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Longitudinal Effect PLZT Spatial Light Modulators

John W. Tully and V. Warren Biricik
Northrop Corporation
Surface and Thin Film Laboratory
One Research Park
Palos Verdes Peninsula, California 90274

Ph. (310) 544-5306

Design and fabrication aspects of a longitudinal effect PLZT spatial light modulator is described.

Experimental data covering the performance in the visible wavelength region is presented.
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Longitudinal Effect PLZT Spatial Light Modulators

John W. Tully and V. Warren Biricik
Northrop Corporation
Surface and Thin Film Laboratory
One Research Park
Palos Verdes Peninsula, California 90274
(310) 544-5306

This paper presents the design and fabrication aspects of alongitudinal effect PLZT spatial
light modulator designed for operation in the visible and near infrared. Included are
experimental data showing the electric field induced phase shift characteristics ofa 16 x 16
square array spatial light modulator. Nd:YAG laser damage threshold of bare PLZT is also
presented. Itis concluded that longitudinal effect PLZT spatial light modulators are ruggad
devices that can be used in adaptive optics, laser beam quality enhancement and beam
steering applications.

The following operational parameters were selected as design objectives for the demon-
stration of the first spatial light modulator:

Number of Elements 16 x 16

Pixel Size 1mmx1mm
Area Fill Factor > 90%
Reflectance > 90%

Phase Shift 90°

Frame Rate > 1 kHz
Operational Spectral Range 500-1000 nm
Laser Damage Threshold > 0.2 J/lem?

Design Aspects--A nonferroelectric PLZT material having a quadratic electro-optic and
electrostrictive effects was selected to be the modulator material'?. The spatial light
modulator configuration is schematically shown in Figure 1. In this configuration, a PLZT
wafer is coated with two conductive electrodes; one electrode is optically transpsarent and
the other is highly reflective. The application of a voltage in between electrodes results in
an index and thickness change in the PLZT wafer. The differential phase shift (i.e., the
phase shift of light upon reflection from the back phase of PLZT when the applied voltage
is zero or V) is given by a simple quadratic expression:

A¢ ~ n(n?R+2M)VZ/At

where nis the index of refraction of PLZT, A refers to the wavelength of light, and R and M
refer to quadratic electrostriction and electro-optic constants. By using reflected light from
the second interface a factor of two increase in phase shift is obtained for an applied voltage
vs apurely transmissive device. The index of refraction of PLZT (~ 2.5) enters as a multiplier
in the phase shift equation. This formula also predicts that the PLZT wafer thickess needs
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to be minimized, consistent with voltage breakdown, -saturation, and optical-fabrication
concerns, in order to provide high phase shifts with the minimum amount of drive voltage,
i.e. the device is electric field driven.

AR Coating
Substrate

Transparent Con-
ductive Coating

AR Coating

Gold Pixels
Figure 1. Schematic of a longitudinal effect PLZT phase modulator.

The spatial light modulator, being a pixel addressable phase shift device, requires
application and removal of voltages fromindividual pixels which can be modeled as an array
of capacitors. To bring the dynamic voltage levels into an acceptable value, supported by
state of the art commercial drivers, andto linearize the response, the spatial light modulator
is operated with a biasing electric field. The phase shift between different pixels is then
achieved by the application (removal) of differential voltages from the common bias voltage
applied to all pixels.

The predicted phase shift as a function of applied voltage for a PLZT wafer having a
composition of 9/65/35 and a thickness of 300 microns for visible blue wavelengths
indicates a bias voltage of 475 volts and a dynamic voltage of 35 volts for a 90° phase shift.
PLZT being transparent in the visible to mid infrared spectral region can be a broadband
modulator; its performance being determined by the applied voltage and the optical
performance of coatings used in the fabrication of the SLM. Of course, the thickness of the
PLZT wafer needs to be so selected as to permit reasonable dynamic voltage levels
throughout the spectral region of operation. Longer wavelengths in general require thinner
PLZT wafers.

One of the objectives of the SLM design was to maximize pixel area fill factor and thereby
the efficiency of the system. Two effects may limit the area fill factor: 1) surface arcing
between the adjacent pixels, and 2) pixel to pixel (electrical/mechanical) coupling termed
as crosstalk. The first limit was experimentally determined to be not of consequence for fill
factors in the neighbourhood of 90%. The latter concem was analyzed through finite
elementtechniques and subsequently validated by experimental measurements. Figure 2,
shows the results of a two dimensional finite element electric field distribution analysis
conducted for a pixel geometry having an alternating voltages of 400 and 450 volts applied
to adjacent pixels. Owing to high dielectric constant (5700) of PLZT, the electric field
distribution is nearly constant within each pixel. The high electric field gradients are located
nearthe surface, where voltages are applied. Therefore, very little crosstalk exists between
adjacent pixels charged with voltage levels correponding to a 90° phase shift between them.
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This however, pointed out to another potential issue; that of the fatigue crack initiation near
the highly stressed areas of PLZT. This issue was experimentally addressed and has
shown not to be a problem for the SLM configuration fabricated and tested.

=0 500
21=0.033 I
400 & 1;1 1.u: LY
by 0.250 CECRECAELLLLLLL
% 300 o ;ﬂﬁ
b
2 0:300
g 200
Xo
> 0.750
PLZT (==5700; t 100 o rrptpreni A
JO/
v=0 0 ¥ Y mmm
z 0 100 200 300 400 500 600 700

Distance x (microns)
Figure 2. Finite element model configuration and calculated electric field distribution in the

PLZT wafer for the case where two adjacent pixels have a 50 volt differential voltage
thickness = 625 microns, pixel spacing = 50 microns).

SLM Fabrication--Fabrication of a longitudinal effect PLZT spatial light modulator uses
standard optical polishing, optical thin film coating, and photolithographic techniques. The
SLM fabrication used a 2.0 inch diameter PLZT wafer having a thickness of 625 microns
which was polished on both sides. The transparent conductive electrode was indium thin
oxide (ITO) while the reflecting electrode was gold. ITO was used as the ground plane. The
gold coating was patterned using photolithography and chemical etching. Off the shelf
electronic drivers and standard attachment techniques were used to make pixel electrical
connections. Figure 3is aphoto of the SLMshowing a 32 x 32 pixel array. Due to electronics
availability, only the central 16 x 16 pixels were activated and used in interferometric tests.

SLM Testing--The spatial light modulator was tested in a commercial HeNe laser
interferometer setup. Fringe shifts were measured as a function of applied voltage. Forthe
9/65/35 PLZT material and at the 633 nm HeNe wavelength, the fringe shift is dominated
by electrostriction. Electro-optic effects become important only at high levels of applied
electrical field. This is illustrated in Figure 4 which shows the measured fringe shifts as a
function of applied voltage. Laserdamage threshold of the PLZT was measured under short
pulse Nd:YAG illumination. The damage threshold was determined to approximately be 0.4
Jiem?,

Concluding Remarks--The longitudinal effect PLZT spatial light modulator has shown to
be aruggeddevice. its fabrication employs standard optical, coating, electronic processing
technologies. This pixel addressable device can provide 90° phase shifts with dynamic
voltage levels that can be applied by using standard off-the-shelf drivers. The device is
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Ficure 3. Photograph of a 32 x 32 PLZT spatial light modulator designed for visible-to-near
infrared applications.

T 1 1T 17

Total Fringe Shift
l:ectgosE riction

Fringe Shift @ 633 nm

0 — —T —
200 300 400 500 600 700 800 900

Applied Voltage (V)
Figure 4. Fringe shift as a function of applied voltage at visible HeNe laser wavelength. Both
the electrosctrictive component and total fringe shifts are shown.

broadband,; its spectral response is only limited by the coatings performance. It can handle
reasonably high laser energies and should be usefu! in a variety of adaptive optical
applications.
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Depolarization in Liquid Crystal TV's

dJ. Larry Pezzaniti, Stephen C. McClain
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Abstract:

The depolarization of a TVT-6000 liquid crystal television has been measured to vary between 2-10% as a

function of bias voltage, angle of incidence, and incident polarization state.
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Depolarization in Liquid Crystal TV’s

J. Larry Pezzaniti, Stephen C. McClain
Russell A. Chipman, and Shih Yau-Lu
Physics Department, Optics Building 318
University of Alabama in Huntsville
Huntsville, AL 35899
(205) 895-6417

Introduction

The polarization properties of a TVT-6000 liquid c television have been mapped as a function of
bias voltage to the pixels and angle of incidence using a Mueller matrix imaging polarimeter at 632.8 nm.
When operated with the polarizers removed, the LCTV introduces between 2-10% depolarization,
depending on the pixel bias voitage, incident polarization state, and angle of incidence. The device acts as
an elliptical retarder whose magnitude and form are described.

The polarization properties of LCTV’s have been investigated by severat authors.{1}{2] In those
investigations linearly polarized light aligned with the liquid crystal molecular director was incident on an
LCTV and the output polarization angle and ellipticity as a function of applied voltage was measured. Our
research extends these investigations by measuring Mueller matrices of an LCTV, characterizing all its
polarization forms. In addition to linear and circular retardance, the LCTV displays significant amounts of
depolarization. Depolarization is the coupling of completely polarized light into partially polarized light.

Measurements of LCTV Depolarization

Figure 1 displays maps of the fraction of unpolarized light £ , (depolarization) in the beams exiting
the TVT-6000 liquid crystal TV for six incident polarization states. Each plot shows £ , as a function of

angle of incidence and applied voltage. The axes of these plots is as follows. The grey scale addressing
each pixel increases from front to back with a grey scale of 0 across the bottom row (horizontal) increasing

linearly to 255 across the top row. The angle of incidence increases from — 21 ° along the left side,
through 0° up the middle (normal incidence) to 21 ° along the right side. On all of the plots, the voitage

applied to the pixels varies along the vertical y axis, and the angle of incidence varies along the horizontal x
axis. The molecular director for the device is horizontal (parallel to the plane of incidence). The light

exiting the LCTV is characterized by its Stokes vectorS = [s,.5,.5,.53]" . The degree of polarization
DO P(S) of this beam is

DOP(S)=si+s2+s53/s,,

and the fraction of unpolarized light F ,, the quantity plotted in Fig. 1, is

F,(S)=1-DOP(S).

The average F , is 5.5%. This is smallest (~ 4% )when = 45° linearly polarized light is incident. Circular
ggl:g\z{ﬁ light yields the largest depolarization. Significant variations with bias and angle of incidence are

UAH Imaging Polarimeter

Figure 2 shows the Mueller matrix imaging polarimeter developed at the University of Alabama in
Huntsville. The instrument measures Mueller matrices in image form at 633nm and other visible and near
IR wavelengths. Mueller matrices images can be acquired across the aperture of a sample, as in the
measurements presented here, or in an image plane (polarization point spread functions). The polarimeter
may be divided into three sections: a polarization state generator, a sample compartment, and a
polarization state analyzer. The polarization state generator includes a spatially filtered and coherence
scrambled laser whose power is monitored by a reference detector. A collimated 20mm diameter beam

passes through a fixed linear polarizer followed by a A /3 wave retarder whose orientation is varied. For
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these measurements a cylindrical lens generates a cylindrical wave which is incident onto the sample to
allow simuitaneous angle of incidence and bias measurement. A second cylindrical lens recollimates the
light transmitted through the LCTV. The beam exiting the sample is analyzed by the polarization analyzer,
another A /3 wave retarder and a fixed linear polarizer. The irradiance distribution at the CCD is recorded
for each incident and analyzed state. The CCD is a 512x512 pixel chilled scientific grade detector, with a
14-bit A/D converter.

Mueller Matrix Measurements and Retardance

The liquid crystal TV was positioned such that the molecular director was aligned with the horizontal,
and the electrodes addressing the device are on the side the beam exits. The ribbon cable comes out the
top of the device. Positive angies of incidence are along clockwise rotations from the normal when viewed
from the top. The optics collect a 0.1 numerical aperture beam from the LCTV and reimage the LCTV on
the CCD. A set of sixty cylindrical waves with different polarization states are sequentially launched into the
LCTV. In these measurements, the center 256x256 pixels were measured. Between subsequent
measurements, the first retarder is rotated six degrees and the second retarder is rotated 30 degrees.

From these sixty images, the Mueller matrices associated the light path through each pixel is computed.
The measured Mueller matrices for the LCTV are shown in Figure 4. Extensive calibration procedures
reduce systematic errors due to non-ideal polarization components and drift.[3]{4]

Physical quantities, including retardance, depolarization and diattenuation are derived from a
measured Mueller matrix. This device is intended to perform as an electrically addressable retarder, and
our measurements confirm that this is the dominant polarization effect. Specifying arbitrary elliptical
retardance requires three degrees of freedom; for example the magnitude, the orientation of the major axis

and the ellipticity. Instead of these, we present the retardance data as follows: 6, the horizontal
component, 6 ,s the 45° component, and 6, the right circular component. Retardance 6 and
(unnormalized) Stokes vector S ¢ for the fast axis (state) are

6=62+62+62,S,=[6,6,.6,.6,]".

Figure 3 shows the retardance components as derived from the Mueller matrix. The retardance increases
linearly with voltage and is weakly dependent of the angle of incidence. The retardance is of an elliptical
form with & ;5 = & ;. s0 the major axis of the fast axis ellipse is at about 4S5° with an eflipticity near 0.5.

While a linear increase in retardance with applied voltage is evident in Figure 3, the depolarization in Fig. 1
does not exhibit a similar linear dependence. This indicates that the source of the depolarization is not the
same as the source of the polarization rotation. A significant part ¢f the depolarization may resuit in part
from scattering from the re?ions surrounding the L pixels. Since this scattering may carry light out of
the beam, the degree of polarization of the detected beam is expected to depend on the numerical

aperture of the detection optics.
Conclusions

Liquid crystal televisions exhibit significant amounts of depolarization, in addition to their desired
polarization effects. Up to 10% depolarization was observed in the TVT-6000.

We would like to acknowledge the support of the Air Force Office of Scientific Research (contract
#AFQSR-89-0542) for their support of this work.
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Figure 4. Mueiler matrix of the TVT-6000 LCTV as a function of angle of incidence and applied voltage. The
Mueller matrix data is used to determine polarization properties including depolarization. retardance. and
diattenuation.
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Lowered Temperature MBE Regrowth of LED
Structures on High Density
GaAs Circuits Fabricated through MOSIS

Anncite C. Grot and Demetri Psaltis
California Institute of Technology
and
Krishna V. Shenoy and Clifton G. Fonstad, Jr.

Massachusetts Institute of Technology
Abstract
We present results on GaAs/AlGaAs LEDs monolithically integrated by Molecular Beam
Epitaxy (MBE) regrowth with GaAs MESFET circuits fabricated through the MOSIS

service.

High density GaAs MESFET (Metal-Semiconductor Field Effect Transistor) based
circuits are commercially available at an affordable price through the MOSIS (MOS Imple-
mentation System) service. Unfortunately, optical sources such as LEDs or laser dides are
not yet part of the standard process. Researchers at Honeywell Systems and Research Cen-
ter have developed an in-house process where they grow an LED (Light Emitting Diode)
structure in semi-insulating GaAs substrate first and then do the ion-implant based MES-
FET processing, but this technology is not yet available commercially [1]. The transistors
circuits available through the MOSIS service are ion-implant based GaAs MESFETSs cir-
cuits with tungsten-based refractory-metal Schottky gates, nickel-based refractory-metal
ohmic contacts and aluminum interconnection metallization and have been shown to be
stable with no significant change in the Schottky gate or ohmic contact properties after 3
hours at 525°C + 10°C {2,3]. Thus, it may now be feasible to regrow optical sources on
fully processed MESFET circuitry, to achieve high density optoelectronic circuits, with low-
ered tempe:ature MBE (Molecular Beam Epitaxy). This allows one to build high density
comaplex electronic circuitry with optical inputs and optical outputs. Such optoelectronic
circuits could be used for high speed optical communications, optical computing, or smart
pixels.

Our specific circuit application is for optoelectronic neuron arrays in optical neural
networks. Each neuron circuit has two photodetectors to receive the optical inputs, elec-
tronic circuits to perform a nonlinear thresholding function on the photocurrent and a
LED to transmit the output of the neuron. A typical optical neural network has neuron
densities of 1x10* neurons/cm?. This puts stringent requirements on the power dissipa-
tion and uniformity of the circuit, but these requirements can be met with an industrial
fabrication process [4].

Figure 1 shows the circuit diagram of the circuit we designed and fabricated through
MOSIS. Each branch of the circuit accepts two optical inputs, I; and 1I,. If I; equals I,
then the gate voltages of botli MESFETs are Vy4/2 which turns both transistors off. The
current sinking transistor draws its current entirely from the LED. If I; or I, are not equal,
then the gate voltage on one of the two MESFETs will be high (V) turning the transistor
on and thus shorting the LED. Therefore the LED is only turned on when I; =~ I,. The

L
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photodetectors are enhancement mode MESFETs (Vr=0.27V) with the gate connected
to the source. These optical FETs provide the nonlinear IV characteristics required. The
LED 1s connected to the circuit after the regrowth.

