Invited Paper

Transmissive spatial light modulators with high figure-of-
merit liquid crystals for foveated imaging applications

Jamie Harriman®, Sebastian Gauza®, Shin-Tson Wu®, David Wick®, Brett Bagwell®,
Ty Martinez®, Don Payne® and Steven Serati®"

*Boulder Nonlinear Systems, Inc., 450 Courtney Way, Unit 107 Lafyatette, CO 80026,
bUniversity of Central Florida, 4000 Central Florida Blvd., Orlando, FL 32816
‘Sandia National Labs, PO Box 5800, MS 1188, Albuquerque, NM 87106
4Naval Research Laboratory, 3550 Aberdeen Ave. SE, Kirtland AFB, NM 87117-5776
‘Narrascape, 3101 Hyder Ave. SE, Albuquerque, NM 87106

ABSTRACT

Unique liquid crystal (LC) spatial light modulators (SLM) are being developed for foveated imaging
systems that provide wide field-of-view (FOV) coverage (£60° in azimuth and elevation) without requiring
gimbals or other mechanical scanners. Recently, a transmissive-SLM-based system operating in the visible
(532 nm) has been demonstrated. The LC SLM development is addressing implementation issues through
the development of high figure-of-merit (FoM) LC materials and transmissive high-resolution SLMs.
Transmissive SLM operation allows the foveated imaging configuration to be very compact using a very
simple lens system. The reduction in the size, weight and cost of the imaging optics and in data
acquisition/processing hardware makes the foveated approach attractive for small platforms such as
unmanned airborne vehicles (UAVs) or missile seekers.
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1. INTRODUCTION

Traditional wide FOV imaging systems tend to be complex, bulky, and expensive. Many applications
requiring very wide FOV imaging systems could benefit greatly from systems that are significantly
simpler, more compact, and lighter weight than traditional systems. The wide FOV imaging system
discussed in this paper is based on the concept of foveated imaging. Wide FOV foveated imaging systems
have been designed, modeled, and demonstrated using a simple lens design and a LC SLM as an adaptive
optic'***. The LC SLM acts as a dynamically configurable wavefront controller and has two major uses.
One purpose of the LC SLM is that that it can correct aberrations in the system due to the wide FOV lens
design.  The second purpose of the LC SLM is to help reduce data transmission and processing
requirements while maintaining high resolution imaging capabilities in the region of interest (ROI) of the
wide FOV. Initial foveated, wide FOV, imaging systems were designed and demonstrated with a reflective
phase-only LC SLM. These initial systems were designed and built to demonstrate the proof of concept for
a wide FOV foveated imaging system that integrated an adaptive optic. High resolution phase-only
transmissive SLMs are ultimately desired for the wide FOV foveated imaging systems. A transmissive
configuration of the SLM allows for the optical design to be simplified and significantly reduces the size
and weight of the system. High resolution transmissive phase-only LC SLMs are being developed to be
integrated into wide FOV foveated imaging systems. High figure-of-merit (FOM) LC materials are being
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developed to be integrated in the transmissive phase-only SLMs which will improve optical response time
and provide more flexibility in terms of the design wavelength for the SLM. This paper will present our
recent development effort and results.

2. HIGH FIGURE-OF-MERIT CRYSTAL MATERIALS DEVELOPMENT

A zero-twist (or anti-parallel aligned) nematic liquid crystal modulator provides the phase-only modulation
needed for correcting wavefront distortions without adding data-dependent amplitude variations, as occurs
with intensity modulators such as those used in liquid-crystal displays. Pure phase modulation with a full
wave (2m) of modulation depth provided at each pixel for the design wavelength is required for the
foveated imaging application. Also, the spatial light modulator needs to be transmissive for compact
implementation, forcing the modulator to provide sufficient phase modulation in a single pass. Due to the
required modulator thickness, the response of the foveated-imaging wavefront corrector is reduced to
approximately 10 frames per second when using commercially available LC materials that have a
birefringence of approximately 0.2. To substantially improve performance, a high-birefingent LC material
with a low viscosity to elastic constant ratio (i.e. low viscoelastic coefficient - |/ K1) was developed

for use in the transmissive SLM. .

