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spatial light modulator that demonstrates high
diffraction efficiency and 370-line pairs/mm resolution
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New liquid-crystal media and photoconductor materials are being utilized in spatial light modulators to

increase their resolution, diffraction efficiency, speed, and sensitivity.

A prototypical device developed

for real-time holography applications has shown an 8% diffraction efficiency from a holographic grating

with a spatial frequency of 370 line pairs/mm (Ip/mm).

At 18 Ip/mm the device has demonstrated a 31%

diffraction efficiency with a 600-ws hologram write time using 400-nJ/cm? write beams. © 1999 Optical

Society of America
OCIS codes:

1. Introduction

Dynamic compensation of severe aberrations by ho-
lographic phase subtraction requires real-time holo-
graphic (RTH) recording media that are capable of
simultaneous high diffraction efficiencies (DE’s), fast
response times, high resolution, and high sensitiv-
ity. Optically addressed spatial light modulators
(OASLM’s) previously were used to compensate hun-
dreds of waves of aberration caused by poor-quality
primary mirrors in telescopic systems with write-
beam intensities as low as 50 pW/cm? but with lim-
ited DE, speed, and resolution.!-3

A schematic diagram of a typical OASLM used for
RTH phase subtraction is shown in Fig. 1. The de-
vice consists of a photoconductor (PC) and a thin
liquid-crystal (LC) layer situated between a pair of
transparent electrodes. If the device is used in a
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reflective geometry there may also be a high-
reflectivity mirror between the PC and the LC. A
diffraction hologram is written in the device by
means of interfering two mutually coherent wave
fronts on the PC. The resulting interference pattern
modifies the local conductivity of the PC, creating a
spatially varying electric field across the LC layer.
The local field then induces a reorientation of the L.C
molecules, creating a spatial pattern in the LC layer
that corresponds directly to the interference pattern
on the PC.4 This distribution of molecules creates a
phase or polarization grating that diffracts the read
beam. In the case of aberration compensation an
aberrated image-bearing beam is diffracted from a
grating that contains the aberration information,
thus subtracting out the aberrations and yielding a
corrected image.?

Historically, the performance of OASLM’s has been
limited by both the PC and the LC media. To
achieve DEs greater than 1%, it was necessary for
devices that used an amorphous hydrogenated silicon
(a-Si:H) PC to be limited to spatial frequencies of less
than 110 line pairs/mmé-8 (Ip/mm). Organic-
polymer PC’s were used to increase the resolution,
but the response time of the device suffers because of
low carrier mobility.® Historically, among LC media
there has been a trade-off between the refresh rate
(i.e., the rate at which the grating can repeatedly be
written, read, and erased) and high DE. Nematic
LC devices were developed with DE’s in excess of
30%, approaching the theoretical limits for an analog
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page).

device.l® Unfortunately, typical refresh rates for
these devices are limited to approximately 30 Hz be-
cause of the slow recovery times of the LC media, and
diffraction occurs for only one linear-polarization
state. On the other hand, surface-stabilized ferro-
electric LC devices can operate with refresh rates
greater than 1 kHz, but the low-tilt-angle LC media
that previously were available restrict the DE to less
than 10%.11

Recently, OASLM’s that use a deformed-helix fer-
roelectric LC (DHFLC) have received considerable
attention as a result of their potential for gray-scale
response.’2  Although such devices have been de-
scribed in the literature,’ the relatively low tilt an-
gles (27° and 23°) of these DHFLC devices are far
from the ideal of 45° that is required for optimum
DE.2

OASLM’s that utilize a high-tilt-angle DHFLC and
a carbon-doped a-Si:H (a-Si;_,:C.:H) PC are cur-
rently being developed to achieve high DE and a fast
response time simultaneously with minimal write-
light irradiance at high resolution. DHFLC media
are available with molecular tilt angles that ap-
proach 45° and can be used to generate DE’s that
approach theoretical limits.2 The a-Si:H can be
doped with carbon to reduce the dark conductivity,
which allows for higher resolution while still main-
taining relatively fast response times.®13 Here we
describe characterization measurements performed
on a prototypical DHFLC device that uses an a-Si;_,:
C.:H photoconductor. This OASLM was built for
the U.S. Air Force by the Institute for Laser Physics
in St. Petersburg, Russia.