The entire circuit except for the LED was designed using the MOSIS VITESSE
HGaAs2 process and fabricated by Vitesse Semiconductor Corporation. Half the chip
was left blank for the LED regrowth. The fabricated chip was electrically tested and then
dielectric stack covering the blank area was removed using HF. Once the dielectrics were
removed, the chip was degreased and placed in the MBE chamber. The epitaxial struc-
ture grown is shown in Figure 2. The superlattice was grown to impede defects from the
semi-insulating substrate from propagating upward. The LED structure consists of the
double heterostructure nAlGaAs/iGaAs/pAlGas layers. The total growth time was nearly
4 hours at the lowered growth temperature of 530°C. The polycrystalline GaAs that covers
the portion of the chip where the circuits are, was removed by masking off the crystalline
GaAs with photoresist and then etching with a phosphoric etchant, which does not attack
the aluminum pads of the circuits. There are cracks visible over the circuits in the overglass
layer, but they do not interfere with the operation of the circuits underneath, and can be
minimized by reducing the MBE substrate temperature ramp rates.

In order to determine the degradation in the MESFET circuits due to exposure to high
temperature for a prolonged period, the circuits were electrically tested after the growth
and their performance was compared to the original circuit. Figure 3 shows the before and
after I-V curves for a depletion MESFET with its gate connected to the source. This is the
current sinking transistor in the circuit. The saturation voltage is the same, whereas the
saturation current has decreased by approximately 10%, and the source-to-drain resistance
has increased by 40%. Figure 4 shows the I-V characteristics of the optical FETs. The
degradation of the performance of the components is marginal and it will not seriously
affect the performance of the circuit.

After the electrical testing of the circuits fabricated by Vitesse, the photoluminescence
of the epitaxial material was measured and compared with the photoluminescence of a
control blank wafer that was grown at the same time. As shown in Figure 5, the strength
of the photoluminescence is comparable for the two wafers. LEDs were fabricated on the
chip as well as the control wafer. The L-I curves are shown in Figure 6. The efficiency
obtamed 1s .01% at 100;/A and .03% at ImA. The efficiency is approximately the same on

the control wafer.

Acknowledgements ACG acknowledges support from a fellowship from the National
Science Foundatioan and IKVS has received fellowship support from the National Science
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MONDAY, MARCH 15, 1993

GRAND BALLROOM WEST

8:30 am-10:00 am
SMA, SLM TECHNOLOGIES: 1
Anthur Fisher, Micro-intelligent Systems, Inc., Presider

8:30 am (Invited)

SMAt Microlaser array spatial light sources, J. L. Jewell. G.
R Olbnight, R. P Bryan, W. S. Fu. Photonics Research Inc. Spatial
light sources have inherent advantages over light modulators in
system simplifying and compacting a system. Microlaser array pro-
gress and additional issues are discussed. (p. 2)

9:00 am (Invited)

SMA2 Optoelectronic neuron arrays, Demetri Psaltis, Annette
Grot, Jiafu Luo. Califorra Institute of Technology. We derive the fac-
tors imiting the density of optoelectronic neuron arrays and the con-
nectivity they can support. (p. 4)

9:30 am (Invited)

SMA3 Research activities on SLMs in Hamamatsu, Yoshiji
Suzuki, Tsutomu Hara, Hamamatsu Photonics K.K., Japan; Ming
H. Wu, Hamamatsu Corp. An overview wilt be presented of SLM
technology at Hamamatsu Photonics and the applications research-
ers are using our SLMs in various institutes. (p. 5)

10:00 am-10:20 am COFFEE BREAK

GRAND BALLROOM WEST

10:20 am-12:10 pm
SMB, FERROELECTRIC LIQUID CRYSTALS SLMs
John N Lee US. Naval Research Laboratory, Presider

10:20 am  (Invited)

SMB1 Structures and drive modes for optically addressed
ferroelectric liquid crystal SLMs, Garret Moddel, Pierre R. Bar-
bier Univ Colorado. Structures and drive modes for optically ad-
dressed spatial ight modulators incorporating ferroelectric hquid
crystal ight-modulating layers and hydrogenated amorphous silicon
photosensors are surveyed. (p. 10)

10:50 am

SMB2 One-transistor DRAM FLC/VLSI SLM, Mark A. Hand-
schy. Lise K Cotter, im D Cunningham. Displaytech, inc., Timothy
J Drabik. Georgia institute of Technology: Stephen D. Gaalema,
Black Forest Engineering. We present a 256 x 256 electrically ad-
dressed SLM using ferroelectric i crystal ight modulators atop a
VLS! array of one-transistor pixels. (p. 14)

11:10 am

SMB3 Chiral smectic liquid crystals for high information con-
tent displays and SLMs, Krstina M. Johnson, Douglas J
McKnight. Chongchang Mao, Gary Sharp, JianYu Liu, Anat Sneh.
Univ. Colorado at Boulder Resuits on improvements in liquid crystal
on siicon (LCOS) technology that aliow for high frame rate opera-
tion. analog phase modulation and SLM scaleability are discussed
(p. 18)

11:30 am

SMB4 Achromatic intensity modulator, J £ Stockley. G. D.
Sharp. D Doroski, K. M. Johnson, Univ. Colorado at Boulder, Two
iquid crystal cells are used to implement an achromatic intensity
modulator with a 250-nm bandwidth. A reflection mode device will
also be presented (p. 22)

MONDAY, MARCH 15, 1993—Continued

11:50 am

SMBS Real-time displacement measurement with ferroelec-
tric liquid crystal (FL.C)-SLM by correlation of speckie patterns,
Yuy Kobayashi, Tamiki Takemori, Nachisa Mukohzaka, Narihiro
Yoshida, Hamamatsu Photonics K K., Japan, Seij Fukushima, NTT
Opto-electronics Laboratories, Japan. Real time optical displace-
ment meter with wide measurable range, based on the speckle
photography is experimentally constructed by using FLC SLMs.
(p- 26)

12:10 pm-1:40 pm LUNCH BREAK

GRAND BALLROOM WEST

1:40 pm-3:00 pm
SMC, SLM TECHNOLOGIES: 2
Cardinal Warde. Optron Systems, Inc., Presider

1:40 pm

SMC1 Fabrication and switching sensitivity of the new
magneto-optic SLM, William E. Ross, Litton Data Systems; David
N. Lambeth, Carnegie Mellon Univ. This paper reports the design.
fabrication, and improved switching sensitivity of the new reflected
mode magneto-optic SLM including electrical and optical test results.

(. 32

2:00 pm

SMC2 New type of SLM with binary phase gratings, L
Buydens, P Demeester. Univ. Gent—IMEC, Belgium. Combining a
binary phase grating and matenais with a controliable absorption.
it 1s shown theoretically that it 1s possible to modulate the intensity
of the zero order diffraction peak with high contrast ratios (p. 36)

2:20 pm

SMC3 Optical memory elements based on hetero-nipi
superlattice asymmetric cavity SLMs, M K. Hibbs-Branner S
D. Mukherjee. J. Lehman. Honeywel! Systems and Research Center.
P P Ruden. J. J. Liu. Univ. Minnesota: A A. Sawchuk, W-F Hsu
Univ. Southern California. Asymmetric cavity SLMs with hetero-nips
superiattice cavity layers are theoretically and expernmentally
evaluated for use as short-term opticai memory elements (p. 40)

2:40 pm

SMC4 Amorphous silicon carbide multilayer modulators for
silicon smart pixels, Mark A Neifeld. Univ. Arizona We aiscuss
amorphous silicon cartyde multilayer modulators Features include
silicon compatibility. visible wavelength operation. high speed. and
fabrication simphcity. We present expermental data from initial
multilayers. (p. 44)

3:00 pm-3:30 pm COFFEE BREAK

GRAND BALLROOM WEST

3:30 pm-5:40 pm
SMD, SMART PIXEL SLMS
Wiliam Micel, Office of Naval Research. Presider

3:30 pm (invited)

SMD1 Smart and advanced spatial light modulators, J R
Brocklehurst, CRL, UK, N. Colings Institute de Microtechmque.
Switzerland; W. A. Crossland, BNR Europe Ltd . UK. R J Mears.
Univ. Cambridge, UK, D. G. Vass. Univ. Edinburgh, UK: MR Wor-
boys. GEC Marcon: Research Centre. UK. The design of silicon
backplane ferroelectric hquid crystal smart spatial kght modu!ators
for image processing neural networks, and telecommunication in-
terconnects 1s discussed. (p. 50)
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4:00 pm

SMD2 Electrically addressed field effect transistor seif-
electro-optic effect device (FET-SEED) amplified differential
modulator array, A. L. Lentine, L. M. F. Chirovsky, L. A. D'Asaro.
E. J. Laskowski, S. S. Pei, M. W. Focht, J. M. Freund, G. D. Guth,
R. E. Leibenguth, L. E. Smith, T. K. Woodward, AT&T Bell Labora-
tories. We describe a 6 x 6 array of electrically addressed FET-
SEED amplified differential modutators, with voitage gain operating
as high as 2 Gbivs. (p. 54)

4:20 pm

SMD3 VLSl/liquid crystal winner-take-all modulators for op-
tical competitive learning, Timothy M. Slagle, Kelvin H. Wagner.
Univ. Colorado at Boulder. Second-generation optical winner-take-
all modulators have been implemented in VLSl/liquid crystal device
technology. These devices will be used as processing elements in
an optical competitive learning system. (p. 58)

4:40 pm

SMD4 Multipurpose SLM, Mark A. Handschy, David B. Banas,
Displaytech, inc.; Stephen D. Gaalema, Black Forest Engineenng.
An SLM with bidirectional /O, both optical and electrical, exemplifies
the utility of ferroefectric-iquid-crystal over silicon VLS smart pixel
technology. (p. 62)

5:00 pm

SMD5 Optically addressed zero-crossing edge detection
SLM, David A Jared, Knstina M. Johnson, Univ. Colorado at
Boulder. This paper describes an optoelectronic system that per-
forms zero-crossing edge detection using a VLSI, ferroelectnc Ii-
quid crystal SLM. Electncal and optical results on the SLM and
system are presented. (p. 66)

5:20 pm

SMD6 DANE switching arrays for high-performance com-
puting (HPC) modules, Peter S. Guilfoyle, OptiComp Corp.; David
E. Gnder. Honeywell, Inc.; Bart Van Zeghbroeck. Univ. Colorado
at Boufder. GaAS DANE switching arrays integrated with free-space
smart optical interconnects are being utiized in HPC modules

(p- 69)

GRAND BALLROOM CENTER

8:30 pm-10:00 pm
SME, SPATIAL LIGHT MODULATORS POSTER SESSION

SME1 Requirements for SLMs for optical interconnection,
Hiroyuki ichikawa, Neil McArdle, Mohammad R. Taghizadeh, Heriot-
Watt Univ., UK. The performance of SLMs for optical interconnec-
tions 1s evaluated using 1deal models. The poor spatial resolution
of the modulators restrict their implementation in practical applica-
tions. (p. 74)

SME2 Enhanced performance of AlGaAs/GaAs asymmetric
Fabry-Perot reflection modulators, M. A. Gross, R. P Kenan, T
K. Tran, C. J Summers, Georgia Institute of Technology. Enhanc-
ed contrast and passband are predicted and optimized for non-
surface normal operation of asymmetric Fabry-Perot reflection
modulators incorporating AlGaAs/GaAs quantim wells or hetero-
nmipr structures (p. 77)

SME3 Optical data self-routing system based on MQW
modulator and optical bistable matrices, P Chavel, P Koppa.
J. Taboury. Centre Unw. Orsay, France: J-L. Oudar. R. Kuszelewicz,
FRANCE TELECOM-CNET France; J:P Schnell, J Ratty. J-P
Pocholle. M. Papuchon, Thomson-CSF, France. We describe the
apphcation of MQW optoelectronic matrices and Damman grahngs
for address recogniion and beam switching in a 64-channel op-
tical serial demulttpiexor (p. 81)

Vi
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SME4 Space-modulating ferroelectric liquid-crystal light
valve and its application to multivalued logic gates, Shigeto
Kohda, Yasushi Inaba, Noriyoshi Yamauchi, NTT Interdisciphnary
Research Laboratories, Japan; M. Hirai, NTT Communication
Switching Laboratories, Japan. A space-modulating light valve con-
trolled by electronic binary signals is developed using ferroelectric
liquid crystal cells. Simple optical multivalued logic gates using these
light valves are proposed and demonstrated. (p. 85)

SME5 Retina-like adaptive thresholding in a nonlinear joint
transform correlator, K. L. Schehrer, M. G. Roe, L. Schirber.
Rockwell International; M. Handschy, Displaytech, inc. Simulations
show the advantages of a novel retina-hke adaptive thresholding
scheme implementable in a joint transtorm caorrelator with an in-
tegrated circuit SLM. {(p. 89)

SME6 Polarization behavior of a ferroelectric liquid crystal
light valve (FLCLV), W. Xue, N. Colings. Univ. Neuchatel,
Switzerland. Effects of device parameters and drive waveform on
polarization and intensity characteristics of a FLCLV are discuss-
ed. Experimental results are presented. (p. 93)

SME? Optically addressed liquid crystal phase only
modulating SLM, N. Yoshida, N. Mukohzaka, T Hon. H Toyoda
Y. Kobayashi, T. Hara, Hamamatsu Photonics K.K., Japan. Optically
addressed hquid crystal phase only SLM has been developed The
performance parameters and the transter charactenstics of the
device are presented. (p. 97)

SME8 Hadamard transforms with ferroelectric-liquid-crystal-
over-silicon SLMs, S Gourlay. P McOwan, D. G. Vass. |. Under-
wood. Unwe Edinburgh, UK M. Worboys. GEC-Marcon: Research
Centre. UK. Hadamard transformation is performed by ferroelec-
ic-hquid-crystal-over-silicon SLM. The particular advantages and
imphcations of such novel optical techrmiques are discussed

(p. 100)
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GRAND BALLROOM WEST

8:30 am-10:00 am

STuA, INTERNATIONAL PERSPECTIVE ON LIQUID
CRYSTAL SLMs

Kristina M. Johnson, University of Colorado, Presider

8:30 am (Invited)

STuAl Computer-generated hologram reconstructions using
liquid crystal SLMs, Tomio Sonehara, Jun Amako, Hirotsuna Miura,
Setko Epson Corp., Japan. We present three CGH reconstructions
by using TFT LC-SLMs. They are Lee type for amplitude, Kinoform
for phase and wavefront modulation for complex amplitude. (p. 106)

9:00 am

STuA2 Issues in improving the performance of liquid-crystal-
over-silicon SLMs, |. Underwood, D. G. Vass, A. O'Hara, D. C.
Burns, Univ. Edinburgh, UK. We consider some of the critical issues
in improving the performance and quality of ferroelectric-liquid-crystal
over active-silicon-backplane SLMs. (p. 110)

9:20 am

STuA3 Smectic C* and A liquid crystal light valves: applica-
tions to 2-D information processing, J L. de Bougrenet de la
Tocnaye, ENST de Bretagne, France. Smectic C* and A liquid crystal
light valves are presented. Different addressing modes including VLS|
one are descnbed. with applications in neural and signal processing.
{p. 114)

9:40 am

STuA4 Liquid crystal SLM for optical image preprocessing,
AV Partenov. P N. Lebedev Physics Institute, Russia; J. C. Buchholz,
Micro-Optics Technoluygies. Inc. Image processing is enhanced by
combining transducing and preprocessing functions. Realized
preprocessing using an SLM are edge enhancement. selection of
nonstationary objects. and image subtraction. (p. 118)

10:00 am-10:30 am COFFEE BREAK

GRAND BALLROOM WEST

10:30 am-12:10 pm
STuB, SILICON-ADDRESSED HYBRID SLMs
Sing H Lee. Unwversity of California San Diego, Presider

10:30 am (Invited)
STuB1 Title to be announced, J Fan. Kopin Company. Abstract
not avallable at press tme (p. 122)

11:00 am

STuB2 Bonding of Si thin films to PLZT substrates for SLM
applications, M S Jin.J H Wang. V H Ozguz, SH Lee UC-
San Diego. Sihcon films are bonded to PLZT substrates to integrate
sihcon circuits with bulk PLZT light modulators. The approach and
the results of process and device characterization are presented
(p. 123)

11:20 am (Invited)

STuB3 Hybrid silicon/gallium arsenide inverted Fabry-Perot
cavity MQW spatial light modulators, Armand R. Tanguay. Jr.
Anupam Madhukar, B. Keith Jenkins, Univ Southern California High
bandwidth (>10 MHz) smart pixel SLMs based on the hybnd in-
tegration of silicon-based detection and control electronics with
galhum-arsenide-based MQW modulators by fip chip bonding are
described The use of an inverted asymmetnic cavity design obwviates
the need for through-substrate wias. and allows for the incorpora-
ton of high reflectivity ex situ-deposited dielectnic mirrors. (p. 127)

11:50 am

STuB4 Characterization of a free-space optoelectronic inter-
connect system based on Si/PLZT smart pixels, B. Mansoorian,
G. Marsden, V. Ozguz. C. Fan. S. Esener. UC-San Diego. The per-
formance charactenstics of a prototype parallel free-space optoelec-
tromc communication ink utihizing SYPLZT smart pixels is presented
(p. 128)

12:10 pm-2:00 pm LUNCH BREAK

Vil
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GRAND BALLROOM EAST

2:00 pm-5:30 pm

JTuC, JOINT OPTICAL COMPUTING/PHOTONICS IN
SWITCHING/SPATIAL LIGHT MODULATORS PLENARY
SESSION

B. Keith Jenkins, University of Southern California

Joseph W. Geodman, Stanford University, Presiders

2:00 pm (Plenary)

JTuCt Extended generalized shuffle networks, G. W Richards,
AT&T Bell Laboratories. This talk discusses how extended generaliz-
ed shuffle networks are useful in dealing with various constraints that
are encountered when implementing switching networks with
photonic technology. (p. 134)

2:45 pm (Plenary)

