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Optical phase conjungation using an amorphous silicon/ferroelectric-liquid-crystal light modulator shows an optical
response of 100 usec with a diffraction efficiency of 8.5% for an incident optical intensity of 1 mW/cm?.

Optical phase conjugation has a variety of applica-
tions, including aberration correction, spatial image
processing, temporal signal processing, and optical
computing.l~* Some of the most sensitive materials
for performing optical phase conjugation are photore-
fractive crystals (Fe:LiNbOjs, BaTiO3, SBN, and
Bi;2S09). The optical response of these materials is
slow when cw lasers are used as the optical sources in
producing phase-conjugate waves (typical response
times are milliseconds to minutes for 10 mW/cm? of
total incident intensity®). In this Letter we introduce
a high-speed optical phase conjugator that is a hybrid
device, employing a photosensor combined with a sep-
arate modulator.

Garibyan et al.5 and Marom and Efron’ demon-
strated phase conjugation with simple hybrid devices,
namely, optically addressed spatial light modulators
(OASLM’s) composed of photoconductors and nemat-
icliquid crystals. The nematic liquid crystals used in
these OASLM’s limited the response times of their
phase conjugators to approximately 10 msec. The
microsecond response of ferroelectric liquid crystals®
suggests that OASLM’s could perform phase conjuga-
tion much faster, as reported here. We use a new
OASLM? composed of a hydrogenated amorphous sili-
con (a-Si:H) photosensor and a surface stabilized ferro-
electric-liquid-crystal (FLC) modulator to achieve op-
tical phase conjugation with a 10-90% rise time of 100
usec for incident optical intensities of I = 1 mW/cm?,

The structure of our OASLM is shown in Fig. 1.
The left glass substrate has an amorphous silicon p-i-n
photodiode deposited on top of a uniform tin oxide
transparent electrode. The right glass substrate car-
ries another uniform transparent electrode made of
indium tin oxide (ITO). A 1.75-um-thick gap between
the two substrates provides a space for the FL.C modu-
lating material. A British Drug House SCE-9 mixture
was used in this device.l® To operate the OASLM, a
30-V peak-to-peak square-wave clock voltage with a 5-
V offset is applied across the two electrodes. Ideally,
when the voltage is positive and the photodiode is
forward biased, +20 V drops across the FLC layer.
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The FLC is switched to what we define as the off state.
When the clock voltage is —10 V, the photodiode is
reverse biased in the absence of illumination, and the
FLC remains off. If an intensity pattern is incident
upon the photosensor during this period, currents flow
in the illuminated regions, reducing the voltage across
the FLC (ideally to —10 V) and switching these areas
to the on state. This forms a refractive-index pattern
corresponding to the incident intensity pattern, since
the FLC’s optic axis directions are different between
the on and off regions. Thus, a read beam incident
upon the device from the FLC side is modulated by
this refractive-index pattern. This modulation prop-
erty of the device can be used to perform optical phase
conjugation. Next, we describe a method for perform-
ing high-speed, low-power optical phase conjugation
using this new OASLM.

The beam geometry of the phase-conjugation ex-
perimental arrangement, shown in Fig. 1, is similar to
that of Garibyan et al.® and Marom and Efron.” A
uniform reference beam E; = A; and a plane object
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Fig.1. Cross section of the a-Si:H/FLC optically addressed
spatial light modulator showing the amorphous silicon p-i-n
photodiode deposited onto the transparent conducting elec-
trode (TCO) and the FLC modulator sandwiched between
the photodiode and the ITO transparent electrode. Also
shown are the incident reference (E;) and signal (E3) beams
and the reflected reference (E;) and phase-conjugate signal
(E,) beams.

© 1990 Optical Society of America



October 15, 1990 / Vol. 15, No. 20 / OPTICS LETTERS 1115

beam E; = A3 exp[ik sin(f)x] are incident upon the

device from the FLC side with an angle 8 between
these two beams, and with & = 2x/\. Based on the
refractive indices of the FLC (n =~ 1.57)! and the
a-SitH (n =~ 4.2),!2 we estimate that approximately
80% of the incident light is transmitted through the
FLC/a-Si:H interface and absorbed by the a-Si:H pho-
tosensor. The remainder of the light is reflected at the
interface. Thus E; and Ej3 interfere in the amorphous
silicon photosensor, which yields an intensity pattern

I(x) = 0.8E, + E,?
= 0.8{l4,1> + 145> + 24,4, cos[k sin(0)x]}. (1)

This produces a spatially varying voltage across the
FLC proportional to I(x), which creates a refractive-
index grating in the FLC. Since the FLC typically
assumes either an on or off state according to the sign
of the applied voltage, the resulting refractive-index
grating is binary. We may express the transmittance
of this binary phase grating as!3

4o
t(x) = exp(im) z rect(x — nb), 2)

a

n=—w

where ¢ is the width of the high-refractive-index re-
gion, b is the period of the grating given by b = \/
sin(d), and m is the peak-to-peak excursion of the
phase delay. The n = 1 term of the Fourier series is
given by!4

t(x) = 2 sin(W—a) [exp(im) — 1]cos(27wx/b). 3)
™ b

Incident beam E; and reflected beam E; diffract off
the grating. The diffracted first orders produce a new
beam Ej,

E, = A, exp[—ik sin(0)x], (4)

where A, is the amplitude of E;. This diffracted wave
is the complex phase conjugate of the object plane
wave Es.

