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ABSTRACT

New devices and approaches are being developed for controlling beam direction and shape using liquid
crystal based assemblies. This paper discusses recent advancements in these areas including improvements
in zero-order diffraction efficiency, broadband wide field-of-regard steering, wavefront correction using
in-line configurations and high average power handling.
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1. INTRODUCTION

Liquid-crystal spatial light modulators (SLMs) are capable of dynamically generating high-resolution
phase masks. This capability is useful for steering the field of view of passive and active imaging
systems,>** providing spatially diverse links from a common aperture for multi-access free-space optical
communications,*® producing and manipulating multiple spots to function as agile laser tweezers®"® as
well as performing higher-order modal or zonal wavefront control for correcting®'®***? or simulating®>**
atmospheric distortion. There are different requirements for each application, but the trend to improve
efficiency and power handling, increase spectral range and operating speed, and develop compact, in-line
configurationsis beneficial for both wavefront control and beam steering.

Pixelated SLMs diffract light into higher orders, which reduces device efficiency and causes sidelobe
interference. Therefore, it is desirable to maximize the zero-order efficiency of the modulator, which is
directly related to the square of the fill factor. A technique that increases the fill factor of liquid crystal on
silicon (LCoS) devices to nearly 100% has been developed and demonstrated. Its objective is to remove
reflector discontinuities and smooth pixel-to-pixel phase transitions allowing the device to operate as a
continuous deformable mirror. At each pixel, the phase modulator provides 0 to 2r of optica path
difference (OPD) without being strongly influenced by neighboring pixels (i.e. negligible cross talk). No
cross talk between pixels maximizes modulator resolution and simplifies wavefront control. In addition to
increasing zero-order efficiency, the fill factor improvement increases power handling.

To obtain a large effective phase shift of several waves (or several hundred waves for steering beams), a
LC SLM has to use modulo-2r modulation, which correctly wraps the phase pattern at only one
wavelength. Therefore, an OPD SLM with limited stroke is dispersive when used with a broadband
source. To increase the spectral operating range of LC SLMs, non-dispersive phase modulators using
polarization rotation are being developed.™ The use of the non-dispersive phase shifter coupled with an
achromatic transformer provides broadband operation.’® A visible system with achromatic operation over
400 nm to 800 nm has been demonstrated using limited-stroke modulators.*” To provide a full wave of
stroke, a high-tilt analog ferroelectric LC modulator is used.® Fortunately, the ferroelectric LC has sub-
millisecond response, but it requires higher voltage addressing which limits backplane resolution.
Therefore, the technique needs to be combined with coarse steering assemblies to provide wide field-of-
view coverage. A broadband coarse steerer that provides 52° of steering™ is discussed.



The enhancements mentioned above are best implemented using reflective mode-devices. With areflective
configuration, two passes through the modulator doubles the effect, allowing the LC modulator to be
thinner. A thinner LC layer reduces response time and cross talk. Also, the double pass is needed for
converting +45° of tilt into a full wave of stroke or providing polarization-independent modulation using a
single device® In some applications, however, reflective configurations pose a problem, since optical
systems are generally more compact using transmissive components.”? This paper discusses some of the
in-line configurations used to minimize the impact of using reflective devicesin an optical assembly.

2. HIGH FILL FACTOR SLMS

The pixelation of a raw LCoS backplane, as shown in Figure 1, produces strong amplitude variations.
Since little light is reflected from the inter-pixel spacing, the pixel gap represents a loss factor. However,
this is not the only problem. The spatia variation causes the Fourier transform of the phase pattern
produced by the SLM to be replicated at the harmonics associated with the pixel pitch. In some systems,
these replicated patterns can be blocked and the diffraction is mostly an efficiency hit (power loss= 1 —
(fill factor)?). If the higher harmonics cannot be blocked, the pixelation produces artifacts that reduce
image contrast or cause sidelobe interference. Therefore, it is desirable to maximize the output energy in
the central replica (i.e. the zero-order). This output is maximized by:

1) making the pixel mirror fill the whole areato achieve a 100% fill factor, and

2) making as much of the mirror the same physical level (minimize optical phase variations).

Figure 1: Pixelated LCoS SLM backplane.