JTuC2 ATM objectives and requirements for next-generation
networks, Kai Y. Eng, AT&T Bell Laboratories. An overview of ATM
networking is described with emphasis on virtual path transport ar-
chitectures and features. SDH termination, ATM cell processing. and
routing are discussed. (p. 138)

3:30 pm-4:00 pm COFFEE BREAK

4:00 pm (Plenary)

JTuC3 Photonics in switching: European systems demon-
strators and the long-term perspective, Lars Thylén, Royal In-
stitute of Technology, Sweden. Status in *he area of photonics-in-
switching in Europe, highlighted by systems demonstrators, 1s review-
ed, and the lon¢ *erm perspective for photonics-in-switching 1s
discussed. (p. 142)

4:45 pm (Plenary)

JTUC4 Transition from optical interconnections to optical
computing, Richard C. Williamson, MIT L ~ccin Laboratory. Optical
interconnections will be a foot 1n the door to the next gene:ation of
computer systems and provide an evolutionary path toward the use
of optics at finer scales. (p. 147)

GRAND BALLROOM WEST

8:30 pm-10:00 pm

STuC, COLLABERATIVE PROGRAMS IN OPTICAL AND
OPTOELECTRONIC TECHNOLOGIES FOR COMPUTING
Ravindra A Athale. George Mason Unversity. Presider

Recent developments in optical and optoelectronic technologies have
led to a number of exciting devices. such as microlaser arays. MQW
modutators, dffractive ophcal elements and CMOS-Liquid Crystal
devices. Further maturation of these technologies depends crtical-
ly on developing products incorporating these devices that can lead
10 a mass market for them To facilitate this process. it is necessary
to make the early prototype devices easily available to potential users
and systems developers. One avenue for achieving this involves tor-
ming collaborations between industry. unversities and government
institutions Ir U.S . Japan and Europe. several such collaborative
efforts are currently under way

The goals. obstacles. and rewards of such collaborations are the
subject of this panel discussion The panel will consist uf represen:
tatives from ditterent countries with direct expernience in organizing
such coflaborative etforts After a brief presentation from the panel
members, we will seek inputs from the attendees about ther views
of the promise and problems regarding such coliaborative projects




WEDNESDAY, MARCH 17, 1993

GRAND BALLROOM WEST

8:30 am-10:00 am
SWA, MULTIPLE-QUANTUM WELL SLM TECHNOLOGY
Anthony L Lentine, AT&T Bell Laboratories, Presider

8:30 am (Invited)

SWA1 Applications and technology of QW SEED arrays, David
A. B. Miiler, AT&T Bel! Laboratories. Current status of these device
arrays is reviewed, for applications as smart pixels or SLMs in digital
or analog optical switching and processing. (p. 150)

9:00 am
SWA2 SLM using semi-insulating MQW material, A. Partovi,
A. M. Glass, T. H. Chiu, AT&T Bell Laboratories. We describe the
use of semi-insulating MQW materials for SLMs. The performance
of an optical correlator system based on these materic.s is discussed.
(p. 153)

9:20 am

SWA3 High-contrast SLM using Stark effect tuning and
heterostructure acoustic charge transport (HACT) pixe! ad-
dressing, F Jain, S. K Cheung, R. LaComb, Unwv. Connecticut:
T Grudkowski. R. Sacks, O. Cuilen, United Technoiogies Research
Center This paper describes a novel SLM structure which integrates
the high-contrast ratio feature of a Fabry-Perot cavity along with Stark
effect tuning. and ease of pixel addressing as manifested by the
HACT technology. (p. 157)

9:40 am

SWA4 Novel high contrast MQW SLM based on polarization
rotation, H. Shen. M Wraback. J Pamulapah. M. Dutta, J. Kosin-
ski. W Chang. P Newmar US. Army Research Laboratory. Y. Lu,
Rutgers Univ We report on a novel SLM using MQW, anisotropic
straan, and polanzation rotation to achieve an exceedingly high con-
trast (330.1) (p. 161)

10:00 am-10:30 am COFFEE BREAK

GRAND BALLROOM WEST

10:30 am-12:10 pm
SWB, ASYMMETRIC FABRY-PEROT MQW MODULATORS
Constance J Chang-Hasnan. Stanford University, Presider

10:30 am

SWB1 Phase characteristics of reflection electro-absorption
modulators, Daxn Liu S M Lord M Larson. J A Trezza. J S
Harns Jr. Sohd State Laboratories, B Pezeshki. T J Watson
Research Center The influence of retractive index changes on the
phase charactenstics of a reflection Fabry-Perot guantum well mod-
ulator 1s discussed and compared with expenment (p. 166)

10:5G am

SWB2 Ex-situ cavity phase tuning of inGaAs/AlGaAs MQW-
based inverted asymmetric Fabry-Perot reflection modulators,
Kezhong Hu. R Cartland. L+ Chen. K Kaviam, P Chen, A
Madhukar Univ Southern Calformma Water scale resonant wave-
length tailonng with 20 A accuracy 1s dem.onstrated via ex-situ cavity
phase tuning in an inverted asymmetnc Fabry-Perot reflection
modulator affording large .cale array. (p. 170)

11:10 am

SWB3 Electroabsorptive asymmetric Fabry-Perot modulators
with symm-~tric coupled QWs, D S Gerber, R Droopad. G.N
Maracas. Ar.zona State Univ. The performance of asymmetnc Fabry-
Perot modulators based on symmetnc coupled QWs is compared
to that of similar devices with rectangular QWs (p. 174)

viii
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11:30 am

SWB4 Design model for reflection mode MOW modulators
based on minimization of power penalties, C Fan. M W.
Hansen, D. W. Shih, S. C. Esener, UC-San Diego. A model is pre-
sented for modulator material and structure design. The perform-
ance is evaluated through the contrast ratio and total power penalty
(p. 178)

11:50 am

SWBS5 Active anti-reflection coating electro-optic modutator,
Ainjad Obeidat, Jacob Khurgin, Shaozhong Li, The Johns Hupkins
Univ. A new type of MQW reflection modulator. based on the
multilayer active anti-reflection coating 1s proposed and compared
theoretically with a conventional asymmetric Fabry-Perot etalon
modulator. (p. 182)

12:10 pm-1:30 pm LUNCH BREAK

GRAND BALLROOM WEST

1:30 pm-3:10 pm

SWC, OPTICAL INTERCONNECTS AND OTHER SLM
APPLICATIONS

Uzi Efron, Hughes Research Laboratory, Presider

1:30 pm

SWC1 Potential field computation for robotic path planning
using a microchannel SLM, Max B. Reid. NASA Ames Research
Center A microchannel SLM is employed to demonstrate the op-
tical calculation of potential tield maps for mobile robot navigation
The optical calculation time scales ‘avorably in comparison to digital
electronic computation {p. 188)

1:50 pm

SWC2 Generalized dynamic holographic interconnects us-
ing SLMs, DC OBrien. T D. Witkinson. R. J Mears. W A
Crossland, Cambridge Univ. UK. Real time binary phace computer-
generated holograms are replayed on a SLM. Werghted matrix -
terconnects are demonstrated, and results discussed (p. 192)

2:10 pm

SWC3 implementation of a polarization-sensitive silicon
retinula array, |do BarTana, Kristina M Johnson, Unn Colorado
at Boulder We describe the )mplementation ot a polarnzation sen-
sitive silicon retinula array, for matenal classificaton basec on
specular reflection (p. 196)

2:30 pm

SWC4 Programmabie diffractive optical elements, Jeftrey A
Davis, Don M Cottreli. Robert M. Bunch. Werner V Brandt. Hesd
M. Schley-Seebold. Jarod Guertin, San Diego State Univ Pro-
grammabie diffractive optical elements can be written onto SLMs
New apniications are d.scussed including anamorphic lenses.
derivative lenses, and no.diffracting Bessel tunction beams

(p. 200)

2:50 pm

SWC5 Selt-amplified beam-stee ring technique tor program-
mable optical interconnections, Hua-Kuang Liu. Jet Propulsion
Laboratory; Shaomin Zhou, Pochi A. Yeh, UC-Santa Barbara. A self:
amplified angularly multiplexed beam-steenng technique for pro-
grammable interconnection and optical computing applcations 1s
presented. (p. 20+)

3:10 pm-3:30 pm COFFEE BREAK
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GRAND BALLROOM WEST

3:30 pm-5:00 pm
SWD, NEW MATERIALS
Tracy D Hudson. US Army Missile Command, Presider

3:30 pm (Invited)

SWD1 Self-assembly SLM for molecular computing, Harold
Szu. Ann Tate, David Culin, Mananne Walch, David Demske, Joseph
Garcia, Sonlinh Phuvan, Nicholas Cavins, US. Naval Surface War-
fare Center SLM-usetul molecular computing 1s made on a
bactenorhodopsin (BR) molecule flm suspended in a viscous -
quid medium. similar to a wet photograph but having adaptive and
finer pixels. The natural synergism between the thermal diftusion
of BR molecute (induced externally by a wrte-laser) and its
photochromism (generated internally by electronic transitions) 1s
demonstrated in an edge-enhanced laserimage application.

(p. 210)

4:00 pm

SWD2 Photoanisotropic organic volume holograms for
spatial light modulation, Tizhi Huang. Samuel Weaver, Steve Blav,
Kelvin Wagner. Univ. Colorado at Boulder. High-resolution dye-
polymer holographic flms are used as SLMs for incoherent-to-
coherent conversion. joint transtorm correlation. and real-time SAR
processing. (p. 214)

4:20 pm

SWD3 Optical data processing with bacteriorhodopsin and
its genetically modified variants, C. Brauchie, N. Hampp, Univ.
Minchen, Germany. D Oesterhelt. Max-Planck-Institut fiir Bio-
chemie, Germany. With bacteriorhodopsin and its genetically
modified vanants, the applicability of biological systems in spatial
I)ght modulators and optical pattern recognition 1s demonstrated.
(p. 218)

4:40 pm

SWD4 Optically driven, optically addressed spatial light
moduilator (SLM), Janine V. Reardon, Don A. Gregory, Univ.
Alabama in Huntsville. A dye doped polymer matenal has been
developed that shows promise for use as a SLM modulation
medium. Preliminary results will be presented. (p. 222)

5:15 pm
SPDP, POSTDEADLINE SESSIONS
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Microlaser Array Spatial Light Sources

J.L. Jewell, G.R. Olbright, R.P. Bryan, and W.S. Fu
Photonics Research Inc., 4840 E. Pearl Circle, Boulder, CO 80301
(303) 541-9292

The ability to generate one- and two-dimensional arrays of light beams in arbitrarily
redefinable patterns addresses an enormous range of applications. Two basic classes of devices
can provide this: spatial light sources (SLS) and spatial light modulators (SLM). In this paper we
provide a critical comparison of SLS and SLM technologies. Light sources will generally refer to
vertical-cavity surface-emitting lasers (VCSEL) which we are developing, while light modulators
will generally refer to semiconductor quantum well modulators which are structurally and
operationally the closest comparison to VCSELSs.

As its name implies an SLS generates its own light, typically comprising a laser or light
emitting diode for each element. The vertical-cavity surface-emitting laser (VCSEL) is particularly
well suited for SLS applications. On the other hand, an SLM is not a light source. It modulates
light from an external source by any of a number of means such as quantum well
electroabsorption. Figure 1 illustrates this fundamental difference between the two classes of
devices when used as an input into an optical processing system. In addition to the optical
hardware of the SLS system, the SLM-based system requires an external light source, array
generating optics, and a lens to direct the light from the light source to the SLM. The increase in
size, weight, optical hardware and packaging complexity of the SLM compared to the SLS is
profound. It is also fundamental, being implied by the definition of an SLM. A general rule is,
therefore, that unless there is a compelling reason to use an SLM, an SLS is preferred.

—
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processor
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Fig. 1. Comparison of (a) SLS and (b) SLM-based inputs to a system showing the large difference in hardware
needed. For optical interconnections or optical computing, a very similar comparison is valid.
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There are many other significant differences, not seen in Fig. 1, between SLS and SLM-
based systems. The increased bulk in an SLM component adds directly to increased cost. The
beam array must be aligned to the SLM. SLM's are either slow, e.g. liquid crystals, require high
power, or utilize a resonance to which the external source must be closely matched. Self electro-
optic devices for example, use electric field induced absorption by the exciton resonance of
semiconductor quantum wells to modulate the light. For proper modulation, the wavelength of the
modulated light must be well tuned with respect to the exciton resonance. Since the wavelength of
the exciton resonance itself varies with temperature, the overall device is very temperature sensitive
with an operating range on the order of 10 degrees Celsius. By comparison, VCSELSs have
demonstrated less than 20% variation in current threshold over a 75 degree range.

When lasers are used as the sources, SLSs have much higher contrast than SLMs, often greater
than 1000:1 compared to ~20:1 for a good asymmetric quantum well modulator. Since there is no
optical input to the SLS, there is no issue of optical bandwidth over which this contrast is obtained.

On-chip power dissipation is an area in which modulators have had only a slight advantage over
sources, however this advantage is not fundamental. Experiments have demonstrated that
VCSELSs can be scaled down to sub-half-micron diameters, pointing to the possibility of ultra-low
power, high-speed lasers in the future. Although a quantum well modulator could also be scaled
down to this size, the difficulty of coupling the externally generated light into the device would
almost certainly render the device impractical for systems use.

When spatial coherence is required across the array, SLMs are preferred over SLSs. The natural
emission of an independently addressed array of lasers is spatially incoherent. Coherence is
generally necessary in performing phase-dependent operations such as Fourier transforms and
related analyses. It is possible, however, and sometimes preferable to perform some operations
normally associated with coherent optics, such as pattern recognition, using spatially incoherent
systems. A compact and robust incoherent pattern recognizer has been demonstrated which is far
less sensitive to optical alignment than similar coherent recognizers. Although progress has been
made in producing phased arrays of VCSELSs, the generation of arbitrary patterns (images) in
which all elements are in phase is far more difficult and is not likely to be realized in the foreseeable
future.

Modulators have higher reliability and yield than lasers due to the fact that they are field effect
devices rather than having current flow through them. As the technologies mature, this will be less
of an issue since reliability will be extremely high for both classes of devices.

One of the strongest arguments for SLS development is their extreme versatility in addressing near-
term as well as long-term markets. Systems for optical disk memory, barcode scanners and high-
speed laser printers require the compactness and high intensity of laser sources. The demands for
these near-term applications with identified markets are generally much less stringent than for the
more futuristic applications of optical computing and image processing. Addressing the near-term
markets for the time being will provide iie revenues to further the growth of SLS technology.
enabling it to address the far-term applications as well.

We acknowledge the support of DARPA and Rome Laboratory for this work under contract
number F30602-92-0091.
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Optoelectronic Neuron Arrays

Demetri Psaltis, Annette Grot, and Jiafu Luo
California Institute of Technology
Departiment of Electrical Engineering
Pasadena, CA 91125

In this paper, we will describe optoelectronic neuron arrays fabricated
monolithically in GaAs. Each element of these arrays is a simple thresholding
circuit consisting of one or two photodetectors, a MESFET and an LED [1].
It can be shown that the density with which this array can be fabricated is

MPmax 7
N/A ~ [— 22 /37D, (1)
! l4V0“\/6 . R

where N is the number of neurons, A is the area of the array, 5 is the over-
all optical efficiency, P,,,, 1s the maximum allowable power dissipation per
unit area, P, is the acceptable probability that any neuron will produce an
erroneous response, V is the supply voltage of the circunit, o, is the stan-
dard deviation of the detector noise, and C is the number of connections per
neuron.

As an example, suppose we want to build a network with N=10,000 neu-
rons and (C=1000 connections per neuron in an area A=1 cm?. Suppose
further that 5 = 5 x 1074, P,,., =10 W/cm?, V=2 Volts, and P, =0.1. Then
we must have the capability to fabricate the neuron arrays with sufficient
uniformity and low enough noise so that o, =1 nA with a corresponding
P=5pW.

The basic trade-off in equation (1) is between density and power. Specif-
ically, the optical power inefficiency of the system must be compensated by
electrical power generated on the chip which makes the density proportional
to the product nP,,,,. It is also interesting to note that the density that we
can achieve is also proportional to the ratio of P, (the accuracy we require)
to o, (the accuracy the circuit provides). The dependency of the density on
(' is perhaps the most surprising: the density decrease as the connectivity
increases. The principle reason for this is the reduction of the efficiency of
the hologram as (' increases.

We can also derive an equation for the connectivity that can be supported
by the LED circuit,

wP.

41

(=~ 3(—=)? (2)
where o ratio of the detector noise current to the mean current. The con-
nectivity that can be supported is proportional to the square of the ratio of
the accuracy required (P.) to the accuracy provided by the circuit (a).

[1] S. Lin, A. Grot, J. Luo, and D. Psaltis, ‘GaAS Optoelectronic Neuron
Arrays’, Applied Optics, March 1993.
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Research activities on spatial light modulators in Hamamatsu

Yoshiji Suzuki, Tsutomu Hara
Hamamatsu Photonics K.K.,5000, Hirakuchi, Hamakita-city, Shizuoka, 434,
Japan, +81-53-586-7111
Ming H. Wu
Hamamatsu Corporation, Box 6910, 360 Foothill Road, Bridgewater,
NJ 08807-0910, USA, 908-231-0960

Various systems for optical
information processing have been proposed. In
these systems, a spatial light modulator (SLM)
is one of the essential devices used either as
transducer, processor and memory or any
combination of these functions. Therefore
various types of spatial light modulators have
been developed during the last three
decades)).