The cell gap (d) needed to provide a wave of modulation at the design wavelength (4,) is proportional to
the LC’s birefringence (An) as shown below
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This thickness directly affects the response time of the LC modulator, which is dominated by the free
relaxation time (Tqecay) given by
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By using the relationships given in Equations 1 and 2, a figure of merit (FoM) for modulator response
expressed in terms of LC material properties has been introduced to compare various LC materials:’
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As shown in Equation 3, this figure of merit is independent of cell gap thickness, and it points out the
importance of LC birefringence to modulator response. Note that the FoM is indirectly wavelength and
temperature dependent, because LC properties are affected by these parameters. In addition to response
time, high birefringence aids off-axis performance, which is important for operation over the very large
field of view needed for the foveating imaging application. The index of refraction seen by light traveling
through the birefringent modulator is a function of angle. It has been shown that modulation depth falls off
as the off-axis angle increases,® but this loss in modulation depth is reduced for a zero-twist phase
modulator as the birefringence of the modulator increases.

FoM = 3)

As part of this transmissive SLM development, three different groups of high birefringence LC compounds
were chosen. Table 1 lists the compound structures and their phase transition temperatures with respect to
the different formation of the rigid core. Detailed compositions designated as SG-1 and SG-2 are listed in
Table 1. The molecular structures and physical properties of these mixtures are discussed in detail in
previously published papers.” Since the goal is to develop high birefringence and high resistivity LC
mixtures for active-matrix addressing, fluorinated LC compounds are of primary interest. The NCS
compounds are known to have high birefringence and low viscosity. However, their resistivity is not high
enough for active matrix addressing. By using fluorine substitution in the 3 and/or 5 position, the resistivity

Proc. of SPIE Vol. 6135 61350C-2



of the NCS compounds is significantly enhanced.® The major difference between the two mixtures is the
content of the laterally difluoro alkoxy NCS tolanes.

Compound R1 X1 X2 Phase Transition Temperatures  SG-1 SG-2
CPTP(3F)2NCS 2 F H Cr 108.5 N 239.7 Iso 8 9
CPTP(3F)4NCS 4 F H Cr 77.5 N 239.2 Iso 14 14

X
-
X,
PPP(3,5F)3NCS 3 F F Cr 107.3 N 212 Iso 6 7
PPP(3,5F)5NCS 5 F F Cr 100.0 Sx, 156 N 187 Iso 5 6
X
X,
PTP(3F)2NCS 2 F H Cr 71.3 Iso 21
PTP(3F)3NCS 3 F H Cr 76.0 Iso 11
PTP(3F)4NCS 4 F H Crl 38.4 Cr2 40.5 (N17.4) Iso 23
PTP(3F)5NCS 5 F H Cr 49.2 Iso 7 31
PTP(3F)7NCS 7 F H Cr 43.4 Iso 22
PTP(3,5F)O2NCS 2(0)" F F Cr 95.4 Iso 5
PTP(3,5F)04NCS  4(0)" F F Cr 68.3 Iso 6
PTP(3,5F)OSNCS  5(0)° F F Cr 49.5 N 56.6 Iso 5

" - the oxygen link bridge is present; R stands for alkoxy chain in such cases.

Table 1. Single compounds structures, phase transition temperatures and SG-1 and SG-2 mixture compositions.
All temperature listed are in °C.

Table 2 compares the electro-optic properties of SG-1 and SG-2 mixtures. These two mixtures have very
similar properties. In particular, their birefringence is nearly identical (An=0.38 and 0.42 at A= 632.8 nm

and 532 nm, respectively). However, SG-1 has ~20% higher viscoelastic coefficient ( ] / K1) than SG-

2. This is because SG-1 consists of a higher composition of alkoxy difluoro compounds than SG-2. The
difluoro compounds exhibit a higher viscosity than the corresponding single fluoro ones because of the

Proc. of SPIE Vol. 6135 61350C-3



increased moment of inertia. Moreover, the alkoxy group has a higher viscosity than the corresponding
alkyl compound.

: Vth Ki1 Ks3 An "{1/K11 FoM Tc
mixture o oooenoen Ae o Ry KeKu e 633nm) [(ms/um?] [am¥s] [°C)
SG-1 135 21.2 4.6 16.6 15.8 29.8 1.89 0.38 12 12.0 100
SG-2 1.60 19.8 4.2 15.6 20.7 31.8 1.54 0.38 10 14.4 110

Table 2. Physical and electro-optic properties of SG-1 and SG-2 mixtures.

Both mixtures show an impressively high FoM at room temperature. The FoM of SG-1 and SG-2 at
633nm is 12.0 and 14.4 pm?*/ms, respectively. Under the same circumstance, the FoM of Merck TL-216
and E7 is ~2.4 and ~2.3 um®/ms, respectively.” The birefringence of Merck TL-216 and E7 was measured
to be 0.20 at A=633 nm and T=22°C. Thus, the SG mixtures show ~6X higher FoM than some popular
commercial high birefringence LC mixtures.

