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ABSTRACT

Liquid erystal light valve as a nonlinear thresholding and gain element plays a very
important role in the optical neural networks. The first part of this thesis presents the
theoretical and experimental characterization of liquid crystal light valves with
reference to their application in neural networks. The second part deals with the
implementation of optical neural networks using liquid crystal light valves.

The characterization of three types of liquid crystal light valves has been performed.
From the point of view of optical neural network system, we have chosen a set of
characteristic parametérs, such as the effective gain, the spatial uniformity, the
response speed, and the transfer characteristic represented by a sigmoid function, to
evaluate the liquid crystal light vaives. Of these parameters, the key is the effective
gain which takes account of the sensitivity and the read-out efficiency and indicates
the usability of a liquid crystal light valve. The other parameters influence the
dynamics of optical neural network systems. We have shown that using a sigmeid
function to fit the transfer curve is an effective means of the characterization of
LCLVs.

The inherent peculiarity of optical neural networks lies in the fast communication
speed between the neurons and the relatively slow response speed of each neuron.
We have designed and bnilt an ONN based on the Hopfield model. The ONN shows
more complex and rich behavior, including oscillations. The dynamic behavior of the -
ONN depends on the parameters of the system and on the interconnections. The
main parameters are the two ratios: the ratio of the response time to the propagation
time and the ratio of the gain of the system to the slope- of the transfer curve. The
high time ratio increases the probability of oscillations. In our experiments the
oscillations accur only when all neurons have similar response speed. Fortunately,
the nonuniformity of the LCLV can effectively prevent the oscillation. The ratio of
the gain to the slope influences the system's capability for associative memory. Our
ONN system gave only one stable state, and no other local minimum was observed
because the ratio of the gain to the slope was below a critical value .

The interconnections depend on the neural network model. In our experiments we
used the inhibitory model and the inverted model. The interconnections in the two
models are all negative, which increases also the probability of oscillations.
Moreover, the low feedback efficiency of the two models is disadvantageous for the

realization of an associative memory.
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INTRODUCTION

The basic advantages of optics in information processing derives from its intrinsic
parallelism and the ability of optical signals to propagate through free space without
interaction. It has long been recognized that to realize these advantages in processing
appiication, real-time, reusable, two-dimensional (2-D) devices referred to as Spatial
Light Modulators (SLMs) which modify the amplitude, phase, and/or polarization
of an optical wave front are essential. A diverse variety of SL.Ms have been proposed
and developed.!-4 ‘

Optically addressed liquid crystal SLMs, or liquid crystal light valves (LCLV), as
they are frequently called, were developed at the Hughes Research Laboratories in
the 1970s.5 The first generation of the LCLV used nematic liquid crystals as the
electro-optic material and CdS as the photoreceptor. Since then much improvement
has been made in both the liguid crystal material and the photoreceptor, such as the
use of ferroelectric liquid crystal materials and amorphous silicon photoreceptors
with p-i-n structure.® The newest generation of LCLV called Smart SLM has been
developed over the past few years.”8 Since the LCLVs have the advantages of Jarge
working aperture, low power operation and moderate price over other modulators,
they have been widely used in many optical systems as input/output displays,
spatial filters, incoherent-to-coherent light converters, optical switches, and
nonlinear transform/thresholding elements.9.10

Over the past few decades, a class of massively parallel and interconnected
computational models, generally referred to as neural networks, has been intensively
studied. These models are based on the structure and function of the human brain.
Much of the interest in this field is due to the fact that human brains are able to solve
problems, such as visual object recognition and verbal communication, that are
currently very difficult or impossible to solve using digital computers. These models
describe the brain as consisting of a highly interconnected network of 2 huge number
of relatively simple neurons. The human brain is believed to have between 10'' and
1p!3 neurons, and each neuron has between 10° and- 10* connections to other
neurons.!! Many mathematical models which describe the neural network have been
proposed, sitch as the Hopfield model,}2 the Kohonen model,!3 and the adaptive
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resonance theory.!* These neural networks require completely different
implementations than traditional computers. This requirement has led to significant
efforts toward implementing neural networks in hardware in both the electronics
and optics field. ’