2. Experiment

High resolution and high photosensitivity were ob-
tained simultaneously in the above-described
OASLM by experimental variation of the amount of
carbon in the PC layer. The a-Si; ,:C,:H layer was

deposited by plasma-enhanced chemical-vapor depo-
sition in a multichamber setup.* During this pro-
cedure the carbon concentration was varied by means
of adjusting the flows of CH, and SiH, gaseous mix-
tures. The thickness of the PC is approximately 1.2
pm, and the carbon content is given by x = 0.33.

The response time and the DE of this OASLM is
determined primarily by the reorientation of the fer-
roelectric molecules with changing electric fields.
The short-pitch, high-polarization mixture used in
this device was developed specifically for RTH appli-
cations and resulted from further improvements to
previous mixtures.? In this device the LC molecules
are aligned in the planar, or homogenous, orientation
through a technique that is described in detail else-
where.’> The LC medium exhibits a smectic C*
phase between 0°C and 61°C. At 23°C the
strongly twisted helical structure has a pitch of 0.18
pm, a molecular tilt angle of 39.5°, and a spontaneous
polarization of 115 nC/cm? The nominal thickness
of the LC layer is 12 pm.

In contrast to more conventional surface-stabilized
ferroelectric LC’s, the DHFLC molecules maintain
their normal helical arrangement in an unbiased
state. Because the pitch of this helix is less than an
optical wavelength, incident light will experience an
index of refraction that is spatially averaged over the
helical arrangement of molecules. This averaging
can be described by an averaged-index ellipsoid
whose spatial characteristics and temporal dynamics
determine the DE and the speed of the OASLM.16 A
low applied voltage of the order of several volts will
distort the helix and cause a transverse rotation of
the spatially averaged-index ellipsoid. Ifthe electric
field across the LC layer is high enough the helix is
believed to untwist completely, leading to maximum
index ellipsoid rotation.

The temporal response of this averaged-index el-
lipsoid to varying electric fields was investigated us-
ing the experimental setup shown in Fig. 2(a). Acw
linearly polarized collimated beam at 810 nm is inci-
dent normal to the surface of the OASLM. An alter-
nating positive—negative polarity square-wave
voltage is applied across the device to rotate the index
ellipsoid. The OASLM is rotated about its surface
normal until either the major or the minor axis of the
index ellipsoid is aligned with the input polarization
wave when the device has a large negative bias. The
transmitted wave passes through an orthogonal an-
alyzer before it is measured by a fast photodiode.
Figure 2(b) shows the transmission through the an-
alyzer (solid curve) as the voltage across the OASLM
(dashed curve) is switched from +42 V to —42 V.
When the voltage is switched the index ellipsoid ro-
tates through twice the molecular tilt angle, or ap-
proximately 80°. The thickness of the DHFLC layer
is approximately 13 pm, and the net optical retar-
dance at 810 nm is approximately \/2, leading to a
160° polarization rotation in the input wave. Thus
the transmission through the analyzer is nonzero ini-
tially, when the device is positively biased, and even-
tually goes to zero after the voltage is switched. As
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(a) Experimental configuration for measuring molecular-switching dynamics. The graphs show the measured switching dynam-

ics (b) without and (c) with PC illumination. The dashed curve shows the bias voltage.

the molecules reorient themselves after the voltage is
switched, a peak occurs in the transmission when the
averaged-index ellipsoid passes through 45°. The
oscillatory behavior during this reorientation is cur-
rently being investigated, but we believe that it is
primarily due to scattering that occurs in the LC
layer when the polarity of the voltage across the
OASLM is switched. Figure 2(b) shows that it takes
approximately 5 ms for the index ellipsoid to reach
the steady state for this voltage.

The molecular-switching time can be reduced dra-
matically by illumination of the PC with a spatially
uniform write beam. Photoinduced carriers in-
crease the conductance of the PC layer; as a result,
the internal field across the LC layer is enhanced,
which can significantly increase the speed at which
the index ellipsoid rotates. Figure 2(c) shows the
transmission when a single write pulse of 275 nJ /cm?
at 532 nm illuminates the PC layer while the voltage
is switched from +42 Vto —42 V. The rotation time
for the index ellipsoid under these conditions is re-
duced to slightly more than 1 ms. This switching
time can be reduced further by an increase in either
the write-pulse energy or the bias voltage.