Hamamatsu Photonics K.K. started to
develop spatial light modulators in 1980. As
the first step, a microchannel spatial light
modulator (MSLM), originally proposed by
Warde et al. at MIT?, was developed. The
MSLM is an optically addressed SLM
consisting of a photocathode, a microchannel
plate (MCP) and an electrooptic crystal (55
degree cut LiNbO3) in a vacuum sealed tube as
shown in Fig.19-%). Photocathode is used as
photorecepter for 2-D photoelecric conversion
and the MCP is used to multiply the 2-D
photo-electric signal which is impringed upon
the LiNbO3 crystal for electro-optic
modulation. This device has a unique capability
of operating at a very low writing light energy
and at a high readout light intensity with the
same wavelength. It is also intrinsically capable
of performing image addition, subtraction,
thresholding and memory. These special
functional capabilities provide design
flexibilities for wide varieties of application
such as synchronous detection, logic operation,
edge enhancement and optical adaptive
processing®.7),

A variation of MSLM incorporating
deflection, rotation and zooming mechanism
for images was also developed®). This device
known as PSLM (Pre-processing
Microchannel Spatial Light Modulator) is used

to pre-process optically addressed signals for
various applications.

The research on SLM was extended to
the electron beam addressed spatial light
modulator (EBSLM)9. The EBSLM is an
electrically addressed SLM consisting of an
electron gun for generating an electron beam in
proportional to sequential electric signal, and a
LiNbO3 wafer for electro-optic modulating a
readout light, as shown in Fig.2. This device is
also capable of performing image addition,
subtraction, contrast reversal and image
storage. The EBSLM is generally useful for
interface with electrical signal in real-time
electro-optic system for optical signal
processing. One of the applications in progress
involves electro-holography for reconstructing
scanning hologram on real time basis!O.11),

Recently three types of optically
addressed liquid crystal spatial light
modulators, that is, twisted nematic liquid
crystal (TNLC) SLM!2), parallel arigned liquid
crystal (PAL) SLM!3), and ferro-electric liquid
crystal (FLC) SLMI14.15).16) have been
developed. The structures of these devices are
quite similar, and the typical structure is shown
in Fig.3. These devices consist of amorphous
silicon (a-Si:H) photo-conducting layer as an
addressing material, dielectric mirror and a
liquid crystal layer as a modulating material,
sandwiched between two transparent
conducting layers coated on glass plates. The
TNLC-SLM is an intensity modulator as is
well documented. The PAL-SLM which
employs a parallel aligned nematic liquid
crystal layer, is used as a two dimensional
phase modulator. In the FLC-SLM, a chiral
smectic C liquid crystal layer is used as an
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electro-optic layer for bistable operation and
memory capability.

Application researches using these
SLMs have been performed in many research
institutes. These are summarized in Table 1.
Continuous efforts in device developments and
applications should contribute to bring the
current SLM technology one step closer to
realization of practical electro-optic system
capitalizing the advantages of optics.
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Figure 1 Microchannel Spatial Light Modulator (MSLM).
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Figure 2 Electro Beam Addressed Spatial Light Modulator (EBSLM).
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Analog computing
A_E_glication research Device Institute Ref.
Real-time optical phase measurement MSLM MIT 17
Speckle observations of double star MSLM | National Observatory | 18
Shizuoka Univ
Hamamatsu
Real-time joint transform correlation MSLM | Penn. State Univ. 19
Hamamatsu
White light processing MSLM Penn.State Univ. 20
Hamamatsu
Displacement meter utilizing speckle FLC-SLM | Hamamatsu- 15
Photography NTT Opto-electron.
Real-time optical holography EBSLM | Virginia Politech. 10
Hamamatsu
Optical calculation of potential fields for MSLM |[NASA 21
robotic path planning
Digital computing
Agglication research Device Institute Ref.
Parallel logic operation Programmable MSLM Hamamatsu 22
parallel processor by polarization encoding NTT Transmission
Sequential logic adder MSLM | Univ.Tsukuba 24
Institut d'Optique
Mechanical Eng.Lab
ETL
Digital addition and subtraction MSLM | NTT Opto-¢lectron. 25
NTT Comm.and Info.
Space-variant logic operation MSLM | Univ.Tsukuba 26
ETL
Programmable symbolic substitution MSLM NTT Comm.and Info. | 27
Neuro computing
Application research Device | Institute Ref.
Associative networks with adaptive MSLM |NRL 28
learning capabilities
Optical Associatron MSLM | IPRI 29
Hamamatsu
Optical perceptron-like and multiayer neural] MSLM | NTT Transmission 30
networks Hamamatsu
Semantic network based on association MSLM | Univ. Tsukuba 31
ETL

Table 1 Application researches on SLMs at various institutes.
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STRUCTURES AND DRIVE MODES FOR OPTICALLY ADDRESSED
FERROELECTRIC LIQUID CRYSTAL SLMs

Garret Moddel and Pierre R. Barbier

Department of Electrical and Computer Engineering and Optoelectronic Computing Systems Center
University of Colorado, Boulder, CO 80309-0425 - moddel@boulder.colorado.edu - (303) 492-1889

We survey structures and drive modes for
optically addressed spatial light modulators
(OASLMs) which incorporate surface stabilized
ferroelectric liquid crystal (FLC) light modulat-
ing layers and hydrogenated amorphous silicon
(a-Si:H) photosensors. The devices exhibit res-
ponse times on the order of 100 ps, spatial reso-
lution on the order of 70 lp/mm at 50% MTF,
write-light sensitivity on the order of

100 n]/cmz, and contrast ratios on the order of
20:1. Hydrogenated amorphous silicon (a-Si:H)
has become the most commonly used photosensor
in liquid crystal OASLMs [1]. The cross section
of an a-Si:H / FLC OASLM is shown in Fig. 1.
Electrical power is supplied to the two trans-
parent conducting oxide (TCO) layers. In the re-
flection-mode device shown, a reflector, usually
a dielectric stack, reflects the read light. In
transmission mode there is no reflector.

*Write Beam
Glass
TCO
s = — — — — _ asiH
e ————— ———————— R Tl (¢)e
TCO
Glass
Alignment
Layers * *Reﬂected
Read-Beam Read-Beam

Fig. 1: Cross section of an a-Si:H / FLC
OASLM.

PHOTODIODE

Amorphous silicon photodiodes may be
formed from p-i-n structures [2], from Schottky
barriers, and from metal/insulator/semiconduc-
tor (MIS) barriers [3]. In a p-i-n diode the
~200 A thick boron-doped p-layer blocks
electrons from entering the intrinsic region
through it from the adjacent TCO electrode. A
Schottky barrier is formed by a metal or TCO
instead of a p-layer in contact with the intrinsic

a-Si:H, but the rectifying behavior of such
barriers is often inferior to that of p-i junctions.
In a photodiode under reverse bias, when a
photon is absorbed to produce an electron-hole
pair in the intrinsic layer, the hole and electron
are separated and drift under the action of the
internal electric field, and are collected by the
p- and n-type contacts, respectively. The
blocking contacts stop additional carriers from
being injected from the opposite contacts, so that
once {he carriers have been collected the
response is complete. Because the electron is
usually the more mobile carrier, and because
a-Si:H intrinsic layers are usually n-type the
blocking of electrons is more important than the
blocking of holes. Therefore p-i or TCO/i
structures often suffice rather than p-i-n or
TCO/i-n, respectively. In a reverse biased
photodiode, the photocurrent varies linearly
with the light intensity over several orders of
magnitude because one electron-hole pair is col-
lected for each absorbed photon.
Reset Mode

A reset-mode electrical driving scheme [2]
and ideal response are shown in Fig. 2. The TCO
layer that contacts the liquid crystal is
grounded, and a square-wave voltage is applied
to the TCO electrode in contact with a-Si:H.
With the application of a positive applied
voltage, V4, the photodiode is forward biased
so that all the voltage drops across the FLC
with or without the presence of a write-light.
This resets the FLC to a state which is defined
as off. With a negative applied voltage, V_,
the photodiode is reverse biased, blocking the
current in the dark, so that ideally the voltage
across and the state of the liquid crystal are un-
changed. When a write light illuminates the
photodiode, the resulting photocurrent charges
the FLC to a negative voltage, switching it on.
This voltage is maintained across the liquid
crystal until the drive voltage goes positive
again, resetting the liquid crystal to its off-
state. Thus the reset (erase) operation occurs
during the positive voltage period, and the
write and read operations occur during the nega-




tive voltage period. The frame rate, which is
the frequency of the electrical drive waveform,
is sufficiently low that the FLC switches fully
off during the positive voltage period. Grey
levels have been obtained by charge control [4],
temporal averaging [5], and a combination of the
two approaches [6].

Vapplied

V+ Time

V-
Write Intensity

o il B I

Ooff =
Read Intensity | I

of 1 1,

Off |
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Fig. 2: Ideal photodiode OASLM response in
the reset mode (from ref. 2).

Incegrating Mode
By driving the OASLM at a higher fre-

quency, an integrating mode is obtained in
which the read-out response extends over seve-
ral driving periods [7]. As shown in Fig. 3, the
rise aid fall of the output in response to a pulse
of write light occur over several driving periods,
during which the liquid crystal responds to the
time-averaged field. A continuous grey-level
response is obtained, but at the cost of sensitivi-
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Fig. 3: Response of a photodiode FLC
OASLM in the reset (1 kHz electrical drive
frequency) and integrating (10 kHz) modes
(from ref. 7).
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ty and response time when compared to the reset
mode. The reset mode is in effect for frame rates
of approximately 1 kHz and lower, and the
integrating mode for approximately 10 kHz.

PHOTOCONDUCTING DIODE

To form a photoconductor the contacts to
the a-Si:H must be ohmic, such that all the ap-
plied voltage drops across the bulk. In a sand-
wich a-Si:H photoconductor, ohmic contacts for
clectrons are achieved by inserting an i-layer
between two thin phosphorus-doped n-layers,
which are in contact with the electrodes. One
indication of ohmic contacts, and hence the for-
mation of a photoconductor as opposed to a pho-
todiode, is a linear and symmetric current-
voltage characteristic.  When intrinsic a-Si:H
is deposited directly on a transparent conducting
oxide, partially blocking Schottky barrier con-
tacts often result, as described above. It is very
difficult to obtain a truly ohmic contact to in-
trinsic a-Si:H without the inclusion of a doped
layer at the contact. Many of the TCO/intrinsic
a-Si:H photosensors for OASLMs are described
as "photoconductors,” but perhaps could better
be described as "photoconductive diodes,” as
their contacts are partially blocking. Their cur-
rent-voltage characteristics are more nearly
"symmetric" than those of a photodiode, in the
sense that both reverse bias and forward bias
currents are low in the dark and significantly
larger in the light. This ncar-symmetry may be
used to balance the time-averaged voltage
across the FLC to avoid ionic charge buildup, as
described below.

Photogenerated electrons contribute to the
photocondu: tor current until they recombine.
Consequently large photoconductive gains of up
to 10 may be obtained with true a-Si:H
sandwich photoconductors, but there are several
problems in incorporating them into OASLMs.
Unless the write-light is absorbed through the
entire depth of the photoconductor, a dark, and
hence resistive layer impedes the photocurrent.
This may be avoided by a compromise between a
sufficiently long wavelength, higher than
600 nm [8], and a sufficiently thin film [9].
However, if the film is too thin, undesirable ca-
pacitive voltage coupling may result. Another
problem involves the dark current, which must
be sufficiently low to avoid switching the de-
vice within a frame time. This requires the
a-Si:H film to be much thicker than 30 um for
video frame rates [9], which is unreasonably
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thick. Even if very resistive, but too thin,
a-Si:H were used, injected charge would dwarf
any photoconductive effect.

Although imperfectly symmetric, the
TCO/i photoconductive diode (PCD) has been
successfully incorporated into OASLMs. A
straightforward operating mode for a bistable
FLC / PCD OASLM is shown in Fig. 4. The PCD
must be illuminated during the reset (erase) pe-
riod when a positive voltage is applied to the
OASLM. The intensity of illumination during
the write period, when a negative voltage is
applied, determines whether the liquid crystal
attains its stable on-state. If the illumination is
insufficient, the device switches off during the
read period, during which zero volts is 2 pplied.
A negative image may be obtained by reversing
the polarities described above during the reset
and write periods [10]. An ac stabilization volt-
age may be applied in series with the lower fre-
quency drive voltage to enhance bistability [11].
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I l 4.1_mi.; Time
¢ 1ms N | |
Erase Intensity
[ 1 >
Write Intensity

I ] >
Read-Out Intensity Iw =200 pW/cm2
7~ \Iw=0 _

Fig. 4: Basic operating mode for a bistable
FLC / PCD OASLM (from ref. 4).

Disadvantages of this simple driving
mode are that it does not balance the voltage
across the liquid crystal when the erase- and
write-light intensities are unequal, and that it
requires the PCD to be illuminated during each
resct period. A driving scheme which avoids
these problems is shown in Fig. 5. After the
larger negative and positive voltage pulse pair
have been applied, the FLC is reset to its off-
state, because even in the absence of a write-
light the magnitude of the voltage is sufficient
for the capacitively coupled voltage to switch
the FLC to the state dictated by the later pulse.
This is not the case for the smaller positive and
negative voltage pair. It leaves the FLC in an
on-state only if the write light is on With this
driving scheme, the voltage is balanced across

the FLC as long as the photosensor has a sym-
metric enough current-voltage characteristic.
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Fig. 5: Operating mode for a bistable FLC /
PCD OASLM which provides a time-
averaged voltage of zero to the FLC.

BACK-TO-BACK PHOTODIODES

An approach to cci binirg the low leak-
age current of the photodiode and the symmetry
of the photoconductor is to use a back-to-back
photodiode structure [9]. An a-Si:H photosensor
is deposited in 2 n-i-p-i-n configuration and in-
corporated with an FLC into an OASLM. When
a voltage of one polarity is applied, one photo-
diode is reverse biased and the other is forward
biased. Reversing the polarity reverses the bias
sense on each photodiode. In both cases the cur-
rent is limited by the reverse-biased diode, and
thus by the write light which illuminates it.
The operating mode for the back-to-back photo-
diode OASLM is similar to that of the PCD
OASLM.

The first diode must be sufficiently thin
that the write light is only partially absorbed
in it and penetrates to the second diode. This
requirement affects the performance in that the
large capacitance associated with the thin
diode results in a large voltage which is capaci-
tively coupled to the FLC. Another disadvan-
tage is that the break-down voltage of these
structures is low, decreasing with the thickness.
These problems limit the operating range of the
device.

IMAGE SUBTRACTING OASLMS

The driving scheme of Fig. 4 may be uscd
to subtract one image from another. An image
writing on the device during the positive (crase)
voltage period is subtracted from the image
written originally [12, 13]. OASLMs incorporat-
ing a p-i-n-i-p a-Si:H photosensor can subtract




images asynchronously [14] as follows. The top
n-i-p photodiode is substantially thicker
(2.5 um) than the buried p-i-n photodiode
(0.5 um). The OASLM is driven with a square-
wave voltage, which alternatively forward
and then reverse biases cach diode. Short
wavelength photons aic absorbed in the buried
p-i-n diode and generate clectron-hole pairs
which tend to switch the FLC on (excitation).
Longer wavelength photons are absorbed domi-
nantly into the top n-i-p diode, and tend to
switch the FLC off (inhibition). The short and
long wavelength write lights can operate simul-
tancously, with the dominant one determining
the state of the FLC. In Fig. 6 image subtraction
is demonstrated in which a continuous image at
633 nm is subtracted from another one at 515 nm.
This image subtraction is analog and grey levels
may be obtained.

3 ! F 2mW/cm2 Excitory Light at 514.5 nm
3 + -3V/17V Square-Wavc at 1 kHz
= 633 nm inhibitory Light
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=
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Fig. 6: Experimental inhibitory response of
the p-i-n-i-p image subtracting OASLM.

SELF-POWERED OASLM

Generally the photodiode in an OASLM is
under reverse bias during the write operation,
but if instead the device is short circuited the
photodiode operates in a photovoltaic mode,
converting the write light into electric power.
To obtain a sufficiently high voltage to fully
switch an FLC a photovoltaic stack is used [15].
The photodiodes are progressively thicker so
that each produces the same photocurrent when
the stack is illuminated through the thinnest
layer, and the series combination may produce
3 V. The shunt resistances in the photodiode
and the FLC are important in allowing the de-
vice to switch off quickly, with charge draining
through one or both of the resistances. Because
the output voltage of the photovoltaic stack is
monopolar, a bistable FLC would not switch off.
Therefore a monostable FLC is required [16]. A
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monostable FLC is one which switches to one of
its two saturated states when no electric field is
applied. Alternatively, a dc offset voltage can
be supplied to the OASLM to aid in switching
the device off [15].
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The low-power switching characteristics of FLCs make them especially suit-
able for use in spatial light modulators (SLLMs) that will updated a frame at
a time. In this situation, power dissipation imposes a more restrictive speed
limitation than intrinsic response time for most electro-optic materials. If the
SLM is to be electrically addressed, the power-dissipation limitation places
a premium on low-voltage switching, which further favors FLCs. We re-
port here on SLMs that use FLC light modulators electrically addressed by
directly contacted VLSI substrates (FLC/VLSI devices). To achieve maxi-
mum pixel density we utilized a pixel circuit based on the one-transistor cell
of the familiar dynamic random access memory (DRAM). We have fabri-
cated 256 x 256 SLMs of two different designs. The first generation device
was designed in 2 um CMOS rules with pixels on 20 pm centers. The sec-
ond generation device utilized 1.2 um design rules to give smoother pixels
on 30 g centers. Both designs along with results from the first generation
SLMs are described below; results from the second generation SLM will be
presented at the conference.