The optical implementation of neural networks derives from several unique
properties of optical systems, such as the three-dimensionai (3-D) topology and the
ability of optical beams to cross through one another in free space. Therefore the
common characteristic of optical implementation of neural networks is the ntilization
of 3-D global interconnections. However, one can choose different ways to
implement the gain and the nonlinear operations required by the neural models.
There are two most popular techniques: The first approach uses electronic
components where light source arrays and detector arrays are used to switch signals
from optical to electronic carriers and vice versa, e.g. the early pioneering work on
optical implementation of neural network performed by Farhat!5 and by Jang.!6 The
second approach uses entirely optical means where either a liquid crystal light
valve!7-19 or refractive crystals?0 are used as the nonlinear thresholding and gain
element. Of the two implementations, the former is often called optoelectronic neural
network {OENN), while the latter is calied optical neural network (ONN). There are
other implementations which used the personal computer (PC) instead of the parailel
electronic circuits.2! This kinds of implementations can be regarded as hybrid
simulators rather than hardware implementations, because there are actually neither
parailel communication channels nor analog nonlinearity, but serial communications
and digital algorithms in the systems.

Although the optical nenral network (ONN) was born at about the same time as the
optoelectronic neural network (OENN]), it has never attracted adequate attention.
Most of the researchers, who declare themselves working in the field of optical
implementation of neural networks, have been only interested in the OENN or the
hybrid simulators during the past ten years. There may be many reasons, but the
main reason, we believe, is due to the absence of suitable optically addressed SLMs.
Although the LCLV has been considered a mature SLM technology, unfortunately
ane still has a lot of difficulties in finding a LCLV which is usable for ONN. For
example, the high gain is vital to ONN, but is often not available for most of
commercially available LCLVs. Although there have been many research papers
dealt with the performance of LCLVs,22-25 most of them were based on the isolated
devices or the OENN rather than ONN. Therefore it is still an open question, what
kind of LCLYV is suitable for optical neural networks.
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It is widely believed that an ONN should have the same behavior as an OENN or
even a hybrid simulator does, if they implement the same model. If so, why are we
using optical neural networks (ONN) at all? The optoelectronic neural network
(OENN} can easily offer the flexibility, high gain and nonlinearity. The hybrid
simulator is even more flexible and handy, particularly, in implementing the
learning algorithms. However, we have never seen any analysis or discussion dealt
with the equivalence of these implementations. Therefore, the second question arises:

what is the inherent peculiarity of the ONN?

ONN is a typical complex dynamic system which is continuous both in neural state -
and in time. Therefore it is more comparable to the biological neural networks. ONN
should exhibit rich and varied dynamics, e.g. oscillation and chaos, besides the fixed
point. However, the dynamic behavior of ONN have not been brought to much
attention. Lee reported an observation of oscillation in his optical neural network five
years ago,”? but did not give a clear explanation. Thereafter, there has not been any
report relating to the dynamics of ONN until recently. Farhat proposed a model
called bifurcating neural networks in order to demonstrate the dynamics.26 They
have implemented and characterized a single bifurcating neuron circuit, but have not
reported the implementation of the bifurcating neural network. Naturally, one
would ask what the dynamic behavior of ONN can do.

Our initial motivation of this work was to answer the first twc questions, but the
third question came on during the research. In this thesis we will try to answer how
to evaluate the performance of LCLV both theoretically and experimentally; what
parameters are necessary and appropriate to characterize LCLV for ONN
applications; what is the necessary conditions for implementing ONN; how the
parameters of LCLV influence the behavior of ONN. We will demonstrate the
dynamics of a conventional optical neural network and give an analysis on the
relation between the dynamic behavior and the system parameters. Recently, Farhat
proposed the concept of "chaotic neurons”,27 and the scientists working in electronics
field have begun the research on the exploitation and application of chaos in
engineering, such as secure communication, associative memory and control
problems. However, there is still a ot of work to be done before we can clearly

answer the third question.