The difference in molecular-switching times with
and without PC illumination can be used to write a
transient diffraction hologram in the OASLM. Fig-
ure 3 shows schematically how the writing of the
transient holographic grating takes place. Initially,
the LLC molecules are all aligned by a high negative
voltage applied across the OASLM. All the LC mol-
ecules within the DHFLC layer are oriented at —40°,
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and there is no diffraction. The voltage is switched
to a lower positive voltage, and the write pulses are
introduced, creating an interference pattern with in-
tensity modulation in one dimension on the PC.
Photoexcited carriers are created within only the
bright areas of this fringe pattern. The applied volt-
age causes these carriers to migrate across the PC
layer, increasing the local electric field across the LC
layer. Thus the interference pattern on the PC in-
duces a spatially varying field across the LC layer.
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Fig. 3. Timing diagram for transient hologram formation and
decay. Shown are the OASLM’s bias voltage, the spatially and
temporally modulated write pulse, and the orientation of the
averaged-index ellipsoid.
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Fig. 4. Experimental setup for measuring the DE. PZT, piezo-
electric transducer; PBS, polarizing beam splitter.

Ferroelectric LC molecules within the bright regions
experience a significantly stronger electric field and
therefore rotate quickly compared with those in the
dark regions, creating a polarization-dependent in-
dex grating that has a period equal to that of the
interference fringe spacing within the L.C layer. Op-
timization of both the driving voltage and the write-
light intensity causes those LC molecules in the
bright areas to rotate quickly, whereas those in the
dark regions maintain their orientation for an ex-
tended period, creating a persistent grating. Even-
tually, however, the dark-region molecules will
rotate, and the grating will fade.

The experimental setup for characterizing this pro-
cess is shown in Fig. 4. A 532-nm write beam is
passed through an electronic LC shutter to control
the temporal profile of the write pulse on the OASLM.
The beam is then defocused and sent through a
Mach—Zehnder-type interferometer such that the two
write pulses interfere on the PC. This interference
pattern creates the diffraction grating within the LC
layer. The 810-nm read beam is diffracted by this
grating, and the temporal dynamics of the first dif-
fracted order are measured by a fast photodiode.
Resolution measurements are made by variation of
the angle between the two write beams. Because
this prototypical device was not antireflection coated
for 810 nm and there is some residual absorption in
the PC at this wavelength, the DE is defined here as
the power in the first diffracted order divided by the
power of the transmitted beam when no grating is
present. We define the holographic write time of the
device as the time interval from the onset of the write
pulse until the DE reaches 90% of its maximum
value.

Figure 5 shows plots of the write pulse (dotted
curve) and the voltage (dashed curve) adjusted to
minimize the holographic write time but still main-
tain a relatively high DE. In this case the spatial
frequency of the interference pattern is measured to
be 18 Ip/mm because of the ~0.5° angle between the
write beams. Using a 0.4-ms (FWHM) write pulse
with an energy of 400 nJ/cm? and setting the voltage
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Fig. 5. Transient diffraction hologram dynamics showing a
600-ps holographic write time with a 30% DE. The inset graph
shows similar data taken with a higher temporal resolution.

pulse from —42.5 V to 16 V with a 1-s period yields a
peak DE of 31% and a holographic write time of ap-
proximately 600 ws, as shown in the inset. Experi-
mentally there is a trade-off between fast response
and high DE. Although the rate of rotation of the
index ellipsoid can be increased, eventually the DE
declines with increasing applied voltages because the
dark-region LC molecules are also rotating quickly.
With slight adjustments to the write pulse and the
voltage, a 34% DE can be achieved, but the holo-
graphic write time is approximately 5 ms. Experi-
mentally the highest DE occurs when the OASLM is
rotated such that the LC layers are perpendicular to
the grating vector. Also, the DE is improved mod-
erately by the alignment of the polarization of the
read beam with the grating vector, an observation
that currently is being investigated.

Figure 6 shows how the peak in the DE curve var-
ies with the spatial frequency, which can be adjusted
by changing the angle between the writing beams.
For each spatial frequency the DE is maximized with
small adjustments to both the voltage and the write
pulses. At 370 Ip/mm an 8% DE is still achieved.
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Fig. 6. Peak DE versus grating spatial frequency.
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Note that, when the spatial frequency is less than 50
Ip/mm, the grating spacing is measured directly by
imaging the interference pattern onto a camera.
Higher frequencies are inferred by measurement of
the angle separating the zeroth and first diffracted
orders.