The analysis of the optical phase conjugation for
arbitrary incident waves using a binary phase grating
is more complicated. We give an example of such an
analysis by assuming a diverging object wave and con-
sidering the one-dimensional case. Asshown in Fig. 2,
the diverging object wave E3 may be written as E3 = A3
expi[iw sin(f)/Ad]x3. The intensity pattern incident
upon the a-Si:H is

I(x) = 0.8{|A1|2 +1Aq2 + 24,4, COS[M x2]}

Ad
(5)
The maximum values of the modulation appear when
2n\d /2
=k , 6
Fn [sin(H)] (6)

where n is an integer and d is the distance between
focal point O of the lens and the FLC layer. The
binary grating formed in the FLC acts like a Fresnel
lens.’5 The primary focal length of this Fresnel lens is
given by d/sin(f). When a plane wave illuminates the

FLC modulator, part of the diffracted light will be
focused to point O. This focused, first-order beam
may be written as

E,=A/ exp[LT;L(B—) xz], (7)

which is the complex conjugate of E3. The Fresnel
lens shows some aberration owing to the presence of
high diffraction orders, which reduces the fidelity of
the phase conjugation.

The experimental apparatus for demonstrating op-
tical phase conjugation is shown in Fig. 3. An argon-
ion laser beam (A = 514 nm) is expanded and colli-
mated to a beam diameter of 1 cm. Beam splitter BS;
transmits 50% of the incident light to form the refer-
ence beam. The intensity ratio of the reference and
object beams are optimized using neutral-density fil-
ters F; and Fs in order to obtain the highest diffraction
efficiency. The reflected light is partially transmitted
by beam splitter BS; to form the object beam E3. A
U.S. Air Force resolution chart is positioned just be-
fore BSs. Lens L; images the chart onto the OASLM.
The OASLM is arranged such that the FL.C modulator

. faces the horizontally polarized incident beams.

First, the reference beam E; was blocked and the
OASLM was adjusted normal to the object beam Eg
such that the image of the resolution chart was dis-
played in the output plane. A photograph of this
image is shown in Fig. 4(a). A piece of clear plastic,
acting like a phase distorter (Strehl ratio 0.55), was
inserted into the object path between BS; and L;. A
distorted image appeared at the output plane, as
shown in Fig. 4(b). Finally, E; was unblocked and the
OASLM was adjusted normal to E;.” The phase-con-
jugate beam E, generated by the OASLM propagated
back to BS,, where it was reflected to the output plane

A

Fig. 2. Schematic of optical phase conjugation with a di-
verging object beam and a plane reference beam.
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Fig. 3. Experimental apparatus for optical phase conjuga-
tion. PH, phase plate; M’s, mirrors.
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Fig. 4. Photographs of the images of the U.S. Air Force
resolution chart. (a) Image reflected from the a-Si:H/FLC
interface without the phase plate in the path; (b) image
reflected from the a-Si:H/FLC with the phase plate in the
path; (c¢) image after aberration correction owing to optical
phase conjugation.
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Fig. 5. Diffraction efficiency of the OASLM as a function
of the incident angles E; and Ej.

and photographed, as shown in Fig. 4(c). After the
phase-conjugate beam passes through the phase dis-
torter, the phase aberration of the object wave caused
by the phase distorter is canceled. The fidelity of the
phase-conjugate beam is high, which demonstrates
that the aberration of the phase-conjugate wave gener-
ated by a binary refractive-index grating is not serious.

The diffraction efficiency of the device as a function
of angle # between two incident beams was measured
with an optical intensity of 0.5 mW/cm? (optical power
0.5 mW) for both reference and object beams. For
small angles, the power of the phase-conjugate beam
was approximately 8.5 uW. The diffraction efficiency
n = (E4/E;)? is 8.5%, after accounting for the 80% loss
of E4 at the a-Si:H/FLC interface and neglecting Fres-

nel losses at the air—glass interfaces. The reflectivity
R = (E4/E3)?% is 1.7%. For 6 < 1.6°, the diffraction
efficiency is nearly constant, as shown in Fig. 5.

The optical phase-conjugation response times of the
OASLM are determined as follows. A Stanford Re-
search System chopper with modulation frequency of
3.1 kHz was inserted into the optical path between BS;
and mirror M;, and the driving frequency of the power
supply was adjusted to 1.3 kHz. The modulated ob-
ject wave was monitored with a photodetector from
the reflection at BSs, and the phase-conjugate beam
was detected at the output plane. The 10-90% re-
sponse time is measured to be ~100 usec.

We have demonstrated that the a-Si:H/FLC
OASLM can be used to perform high-speed, low-pow-
er optical phase conjugation with good fidelity. The
optical phase-conjugation response time of this device
is 100 usec. When the angle between the two incident
beams is less than 1.6°, the diffraction efficiency is
nearly constant (» = 8.5%) and the reflectivity is 1.7%.
The diffraction efficiency can be increased by chang-
ing the thickness of the FLC layer so that the phase
delay m is exactly equal to 7 for the illumination wave-
length of interest. This research is in progress.
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