Chemical and ion purity is an important concern for active-matrix applications such as liquid crystal on
silicon (LCoS) SLMs because it affects the voltage holding ratio. For an active matrix SLM that uses a
slow load/refresh rate (several milliseconds), the phase pattern does not hold steady (i.e. phase modulation
drops) if the LC has a low resistivity. High chemical and ion purity also elongates the lifetime of the LC
devices. The long-term chemical stability can be greatly improved by eliminating the organic side-
products during synthesis, different homologues, as well as inorganic agents involved in the processing.
The compounds used in our experiment were synthesized according to the state-of-the-art procedures with
final chemical purity in the range of 99.5-99.9 wt %. Both of the high birefringence mixtures were purified
using ion exchange resins in multiple-step processes. After only three steps of ion purification, the
resistivity of SG-2 (mainly single fluorinated compounds) is improved to 10" Ohm-cm which is ~2X
higher than that of SG-1 (mostly double fluorinated ones).

Other important attributes are good photo and temperature stability. In many electro-optic applications
using liquid crystal devices, light absorption by the liquid crystal could be a critical issue in terms of
material stability. The major absorption of liquid crystal compounds occurs in ultraviolet (UV) and
infrared (IR) regions. In the visible region, the absorption is usually small and can be neglected. The
photostability and the lifetime of a liquid crystal device are mainly affected by the electronic absorption in
the UV region. For this application, UV is not an operational concern because the system uses narrowband
optical filters that prevent UV exposure. However, sensitivity to UV definitely affects the manufacturing
procedures, since UV is commonly used as a curing agent. Fortunately, there are ways to work around
those manufacturing issues, provided the UV sensitivity is not excessive. However, thermal stability is an
important issue for long-term operation. Therefore, the LC mixtures need to be thermally stable, which
was verified through experimentation at a temperature slightly above the clearing point to ensure that
multiple reheating did not cause performance degradation. As discussed in Reference 3, the testing
conducted on the SG-2 material used in the transmissive SLM verified that the LC mixture had good photo
and thermal stability.
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3. TRANSMISSIVE LIQUID CRYSTAL SPATIAL LIGHT MODULATOR
DEVELOPMENT

A transmissive SLM is ultimately desired for wide FOV foveated imaging applications because it enables
the overall optical system to be simpler, smaller, lighter weight, and eventually lower cost. Unfortunately
there are no high-resolution, phase-only transmissive LC SLMs commercially available today. However,
high-resolution phase-only transmissive SLMs are being developed under research and development
contracts. The transmissive SLM in development is based on active matrix Silicon on Insulator (Sol)
technology. The pixel format of the SLM is 1280x1024 with a 15um square pixel pitch. The modulator is
an anti-parallel aligned nematic cell which can produce phase-only modulation and for a particular
wavelength if polarized properly. Refer to Figure 1 for an illustration of the modulator.
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Figure 1. A Side view of the transmissive SLM modulator cell.

In an anti-parallel aligned nematic modulator, the LC layer provides a variable index of refraction when an
electric field is applied to the cell. This variable index of refraction gives you an optical path difference
which results in phase modulation. If the polarization of the incident light is aligned with the optic axis (or
buffing direction) of the anti-parallel aligned modulator, there will be no amplitude or intensity
modulation, but instead, only phase modulation. An advantage of using a pure-phase modulator in the
wide FOV imaging system is that no light will be lost due to intensity modulation.

As previously discussed, the modulator cell gap is a function of the design wavelength and the
birefringence of the liquid crystal material (refer to Equation 1). As the cell gap thickness increases, the
LC layer is slower to respond and more voltage may be required to switch the LC. The larger the
birefringence of the LC, the thinner the cell gap can be for a given wavelength.

The transmissive SLM is currently being designed, built, tested and calibrated for operation in the visible
wavelengths. Eventually, the transmissive SLM can be designed for longer wavelengths. The use of high
FoM liquid crystals enables operation of the transmissive SLM at longer wavelengths, maintaining a useful
optical response time.

Some of the key performance parameters for the transmissive SLM include modulation depth or phase
stroke, optical response time, zero-order diffraction efficiency, throughput, and resolvable phase levels.
These performance parameters will be looked at for transmissive SLMs built for >2n modulation depth at
633nm with the SG-1 LC with a birefringence (An) of .38 and a FoM of 14.4. The transmissive SLMs
have a cell gap of 5.0um and have a high pre-tilt alignment layer.