Within the high-volume fabrication process of typical display backplanes, fill factor is normally maximized
by using high-resolution lithography to keep the pixel gap small. With custom processing, dielectric
coatings can be deposited onto planarized backplanes to achieve a nearly 100% flat fill factor (refer to
Figure 2). Planarization removes most of the pixel-to-pixel topography and the dielectric mirror provides
uniform reflectance over the surface of the backplane, hiding the electrode structure. The modified
backplane acts as a continuous flat reflector with the incident light being affected only by the optical path
difference (OPD) produced by the liquid crystal (LC) layer covering the mirror. The field that controls the
OPD modulator is created by the pixel electrodes that are hidden by the dielectric stack. There are gaps
between these electrodes, but the addressing fields spread to fill in the area between pixels as they traverse
the modulator stack. This spreading smoothes the phase profile created by the modulator. Therefore, there
islittle dead space between pixels. However, the smoothing causes some cross talk between pixels, also.
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Figure2: High throughput configuration for LCoS SLM.

The cross talk between pixels is a function of the modulator gap (i.e. the distance of the pixel electrode to
coverglass electrode). This modulator gap with respect to the width of a pixel and the inter-pixel gap has a
profound effect on the ability to convert the field at the electrode into a precise phase shift. The electric
field smoothing, mentioned above, acts as a low pass filter causing discrete steps at each element to be
smeared out spatialy over alarger area. That is, there is some influence between pixels. This influence
function makes the phase pattern more continuous and is beneficial when the phase variation is within the
range of the LC modulator. Unfortunately, LC modulators have limited stroke and require modulo-2r
operation to effectively produce large phase variations. With modulo-2rt operation, the LC modulator
needs to be abruptly reset where the phase pattern wraps. That is, the OPD changes by a full wave to retain
pattern coherency. This abrupt change is prevented by the pixel-to-pixel influence producing an effect
which is sometimes referred to as flyback.

Reduction of the flyback region is possible by using different material properties of liquid crystal. An
obvious property that helpsin this effort is the birefringence of the material. A highly birefringent material
reduces the LC layer thickness needed to achieve 2r of phase modulation. Fortunately, there is very little
down side to using the highest birefringence material available that meets device requirements. In addition
to birefringence, other LC properties are useful for reducing the flyback effect, such as the elastic and
electrical parameters of the material. These parameters affect the threshold voltage of the material.

For a parallel-aligned cell, the threshold voltage, Vy,, is afunction of the elastic constant, K4, that keeps the
molecules aligned parallel to the cell’s surface and the difference, Ag, in the perpendicular and parallel
dielectric constants of the LC material as given by*

Vy, =Kyl g,A¢ 1

where g, is the permittivity of free space.

At the threshold voltage, a small change in voltage produces arelatively large change in phase modulation
as shown in Figure 3. This nonlinear transition is aided by using an alignment with no pre-tilt of the
molecules. That is, all the long axes of the molecules are parallel with the surfaces of the cell. This
arrangement reduces coupling to the field, keeping the molecules from rotating until the threshold voltage
isexceeded. Afteritisexceeded, the bulk of the molecules rotate into the field producing alarge change in
retardance. This nonlinear optical response tends to counteract electrical smoothing and reduce the flyback
region.
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Figure3: Response curvefor a nematic parallel-aligned liquid crystal cell

If it is assumed that the field drops off linearly over a set distance, then the benefit of using the threshold
effect to reduce flyback is easy to illustrate. The set distance is assumed to be equal to the gap between the
pixel electrode and transparent electrode, which is approximately 5 microns for a 633 nm device. Because
of the dielectric stack, a mirrored LCoS SLM operating at 633nm typically requires a 5-volt field to
achieve a full wave of stroke. Therefore, a modulator, which has a 3-volt threshold, will restrict the
flyback region to two microns. Where as, a modulator with a 1-volt threshold will have an extended
flyback region of four microns. Within the flyback region, the intended phase pattern is disrupted, which
causes the reflected light to be diffracted into undesirable sidelobes. Hence, alarger flyback resultsin less
modulator efficiency and more sidel obe interference.

To keep flyback to a minimum, it is necessary to address the SLM with data that correctly localizes the
modulo-2r phase wrap to two adjacent pixels. Thislocalization requires the pixel array to capture voltage
values that are specifically mapped to particular pixels. If there is not one-to-one mapping, due to
sampling skew for example, the cross talk between pixels extends the flyback region over several pixels.
Therefore, negligible cross talk maximizes modulator resolution and simplifies phase pattern generation
(i.e. wavefront control).

