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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.
Keywords: High figure-of-merit liquid crystal maters, foveated Imaging, transmissive spatial light
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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 optic1,2,3,4.
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 developed to be
*
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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 (2) 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 -  1 / K11 ) was developed for
use in the transmissive SLM. .
The cell gap (d) needed to provide a wave of modulation at the design wavelength (d) is proportional to the
LC’s birefringence (n) 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 (decay) given by

 decay 

 1d 2
.
K 11 2

(2)

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:5
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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,6 but this loss in modulation depth is reduced for a zero-twist phase
modulator as the birefringence of the modulator increases.
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.7 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

of the NCS compounds is significantly enhanced.8 The major difference between the two mixtures is the
content of the laterally difluoro alkoxy NCS tolanes.
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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 (n=0.38 and 0.42 at = 632.8 nm
and 532 nm, respectively). However, SG-1 has ~20% higher viscoelastic coefficient (  1 / K11 ) 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
increased moment of inertia. Moreover, the alkoxy group has a higher viscosity than the corresponding
alkyl compound.
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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 m2/ms, respectively. Under the same circumstance, the FoM of Merck TL-216 and E7 is
~2.4 and ~2.3 m2/ms, respectively.9 The birefringence of Merck TL-216 and E7 was measured to be 0.20
at =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 13 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.

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 (SoI)
technology. The pixel format of the SLM is 1280x1024 with a 15μm 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 >2π modulation depth at
633nm with the SG-1 LC with a birefringence (Δn) of .38 and a FoM of 14.4. The transmissive SLMs have
a cell gap of 5.0μm 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 MachZender interferometer as shown in Figure 2. The maximum phase shift that resulted for any of the given

input voltages to the SLM, was measured to be ~3π at 633 nm.
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Figure 2. The optical test setup used for evaluating the modulation depth of the transmissive SLM.

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 2π range. After verifying that the
modulation depth of the transmissive SLM was indeed greater than one wave or 2π 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 (~3π). 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 2π. The modulation depth of these devices was also tested at
532nm. The modulation depth was approximately 4π at 532nm (the Δn 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 2π.

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 2π 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 2π
phase shift) for the transmissive SLM filled with the higher birefringence LC (Δn = 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 Δn = 0.38 material was
approximately 7 times faster than that of the transmissive SLM with the standard nematic material (Δn =
0.21).

Figure 5. Optical response of transmissive SLM filled with standard nematic LC (Δn = 0.21)

Figure 6. Optical response of transmissive SLM filled with higher birefringence LC (Δn = 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 zeroorder 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
foveated imaging system is affected by the throughput of the SLM. Therefore, it would be ideal to design a
transmissive SLM that has a much higher throughput.

Figure 7. Diffraction pattern from the 1280x1024 transmissive phase-only SLM at 633nm.

The throughput of the 1280x1024 transmissive phase-only SLM was measured to be 32%. Unfortunately
this will affect the foveated imaging system because it will significantly increase the light loss in the system.
The throughput and efficiency of the transmissive SLM is largely due to the limitations in transmissive
active matrix backplane technology. The large loss in transmission for this device is not uncommon in
transmissive technologies, which is due to the shadow masking of the electronics. A shadow mask is
typically placed over the electronics in a transmissive display to block light preventing photoconduction
which allows the device to maintain the image written to it. Refer to Figure 8 for a photograph taken of the
1280x1024 silicon-on-insulator active matrix LC SLM under a microscope showing the pixel structure and
shadow mask.

Figure 8. Picture of a portion of transmissive SLM under microscope illustrating pixel pattern and electronics
shadow mask.

It is desirable to improve the throughput and zero-order diffraction efficiency in the future. Perhaps
improvements and increased capability to transmissive backplane technology will improve in the near
future. It may also be possible to design the backplane without the shadow masks for SLM applications.
Although the absence of the shadow mask may create artifacts due to diffraction of the electronics, it will
certainly increase the transmission. It is also certainly possible to improve the zero-order diffraction
efficiency on a device in the future by increasing the aperture ratio using various techniques.

