of the 512x512 SLM drivers, developing a very-large-aperture transmissive 128x128 SLM for
atmospheric correction, achieving KHz phase-only modulation on a VLSI SLM, developing a 1x4096 linear array for beamsteering applications, and significantly improving the capability of our 128x128 multi-level SLM drivers.

2. 512 X 512 MULTI-LEVEL SLM
The BNS 512x512 multi-level SLMs are based on a 5-volt silicon backplane integrating both high-density electronics and the
reflective pixel pads. The silicon backplane is mounted in a ceramic Pin Grid Array (PGA) package and then wire bonded to
make electrical contact. The backplane is then covered with a glass window to form a precise uniform gap between the
backplane and the window. This gap can then be filled with either Ferroelectric Liquid Crystal (FLC) or Nematic Liquid
Crystal (NLC) to achieve the desired optical modulation effect. Figure 1 shows a picture of a 512x512 multi-level SLM.
Figure 2 shows sample images from a 512x512 FLC SLM and Figure 3 shows sample images from a 512x512 NLC SLM.

Figure 1 - 512x512 multi-level spatial light modulator.
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Figure 2 - Sample images of a 512x512 FLC SLM.

Figure 3 - Sample images of a 512x512 NLC SLM.

The current device has 512x512 pixels with a 15-µm pitch for a total active area of 7.68x7.68-mm. The fill factor of each
pixel is approximately 60%, however due to the relative ratio of the pixel pitch to the silicon foundry process size much of the
pixel pad has varying underlying structures. These underlying structures combined with the conformal nature of each layer of
the process results in much of the pixel pad being quite rough, diffracting light into higher orders. The approximate “flat” fill
factor is only 20 to 25%. A recently awarded project will be reducing the pixel pitch to 1/2 or 1/3 of the existing pitch while
also decreasing the foundry process size. This will result in a net increase in the pixel pitch to process size ratio yielding
improved pixel pad flatness. Foundry planarization techniques will also be utilized to improve the optical flatness of the new
devices. A CAD representation of a few of these new pixels is shown in Figure 4.

Figure 4 - CAD representation of the new 512x512 pixel design. The image shows a 3x3 block of pixels. The hatched area represents the
flat pixel pad reflector.

A recent project performed post-foundry planarization techniques in an effort to improve the optical quality of the existing
512x512 SLMs. A new planar layer was placed on top of the existing circuitry, then new metal pixel pads were deposited on
this planar layer. Figure 5 shows a small region of a planarized 512x512 SLM. Note the missing planar pixel that reveals the
original rough pixel pad underneath. Light efficiency measurements have shown an approximate five fold increase in optical
throughput versus the unplanarized 512x512 SLM.

Figure 5 - Small region of a 512x512 planarized SLM. Note the missing planar pixel that reveals the original rough pixel pad underneath.

The existing 512x512 drive electronics supports two frames of storage at 4-bits per pixel. The SLM is refreshed at a 4-KHz
frame rate but is limited to a 1-KHz new image rate. BNS will also begin to develop a complete new set of drive electronics.
This new set is planned to drive the SLM at the same 4-KHz refresh rate and 1-KHz new image rate, but it will utilize 8-bits
per pixel instead of the current 4-bits. In addition, the on-board storage will increase from two frames to 1024 frames, and
implement an external high-speed bus for fast image loading from cameras, frame grabbers, or other digital data sources.
Another recently started project is looking into ways to reduce the size and power of the 512x512 driver boards for space
applications. The initial concept will be to combine on-board dual-port RAM memory on the same VLSI chip with the
Digital to Analog Converters (DAC). This design will also convert the SRAM into a new smaller size, lower power memory

design that will be much better for space applications. This combination RAMDAC chip will result in a significant reduction
in the overall size of the driver board by combining the functionality of several discrete components into a single chip. These
discrete components also have a very high pin count requiring a significant amount of PCB real estate solely for signal
routing. The combination of the RAM and DAC circuits onto a single chip will greatly reduce this pin count. Essentially,
what is now a 12” x 12” driver board will be reduced to only a handful of chips, the number of which is yet to be determined
pending the density that is obtained with a single RAMDAC circuit.

3. 128 X 128 MULTI-LEVEL SLM
BNS has been producing the 128x128 multi-level SLM for several years and has continually been improving on the
technology. This SLM is a reflective VLSI SLM utilizing a pixel pitch of 40-µm with a flat area fill-factor of approximately
60%. The SLM can be filled with either FLC or NLC depending on the desired modulation properties. The FLC is best for
high-speed real-axis modulation, up to 2200-Hz including both true and inverse images to DC balance the liquid crystal. The
NLC is best for slower phase-only modulation, approximately 200-Hz for a 2-π modulator in the red. A 128x128 multi-level
SLM is shown in Figure 6 along with the mount board.

Figure 6 - 128x128 multi-level SLM and associated mount board.

The SLM mount board also contains several Op-Amp circuits for the SLM data lines. One recent improvement was to
redesign the mount board such that the Op-Amp circuits are located on a small board and the SLM is then connected to this
board via a flexible circuit cable. The previous design resulted in slight mechanical warping of the mount board, due to the
temperature of the Op-Amp circuits. This warping, even though slight, can cause severe problems in alignment critical
systems such as interferometers or optical correlators. The new design with an Op-Amp board and flex-cable allows the SLM
to be mechanically isolated from the Op-Amps, which should eliminate any thermal induced alignment errors. This new flexcable, shown in Figure 7, also allows for a much smaller optical head, approximately the size of the ceramic PGA package.