VLSI design. The electrically addressed SLM functions as an electroni-
cally written, optically read memory. Figure 1(a) shows the circuit schematic
of an SLM pixel array made from DRAM elements. The large square in each
element represents the metal pad that serves both as FLC driving electrode
and pixel mirror. The parallel capacitor represents both the primarily ca-
pacitive load of the FLC modulator and capacitances on the silicon back-
plane. The transistor in each element acts as a voltage-controlled switch,
isolating the capacitor when open (WORD line inactive), and allowing the
capacitor charge to the BIT line potential when closed (WORD-line inactive).
The voltage-produced change in the state of the FLC overlying the mirror
permits optical readout.

Both our SLMs are addressed in a similar way. Data is loaded in eight
clock cycles from a 32-bit bus into a 256-element register that then drives
the BIT lines. An eight-bit address is decoded to select a word line, which
is activated to write the contents of the 256-element register into the corre-




w53 generation 1 2
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ﬁ—[—% ﬁ—[} ”Ll_t fill factor 2%  90%
pixel flat area  16% 58%
pixel cap. 72 fF 920 fF

0° diffraction 0.6% 13%
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Figure 1: (a) One-transistor DRAM SLM schematic. Each cell comprises
an FET pass transistor, addressed by WORD and BIT lines, a charge storage
capacitor, and a reflective metal pad. (b) SLM characteristics determined
by VLSI design. Diffraction efficiencies represent the fraction of incident
intensity diffracted to the brightest (zero) order, off a bare VLSI backplane
illuminated in air with A = 633 nm light.

sponding pixels of the selected row. Repeating the process 256 times writes
an entire frame. The characteristics of our SLMs determined by the VLSI
design are summarized in Figure 1(b). Both designs use MOS capacitors
in parallel with the mirror. The principal difference between the pixel de-
signs is the amount of area devoted to this capacitor. The first-generation
design is close to minimum-geometry; the area free for the capacitor is only
16% of the total pixel area. Shrinking the design rule by a factor of 1.7 and
expanding the pixel area a factor of 1.5 lets the pixel area devoted to the
capacitor be increased by a factor of eight. Even the smaller capacitor of the
first-generation design can store charge adequate to switch FLCs with polar-
izations up to the 30 nC/cm? of the fastest commercial mixtures. The larger
capacitance of the second-generation pixel will thus not produce important
changes in the available electrical drive. However, it is indicative of improved
pixel smoothness, which does have profound implications for both FLC con-
trast and SLLM diffraction efficiency. The patterning of the various conductor
and insulator layers in the VL.SI process produces surface height variations
as large as several microns. This surface topography can disrupt the FLC
alignment, lowering achievable contrast ratios. Perhaps more importantly, it
can cause the pixel mirrors to be very efficient at diffracting incident light
into high orders. Many optical processing applications can use only the light
in a single diffraction order, so the light diffracted to other orders represents
throughput loss.

SMB2-2 /15
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Frenre 2: Photoeraphs of first-eeneration SLM. tay Fall-frame: (b ditferent
pattern. hut at <ame ~cale as i (a)d.

Results.  Ounr designs were fabricated v Orbit ax Large chips in their p-
well CONMOS process. We packaged the chips onrselves in X Epin ceramic PGAS
ipin-erid arvavsy using a resthent dic-attach adhesive, FLC cells were formed
by assembline the chips to a FTO Gndinm-tin oxide) coated windows that
also carried a rabbed nvlon alienment laver. The windows were positioned
so that they contacted the chipsc and were then elued in place. The highest
topography on the chip then set the window-to-mirror gap thickness: pas-
stvation elass over this topoeraphy prevented short cirenits to the window.
The cells were vaemum filled with Merck Z1LT3631 at 100 °C. and cooled to
room temperature for characterization. The SENs were driven as deseribed
above at o refresh rate of SkHz: the image data were periodically inverted
to preserve e balance. The window voltage was held constant at 3.0V, half
way between the 3V and 1V levels expected on the pixels. We observed the
devices nisine o reflecnion microscope with erossed polarizers: Figure 2 shows
photographs of a st cencration SEML We judecd the modulator thickness
of the SENT from the FLOC birefringence color. The thinnest first-generation
SEANS had a magenta colors indicatine the first hirefringence minimum lav in
the greens This would result from an FLC thickiess of about 1.8 g, consis-
tent with topographic heights calenlated from the design. The color of the
SENE shown varied from magenta near the perimeter. to blue in the center,
idicating some thickness variation. resulting mostly from a cupped silicon
chip.

To measure the clectro optic charvacteristios, we imaged a 6 x 6 portion of
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tigure 3: Droop time of first-generation SLM.

the SLM onto a mask that blocked the light coming from the gaps between
pixels. The light that passed through the mask was focused onto a silicon
photodetector. The infrared light from the incandescent illuminator that
would otherwise have leaked through the crossed polarizers was blocked with
a filter. We measured a contrast ratio of 29:1, and rise and fall times of 225 us.
The SLM could achieve a frame rate of 4 kHz while retaining approximately
90% of its achievable peak-to-peak optical response.

The information stored in the one-transistor cell is spontaneously erased
by leakage currents. A photogenerated contribution to these currents causes
the SLM image to fade at high illumination levels. We characterized fading
by orienting the SLM so its pixels were dark in the erased state. We then
periodically wrote an all-bright pattern to the SLM, and measured the time
from the 50% turn-on point to the 50% fade-off point (FWHM). These data
are plotted in Figure 3. At intensities above 10 mW /cm? the 8 kHz refresh
rate is inadequate to prevent some image fading. The improved pixel design
of the second-generation device has greatly reduced light leakage through the
mirrors to the silicon substrate. We have measured single-pixel photocurrents
on the second generation device of 10 pA/mW/cm® with its larger pixel
capacitance and higher refresh rate it should then tolerate incident intensities
approaching 1 W/cm?.

Conclusion. Improved die-attach techniques should soon give optically flat
FLC/VLSI SLMs. Improvements in FLC switching spceds foreseeable in
the immediate future should permit 6-10 kHz frame rates. High zero-order
diffraction efficiencies and FLC contrast ratios above 100:1 should be possi-
ble by adopting planarization techniques currently used in advanced VLSI
processes. With this improvement, arrays as large as 1024 x 1024 are feasible
within current silicon foundry lithography capabilities.

This work was supported by DARPA, the Department of Commerce
through its Advanced Technology Program, and Displaytech.
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1 Introduction—Motivation, and Applications

Although the liquid crystal display market is being driven by the need for a light weight display
in computer workstations, laptop computers and notebook computers, there are other applications
for high density, high information content displays. These include compact devices for spatial
light modulators (SLMs), head up displays (HUDs), high definition television (HDTV) and pro-
jection TV displays, virtual reality and three-dimensional data display. A new class of spatial
light modulators utilizing chiral smectic liquid crystals (CSLCs) on silicon substrates may meet
the need for applications requiring compact, lightweight devices. In addition to providing frame-
at-a-time addressing capability, the liquid crystal on silicon (LCOS) technology potentially offers
phase, intensity, and color modulation at low operating powers and high frame rates. In order
to take advantage of these desirable features, it is necessary to focus on the following technical
goals: Achieving high speed operation at CMOS voltages, providing analog phase and intensity
modulation, designing the pixel structure for selected applications, understanding the relationship
between pixel charge storage time and incident optical illumination, scaling LCOS arrays to high
definition television sizes, and fabricating phase flat devices with high quality alignment in the final
assembled SLMs. In this paper we present new results on a high frame rate LCOS SLM, and novel
methods of analog phase modulation and color generation using CSLCs. Issues concerning pixel
design and SLM fabrication and scaleability are also discussed.

2 High Frame Rate Operation

In order to achieve higher LCOS SLM frame rates and activate the analog switching chiral sinectic
A electroclinic mixtures, voltages higher than those available in the CMOS process are required at
cach pixel modulating mirror. Currently the frame rate of LCOS SLMs is limited to approximately
5 KHz due to the slow response (150 usec) of the CSLC to the applied electric fields (typically
1V/pum) available with the standard CMOS process. There are three solutions to increasing the
response time of these devices: use CSLCs that operate at lower voltages, such as the distorted
helix ferroelectrics, use a higher voltage VLSI process, such as BICMOS, or produce higher voltages
in CMOS Dy lightly doping the transistor drain regions. Our results on the distorted helix materials
did not show a drastic improvement in speed, since these CSLCs are inherently slower switching as
compared to the smectic C and A materials. Also, a change in voltage not only rotates the optic axis
as required for intensity modulation, but also causes a change in the material index of refraction
and hence modulates the phase of incident light upon the SLM. The BiCMOS process allows for
ligher voltages at the metal mirror than the standard CMOS process but dissipates more power.
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The maximum pixel transistor voltage is limited by the junction breakdown voltage. The junction
breakdown is inversely related to the impurity concentrations of the diffusion regions. This implies
that lower doping concentrations for the drains should extend their voltage handling capability. We
have designed and fabricated a 64 X 64 VLSI silicon backplane with pixels located on 50 um centers
each containing a lightly doped drain, high voltage n-FET transistor capable of switching 30Volts.
This SLM was fabricated in the 2 um n-well CMOS process through the Metal Oxide Semiconductor
Implementation Service (MOSIS) through the USC informaton Sciences NSF/DARPA foundry
brokerage. The VLSI processed die were then filled with the CSLC BDH SCE13. The oscilloscope
trace in Figure 1 shows 10% to 90% rise and fall times of 70 usec, the fastest LCOS response time
measured to date. The contrast ratio of the entire 64 X 64 array of pixels was measured to be 9:1.
This is due in part to the low fill factor of the device. A second generation design with higher fill
factor and smaller pixel pitch has been completed and will be presented at the conference.

3 Analog Phase and Color Modulation

We have achieved continuous analog phase modulation using the CSLC smectic A electroclinic in
two different alignment configurations; by combining planar aligned electroclinic material with a
quarter-wave plate[1] in an asymmetric Fabrey-Perot cavity, and by homeotropic alignment of elec-
troclinic material resulting in direct modulation of the index of refraction seen by the extraordinary
cigenmode propagating through the device. The former has the advantage of a wide aperture while
the latter is a much simpler design. The device presented in this talk is capable of achieving 250
degrees phase shift (see Figure 3) corresponding to a = 5 degrees with 15V /um applied field, within
25 psec using BDH764E electroclinic material.

Using the fast switching smectic C ferroelectric liquid crystals (FLC), it is possible to design
a low resolution filter that displays RGB (Red, Green, Bluej saturated colors at requencies ap-
proaching 100kHz. This filter consists of two stages, containing two passive retarders and three
FLC devices. Each of the FLC devices is quite thin, ensuring ideal surface stabilized FLC perfor-
mance. The filter can be used in a color sequential illumination scheme to display color images
with the CSLC/silicon devices.

4 Pixel Design Considerations

Small pixels (less than about 20 pm) allow large arrays to fit on smaller and hence cheaper silicon
dies which are easier to fill and handle. Applications of LCOS SLMs to optical information pro-
cessing systems such as optical correlators benefit from smaller pixels because the overall system
size scales as the square of the pixel spacing if the same devices are used in the input and filter
planes. Fast electronic addressing is easier to achieve in smaller arrays since the signals propagate
over simaller distances. On the other hand, larger pixel sizes result in larger fill factors. A correlator
using the same SLMs in the input and filter plane has an output signal power that depends on the
fourth power of the fill factor. Increasing the fill factor will also increase the display brightness.
a critical point for projection display applications. In this paper we discuss the tradeoffs in the
design of our 256 X 256 LCOS SLMs with pixels located on 30 um spacing fabricated in a 1.2 yim
CMOS process, as it is, in our opinion, the best compromise between the advantages of small and
large pixel pitches.
Charge Storage Time on the LCOS Pixels

An important factor for the operation of these devices is the pixel charge storage time. When the
stored charge has leaked from the pixel mirror the I'LC will switch into an incorrect state. The
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dominant mechanism for charge leakage is through photo-induced leakage currents at the pixel
transistors. Recent results of ours show that the leakage current is reduced by only a factor of two
as a probe beam of light is moved as far as 10um from a test pixel transistor. This implies that
if one were to attempt to completely screen the region of substrate around the pixel transistors
from incident illumination one is forced to design a pixel with a smaller fill factor because of the
constraints imposed by shielding as much exposed substrate as possible. Our work shows that the
fill-factors of a maximally screened 30um pixel and a high fill-factor 30um pixel are 68% and 54%
respectively. Note that here we have defined fill factor in terms of only the flat area of pixel mirror.
In our 256 X 256 LCOS SLM we have decided to use minimal screening of the pixels but we intend
to refresh the array data every 50usecs which is simplified by utilising on-chip clock generation for
the array addressing electronics.

[1] Sharp, G. Johnson, K.J. “Chiral smectic liquid crystal optical phase modulator ” in _OSA Annual
Meeting Technical Digest, 1992 (Optical Society of America, Washington, D.C., 1992),Vol. 23,
p83.
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Figure 1. The response of the CSLC BDH
SCE13 on the silicon substrate when driven
at 30V, The 10% to 90% rise and fall times
are 70usec.
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Figure 2. Cross-section of the phase modulator.

Figure 3. Experimental output of the phase modulator.
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Achromatic Intensity Modulator
J. E. Stockley , G. D. Sharp, D. Doroski, and K. M. Johnson

I. Introduction

The limits of polarization rotation as a means of intensity modulation can be significantly
improved using a system employing chiral smectic liquid crystals. Chiral smectic liquid cry-
stals exhibit rapid switching speeds. Ten percent to ninety percent rise and fall titnes of 200 to
300 ns have been measured for experimental mixtures of chiral smectic A (SmA ) liquid cry-
stals [1]. Polarization diversity systems can be employed to make the modulator independent
of the pplarization of the incident light [2]. We present here the use of the dispersive properties
of SmA to implement an achromatic intensity modulator that operates over a 250 nm
bandwidth.

SmA’ liquid crystals are electroclinic or possess analog linear tilt vs. applied field charac-
teristics [3]. Analog tilt corresponds to analog intensity modulation when the device is placed
between polarizers. Using two half wave cells filled with commercially available SmA that has
an 11.25° tilt angle [4] and orienting them such that they tilt in opposite directions provides the
required tilt range to achieve a polarization rotation of 90 degrees for light of the design
wavelength. At first, using more than a single device to obtain the desired tilt range may seem
a disadvantage. However, as is demonstrated below, the second liquid crystal cell may be used
to chromatically compensate for the first, thus resulting in a broad band analog intensity modu-
lator.

II. Chromaticity Compensation

It is well known that two birefringent devices of the same retardance have no net effect on
the optical field if they are arranged with their axes crossed [5]. Similarly, the ellipticity
induced by the first SmA device is compensated for by the second device which induces an
equal ellipticity of an opposite handedness since its axis is crossed with that of the first.

A broad-band variable attenuator has been designed and demonstrated which illustrates
the benefits of two devices in nearly eliminating chromatic effects over very large optical
bands. The design utilizes two analog SmA devices with a total tilt range of 22.5 . The devices
are fabricated to provide a zero-order half-wave retardation at a design wavelength which max-
imizes the flatness of the transmission function over the visible (450-650 nm). It is well known
that two half-wave retarders with angle y between their optic axes rotates an arbitrary incident
polarization by 2y. Since this effect depends only upon the relative orientations of the
waveplates, the absolute orientation of the waveplates is arbitrary. This of course requires that
the waveplates are exactly half-wave retarders. Using two active electroclinic devices tilting in
opposing directions, polarization rotation up to 90’ is obtainable.

For the crossed waveplate configuration, the transmission function for a dual SmA~ modu-
lator contained between crossed polarizers can be derived using Jones calculus:

(1)

T\ = sin’{4a) — sin [8/2] sin’(4a — 1/2 sin’8 sin’[20(] [cos[4a]+cos[4aa 1].

The rotation error induced by chromatic effects is 6 and a is the tilt of cach device from the
smectic layer normal, giving the angle between the optic axes as 2a. The angle o represents
the mean orientation of the two retarders, or
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where a, and o, are the absolute orientations of the optic axes. The transmission function of
equation 1 is separated into an ideal term (the first expression) and two chromatic transmission
terms. It is clear that the two chromatic terms shown above increase in magnitude as the
molecular rotation approaches its maximum value of 22.5°. By selecting o, =+45", the two
terms can be made to contribute with opposite sign, nearly cancelling chromatic effects. Sub-
stituting this orientation into the above gives

T(a) = sin[4o] — sin’[8/2) sin’[40] + sin’8 sin [20] . (3)

In the above equation the transmission is ideal at o =0, and has a loss in transmission of only
sin {8/2] for the extreme tilt condition. Figure 1 is computer modeling results showing the out-
put transmission spectrum for families of the molecular tilt angle, a.

The transmission spectrum is nearly flat for each output for over 200 nm. The loss at the
extreme wavelengths, 450 nm and 650 nm, is less than 3%. The design requires waveplates
which are half-wave retarders at the design wavelength 520 nm, indicating the dispersion of the
birefringence.