The thesis may be divided into two parts: the first part consists of Chapter 2 and
Chapter 3 which deal with characterization of LCLVs, and the second part, Chapter
4, deals with the implementation of optical neural networks using LCLVs.
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Chapter 2 is the theoretical part relating to the operation and characterization of
LCLVs, which deals with the basic configurations of the LCLVs, the operating
pririciples, the drive conditions, and the methods of characterization and analysis of
the LCLVs from a system point of view. Section 1 presents the basics for LCLVs,
which include a brief introduction of liquid crystals; a description of the structure of
LCLVs and the electro-optics of three types of LCLVs. Section 2 discusses the drive
waveforms for the LCLVs and the effects on the read / write characteristics. Section 3
discusses how to characterize the LCLVs from a system point of view and introduces
a set of parameters for the evaluation of LCLVs. Section 4 gives two mathematical
techniques for analyzing LCLV behaviors, which are particularly important in
stmulating the optical system where LCLVs are used.

Chapter 3 is the experimentai part refating to the characterization of LCLVs. Three
different types of LCLVs based on twisted nematic, homeotropic nematic and
ferroelectric (smectic C*) liquid crystals have been experimentally investigated. The
experimental results, procedures and conditions are given in detail. Finally, a
comparison of three LCLVs is presented.

Chapter 4 deals with the application of the LCLVs to optical neural networks (ONN).
Section 1 presents the Hopfield neural network model] {H-mode!) and two modified
H-models which could be implemented using optics. Section 2 discusses the basic
principles of ONN design and gives the parameters of the ONN. Section 3 gives the
experimental results of the optical implementaticns of the two neural network
models. Section 4 analyses the experimental results and gives the explanations of the
system's behavior. Scction 5 briefly discusses the limitations of the ONN and the
requirements for the LCLV from a system point of view.



THE PRINCIPLES OF OPERATION
OF LCLVs

This chapter is the theoretical part relating to the operation and characterization
of LCLVs, which deals with the basic configurations of the LCLVs, the operating
principles, the drive conditions, and the methods of characterization and analysis
of the LCLVs from a system point of view.

Section 1 presents the basics for LCLVs, which include a brief introduction of
liquid crystals; a description of the structure of LCLVs and the electro-optics of
three types of LCLVs.

Section 2 discusses the drive waveforms for the LCLVs and the effects on the
read /write characteristics.

Section 3 discusses how to characterize the LCLVs from a system point of view
and introduces a set of parameters for the evaluation of LCLVs.

Section 4 gives two mathematical techniques for analyzing LCLV behaviors,
which are particularly important in simulating the optical system where LCLVs
are used.

2.1 GENERAL DESCRIPTION OF LCLVS

2.1.1 Basics of Liquid Crystals29.30

It is commonly know that matter exists in three forms: solid, liquid and gas. For
example, crystalline solids have a regular arrangement of the melecules, which is
called long range order. Because of this order, crystals have the anisotropic
physical properties. When a crystalline solid is heated, it transforms into an
isotropic liquid at its melt peint. Isotropic liquid does not have a long range
order. However, there are certain substances which do not directly pass from
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crystalline solid to isotropic liquid but adept an intermediate phase which flows
like:a liquid but has the anisotropic physical properties similar to crystalline salid.
This type of phase is called hqutd crystals. The general definition of a liquid
crystal is a hqu:d consnstmg "of molecules that maintains order over a long
distance relative to the molecular scale. Molecules are nanometers in length, so

P
the order ts in thousands of ndnometers

A. Phase structure of LC

The liquid crystals are a big family with tens of thousands members. Generally
speaking liquid crystal melecules are gils, organic molecules. Liquid crystals can
be classified from different standpoints. For example, accerding to the geometrical
structure of the molecules, LCs can be divided into disk-like, lath-like and rod-
like. The rod-like LC is the best investigated one and the most important with
respect to practical applications such as LCD and LCLV. Therefore we only deal
with rod-like liquid crystals in this thesis.

We are interested in the classification of LCs according to the crystalline phase
since the electrical and optical properties depend directly on the phase. The phase
structure of LC is characterized by the arrangement of the molecules, the
conformation of the molecules and the intermolecular interaction. There are
three major phases used in LCLV: nematic, smectic A and smectic C.

Nematics are the simplest type of liquid crystals, having only an orientation
order. It is convenient to specify the direction of avérage orientation of the long
axes of the molecules by a unit vector called the director n (Fig. 2.1a). All smectics
have a layered structure, so they are more ordered than nematics. Smectics have
both positional and orientational order which can be indicated by two unit
vectors: the director n and the layer normal z. The difference between smectic A
and smectic C is the re]atwe orientation of n and z..In smectic A the director n is
along the tayer normal z but in smectic C the director n is tilted by a angle 8; with
respect to z (Fig. 2.1b and 2.1c}. For smectic materials the layer spacing is about the
magnitude of a typical length scale of the molecule.