A summary of some performance goals and the actual results for the 1280x1024 transmissive SLM
designed for wide FOV foveated imaging applications is given in Table 3 below.

Transmissive SLM
Parameter

Performance goals

Actual performance

Resolution

1024x1024

(of the SLMs filled with the
SG-2 LC mixture)
1280x1024

Pixel pitch
Flat fill factor
New-data frame rate
Modulation
Gray-scale addressing
Signal levels
Optical flatness

24μm
 60%
≥30 frames per second
0 to 2 for 420nm < <830nm
8 bits
0 to 10 volts (peak)
/2 (PV) across array & /20
(PV) within pixel

15μm
56%
60 frames per second
0 to 3 @ 633nm (pure phase)
8 bits
0 to 8 volts (peak)
1.75 (PV) and /4 (RMS) uncompensated
/2 (PV) and /12 (RMS) compensated @
532nm

Throughput

n/a

32% (~5dB loss)

Table 3. Summary of performance goals and actual results for the transmissive SLM development for
foveated imaging.

4. INTEGRATED HIGH FOM LC SLMS INTO FOVEATED IMAGING SYSTEMS
Previously, a foveated, wide FOV, imaging system was demonstrated 2 using a reflective SLM. This system
was designed for a ±30° FOV and was optimized to nearly diffraction limited performance. The system was
developed for a proof of concept demonstration for the wide FOV foveated imaging system which would
eventually integrate a transmissive SLM. The optical design that integrated a reflective system (refer to
Figure 9) involved more optical components (including a beam splitter cube), had a larger form factor and
was bulkier than the design with the transmissive SLM.

CCD

Reflective
LC SLM

Figure 9. Left – the optical design for the wide FOV (±30°) imaging system with a reflective LC SLM and Right
– the top view of the corresponding opto-mechanical system

The optical design that integrates the transmissive SLM filled with the high birefringence (Δn = 0.38) LC
material is a simple system that basically includes two lenses and the transmissive phase SLM. It is deigned
for a wider FOV (±60° FOV) than the system with the reflective SLM, and it is significantly more compact

and lighter weight. Figure 10 shows the zemax design and also shows modeling results for foveated
imaging system with the transmissive SLM.

Imaging
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Adaptive
Optic (LC SLM)
Figure 10. Zemax model of wide FOV foveated imaging system design with ±60° FOV

Control software was developed for the reflective wide FOV foveated imaging system and then modified to
work with the transmissive SLM system. The control software basically allows the user to select an area of
interest in the FOV and then optimize that area by applying appropriate Zernike-based phase maps to the
SLM which results in an increase of resolution in the area of interest. The opto-mechanical design for the
transmissive foveated imaging system with a ±60° FOV is shown in Figure 11.

Figure 11. Left - the opto-mechanical design for the wide FOV foveated imaging system that integrates the
transmissive SLM. Right – a photograph of the system.

The overall volume and weight of the transmissive foveated imaging system improved by approximately
60% while the FOV increased by a factor of 2 (refer to Table 4).

Parameter
Mass
Volume (envelope)
Footprint

Demo system with
reflective SLM

Demo system with
transmissive SLM

Percent
improvement

12.43 lbs
158 in3
9” x 10” x 8”H
does not includes SLM
electronics

4.81 lbs
49 in3
8” x 7” x 4”H
includes SLM electronics

61%
67%

Table 4. Comparison of the size, weight and volume of the reflective and transmissive wide FOV foveated
imaging demonstration systems.

Results from the foveated imaging system with the transmissive SLM filled with the n = 0.38 material are
shown in Figure 12. The resolution improvement can be seen as the area of interest is moved from the
lower left corner of the FOV to just below and right of the center of the FOV.

Figure 12. Actual results from the foveated, wide FOV transmissive SLM, imaging system.

5. CONCLUSIONS
Advances in high birefringence, high FoM liquid crystal materials and high-resolution transmissive phaseonly LC SLMs are being made to be integrated into foveated, wide FOV, imaging applications. In our most
recent foveated imaging system we successfully demonstrated a ±60° FOV imaging system with a new highresolution phase-only LC SLM.
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