II1. Experimental Results

The achromatic intensity modulator has been realized using two Sm4 liquid crystal cells
employing BDH 764E electroclinic material designed as half wave retarders at a wavelength of
520 nm. These devices were parallel aligned with polyvinyl alcohol on an indium tin oxide
coated substrate pretreated with silane to reduce space charge effects. Two devices oriented to
tilt in opposite directions were placed between crossed polarizers and illuminated with a
tungsten filament source. The devices were aligned with their axes crossed less 22.5° such that
the full tilt range (maximum and minimum applied voltage) resulted in either no change in the
state-of the input polarization (producing an off state) or a 90° rotation of the state of polariza-
tion resulting in complete transmission of the input intensity (neglecting Fresnel losses). Vari-
ous fields were applied to the devices to change the tilt. A plot of the normalized experimental
output intensity as a function of wavelength for various tilts is shown in Figure 2.

Experimental demonstration of the devices compares well to theoretical predictions. The
transmission intensity for the on state (o= 22.5") should ideally be 1.0. However, Fresnel losses
at the interfaces of the devices result in peak transmission between 85 and 90 percent. The
transmission of the on state could be improved with AR coated substrates.

For comparison Figure 3 shows the transmission of a single device between parallel polar-
izers plotted along with the dual-SmA modulator output for the off state. The bandwidth for
which the single device has less than 0.5% transmission is approximately 30 nm. The
bandwidth for less than 0.5% transmission in the off state for the dual modulator is over 250
nm, or over 8.6 times that of the single device. The two electroclinic devices operate synergist-
ically such that the spectral contrast of the combination is an improvement over the contrast
obtained with a single device.

The maximum spectral contrast of the dual modulator is approximately 1000:1 near 600
nm. Here, spectral contrast is the ratio of the maximum to minimum intensities at a given
wavelength. Individual devices with higher contrast would result in a higher contrast for the
dual modulator.
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IV. Conclusions

A combination of two parallel aligned SmA” liquid crystal devices has been used to imple-
ment an achromatic analog intensity modulator with a bandwidth of 250 nm. Experimental
results compare well to theoretical predictions. The combination of two electroclinic devices
demonstrate an improvement in bandwidth and contrast ratio over those characteristics obtain-
able with a single device.

A simpler implementation can be achieved employing a single electroclinic cell, a passive
achromatic quarter wave plate, and mirror. This configuration shows promise for implementa-
tion as a grey level spatial light modulator. The quarter wave retarder serves to rotate the
polarization 90 degrees on reflection, so that the reflected optical field will see the active half
wave plate with its optic axis crossed to that orientation seen by the incident light. Results for
the reflection mode device will be presented at the conference.
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Figure 3. Comparison of the null transmission of the achromatic intensity modulator and
a single electroclinic device.
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1. Introduction

Specklephotography!)?) is effective in the
analysis of two-dimensional displacement
information. The analysis of the data often requires
measurement of the spacing and orientation from
numerous fringe patterns®). This is not a real time
measurement and therefore appears to be rather time
consuming and inefficient.

In order to carry out the displacement
measurement for specklegrams on real time basis,
we propose a novel approach using the FLC-SLM
(Ferroelectric Liquid Crystal Spatial Light
Modulator) and the PSD (Position Sensitive
Detector) as the key devices based on Joint
transform correlation (JTC)M9),

Utilization of FLC-SLM makes real time
Joint transform processing possible. Utilization of
PSD enables one to obtain the autocorrelation
signals from specklegrams in real time by
eliminating scanning procedures. A supporting
electronic computing system is employed to adjust
the interval of the double-exposwe (write-in) time for
the FLC-SLM (see Fig. 4) based on the feedback
signal from the PSD (see Fig. 3) in order to cope
with the problem of space-bandwidth products in the
real devices utilized in the experiment. Such storage-
time-interval adjustability through feedback scheme,
make it possible to extend the measurable range and
obtain moi: accurate position information for the
displacements in specklegrams even with some
performance limitations in practical de ‘ices.

2. FLC-SLM

A structure of the FLC-SLM® is shown in
Fig. 1. A 3 um-thick photoconductive layer of
undoped hydrogenated amorphous silicon is
deposited on one of the glass plates. The reasonably
ohmic or non rectifying property of the
photoconductive layer enables tive device to be
operated with either polarity of driving voltages for a
desired contrast (say, positive) and its reversal
(negative). Examples of this contrast reversibility are
shown in Fig. 2 for both real time (framing) and
storage mode. A high reflectivity dielectric mirror is
coated on the amorphous silicon layer to isolate the

write-in and readout beams. In particular, when both
wavelengths are the same, the isolating for write-in
and readout beams also enable the SLM for high
optical amplification capability and cascadability of
SLMs. A chiral smectic C ferroelectric liquid crystal
layer of 1 pm is sandwiched between the dielectric
mirror and the other conductive and transparent
electrode which is coated on a glass plate (see Fig.
1). This liquid crystal layer which serves as an
electro-optic modulating medium operates in bistable
mode due to surface stabilized condition”). The
performance characteristics of the FLC-SLM is
shown in Table 1.

To perform real time measurcment a
reference speckle pattem is first written and stored in
an SLM. Mecanwhile a displaced speckle pattern is
superimposed on the stored reference speckle pattern.
In the specklephotography the resolvable limit of the
displacement is determined by the average speckle
size. Generally the speckle pattern has a very high
contrast and the temporal resolution is usually
limited by the response time of the SLM. These
requirements necessitate an SLM with high spatial
and temperal resolutions, and binary memory
function. The performance characteristics of FLC-
SLM as shown in Table 1 appears to be suitable for
this application.

3. Expeniments

Figure 3 shows the schematic diagram of the
experimental setup. The images of diffraction fields
from the ground glass resulting from speckle patterns
are superimposed in FLC-SLM1 by double-write-in
process. The distance from that ground glass to FLC-
SLM1 was 170 mm. The ground glass moved within
270 mm distance under constrains of three
parameters, namely, acceleration, a, constant
velocity, v, and deceleration, a'=-a, through the
control of a microcomputer. The superimposed
speckle pattern written in the FLC-SLM]1 is read out
and is further written in FLC-SLM2 after Fourier
transformation by lens L1. The pattern recorded in
the FLC-SLM2 is Fourier-transformed again by lens
L2. The resulting first order diffraction pattern is
deiccted by PS-PMT (Position Sensitive

Photomultiplier Tube) as a position detective device.




Its light-detecting arca was confined to an aperture of
8x1 mm to exclude the zeroth order diffraction
pattern. The distance from the zeroth order spot to
the first order spot represents the amount of
displacement for the moving object and the line
connecting of the first order spot and the zeroth order
spot shows the direction of the movement of the
object.

The timing charts corresponding to the
driving circuits for FLC-SLM1 and FLC-SLLM2, and
that for extraction of signals from PS-PMT are shown
in Fig.4. The first speckle pattern (reference) is
written on FLC-SLM1 during the period of W1 and
the second speckle pattern displaced relative to the
reference pattern is written during the period of W2,
where W1 and W2 were set at 150 ps. The interval
for the double-writing-in process Ti were chosen to
be either 1.0 or 0.5 ms depending upon experimental
conditions, to be explained later. The Joint transform
correlation signals were extracted every 5 ms from
PS-PMT in the case of Ti=1.0 ms.

4. Results and dis -..sion

Figures 5(a)-(c) and (¢) show the position
signal outputs of the PS-PMT. The dots in Fig. 5 are
the experimental results whereas the solid lines show
the profile and trends of experimental results.

Fig. 5(a) shows the result for four velocities
of v=200, 300, 400, and 500 mm/s. The ordinate
represents the relative position of first order spot from
PS-PMT, and the abscissa shows the time
corresponding to the position signal output and the
time elapsed. The output signals from PS-PMT
represent the displacements of the object for 1.0 ms
of double-write-in time and they are linearly
proportional to the velocitics as shown in Fig. 5(b).

Figure 5(c) shows the result for the case of
four decelerations, a'=490, 980, 1960, and 2940
mm/s2. The slopes of the curves in the Fig. 5(c) are
proportional to the decelerations as shown in Fig.
5(d). In Fig. 5(d), the ordinate represents slope which
is the time rate of change of position signal ou put
and the abscissa represents the absolute value of
deceleration.

As is shown, the po.ition signal outputs had
a good linearities for both accecleration and the
deceleration just as that for the constant velocity.

When the object 1or specklegram is moving
fast enough, the displacement for the specklegram
becomes larger. Meanwhile both the reference and
the displaced speckle patterns will respectively
spread out and appear in different shapes. That in
turn will degrade the intensity of corrclation peak
and hence reduce the accuracy of position
information.

Under this situation it is very difficult for the
currently available devices, such as SLM and PSD,
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to meet these requirements for real time processing.
To circumvent these Gifficultics, we have proposed a
technique to control the interval of double-write-in
time for the FLC-SLM based on the output position
signals of PSD. The feedback control for the interval
of double-write-in time also serves to position the
first order spot in the central part of the .eadout
aperture for the PSD. The centralization of the first
order spot not only contribute to minimize the
positi~n information errors but also enables one to
reduce the size of PSD.

Figure 5(¢) shows the experimental results
of the spatial distribution of the first order spots at
different time clapse for the double-write-in period.
The left hand side of the figure shows the spot
distribution without feedback control. As can be
seen, when the movement of the object rcaches at
the relatively high velocity of 900 mm/s after
acccleration at 980 mm/s?, the spot distribution for
time elapse become irregular and meaningless.
These irregular and meaningless data for spot
distribution can be converted into a more meaningful
and useful ones by using feedback control and the
results are shown in the right hand side of Fig. 5(e).

S. Summary

A new technique for real time optical
displacement measurement based on the
specklephotography using FLC-SLMs and PS-PMT
has been proposed. An experimental system was
constructed to demonstrate the proposed system.

By using this system, the displacements of
specklegrams of a moving object occurring in less
than duration of 1.0 ms, namely, the interval of
double-write-in time, can be measured periodically,
with period of several miliseconds (5 ms and 4.5 ms
in the experiment).

It is expcrimentally shown that the range of
measurement for the specklegram displacement can
be improved by adjusting the interval of double-
write-in time based on feedback technique (see Fig.
5(e)).
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Fig. 5 Position signal output.

(a) Position signal outputs when v=200, 300, 400,
and 500 mm/s.

(b) Position signal outputs corresponding to
velocities.

(c) Position signal outputs when a'=490, 980, 1960,
and 2940 mm/s2.

(d) Slopes of curves in Fig. 5(c) corresponding 1o
accelerations.

(e) Position signal outputs with and without feedback
control.
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FABRICATION AND SWITCHING SENSITIVITY OF THE
NEW MAGNETO OPTIC SPATIAL LIGHT MODULATOR

William E. Ross David N. Lambeth
Litton Data Systems Carnegie Mellon University
8000 Woodley Avenue Dept. of Electrical and Computer Engineering
Van Nuys, CA 91409-7601 Pittsburgh, PA 15213-3890

Tel. (818) 902-4136, Fax. (818) 901-2850 Tel. (412) 268-3674, Fax. (412) 268-6978

A new reflected mode magneto-optic spatial light modulator (R-MOSLM) has been developed
for production of Miniature Ruggedized Optical Correlators. A comparison with the
transmission MOSLM is shown in Table 1. The smaller pixels and improved switching
sensitivity permit an order of magnitude reduction in optical path length and increase in frame
rate. Here we describe the progress that has been made in the design of the R-MOSLM, issues
concerning its fabrication, and coniparison of finite element analysis field modeling to
experimentally determined current requirements to drive individual lines.

Table 1. Reflected MOSLM vs Old Transmission MOSLM

Transmission T-MOSLM Reflected R-MOSLM
Material LILC LLC
Resolution 128 x 128 128 x 128
Pixel Size 57 micron 22 micron
Pixel Spacing 76 micron 24 micron
Window Efficiency 54% 65%
Film Thickness 6 micron 2.5 micron
Y Drive Current 350 ma 70 ma
X Drive Current 450 ma 150 ma
Pulse Width 30ns 10 ns
Power IW@ 1 KHz 1W @ 10 KHz

Figure 1 is a schematic representation of the structure of a single pixel of the 128x128
R-MOSLM array. In operation, each individual pixel would be either magnetized up or down.
As a polarized light ray enters from the non-magnetic substrate, transverses the magneto-optic
film, reflects from the conductors and eventually again exits from the substrate, its polarization is
rotated either clockwise or counter-clockwise depending upon the orientation of the
magnetization direction of the pixel. This rotation then provides the correlator imaging state of
the pixel. It is worth noting that it would be ideal if the film thickness were as large as possible
in order to maximize the polarization rotation. However, the optical absorption of the film
places this in direct conflict with keeping maximum light throughput to the correlator
photodetectors. Likewise, each pixel must be magnetically separated from its neighboring pixels
so as to prevent pixel-to-pixel cross talk.

This pixel separation is currently achieved by physically removing the film between the pixels
using ion beam milling. The minimum spacing between the pixel mesas is directly related to the
magneto-optic (MO) film thickness. From an imaging standpoint the smaller these mesas gaps
are made compared to the mesa width the higher the optical efficiency. Currently, film
thicknesses of 2.5 to 3.0 microns are being investigated. Figure 2 is a cross-sectional scanning
electron micrograph (SEM) of a cleaved mesa gap. This clearly shows a high aspect ratio with a
depth of approximately 3 microns and a mesa gap at the top surface of approximately 1.8
microns.

]
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Figure 1. Ideal Pixel Representation Figure 2. Mesa Gap

Figure 1 also demonstrates the two conductor concept of providing a localized, concentrated,
magnetic field where the conductors cross for reversing the magnetization of the pixels. As
shown the x and y conductor drive lines lie flat on the surface of the mesa forming the optical
niirror. At the center of the mesa the y conductors cross under the x conductor and are
physically separated by a 0.2 micron thick electrical S;0; insulator. At this central location the
physical width of both the x and y conductors are approximately 1.6 microns. These values were
chosen thick enough to provide good reflectivity and low drive impedance, while thin enough to
maintain close proximity to MO film. Figure 3 is a cross-sectional SEM of a cleaved pixel
across one of the cross under conductors. While the conductor does not appear to have a square
cross-section, it is clear from the photo that the conductor is very close to being planar with the
surface of the magnetic film. The magnetic field perpendicular to the film surface produced at
the edge of this conductor would be slightly below the surface of the film.

The cross under conductor and the mirror-conductors are deposited prior to the mesa gap
formation, hence a third metal layer is required to reconnect the x and y conductors and bridge
across the mesa gaps. This fabrication sequence was necessitated by the inability to perform
high resolution photo lithography at the mesa corners when the mesa gaps were cut prior to the
conductor deposition. With the steep edges and desired high aspect ratio of the mesa gaps, good
conductor step coverage with the reconnect metal is difficult, hence the mesa gaps are partially
planarized using a non-magnetic photo-polymer prior to the reconnect metal deposition. The
reconnect metal across the mesa gaps along with the comer structure of four pixels is shown in
Figure 4. Likewise, Figure S shows the center of a pixel. Here, all three metal layers plus the
insulator are clearly visible.

The magnetic fields in the vicinity of the crossing conductors have been modeled using three-
dimensional finite element analysis programs by Ansoft Corporation. In addition,
approximations to the structure have been modeled using only two dimensions. Figure 6 shows
the field perpendicular (Hz) to the mesa surface produced by a conductor of rectangular cross-
section (0.2 micron thickness by 1.6 micron width) carrying 100 MA current. The three line
plots are taken starting at the edge of the conductor and at a height that would go through the
center of the conductor (z = (), at the bottom surface of the conductor (z = -0.1) and at 0.2
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Figure 3. Channel Cross-Section Figure 4. Pixel Corners

microns below the conductor (z = -0.3). Two observations should be made. First, the useful
perpendicular field component (Hz) falls off very rapidly as a function of distance away from the
edge of the conductor. At only 0.4 microns the magnitude is down by almost a factor of 2.
Secondly, the peak at the center edge of the conductor is almost a factor of 2 times higher than
the peak below the conductor. While not shown, a similar conductor of 0.4 micron thickness
was modeled. The maximum Hz field produced at 0.1 micron below the bottom of this
conductor was almost a factor of 2 down from the centerline maximum of the 0.2 micron
thickness conductor. Assuming that the magnetic switching occurs just below the surface of the
magnetic film, this clearly demonstrates the value of burying the conductor into the magnetic
film to provide maximum switching sensitivity.

A test structure device was fabricated in which a single conductor was placed on several pixels.
On some of these pixels the conductor was equivalent to the micro conductor and sat right on the
surface of the magnetic film. On the rest of these pixels the conductor was buried into the
magnetic film as a cross under structure. The use of a single drive line allows accurate
comparisons of the switching sensitivity of the two structures. The drive current necessary to
switch the pixel was found to be a factor of 2 greater for the conductor on top of the pixel as
opposed to the buried conductor.

Figure 7 demonstrates a switched line of the 128x128 R-MOSLM array. Here a 30 nanosecond,
140 MA pulse was used to nucleate and demagnetize a row of pixels. Note the pixels are
demagnetized, approximately half on and half off. Figure 7B shows a row of pixels which was
saturated with a bias field in conjunction with the driveline pulse.

We have achieved a factor of 4 improvement in drive current reduction by use of narrower drive
lines, and burying the channel conductor in the MO film. Further improvement is anticipated as
we optimize the structure and modify the MO film magnetic characteristics.
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1. Introductio

During the last decade a lot of designs have been proposed for the fabrication in different
material systems of optical freec space modulators for use in optical processing systems!:2. A
large number of these use some kind of Fabry-Perot cavity. A serious drawback of this type
of devices is the temperature dependence and the difficulty to make large arrays because
stringent requirements are imposed on the thickness of the different layers in the cavity3. An
other disadvantage is that generally these devices are only uscful in reflection. Transmission
devices reported in literature often have a too fow contrast ratio and/or a too high insertion loss
for use in a real optical system.