Because the DE goes completely to zero (Fig. 5), we
believe that all the LC molecules have been given
enough time to rotate and that all remnants of the
grating have been eliminated, as illustrated by the
fade portion of Fig. 3. Therefore grating memory in
the LC should not be an issue, despite the fact that an
identical grating is being rewritten every cycle. To
verify this, we adjusted the setup so that a spatially
shifted diffraction grating was written on the PC ev-
ery period. Affixing one of the mirrors in the inter-
ferometer to a piezoelectric transducer, as shown in
Fig. 4, translates the interference pattern in time as
the mirror oscillates. The dithering mirror is driven
by a triangle-wave voltage whose amplitude is set
such that the optical path length changes by exactly
one wave (a 2w phase shift) at the peak voltage.
This shift causes the fringe pattern on the OASLM to
shift spatially one complete fringe before returning
back to its original position. With the piezoelectric
transducer dithering at 1.0 kHz and using the same
voltage and write pulses as those used to generate the
data taken with a stationary mirror (Fig. 5), the mea-
sured DE and holographic write time of the device are
similar. There is, however, an approximately 5%
reduction in the DE that is most likely due to the fact
that the mirror is moving during the 0.1-ms pulse
width of the write light. The grating therefore be-
comes slightly washed out. We believe that this re-
duction would be eliminated by use of shorter write
pulses with the same pulse energy, but unfortunately
our equipment was not able to deliver such pulses.
It should be noted that care was taken to ensure that
the write pulse and the mirror were not synchronous
in such a way that the write pulse happened to strike
the mirror when the mirror was in the same position
during each cycle.

Depending on the application, the data-acquisition
rate could be an important consideration for real-
time holography. This refresh or frame rate is the
time it takes to write, read, and then erase the grat-
ing. Figure 5 shows a 1-Hz refresh rate that is used
so that the dark-region molecules have time to rotate
completely and the DE goes to zero. If faster acqui-
sition rates are required, the voltage could be
switched, and an erase pulse could be introduced im-
mediately after the grating is read to reinitialize all
the molecules. Thus the refresh rate is limited by
only the holographic write time of the device and the
time needed to read the signal, which is determined
by the application.

By significantly altering the amplitude and the pe-
riod of the applied voltage, we can cause a high DE to
last for an extended period of time. Figure 7 shows
a 34% DE maintained for nearly 40 ms of the 48-ms
period before the grating is erased. In this case a
grating is established when the voltage switches from
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+39 V to —21 V, even though write light is not
present, because the carrier lifetime in the PC layer
is much longer than the 48-ms period. Because the
write pulse occurs during the initializing portion of
the cycle (Fig. 3), the enhanced electric field across
the LC in the bright regions simply increases the
speed at which those molecules rotate back to the
initial orientation. The molecules in the dark re-
gions never rotate completely, and +39 V is high
enough to cause them to reset quickly to the initial
orientation. After the voltage switches to —21 V the
carriers quickly migrate across the PC layer, increas-
ing the local field across the LC layer. This sequence
creates the spatially varying field across the L.C layer
that forms the grating. Figure 7 shows that the en-
ergy of each 1.0-ms-long write pulse is only 36 nJ/cm?
and that the spatial frequency of the grating is 18
Ip/mm. These results are promising for applica-
tions that require a high average signal because the
DE can be maintained for 83% of the duty cycle.
Here, however, the DE never reaches zero during the
erase portion of the cycle, indicating that the grating
never totally disappears. Such a situation might be
useful only if the interference pattern, hence the dif-
fraction grating, does not change significantly from
period to period.

3. Conclusion

To apply RTH phase subtraction to dynamic
aberration-compensation systems, it is necessary
that spatial light modulators simultaneously fulfill
demanding resolution, speed, efficiency, and sensitiv-
ity requirements. A novel OASLM that uses a DH-
FLC and a carbon-doped a-Si:H photoconductor
appears to be the first such device that is capable of
simultaneously meeting all these requirements.
Specifically, this device has demonstrated a 31% DE
with a 600-ps holographic write time at a spatial
frequency of 18 Ip/mm with write-beam intensities of
400 nd/cm?. It is also capable of producing an 8%
DE at a spatial frequency of 370 Ip/mm. Such a
device could be used to compensate severe aberra-
tions that change on a millisecond time scale.
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