The smectic Cs can be further divided into nonchiral or chiral nnes, the latter are
called ferroelectric LCs, or smectic C*s as well. An implication of the added
chirality on the structure ordering in the LC is the introduction of a macroscopic
helix3. If we look at the molecular direction by moving along the z axis, we will
see a precession of the director induced by the chirality. The director slightly
rotates arnund z from layer to layer. So there is another order which can be
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defined by a parameter p (pitch) which is the value of the translation along z
needed to find the same molecular direction.
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Fig. 2.1 The arrangement of molecules in the nematic (a), smecttc A (b)
and smectic C (c).

B. Electric and optical properties

As a result of the order, liquid crystals exhibit anisotropy in many of their
properties, For example, nematics and smectic As behave optically like uniaxial
crystals with the optical axis along the director, whereas smectic C is biaxial. We
will limit ourselves to a discussion of the electric and optical properties which are
directly related to LCLV operation.

The LC molecule may carry a permanent electric dipole. A macroscopic sample of
a LC, however, might or might not be polar (ferroelectric), depending on the
symmetry of the dipoles within the sample. So there may be two kinds of
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dielectric polarizations in the LC: one is a spontaneous polarization Ps coming
from the permanent dipoles with some symmetry, e.g. in smectic C* phase;
another is a induced polarization P; coming from the reorientation or the
electron cloud distortion of the LC molecules under a external electric field, e.g.
in the nematic phase. The strength of the interaction between the external electric
field and the induced polarization is described by the dielectric tensor, &4p {0, =
x, ¥, z}. For uniaxial liquid crystals it is convenient to choose the director as the z
axis. In this case, the dielectric anisotropy is given by

Agpe = g — &4, (2.1)

where g and g refer to the dielectric constants parallel and perpendicular to the
director, respectively. Liquid crystals can be positive or negative dielectric
anisotropy {Az > 0 or Ae < 0). Values for Ag of technically useful materials range
from -6 to +50.29 When a external electric field is applied to the liquid crystals, the
interaction energy in the liquid crystals {SI unit) is

e Ae
-[Dede=-BHE . B E nep) (2.2)

The energy function should be minimum when LC molecules reach a stable
state. Therefore, according to Eq. (2.2}, the director tends to be parallel to the field
for the positive dielectric anisotropy case, or perpendicular to the field for the
negative dielectric anisotropy case. For nematic and smectic A phase, there is no
spontancous polarization, but an induced polarization

Pi= Ac gg (n+E In+(e-1)}eqE. 2.3)

The dielectric anisotropy of smectic C is very complicated. In practice smectic C
phase may also be considered to be uniaxial. Indeed, varionus experiments show
that in most smectic C phase the molecules rotate very much like in a nematic
phase 30

The chiral smectic C phase (C*) can be achieved by adding a chiral material or
solute ta a smectic C. The C* phase may also be considered to be uniaxial.3! Due
to symmetry considerations, when the malecule is chiral, a spontaneous
polarization Py exist in each layer and normal to the director n. 5o chiral smectic
C phase is also called ferroelectric phase. In this case, the total polarization is

P =Ps + Pj =Pg + A€ €0 (n*E )n+(€,1-1)€gE. (2.4)

Usually ferroelectric LCs with a small negative dielectric anisotropy are used in
the devices, and the spontaneous polarization is much greater than the induced
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one. 50 for FLC we neglect the induced polarization's effect. However, a
macroscopic sample of C* which freely develops its helix is still not ferroelectric
due to the zero value of averaged spontaneous polarization along one pitch of
the sample. By applving an electric field normal to the helical axis or using a
special geometrical arrangement, such as a very thin cell, the helix can be
suppressed and completely unwound. As a result, the sample is poled. The
molecules are aligned in a plane perpendicular to E with a tilt 8 with respect to
the layer normal. When the field is reversed, the polarization P; reverses
direction, and because of the conpling between polarization and tilt, the
molecular orientation switches from 9 to -6.32

The optical anisotropy or birefringence An is given by

An=nm-ni=n.-n, (2.5)
The general relation between An and Ae in the optical frequencies is

Elew =N} ; €l =N (2.6)

At =n%—n2) (2.7}
The symbol o= denotes very high (optical) frequency. In all known nematic and
smectic LCs, An > 0, i.e. the value of ne is greater than that for n,. The values of

Ng is about 1.5 for most materials. On the other hand, the values of n, can be
higher by as much as 0.45 for some materials or only by as 0.06 for the others.2?