Figure 7 - CAD representation of the new flex-cable for the 128x128 multi-level SLM.

The 128x128 multi-level SLM drivers have also been completely redesigned. There were three different drivers, an 8-bit
driver with eight frames of memory, a 4-bit driver with 32 frames of memory, and an 8-bit driver with a high-speed camera
interface. The new concept utilizes a single ISA-bus driver with multiple functionality. This new driver will have 8-bits per
pixel with 256 frames of memory. In addition, it will contain an external 8-bit or 32-bit data port that can interface directly to
a Dalsa 128x128 830-Hz CCD camera to feed real-time video directly to the SLM. This external data port can also be
reprogrammed in hardware to interface to a variety of digital data sources.
The new driver will refresh the SLM at a
9.7-KHz rate and the new image rate can be as high as 2.4-KHz. This driver is also designed for use in a dual-SLM
configuration, such as an optical correlator. In this configuration, the signals on the two driver boards will be synchronized
with each other.

4. LARGE APERTURE 128 X 128 MULTI-LEVEL SLM
BNS is also developing a large aperture 128 x 128 pixel multi-level SLM for use in atmospheric correction applications. The
device will have a pixel pitch of 0.030” and an active area of 3.84” x 3.84” and can be either reflective or transmissive. The
device will utilize a new high-speed FLC phase modulation technique that BNS has developed. This technique will yield up
to 2-π of phase-only modulation with liquid crystal response time of approximately 200-µs. The SLM will utilize a passive
matrix drive scheme for addressing the individual pixels. A prototype large aperture 16 x 16 pixel SLM with a 0.060” pixel
pitch is shown in Figure 8 driven with an X’s and O’s pattern.

Figure 8 - Large aperture 16x16 pixel prototype SLM driven with X's and O's image.

5. LINEAR ARRAYS
BNS is currently developing a liquid crystal on silicon (VLSI) beam-steering device. This is a one-dimensional diffractive
beam-steerer with 4096 pixels in a linear array. The pixel pads are 0.9-µm wide separated by 0.9-µm gaps, resulting in a
pitch of 1.8-µm, and an active area of 7.4-mm square. The optical efficiency is on the order of 50%. These arrays will be
filled with NLC to achieve one full wave of phase modulation at the desired wavelength. The array is a multi-level device
with an 8-bit per pixel driver. The driver interfaces to a standard ISA bus and loads the array at a 10-KHz frame rate.

Figure 9 - A portion of the 1x4096 VLSI beam-steerer being driven with a periodic wedge pattern with 256 pixels per period.

A second device BNS is developing is a beam-steerer based on a 1x1024 array of transparent electrodes. For this design the
electrode pitch will be 18-µm (15-µm lines and 3-µm spaces). The lines will be 4-mm long. Beam deflectors based on this
array will have the option of using liquid crystal materials that exhibit sub-millisecond response times. This structure can
also be used for transmission mode applications.

6. MODULATION PROPERTIES
The control of light propagation with dynamic diffractive optical elements is useful in a number of applications. Spot
generation for directing light signals to disparate destinations is needed for dynamic optical interconnects. Fresnel-lens
generation for controlling focal plane distance is useful for non-mechanically addressing multi-layer optical disks. Wavefront correction, where adaptive optics compensate atmospheric induced aberrations, is primarily used in the large earth-based
observatories, but there is also application for this type of technology in medical and industrial environments.
There exist two types of phase-only beam-steering SLMs, deformable mirrors and NLC arrays, but both are optical path
difference (OPD) modulators. For OPD modulation, the phase ramp for different wavelengths becomes distorted, since the
path length difference that produces a certain phase shift for red light is not the same path difference needed for blue light.
That is, blue light is phase shifted more than red light by the same path difference. This is true for deformable mirrors as well
as NLC devices. However, the problem is worse for NLC phase shifters, because the dispersion of the NLC material
amplifies the problem.
BNS has developed a technique for achieving a non-dispersive full-wave phase shifter. A phase shifter based on polarization
modulation is implemented by rotation of the optic axis of a half-wave retarder in a plane transverse to the propagation of a
circularly polarized field. On transmission through the retarder, the circularly polarized source undergoes a handedness
change as well as a phase change equal to twice the angle of the half-wave retarder rotation. Some high molecular tilt FLC
mixtures yield a molecular tilt of ±45°. By combining two high-tilt FLC cells one can obtain ±180° of topological phase shift
regardless of the incident wavelength. This same effect can also be achieved in a reflection mode device if the mirror
preserves the handedness of the circular polarization5. In this case the beam undergoes the same phase shift in the first and
second passes through the high-tilt FLC layer. Without a handedness-preserving mirror, the phase shift achieved in the first
pass would merely be cancelled in the second pass. BNS has successfully demonstrated this technique in glass cells as well as
on a reflective VLSI backplane. BNS recently implemented this technique on a 128 x 128 multi-level SLM by applying a
quarter-wave retarder to the reflective surface of the SLM prior to gapping and filling the device with a high-tilt FLC mixture.
The device was then driven as a single pixel modulator by tying all the pixel voltages to ground and modulating the coverglass with an AC signal. The device was then tested in a Michelson interferometer to verify the modulation properties.
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