In addition to increasing zero-order efficiency, the dielectric mirror improves power handling by blocking
the light that causes photoconduction within the backplane. Without photoconduction depleting the
addressing field, LCoS SLM power handling is greatly increased. The primary power handling issue then
becomes one of heating. Heating is due to absorption with the major contributor being the transparent
conductor on the coverglass. Transparent conductors with very little absorption have been devel oped,
alowing LC SLMsto handle very high average power levels®*

3. BROADBAND OPERATION

By hiding the electrode structure under a dielectric stack, higher order diffraction is greatly reduced.
However, this does not allow the SLM to correctly handle broadband light. The phase wraps produced by
the OPD modulator are wavelength dependent. Thus, the phase pattern is only continuous at one design
wavelength and broadband light is angularly dispersed by the discontinuous phase pattern. A key element
for producing high-resolution, broadband dynamic wavefront control is a low dispersion spatia light
modulator. Non-dispersive phase modulation with an analog modulation depth of up to 2r is achieved
using the SLM configuration shown in Figure 4.
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Figure 4: Non-dispersive, high-speed phase modulator configuration for LCoS SLM.

Figure 4 is cross section of LCoS SLM that uses optic axis reorientation to provide a topological (i.e.
achromatic) phase shift. This modulator requires highly-reflective pixels and is optically flat over the area
of the array. Above the mirrors is a passive quarter-wave retarder which preserves the handedness of the
circularly polarized light incident on the modulator. This passive retarder is a polymer nematic liquid
crystal (PNLC). A barrier layer separates the polymer LC from the active half-wave retarder. This barrier
layer is a thin passivation that protects the solid nematic material from being dissolved by the ferroelectric
liquid crystal (FLC) layer that is used for the active wave-plate.

The topological phase modulator design presented above requires a rotative half-wave FLC retarder. With
an analog FLC modulator, sub-millisecond response is achievable from the SLM. However, the FLC
retarder ideally should have a full molecular rotation angle of 90° to provide a full 2n phase shift. The
molecular tilt is a function of the material being used. The only FLC that has sufficient tilt is a chira
smectic C (SmC*) material.

It is a common belief that SMC* materials are inappropriate for analog SLMs, because despite their large
tilt angles and low voltage requirements, their switching tends to be binary in nature. However, it is now
known and has been demonstrated that certain SmC* materials exhibit a controllable analog optical
response™ (refer to Figure 5).
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Figure 5: Optic axis orientation as a function of applied voltage at 1 Hz. Here the integrated
modulator is configured to switch as a single pixel. Orientation of the optic axis relative to the zero
field stateisdenoted by al or a2, each representing a different polarity.



Figure 5isaplot of the optical response for a 1 Hz square wave applied to the integrated modulator. The
integrated modulator consists of VLS| backplane, passive PNLC A/4 retarder, active FLC A/2 retarder and
ITO-coated coverglass. The 78 degrees of optic axis reorientation translates to a phase modulation depth
of 312 degrees. Thisis enough to implement 7 uniformly spaced quantized phase levels. The FLC used
has a theoretical maximum reorientation of 86 degrees, but materials exist which can reorient by as much
as 96 degrees.

Unfortunately, a non-dispersive phase shifter is not the only requirement for providing high-resolution
wavefront control of a broadband source. The non-dispersive phase modulator only eliminates
wavelength-dependent OPD problems. Since the configuration shown in Figure 4 provides a common
phase shift for all wavelengths over a common distance, reflected broadband light is linearly dispersed by
the modulator. To correct the angular dispersion, an achromatic Fourier transform (AFT) lens is
needed.25,26

With an achromatic Fourier transform lens the grating dispersion is corrected causing the diffracted orders
to be focused to adot, asin Figures 6 (b) and 7 (b), instead of a dash, seenin Figures 6 (a) and 7 (a). The
AFT is actualy a lens system consisting of several elements. This lens system uses diffractive and
refractive components to create different magnifications between common focal planes for the spectra
components within broadband light. This wavelength-dependent scaling (or lateral color) eliminates the
dispersion caused by the grating pattern and thus produces wavel ength-independent spatial distributions for
the transform. Figures 6 and 7 demonstrate that this arrangement operates as described.

@ (b)

Figure 6: Thermal prints of diffraction patterns created by non-dispersive SLM in a normal and
AFT imaging system.

Figure 6 demonstrates that the FLC modulator produces a wavelength-independent phase shift, since the
remnant central order is small even though the illumination is broadband, which is evident from the grating
dispersion visible in the uncompensated diffracted orders (left side).

Figure 7 shows photographs of the dispersive and corrected far field diffraction patterns corresponding to a
checker board pattern written to the SLM. These photos demonstrate that the AFT lens corrects grating
dispersion regardless of azimuth. The checker board pattern is not perfectly symmetric, which resultsin a
significant amount of undiffracted light in the zero order.
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Figure 7: Photographs of the far field patternsfor a checker board written to the SLM. (@) Grating
dispersion ispresent for a normal achromatic lens. (b) Grating dispersion has been corrected by the
AFT lens.