Actually the behavior of LC molecules in the devices are greatly constrained by
the boundary conditions. A variety of LCLVs have been fabricated which use
different phase deformation and alignment techniques combined with different
LC materials. In order to understand the operating modes in different devices we
must first discuss the configuration of the LCLV.

2.1.2 Structure of LCLV

The LCLV is an optical-to-optical image transdncer which transfers and
transposes information from one beam of light (called the write light) to a second
beam of light that may be of a different coherence, wavelength or intensity (called
the read light). A typical device structure is shown in Fig. 2.2(a}. It consists of
three main parts, the photoreceptor, the liquid crystal layer and the reflector/light
blocking layer, which are sandwiched between transparent electrodes. The
reflector/light blocking layer is most commonly a dielectric mirror which both
reflects the read beam and reduces the effect of the read beam on the
photoreceptor. The transparent electrodes are commonly made of indium-tin-



—10-
oxide (ITO: a compound of SnO; 5% and In;O3 95%).

WRITE SIDE ;| READ SIDE Rp Ry
light blocking |[[:]
layer
ITO Chm
. C ¢
dielectric P -
mirror
(<)
Ay
ac bias voltage
hotoreceptor
P P Rp,Cp = Resistance and capacitance of photoreceptor

RLCL = Resistance and copacitance of liquid crystal

ac bias voltage Cbm = Capacitance of light blocking layer and mirror

(a) (b)
Fig. 2.2 Generic structure of a LCLV (a) and its equivalent circuit model (b).

The method of operation of the valve can be understood by consideration of a
simple equivalent circuit as shown in Fig. 2.2(b).22 If Vs is the rms valve of the
drive voltage, then from the figure the voltage V¢ developed across the liquid
crystal cell is given by

_ Vs Zic
Ve = Z Zom + Zac @8)
Z, = 1—1 (2.9)
izﬂpr + R_
. P
1
Ze= ——— (2.10)
i2nfCy + T
L
1
- 2.11)
i 2mfChm

where Zp, Zpm, Zi; are the impedances of the photoreceptor, the light blocking
layer and the liquid crystal layer, respectively. f is the frequency of the drive
waveform. The impedance of the light blocking layer and liquid crystal are
effectively constant at a particular drive frequency, whereas the impedance of the
photoreceptor decreases with light intensity. The change in impedance of
photoreceptor changes the voltage split between the photoreceptor and the liquid
crystal layer. The AC voltage across the two electrodes is held constant, so that the
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change in impedance of the photoreceptor produces a change of voltage across

the liquid crystal.

For Cpm = 1.5nF, Cic= 1.5nF, Ric = 2.2MQ, Vg = 10v, Cp = 2.5nF, R, = 2x1010Q
{dark) and 104 © (bright}, then using Egs. (2.8 - 2.11), the liguid crystal voltages are
Sv for the ON-state and 3.8v for the OFF-state, respectively. It can be seen that the
voltage on the L.C corresponding to the illuminated area is larger than that in the
nonilluminated area. It is this difference in the voltage that provides us with the
means for controlling the LC electro-optic effect with the photoreceptor.

A write beamn with a spatial intensity distribution creates a charge image on the
photoreceptor which spatially modulates the voltage across the liquid crystal
layer. This voltage modulation locally changes the state of the liquid crystal. The
read beam is reflected from the mirror and, in passing twice through the liquid
crystal, is modulated according to the state of the liquid crystal. The modulation is
most commonly a polarization change.

We have studied three different types of LCLVs. A summary of the particular
parts of the LCLVs is given in Table 2.1. In the following we give a brief
description of the photoreceptor and reflector/light blocking layer, The liquid
crystal layer will be discussed in Section 2.1.3.