The first parameter tested is modulation depth and resolvable phase levels. The modulation depth of the
SLM depends on various LC properties, full electric field available and wavelength. The maximum
electric field that can be applied to the modulator is 4V. The SLM was tested for modulation depth in a
Mach-Zender interferometer as shown in Figure 2. The maximum phase shift that resulted for any of the
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given input voltages to the SLM, was measured to be ~37 at 633 nm.
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Figure 2. The optical test setup used for evaluating the modulation depth of the transmissive SLM.
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The optical response of the phase modulator is non-linear with applied input voltage (or electric field). In
order to utilize the SLM, the phase response versus voltage relationship must be determined. Calibration
software was developed to characterize the gray-value or voltage and phase response so that a look-up-
table (LUT) could be generated for a particular SLM. When data is processed through the calibrated LUT
provides a linear mapping of gray-scale/voltage to phase-shift over a 0 to 2z range. After verifying that the
modulation depth of the transmissive SLM was indeed greater than one wave or 2w at 633nm, the phase
versus voltage relationship for the SLM was calibrated. Another output of the calibration is the number of
resolvable linear phase levels. The number of resolvable linear phase levels was greater than 100.

Interferograms of the SLM before and after the LUT calibration are shown in Figure 3. In these pictures a
wedge pattern (or linear gradient) was written across half of the SLM, while the other half of the SLM will
serve as a reference. In the case where the device is not calibrated (i.e. the calibrated LUT is not being
used), a gradient increasing linearly from gray-value 0 to 255 is written across the SLM (left
interferogram) demonstrating the full modulation depth of the device at 633nm (~37). In the other
interferogram (right), a gradient is written to one half of the SLM although this time, the pattern is
processed through the LUT, producing a linear phase shift over 0 to 2z. The modulation depth of these
devices was also tested at 532nm. The modulation depth was approximately 4z at 532nm (the An of the
LC ~.42 at 532nm).
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Figure 3. Interferograms of the transmissive SLMs at 633nm. In the interferogram on the left, the device is
being addressed with a wedge pattern (0 to 255 gray-value increasing linearly) to demonstrate the full
modulation depth of the device and in the inteferogram on the right, the same pattern is used, although it is now
processed through the calibrated LUT producing the linear phase response over 0 to 27.

The next performance parameter that was tested on the transmissive SLMs was optical response time. Two
transmissive SLMs built with the same active matrix backplane, cell gap thickness, and alignment, but with
different LCs were tested. One device was built with a standard nematic material with a birefringence of
0.21 and the other device was built with the SG-2 material with a birefringence of 0.38. The optical setup
used for testing optical response time is shown in Figure 4.
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Figure 4. Optical setup used to test response time of transmissive SLMs.

The optical response time (0 to 100%) over a 0 to 27 phase shift for the transmissive SLM filled with the
standard nematic LC was approximately 120ms or 8 Hz. The optical response time (0 to 100% over 0 to
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27 phase shift) for the transmissive SLM filled with the higher birefringence LC (An = 0.38) was
approximately 18ms or 55 Hz. Waveform plots for the optical response for both SLMs are shown in
Figure 5 and Figure 6. The optical response time improvement for the SLM filled with the An = 0.38
material was approximately 7 times faster than that of the transmissive SLM with the standard nematic
material (An=0.21).
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Figure 5. Optical response of transmissive SLM filled with standard nematic LC (An = 0.21)
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Figure 6. Optical response of transmissive SLM filled with higher birefringence LC (An = 0.38)

Zero-order diffraction efficiency and throughput of the transmissive SLMs were also characterized. The
diffraction effects of the SLM are due to the pixilated nature of the SLM. The maximum theoretical zero-
order diffraction efficiency for an SLM is equal to the fill factor squared. The flat fill factor is equal to the
aperture ratio of the device which is 56%. The actual zero-order diffraction of the device the fill factor
squared minus the absorption loss and Fresnel loss. The zero-order diffraction efficiency measured at
633nm was 15%. This is quite low when comparing it to reflective LC SLMs. High resolution reflective
LC SLMs such as the commercially available 512x512 phase-only LC SLM from Boulder Nonlinear
Systems have zero-order diffraction efficiencies from 60% to the 90%. The diffraction pattern from the
1280x1024 transmissive SLMs is shown in Figure 7. The poor zero-order diffraction efficiency presents
some issues with the wide FOV foveated imaging system. Artifacts or ‘ghosting’ of the images is caused
by the relative strength of the higher diffracted orders. This may need to be removed or filtered in some
cases. The throughput of the device was measured to be approximately 30%. The overall efficiency of the
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