The broadband technique described above provides high resolution correction, but its resolution is limited
by backplane and modulator requirements. The modulator shown in Figure 4 requires higher voltage levels
than those needed for standard nematic LC modulators. The voltage requirement increases the pixel pitch
to accommodate the larger gate structures. For example, a high-voltage analog 256x256 backplane has
been recently developed. The chip was fabricated through a 0.5-um foundry process. The device has a
pixel pitch of 24-um with aflat fill factor of approximately 90%. This device provides 0 to 13 volts at the
pixel which is still not enough voltage for the FL.C modulator described by Figure 5. Larger gate structures
do not significantly affect linear arrays, but have a large impact on two-dimensional arrays. Even without
pixel pitch restrictions, the current modulator thickness is several microns, which prevents the device from
exceeding a few degrees in steer angle due to flyback effects. To steer the field of view of a sensor over a
large field of regard, a different approach is needed.

It is possible to change the field of view of a sensor by changing its focal plane position. As shown in
Figure 8, plane waves from different directions are focused to different spots at the focal plane of alens.
Due to reciprocity, focused beams launched from different spots within the focal plane of a lens will be
angularly tilted based on the launch position of the beam. The angle depends on the speed of the lens (i.e.
f/#) and the X and Y displacement of the focal plane position from the lens' optical axis. The maximum
displacement from the optical axis is half the lens diameter (for half-power operation). Therefore, the
maximum steer angle is given by

Bmax = tan™ [1/(2 f/4)]. 2)

A technique for non-mechanically trandating the focal plane position has been developed. The trandation
is performed by a 2-D assembly which physically repositions the focal point of the image through a series
of internal reflections. Each bounce through the structure translates the focal spot a discrete amount. The
incident light is re-imaged after each bounce. A liquid crystal switch at each discrete focal plane location
determines if the light will be released from the structure, or forced to propagate to the next discrete
location. The structure therefore acts as a coarse steerer. The number of discrete locations needed is a
function of the desired field-of-view and the total field of regard set by the lens f-number.

The technique for non-mechanically shifting the spot within the focal plane is shown in Figure 9. The
focus trandator uses a highly reflective mirror and a reflective wire-grid polarizer to walk the spot in one



direction using multiple bounces between the two reflective components. On each bounce, the beam
travels through arelay lens, which re-images the beam at the focal plane of the steering lens. It isthe relay
lens that keeps the spot in focus at the focal plane of the steering lens as the beam is routed to different
zones. A transmissive LC shutter array controls the routing and launching of the beam at the desired
location. Each pixel acts as a polarization rotator, allowing the beam’s polarization to be controlled with
applied voltage. The polarization induced at each L C cell determines if the beam is launched (if parallel to
the polarizer) or reflected back into the reflecting structure (if polarized perpendicular to the polarizer).

Focal plane

Collimated beam

ﬁxl

Ax

Figure 8: Basic concept for wide angle approach.

Figure 9 shows the beam being routed in one direction. In this example, the beam enters the router at the
top of the focal plane and walks to the bottom through several bounces. If a pixel is activated, the liquid
crystal rotates the beam’s polarization, alowing some or the entire beam to pass through the wire-grid
polarizer. This manipulation of the polarization causes the beam to be launched (transmitted) or passed to
the next pixel. Due to reciprocity, the reverse occurs when a beam isreceived. A received beam, entering
the steering lens from a specific angle, is focused to a spot at a particular location in the focal plane. The
focused beam, having the proper polarization, passes through the wire-grid polarizer (orthogonally
polarized light is reflected by the polarizer). If the pixel at that location is activated, then the light's
polarization is rotated, and the beam walks to the top of the focal plane, exiting the router to propagate
along the optic axis of the system. At a non-activated pixel, a focused beam enters through the polarizer.
However, its polarization remains unchanged and passes back through the polarizer on the first bounce,
leaving the system.

For two-dimensional (2D) steering, a second linear transation stage is needed to walk the beam
horizontally after the beam is brought to the desired vertical location. A 2D arrangement is shown in
Figure 10. Asthe beam is routed to a new position, it loses some energy on each bounce. Thisloss needs
to be minimized to make the system practical for use in laser communications, laser radar or IR imaging
applications. By index matching the components and using highly reflective mirrors and wire-grid
polarizers, the loss on each bounce is minimized. However, there is then a need to minimize the number of
bounces required to translate the beam. That is, the coarseness of the beamsteerer needs to be maximized
for any application. To provide coverage in azimuth and elevation over 50°x50° in 10°x10° steps using the
configuration shown in Figure 8, the coarse steering stage segments the focal plane of the steering lens (f/#
= 1) into an array of 5x5 zones. Therefore, the maximum number of steps needed to translate the beam to
any position is 10, which according to a recent demonstration effort is not an excessive number of bounces.