Here we want to propose a new structure which combines materials with a variable
absorption with a binary phase grating to obtain modulators with high contrast ratios. The
structure can be configured both for a reflection and a transmission type of device.

2, Basic principle

In figure 1 a general structure of the modulator is shown, consisting of a binary phase
grating, made by selectively etching of material, and underneath it a layer of material with
variable absorption. In this layer ditferent regions must be defined which all can be addressed
separately to change the absorption. The variable regions are all located underneath arcas of
the binary phasc grating with the same phase. Similar to an asymmetric Fabry-Perot
modulator, modulation is based on the total destructive interference between two beams with
phasc difference and the variation of the amplitude of one of those beams by varying the
absorption in the active layer.

non adresse lm lator adressed mlodulg tor
'hinary phase grating incoming light I 1 n=1 (air) i
:J d 1 ' |I :J n ' |
u.'
——
% 7 Z
fa d ¢
1 absorbing active materi: I I I
absorbing active matenal arcas with changed
absorption
diffracted beams I, '
L

figure 1 : principle of the high contrast active binary phase grating modulator.




SMC2-2 / 37

The phase difference between the two beams is obtained by the difference in light pad
between the two beams in the binary phase grating on top of the absorbing material. In this
way the path difference can be kept to a minimum and still the needed phase difference is
obtained. This minimal light path ditference makes the device less sensitive (o fabrication and
temperature variations compared to other devices like an AFPM which also uses a phase
ditference to obtain a high contrast ratio but with a much longer optical path difference between
the two interfering beams. Total extinction of the zero order diffraction beam beam of the
grating is obtained when both interfering beams have the same amplitude. If the absorption for
one of the phases is changed, the amplitude of both beams will no longer be the same and the
zero order diffraction beam will no longer be zero. As one of the states of the modulator has a
theoretically zero intensity, the contrast ratio of the modulator will be higher than the value
obtained with the absorbing material on its own. In this design no mirrors are used, so the
device can be used as a transmission modulator. However, .one can also obtain a reflection
modulator by incorporating a mirror undernecath the active layer

3. Modulation characteristics

Using Fraunhofer diffraction thecory?, we will now examine the modulation
characteristics of these active binary phasc gratings. The zero order diffraction peak of the
active grating is influenced by several different factors which have to be controlled. In a
general case the intensity of the zero order diffraction peak is given by formula 1. In this
formula, A is the wavelength, d the height difference between the two surfaces of the binary
phase grating, n the refractive index of the grating material, Sp and Sy the arcas of these two
surfaces with phase ¢ and g respectively, and a0 and an the absorption in the active layer
underneath cach of these surfaces.

2nid 2rnid | 2

V]-a() S()C A + \'/ l'an SnC A (l)

The amplitudes of both interfering beams are cqual when v1-ag So = V1-ag S In this
case, the intensity of the zero order peak can become zero if both beams have a phase
difference of w. It no absorption is present in both phase region of the active grating, both
regions have to have the same arca to obtain total destructive interference and the previous
formula becomes :

) . )
2nid 2amid |-

The height difference d between the two levels off the binary phase grating needed to
obtain a phase difference 7 can be easily deduced from formula 2 and 1s given in tormula 3.

2m+ 1) A
dm —_(W m=012... (3)
During the fabrication of the grating some crror on the value of this height can be introduced.
This causes the transmission at maximum destructive interference no longer o be zero 2s both
beams arc now slightly out of phase. Using formula 2, figure 2 shows the influence of this
crror on the peak intensity of the zero order peak at the demanded wavelength of 1 pum in arcas
of £5 % around difterent central dyy, values, As one can see the variation of the intensity is
still relatively limited for m = (b It the crror is only a lew percent, a restriction which can be
met by current fabrication technologics. One also sees that this is no longer true for higher m
values. Smal deviations from zero of this intensity cause large changes in the contrast ratio of
the modulator. As a device as the AFPM has 1o use a cavity with a kigh m value to be able 10
incorporate the absorbing material, such devices are very sensitive to fabrication variations, a
fact which is also observed in practice.  From this one can also conelnde that the grating
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modulator will be much less sensitive to temperature variations. These variations cause a
change in refractive index of the material An and a thickness variation of the layers in the cavity

Ad, resulting in a variation equal to 2rn(And+nAd)/A of the phase difference between the two
beams.

I

0.96 0.98 1 1.02 1.04
% deviation of d
figure 2 : influence of the error on the height d on the intensity of the modulation minimum
for different djy, values

In figure 3 the zero order diffraction intensity is shown as a function of the wavelength
around a design wavelength of 1 um for different values of diy. As one can see the intensity of
the zero order beams does not increase very fast for the lowest d value. This is an indication
that it would be possible to obtain a large contrast ratio over a wide wavelength region with the
active grating modulator. For this, one has to use a material with variable absorption which is
not very sensitive to the wavelength. For higher d values however, the intensi:y increases

much faster and a high contrast ratio is only obtained in a narrow wavelength region around the
central wavelength.

0.05 d,
.\.h" - _ff'd: )\,(nm)
950 1000 1050 1100

figure 3 : intensity of the zero order diffraction peak as a function of the wavelength for
different dpp.values;

The active grating modulator can be operated in two ditferent modes. In the first one, the
zero order diffraction peak is zero when there is no external influence on the device and the
absorbing layer is uniform. So, in this casc we obtain a normally off device. For the second
mode of operation however, the zero order difiraction peak is zero only when an external
influence is applied on the device and the absorption is no longer unitform underneath the phase
grating. When the extemal influence is removed the absorption is uniform again, the two scts
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of beams are no leager in equilibrium and the intensity of the zero order diffraction will no
longer be zero. So, in this case a normally on device is created. Using simple diffraction
theory it is possible to calculate the intensity of the diffraction peaks. In figure 4 the maximal
intensity of the zero order peak is shown as a function of the maximal available absorption for
both cases. As one can see the intensity is low for both types of modulators if the absorption
variation is limited. An attractive device with a low insertion loss will only be obtained when
large absorption variations (>().8) are used. As the thickness of the absorbing layer does not
interfere with the action of the grating, a large absorption variation can be obtained by using a
thick absorbing layer underneath the binary grating. The absorption is also increased for a
reflection modulator when one introduces a mirror underneath the absorption layer. The total
light path through the absorbing layer will be doubled in this case.

171
normally on
0. & modulator
0. 64
(). 4
normally off
0. 2 modulator

0.2 0.4 06 0.8 i
absorption variation

figure 4 : maximum intensity of the zero order diffraction peak as a function of the
maximum absorption for the normally on and the normally oft modulator.

4. Conclusions

Using simple ditfraction theory we have shown theoretically that by integrating a binary
phasc grating and material with a variable absorption it is possible to obtain a modulation of the
zero order diffraction peak with a high contrast ratio. It is shown theorectically that the device
should be less sensitive to tabrication variations and temperature fluctuations compared 1o
fabry-perot cavity modulators To obtain a low insertion loss, active layers providing a large
change in absorption arc needed The design can be used for a reflection or a transmission
device.
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Hetero-nipi superlattices are semiconductor structures in which both the composition and doping
are varied in the direction of epitaxial growth in a periodic fashion. Figure 1 illustrates the band
structure of one version of a hetero-nipi superiattice denoted as a Type 1l superiattice. Undoped
layers of a smaller bandgap material (GaAs) are located between n- and p- doped layers of a
higher bandgap material (AiGaAs). The alternately p- and n-doped layers produce strong internal
electric fields. The hetero-nipi structures have two unique characteristics valuable for application
to optical memory elements: 1) large optical non-linearities due to the internal electric fields; and
2) long carrier lifetimes due to the spatial separation of the electrons and holes. In particular,
the absorption of light at energies just below the bandgap can be modulated by a pump beam
of light with energy at or above that of the bandedge. This occurs because the pump beam
creates free charge carriers which modify the internal electric fields of the hetero-nipi superiattice,
thereby changing the absorption coefficient and index of refraction of the material (see excited
state of Figure 1). Due to spatial separation of injected charge carriers, the carrier lifetimes are
long, which causes the change in absorption characteristics to persist for microseconds to
milliseconds, which is orders of magnitude longer than in standard quantum well material.
Changes in absorption coefficient of up to 9100 cm™ (normalized to the GaAs quantum well layer
thicknesses) or 1300 cm’ (normalized to the entire hetero-nipi structure thickness) at
approximately 880nm have been demonstrated in the AlGaAs/GaAs semiconductor system which
is in agreement with theoretical calculations.! This is approximately equal to the change in
absorption (9000 cm™) observed in InGaAs/GaAs hetero-nipi structures at 1000nm.?

This work evaluates the use of a hetero-nipi superiattice for an optically written and optically read
short term memory element. The device structure is illustrated in Figure 2. The superiattice is
incorporated into an asymmetric cavity structure® in order to increase contrast and consists of an
epitaxially grown AlGaAs/AlAs quarterwave semiconductor reflector stack below an AiGaAs/GaAs
hetero-nipi superlattice consisting of four layers per period; an undoped GaAs layer, and n-
AlGaAs layer, an undoped GaAs layer and a p-AlGaAs layer. The AlGaAs-air interface at the top
surface of the structure forms the low reflectivity (about 30%) reflector. Although the device is
optically modulated and optically read, requiring no bias volitage, electrical contacts are required
to remove optically injected charge carriers to rapidly erase the memory element or to provide
electrical modulation, if desired. For this purpose selective n- and p- electrical contacts are made
by ion impiantation into side of the mesa.
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The long carrier lifetimes in the material result in the excited or reflecting state persisting after the
write beam has been remcved. Thus the device can be considered to be a short term memory
element. In many ways it is similar to the electronic DRAM, which consists of thin film capacitors
with limited memory time, requiring periodic refreshing. Similarly, the element described here can
be considered as an optically charged capacitor, with a memcry time of the same order of
magnitude as the optically excited carrier lifetimes.

It has been identified that a fast, low power, dense optical memory is critical for the development
of general purpose optical computing.* In the shorter term, we also see potential for an optical
memory that would speed up processor-memory communication, by allowing data transfer to take
place in a two-dimensional arrays, or that could be used as a buffer memory in packet-switched
optical networks.

In evaluating the material and device as an optical memory element we have measured the
change in absorption coefficient which can be achieved i1 a hetero-nipi superiattice as a function
of the structure, have demonstrated a high, optically modulated contrast ratio when the structure
is placed in a Fabry-Perot cavity, and have measured the lifetime of the carriers. Electrically
contacted pixels have also been fabricated, electrical modulation has been demonstrated, and
lifetime as a function of pixel size has been measured.

Figure 3 contains experimental results from a hetero-nipi superlattice asymmetric cavity structure
with a 99% reflective bottom mirror, a 30% reflective top mirror, and a 4.2um thick superlattice
cavity layer. A contrast ratio of 16 dB and insertion loss of 6.5 dB was achieved with a pump
power of 12 mW. By comparing to a theoretical calculation of reflectivity vs. absorption
coefficient, it can be estimated that a change in absorption coefficient of 800 cm™ was achieved.
The lifetime is defined as the time after removal of the pump beam at which the initial contrast
ratio has been reduced by a factor of two. The lifetime depends strongly on the particular
structure and the pump power. In an attempt to characterize the overall performance of the
device, we have proposed a figure of merit which takes into account the contrast rati~ insertion
loss, lifetime and optical pump power required to induce the reflectivity change. This figure of
merit is defined as: (contrast ratio x lifetime (usec) x reflectivity in the on state)/(switching energy
(nJ)). The switching energy is calculated by multiplying the dc pump power by the carrier lifetime.
Figure 4 illustrates the experimentally measured contrast ratio, lifetime and figure of merit as a
function of optical pump power for an asymmetric structure with 4.2 um thick hetero-nipi cavity
layer. The figure of merit peaked at a contrast ratio of 53:1, a lifetime of 25 usec, an 8.5 dB
insertion loss and a pump power of 3.8 mW. The associated figure of merit is * 95 usec/nJ.

An array of electrically conta :ted pixels is shown in Figure 5. Reflectivity as a function of applied
voltage is illustrated in Figure 6. Although the contrast ratio is low (2:1), the significant result is
that nearly all of the contrast change occurs within a range of 2V applied bias Unlike
modulators based on muiltiple quantum well structures, the required voltage is independent of the
cavity layer thickness and is mostly due to contact resistance.

This work is supported by AFOSR and DARPA under contract # F49620-90-C-0075.
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Figure 4. Contrast, lifetime and figure of
merit versus optical pump power for a het-
ero-nipi spatial light modulator with a 4.2
wm active layer.

Figure 5. Photomicrograph of
a processed memory element
array.

Figure 6. Reflectivity (arbitrary units) versus
applied voltage for a hetero-nipi asymmetric
cavity spatial light modulator. Aithough the con-
trast is low, the significant aspect Is that most
of the modulation occurs between 0V and -2V.
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I. Introduction

Smart spatial light modulators represent a class of device which combines optical detectors, simple
processing electronics and optical mo lulators or sources to facilitate the high speed processing of 2-D arrays
of optical data. Smart SLMs are extre mely important to the next generation of optical computing and optical
processing. This class of device is in many respects the enabling technology for the realization of optical
interconnects, optical neural networks, parallel optical image processing and other forms of parallel optical
computing. In the simplest such device the state of an optical modulator is determined by the intensity of the
“write” light incident on an associated photodetector. The modulator in turn, can then affect the state of the
reflected “reading” light. Utilizing a hard thresholding amplifier between detector and modulator, such an
implementation can achieve optical logic through optical fan-in and will facilitate cascaded processing arrays.
Utilizing a soft thresholding amplifier instead produces an array of optical neurons and would facilitate the
realization of highly parallel optical neural network architectures. In more sophisticated smart SLM designs,
neighboring pixels may be connected through simple processing electronics to produce optical modulation in
response to local image characteristics such as gradients or averages. Through the use of locally connected
electronics together with optical communications for broadcasting or global interconnections, an efficient
usage is made of the resources available in each technology.

A large number of implementations have been proposed for the realization of smart SLMs (SEEDs, PLZT
on Si, FLC on Si, VSELS, etc, ...).['1=7} Several of these technologies are fully compatible with conventional
silicon VLSI thereby providing the associated smart pixels with the full electronic functionality characteristic
this mature technology. Silicon compatibility is a motivating factor in the present work. In this paper we will
discuss the use of a-Si:H/a-SiC:H multilayer modulators for the realization of smart pixels with sophisticated
underlying functionality. This approach offers a number of attractive features including, compatibility with
conventional Si VLSI, visible wavelength operation, high speed and fabrication simplicity.

II. Amorphous Silicon Carbide Multilayers

One mode of operation for the a-Si:H based modulators we discuss here parallels that of the GaAs
MQW electroabsorption devices mentioned previously. In the case of GaAs MQWs the quantum confined
stark effect is used to modulate the absorption of incident light whose photon energies are below the band
gap. The wavelength of the incident light is tuned to correspond to the peak of the exitonic spectrum in
the presence of a strong applied field. In the absence of any field, very low absorption results. When a
field is applied however, the exiton spectrum is shifted to coincide with the incident wavelength and strong
absorption is observed. The use of a quantum confined structure ensures that the strong applied field does
not destroy the bound species whose spectrum is being probed. Similar confinement effects can be envisioned
in a-Si:H/a-Si,C,_;:H; however, the effects of band tailing in these materials will require the use of narrower
wells so that the effective band gap might be shifted away from the bulk band edge. Since the effective bulk
bandgap of a-SiC;_, can be tuned from 1.75eV to about 2.75eV by adjusting the carbon content from 0%
to 35%, very large energy barriers can be engineered in these materials.!8] For this reason, quantized states
in the well layers can be tuned to reside away from the bulk band tails. Furthermore, due the the relatively
slow deposition rate of a-Si:H compounds using RF glow discharge deposition (60A- 7500A per minute),
a-Si:H/a-Si,Cy_:H multilayers have been produced with very thin well layers (2A) and extremely good
interface abruptness.[g“3] A number of other researchers have characterized a-Si;C;_.:H and multilayers of
a-Si:H/a-Si;Cy-;:H as well as a-Si:H/a-Si;N;_,:H 114-171 Mych of this characterization work however has
involved the study of electroluminesence and photoluminesence spectra (toward the goal of producing high
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efficiency silicon sources) and on the electronic properties of superlattices of these amorphous semiconductors
(e.g., resonant tunneling). In the experiments reported here we have fabricated amorphous semiconductor
multilayers which exhibit strong confinement effects. It is expected that large Stark shifts in the confined
state energies can be observed in such structures. In addition, large NLO effects owing to band filling effects
are also expected.

II1. Experimental Results

In order to provide an initial characterization of the a-Si,C;_.:H materials and growth facilities, pre-
liminary depositions have been performed for a number of different carbon concentrations (0%-28%). For
these trials, ethylene was used as the process gas for carbon encorporation. The resulting materials demon-
strate the expected variation in band gap with carbon content as measured using room temperature VIS-IR
spectroscopy (see figure 1) and the expected surface morphology (as indicated by atomic force microscopy).
Earlier tests utilizing carbon fractions larger than = 15% resulted in a severe disruption of the material
morphology which we suspect was due to graphitization within the a-Si. Careful adjustment of process
parameters alleviated this problem.