Valve | Photoreceptor Light blocking Liquid crystal Aperture
layer size (mm)
LCLV1 Cds CdTe + dieleciric | aligned nematic R=37
mirror
LCLVZ a-5i:H dielectric mirror | twisted nematic 40x40
LCLV3 a-5i:H pixellated metal surface stable 30x30
mirror ferroelectric

Table 2.1 . Specific structure of the three LCLVs.

A. Photoreceptor

The function of the photoreceptor is to convert a light intensity distribution into
an electric field distribution which will then moduiate the liquid crystal. There
are some basic requirements for the photoreceptor, such as: a low dark
conductivity Gg; a high photoconductivity Gpp such that Gpp»04; high light
sensitivity; high resolution; wide spectral response; and fast response. It is
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important that the photoreceptor has a high dark resistivity in order that there is
little voltage across the liquid crystal layer in the OFF-state. On the other hand,
the dynamic range of the photoconductivity should be large such that most of
drive voitage will be applied on the LC layer in the ON-state. The dark
conductivity is given by

E
Gg= Op exp [— ﬁiT} (2.12)

where kg is Boltzmann's constant ( kg = 1.38x10-23 J/K, kgT = 0.026eV at T =
300 K); Eg is the band gap {¢V); and T is temperature (K).

The photoconductivity Gph is given by 33

1(1-R) (1- e-0d
0ph=eun1nl| (h\" )£ ::EIJ {213)

where e is the electron charge; Ly is the electrons’ mobility; Ty is the electrons’
lifetime, which has different values at low light intensity and high light
intensity; 1| is the quantum efficiency, which depends on temperature, photon
energy and material. If the photon energy is high enough, 1) may be greater than
unity;3 I is the incident light intensity; R is the reflectance at the surface; hv is
the photon energy; o is the absorption coefficient of the material; and d is the
thickness of the photoreoeptz)r layer. '

A comparison of the characteristics for amorphous hydrogenated silicon (a-Si:H},
crystalline silicon (c-5i) and cadmium sulfide (CdS) is given in Table 2.2.33-35 The
values in the Table are typical ones, which can vary in a large range due to
different doping or preparation.

Eg (eV) | Ga(Qcm)! Oph/ Gy Time Ua (cm2/V s)
constant(}ls)
c-Si 11 105 103~ 104 5 1350
a-Si:H 1.75 109~ 10+ 103~ 104 0.1 0.1~1
Cds 24 108~ 1010 105 1000 300

Table 2.2. Typical valies of the characteristics for amorphous hydrogenated
silicon (a-Si:H), crystalline silicon (¢-5i) and cadmium sulfide (CdS).

A wide range of types and forms of photoreceptor have been used in LCLVs.
These include polycrystalline,3 amorphous,37.3% and single crystal®®
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photoconductors; amorphous*®4! and crystalline photodiodes; and amorphous
metal-insulator-semiconductor (MIS) structures.*? In a photoconductor both
electricai contacts are ohmic so that a carrier is injected at one contact for each
carrier that is collected at the other. Photogenerated carriers drift with the electric
field and contribute to the current until they recombine. In contrast, the
photodiode has blocking contacts, under reverse bias no carriers are injected by
the contacts, Consequently a deletion region with an approximately uniform
electric field extends between the contacts. Photogenerated carriers drift with the
electric field and are collected by their respective contacts: holes by the p-type
contact and electrons by the n-type contact.43

The response time of a photoconductor is limited by the recombination time, the
degree of carrier trapping, and the time required for carriers to drift through the
device in an electric field. But the main factor is the recombination time. A
photoconductor with long recombination time will show a memory effect, ie.
the actual value of the photoconductivity depends on the history of the
photoconductor. 5o hysteresis is present: on the conductance curve the decrease
in light intensity does not follow the same path as the previous increase in light
intensity.34 Table 2.2 gives the response time constant for some photeconductors.
Cd5 has the longest time constant.

The response time of photodiodes depends on the transit time of carriers drifting
across the depletion layer. Photodiodes are generally faster than photoconductors
becduse the strong reverse field in the depletion region imparts a large velocity to
the photogeneration carriers, thereby reducing transit time. Furthermore,
photodiodes are not affected by many of the trapping effects associated with
photoconductors.4 The reverse bias gives a very high dark resistance as well.