Wire-grid

5]—1“& jc-lanz Br
a = i -

Steering lens (% <23

A
Y

Optic axis

Feed lens

martor

Eelay

N
f lens

/S

Focused spot @Imag& of focused spot .

Figure9: One-dimensional coar se steerer.

Fast lens
ffE=1

Az Router

Figure 10: Two-dimensional coar se steering stages.

Recently, the feasibility of the coarse stepper concept was proven through a visible wavelength
demonstration. For the demonstration system, the focal plane trandator used a White cell configuration,
which consists of two parabolic reflectors that translate and refocus the beam at the focal plane of a fast
lens (f/i#=1). A 1x32 twisted nematic shutter array was used to select the steer angle. The coarse stepper
assembly steered a laser beam over a +26° field of regard. Figure 11 shows the demonstration system
steering over the wide field of regard.

This technique uses refractive components to steer the beam to large angles alowing non-dispersive
(broadband) steering. Even though a linear array is used to steer the beam, it only acts as a shutter. It does
not use a limited stroke modulator to add a high-resolution phase pattern to the beam. The phase tilt occurs
when the focal plane position is converted by the fast lens into an angular direction. Fortunately, the fast



lensis also the exit aperture, keeping this broadband beam from having the same walkoff problems that are
associated with other coarse steering approaches. Beam walkoff forces the physical size of the beam
steering assembly to grow to accommodate less aperture efficiency.

Figure 11: A visible demonstration of the coar se stepper concept.

4. COMPACT CONFIGURATIONS

The reflective modulators shown in Figures 2 and 4 offer several improvements over the current state of
the art. These modulator configurations reduce diffraction and provide broadband operation. What is
missing is a compact reflective configuration that does not add significantly to the size and weight of the
optical system over a transmissive arrangement. This problem is being addressed for a few different
applications where in-line operation significantly simplifies the optical system.

One possible in-line configuration is shown in Figure 12. The foveated imaging system provides well-
corrected images over awide field of view (FOV) using a relatively simple optical lens system and SLMs
to correct the image at desired locations. It uses a high-index (n = 2.28) Pechan prism to help compress the
FOV and route the light onto two reflective 2D LCoS SLMs. With two SLMs, two separate wavelength
bands or two orthogonal polarizations can be independently processed, which provides a 3 dB
improvement over using a single LCoS device. By increasing the index of the prism assembly, the FOV is
increased without modifying the lens design, which is possible using silicon (n = 3.5to 3.4) in the near IR
and mid-wave IR, respectively.

Another in-line configuration using reflective devices is shown in Figure 13. Multiple optical phased
arrays (OPAs) are phased together to act as a common aperture forming a phased array of phased arrays
(PAPA). Figure 13 shows a fiber array feeding a stack of OPA devices. Light from each fiber strikes a
reflective OPA device on the top of a“louver” orientated at 45 degreesto the source. The light then travels
up to a second reflective OPA device mounted on the bottom of a“louver”, and then exits the device. Each
top/bottom OPA pair reproduces a transmissive optical element capable of 2D (conical) scanning when the
OPA backplanes are properly oriented to provide azimuth and elevation steering.

A 3x3 PAPA system was recently demonstrated.”” The system coherently combined and steered nine
beams from separate fiber feeds over a+1.5° field of regard using nine 1x4096 L CoS OPAs. In addition to
demonstrating that the beam profile from a properly phased aperture was maintained while the system



steered to different angles, it showed that a very compact in-line configuration was possible, benefiting
from low-power and lightweight LCoS components to form larger apertures with size, weight and power
advantages over traditional gimbal approaches.
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Figure 12: Modeling results from a foveated imaging system using reflective SLM's as the wavefr ont
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Figure 13: Phased array of L CoS optical phased arrays.



5. CONCLUSIONS

Based on recent developments:

- Zero-order efficiency of LCoS SLMs can be better than 90%,

- Power handling is limited by the absorption of the transparent conductor which can be
reduced to allow the LCoS SLM to operate with average power levels of hundreds of
watts per square centimeter,

- Crosstalk can be minimized by correctly using LC material parameters,

- Broadband wavefront control and wide field of regard steering is possible using sub-
millisecond modulators,

- Compact, in-line configurations for minimizing the size and weight of the optical system
can be achieved using reflective modulators that offer the above advancements.

These improvements extend the capability of the LCoS SLM technology making the devices suited for a
variety of applications.
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