Multilayers were fabricated using the constituent materials a-Si:H and a-Sig 36Co 14:H serving as well
and barrier layers respectively. Conduction band and valence band quantum wells with barrier energies
of 0.16eV and 0.29e¢V respectively were formed using a simple PCVD deposition system. 31 periods of
37.5Awells and 112Abarriers were deposited. The TEM data shown in figure 2 indicates that these samples
maintain good layer uniformity throughout deposition. The uniformity was quantified using X-ray diffraction
to be +2Aand the interface quality is seen to be moderately good also. Interface abruptness was measured at
roughly 10Awhich we believe can be drastically improved through the incorporation of additional hydrogen
during the deposition process.

Using effective masses for particles in the conduction and valence bands of m, = 1.0mg and m, = 0.6my,
we predict the existence of three quantized levels in each band. We can calculate the first excited state of the
multilayer to reside at an energy of 1.88eV, 0.04eV above the bulk band edge corresponding to an excitation
wavelength of 661nm. This prediction agrees well with Tauc plot data extracted from the multilayer spectra
shown in figure 3 (measured band edge at 1.90eV). In figure 3 we show the transmission spectra for the
multilayer sample both with and without an applied field of 10°V/cm. We see that a large change in
transmission occurs for the case of a field applied normal to the layer boundaries and corresponds to a roughly
20% change in absorption (i.e., Aa/a = 0.2). A time domain measurement has not yet been performed so
that the thermal component of the observed modulation is not yet known. We do however, observe large
conduction currents in these initial samples owing to the presence of defect states in the constituent materials.
These defects arise as a result of insufficient hydrogen incorporation which is necessary for passivation of Si
dangling bonds present in the amorphous materials. Lack of hydrogen in our samples was recently verified
using FTIR and supports this conclusion. The existence of an abundance of such defects suggests that
conduction current heating is playing a role in the observed modulation.

IV. Conclusions

We have demonstrated confinement effects in amorphous silicon multilayers. Although the optical
modulation data is likely to have been influenced by thermal effects, the observed spectral data agrees well
with simple quantum mechanical predictions based on a particle in a finite potential well model. Our samples
were fabricated in a straightforward fashion using PCVD with silane and ethylene process gasses. The next
step in this work will involve incorporation of additional hydrogen in our samples so as to reduce the number
of defect states and improve interface quality. We also plan to fabricate a p-i-n diode structure incorporating
an amorphous silicon carbide multilayer within the intrinsic region. Nonlinear optical measurements in our
initial samples is difficult owing to the short interaction lengths involved (< 1um); however, we intend to
utilize a thin film waveguiding technique to improve the SNR in these NLO measurements in the future.

The potential benefits from realizing optical modulators in Si using a process compatible with conven-
tional Si VLSI are very nearly uncountable. The long term results of this work and the integration of a-Si:H
modulators with CMOS VLSI processing electronics is extremely important for the realization of a num-
ber of critical optical technologies inc'uding optical neural networks, optical image processing and optical
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interconnects. The capability to utilize a-Si:H processing which is compatible with silicon VLSI, will make
this technology competitive with others such as flip-chip bonding, solder bump reflow and GaAs on silicon
for the realization of high speed optical interconnects in silicon based computers. Furthermore, since the
a-5i,C;_,:H is tunable from IR to visible, these systems offer a degree of flexibility which is not present with
other technologies.
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Introduction

This paper reports the work of a collaboration which has sought to design smart ferroelectric
liquid crystal spatial light r >dulators (Smart SLMs) by starting with potential systems
applications and asking what anctions are required of the smart SLM for it to perform a useful
task in the system. Three system areas have been studied: interconnections for
telecommunication systems, neural networks and image processing systeris. In each case a set
of ideal parameters has been drawn up, and possible common ground between the devices has
been sought. None was found so devices have been designed which will function in two of the
three systems. A brief description of each of the application studies will be given, followed by
the outline device designs, and first experimental results.

System Studies

Interconnections

There has been a great deal of interest in recent years in the possibilities of building optical
interconnection systems to take advantage of the connectivity and low cross-talk of free-space
optics2.  However, what we have sought to do is examine the potential of hybrid
optical/electronic systems using each aspect in the most efficient way. The concept of smart
pixels is that these are electronic islands3 whose size is such that within the pixel electronics is
always the most efficient means of communication. The interconnection between pixels is
optical and hence has very high connectivity. As such the smart pixel can have a variety of
functions, and switches composed of arrays of them have very large bandwidth, switch at the
message rate, and can switch optical signals of any format.

Recent advances in the design of matrix vector multiplier type single stage cross-bar switches?
have opened up a number of possible advantages for the use of smart SLMs. Some aspects of
switch control and arbitration can be integrated into the backplane, and such devices could be
used in route protection or optical distribution frames in emerging networks. However, a key
application of smart pixel devices is serial to parallel and parallel to serial data conversion.
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Image processing
The concept of pooling the values of a neighbourhood of data points before performing a

logical operation was first proposed by von Neumann®, and is now central to digital optics
processing. Optical implementation of local neighbourhood operations by a smart SLM has no
requirement for scanning since all pixels are processed in parallel. Possible operations range
from numerical and morphological filtering operations to edge detection and noise reduction.
Applications occur wherever there is a need to manipulate 2D images, from matte processing
in TV and cinematography to image recognition and correlation. We have considered a
number of smart SLM designs, in particular an isophotic contour detector and a distributed
optical array processor. Although the latter would have produced a very powerful general
purpose optical processor it was felt that the complexity (300 transistors per pixel) was too high
to tackle with the programme's limited resources. Consequently the isophote design is being
carried forward to silicon. The performance has been simulated and is shown in Figure 2,
together with a conventional edge detection rendering of the same image. A 64 x 64 pixel grey
scale image of a Toucan has been processed for Laplacian edge detection, and isophote contour
mapping at a number of threshold levels. Those shown are for the lowest (edge of the darkest
regions) and highest (edge of the brightest regions) thresholds.

a) b) ) d)

Figure 2: Simulation results for isophote backplane. a) Original imagg, b) Laplacian edge detected,
¢) Lowest threshold isophote, d) Highest threshold isophote.

Silicon design

Three silicon fabrication runs are planned on the programme. The design for the first of these
contains the building blocks (modulator pads, detectors, threshold circuitry) for the two smart
SLM designs, together with two simple arrays. The first of these has in each pixel a photo-
detector with variable threshold, an electrically configurable logic element, and an optical
modulator. The 8x4 array will perform nearest neighbour cellular logic with neighbours along
a row. Despite this limitation it will be able to model cellular automita, slice images and
multiplex images together. The second array has 8x8 smart pixels each with a phototransistor,
modulator and logic capable of shifting on data so as to isolate the modulator pad. The results
of experiments with these simple arrays will be presented.
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This opens up the possibility, in future networks, of building wavelength crossconnects and
optical backplanes. In the former the input fan-out can be made wavelength selective so as to
place different optical channels onto different pixels. In the latter free space optics offer greatly
improved spatial connectivity.

A novel approach to fast packet switching has been developed, involving free space optics and
smart SLMs. It uses optics and electronics in the most appropriate manner, does not require
optical memory, and minimises bit rate switching. Fast serial data is formatted in such a way
that it can be switched en bloc through the optical interconnect using image replicating optics.
The implications of such image replicating switching systems in telecommunication systems
are being considered. It has been decided not to proceed to designing a smart SLM for this
application until more detailed modelling of system performance has been carried out.

Neural Networks

A range of possible neural network architectures has been studied. The emphasis has been on
treating the components of the network as sub-systems which are then organized in an
appropriate fashion to give an independent neural system. The basic classes of smart pixel
configuration examined have been: individual (detection, decision(thresholding), amplification,
delay, output), laterally connected (with additional inputs from neighbouring pixels) and
complex (assemblies of sub-cells). The mode of interconnection, especially how best to
introduce weighting, has also received a great deal of attention. Two architectures have been
examined in great detail, and the decision on which to progress to silicon fabrication has been
based on the group's confidence to build functional devices within a restricted resource budget,
rather than pursuit of the most technically challenging route.

The first scheme was for a smart pixel capable of supervised error back-propogation learning
with analogue weight. However, this would have been a quite complex device which would
have needed one-off test systems to prove itself. The second scheme will yield a device which
can be tested in existing rigs. This design has on-chip learning in the incremental weight
iterative learning model. It will allow the incremental delta rule to be implemented with
moderate complexity. Considerable modelling of unipolar delta rule learning has been
undertaken in order to determine which device parameters are crucial to good system
performance.®> Figure 1, taken from reference 5, shows a simulation of the unipolar binary
bidirectional associative memory (UBBAM).

perfelct recall probability P!

0.8}
Figure 1: Recall performance of UBBAM O'ET
as a function of order of memory 0.4k
0.2
% 005 0.1 _ 015 0.2

‘content size (mis)
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The second design is the neural network one. In this case each pixel will comprize two
phototransistors and an analogue liquid crystal modulator plus a local processing circuit. The
array size will be 64x64. The third (isophote) design is based on the photodetector signals from
nine nearest neighbour pixels being combined logically. Signals from opposing detectors are
logically XORed, and the resulting four terms are ORed to determine whether or not the
modulator is switched. The function of the modulator is to signal the presence of an edge
passing through the location. More detailed discussion of these two designs will be presented.
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The integration of Gallium Arsenide field effect transistors (GaAs - FETs) and multiple quan-
tum well modulators is an exciting advancement in the area of optical interconnections [1-3].
While most of our efforts on quantum well self electro-optic effect devices (SEEDs) have been
concentrated on devices with optical inputs and optical outputs [4], some applications, such as
connections between circuit boards or multi-chip modules (MCMs), require electrically addressed
optical modulators. Arrays of electrically addressed multiple quantum well electro-absorption
modulators with as many as 128 elements have been made[S]. Although operation of devices
within the arrays has been demonstrated beyond 1 GHz, generally voltages above 5V are needed
to achieve a reasonable output contrast with low loss in the “on” state. Low voltage (2-3volts)
modulators have been made using Fabry-Perot cavities [6] and ultra-shallow barriers (7], although
even this voltage may be considered too high for some applications.

In this paper, we describe a monolithic integrated 6 by 6 array of electrically addressed
amplified differential modulators. Each element in the array contains a two transistor amplifier so
that the input voltage swing can be as small as a few hundred millivolts yet the voltage across the
multiple quantum well modulators can be as high as 10 volts. Such a low input swing would allow
(provided the threshold was correctly designed) an array such as this to be used with standard sil-
icon bipolar emitter-coupled logic (ECL) or GaAs FET electronic logic families that have typical
voltage swings of less than 1 volt.

A schematic diagram and photograph of the array are shown in Fig. 1. A detailed description
of the FET-SEED structure and fabrication are given in Ref. 3. The reflection-type electro-absorp-
tion modulator had 71 pairs of GaAs/AlGaAs quantum wells. The devices that we report on here
were anti-reflection coated. The optical modulators had 10um x 10 pm optical windows with cen-
ter to center spacing of the two modulators within a cell of 40 wm. The unit cell size was 80 pm x
80 um in both directions for a total array size of 480 um x 480 pm. The excitonic peak in absorp-
tion at 0 volts bias was at 853 nm.

The field effect transistors had a 1ium gate length, with the load transistor having a 25 um
gate width and the input transistor having a 50 um gate width. The measured DC currents of the
transistors at V g~ OV were 45 mA/mm at V 45 ~=~ 2V, and the measured transconductance at
Vg~ OV was ~ 70 mS/mm. The measured threshold voltages of the transistors were ~ -1V, and the
drain-source breakdown voltages were greater than 10 V.

Roughly 2/3 of the elements in the 6 x 6 array that we tested were operational. A whole row
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was inoperable, presumably due to a short circuit, and four others were “blown” during the few
months of testing. While we have not yet tested a fully operational array, we recently built and
tested several good arrays of optical switching nodes with 400 transistors per array [8]. Because
of this, we feel confident that a fully operational electrically addressed amplified modulator array
could be made.

In Fig. 2, we show the output reflectivities of the modulators as a function of the electrical
input voltage for all of the devices except those in the “bad” row superimposed. The modulator
bias was set to 6.5 V and the wavelength was 860 nm, 7 nm above the wavelength of the exciton
peak at zero volts, Ag. The individual modulators are said to be “normally on” modulators when
operated at a wavelength longer than the exciton peak (A;) because they have their highest reflec-
tivity at zero volts bias across them. The switching transition varied by only +/- 0.070 volt from
device to device but the threshold appears different for each diode in the differential pair. This is
simply because of the non-linear absorption versus voltage relationship of the modulators. That is,
when the voltage across each of the modulators is V/2 or 3.25 V, the reflectivity of the devices is
not much different from its reflectivity at zero volts. If the reflectivity at this voltage was equal to
the average of the minimum and maximum reflectivities then the switching transitions might
appear symmetric. The switching transition was at a higher voltage than the threshold voltage,
because of the voltage drop in the power lead feeding the source of the input transistor. The volt-
age drop could be reduced by re-designing the array with wider and thicker power leads. Individ-
ual elements that were not part of the array had their switching transition at -1 V as expected

From Fig. 2, you can see that an input voltage swing less than +/ - 0.1 volt is required to
change the state of the output modulators. However, with a voltage swing this small, the output
current difference between the load transistor and the input transistor will also be small. The
switching time is inversely proportional to this current difference (more current - shorter time).
Thus we would expect that the switching time would depend on the input voltage swing. We have
measured risetimes of the amplified modulator array by monitoring the optical output with a fast
photodiode. The electrical input was a 200 MHz square wave with a risetime of ~ 250 ps with
peak to peak voltage swings between 0.6 volt and 2 volts. For a voltage swing of 0.6 V, the slow-
est of the rise and falltimes was 730 ps, decreasing to 530 ps for a 1 V input and 370 ps for2 V
input. In Fig. 3, we show the output reflectivity for one of the modulators with a 2Gb/s data stream
with a 2 V peak to peak input voltage applied to the input.

Using a spectrum analyzer, we measured the modulation of the output reflectivity with a 500
MHz square wave to applied to the electrical input of the device and with a 500 MHz square wave
applied only to the electrical input of an adjacent device. The ratio of these two measurements
gives some indication of crosstalk. We chose adjacent devices that also had long electrical leads in
proximity to each other. The ratios of the two measurements were 57 dB at 500 MHz, 53 dB at the
third barmonic (1.5 GHz), and > 31 dB at the fifth harmonic (2.5 GHz). In the 5th harmonic mea-
surement, the noise of the spectrum analyzer obscured the “crosstalk signal” so it may have been
much better.

We also measured the reflectivities of the modulators versus input voltage at a variety of
optical powers. We see some increased voltage swing required at high powers, and this is because
the FET currents must overcome the photocurrents generated in the modulators. We see very little
degradation in contrast ratio at the higher powers at this wavelength, although measurements
taken at the exciton peak, Ag, do show severe degradation in contrast ratio at high powers. The
fact that there is less degradation in contrast ratio for “normally on” modulators been previously
reported in “unamplified” quantum well modulators [9].
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In conclusion, we have built and tested a 6 x 6 array of differential quantum well modulators,
each with a voltage amplifier using the FET-SEED technology. The voltage input swing required
is only a few hundred millivolts to achieve an output voltage swing at the modulators up to 10V.
We showed that the speed of operation is limited by the currents in the FETSs. and that for input
voltage swings up to 2 V, operation beyond 2Gb/s is possible. We found that the devices are capa-
ble of modulating optical inputs with powers up to 1 mW for “normally on™ operation. Lastly, we
measured crosstalk in the arrays and found it to be better than 30 dB below 2.5GHz.
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Fig. 1. Schematic diagram, layer structure and photograph of the 6 x 6 array of amplified differen-
tial modulators. a) Schematic diagram, b) photograph of the array
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Fig. 2. Superposition of reflectivity versus input voltage for 30 of the devices in the array.
Solid curves are for the top modulators and “stared” curves are for the bottom. Vs = 6.5V, A= 860
nm, and Popgicq = 50 UW.
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Fig. 3. Output reflectivity for one of the modulators for a 2 Gb/s NRZ input with an input
voltage swing of 2 V. Slightly reduced performance can be achieved with < 1 volt swings.
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Introduction

An optical winner-take-all (WTA) device which chooses
the largest of an array of optical intensities would be use-
ful for a variety of applications. For example. a two-
dimensional WTA array placed at the output plane of an
optical correlator would find the pixel at which the cor-
relation peak is a maximum. thereby locating the target
in a background of clutter. An electronic 2-D WTA out-
put could go to circuitry which reports the location of the
peak. or an optical output could be used by further stages
of optical processing.  Another use for an optical WTA
would be in an optical associative memory. The WTA
device would select the largest of the optically computed
inner products between an input and an array of stored
vectors. The optical output from the winning unit could
then illuminate the stored vector array to read out the
undistorted target vector. A third use for an optical WTA
is in self organizing optical neural network impiementa-
tions. Essentially all unsupervised learning systems re-
quire some form of WTA neuron activation function. Ex-
amples of these systems include competitive learning {1}
and adaptive resonance |2) network models.
VLSI/Liquid Crystal WTA Devices

Figure 1 shows a schematic cross section of two units
in a one-dimensional VLSILiquid Crystal WTA array.
The VLSI/LLC devices are made by flowing a layer of lig-
uid crystals between an integrated circuit (IC) die and a
cover glass which is coated with a transparent conductor
and an alignment layer. Polarized light passes through the
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Figure 1: Cross-sectional diagram of two units of a

VLSI/LC winner-take-all device.

glass and liquid crystal layers and strikes the second-leve)
metal electrode mirror on the surface of the 1C. Light
which is not reflected by the metallic electrode is absorbed
by a photodetector under the electrode and is converted
to a current. This current is t