Low-mobility photoconductors are attractive because they can be deposited as
thin films and charge spreading is limited. These favor high resolution. The
«crystalline silicon photoreceptor needs a thicker layer (typical value is greater
than 100pm} due to its low absorption coefficient. It also has a high mobility (see
Table 2.2). These properties result in a low resolution. By using charge-
confinement structures provided by p-n junction barriers, a resolution of 30
Ip/mm was achieved.*3 Other crystals such as gallium arsenide (GaAs)* and
bismuth silicon oxide (Bij25i029 or BSOM7 have also been used as the
photorecepters, but both have much thicker layers: 0.5mm for GaAs and 2mm for
BSO, and give poor resolution.

Of the polycrystalline semiconductors, CdS is particnlarly appropriate because the
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light blocking layer can be easily formed in the same material system, e.g. CdTe. 3
A further advantage of CdS is the peaked spectral sensitivity in the green because
a red read light can be used and the effects of read light breakthrough are
minimized. However, the slow speed of response of Cd5 limits its more
widespread use. One of the valves we have used, LCLV], is based on sputtered
cadmium sulfide CdS with a 19 pm layer of CdS. Hydrogenated amorphous
silicon (a-5i:H) can aiso be prepared with a high dark resistivity in thin layers and
has fast response. The other two valves which we have investigated, LCLV2 and
LCLV3, use this material in a photoconductive layer. Both had much thinner
photoconductor layers (about 2 pm). However, the reflector/light blocking layer
cannot be made with the same isolation property as the CdS.

B. Retlector and light blocking layer

The reflector/light blocking layer is a critical part of the valve. Tts function is to
separate the photoreceptor from the read-out light and support efficient read-out.
In many systems we require that the read and write beams are present on the
device at the same time, that they have the same wavelength of light, and that
the read illumination is several orders of magnitude greater than the write
illumination. 1t is not efficient to make a good dielectric mirror because the
performance of the valve is compromised by thick dielectric layers in between the
photoreceptor and the liquid crystal. Because of the high-resistivity reflector/light
blocking layer, there is a large voltage drop across it, which decreases the dynamic
range of the photoconductor/reflector/light blocking layer structure.

LCLV1 has a 3 um layer of CdTe light blocking layer and a 6 H/L pairs mirror on
top of CdS. LCLV2 was commercial products made at GEC-Marconi, UK, had a
dielectric mirror with no light blocking layer, we do not have the exact layer
dimensions. LCLV3 was a commercial product of STC Technology, UK, and had
120 nm thick metal reflectors. The metal reflector was expected to isolate
completely the photoreceptor from the read light because it is opaque. In order to
achieve local voltage modulation it was pixellated on a 20 pm repeat spacing, so
25 line-pair resolution is available.

2.1.3 Alignment of LC and Operation Mode of LCLV

The role of the alignment is to produce single domain liquid crystals. The
method for aligning the LC molecules on the bounding surfaces greatly affects the
performance of LCLVs. For example, the nematic can be aligned either parallel or
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perpendicular to the surface. Similarly, the smectic C phase of chiral molecules
can be aligned with the layers perpendicular to the surfaces (bookshelf geometry)
or vertically tilted to the surfaces {chevron structure}. In each case the electro-
optic response is quite different. The interaction between the external electric
field and the dielectric polarization of LC molecules produces an electric torque,
which rotates the molecules off the equilibrium state. The reorientation, which is
also called deformation, at the same time produces a elastic torque which tends to
force the molecules back the equilibrium state. There always exists a viscous
torque as the molecules rotate. The three torques govern the molecules behavior
under external electric field. The theoretical analysis is very complicated, so in
this section we cnly qualitatively discuss three different alignments: homeotropic
nematic, twisted nematic and smectic C* with bookshelf geometry, and
corresponding operation mode: electrically contrelled birefringence (ECB), hybrid
field effect and surface stabilized bistability.

A. Homeotropic configuration of the nematic LC

The orientation of nematic LCs at surfaces is usually described by the tilt-bias
angle defined as the angle made between the LC director and the plane of the
surface. When the tilt angle is zero the orientation is "homogeneous” and when
it is 90° it is "homeotropic” {see Fig.2.3(a)). The homeotropic alighment can be
produced by judicious cleaning of the substrates, addition of surfactants to the
liquid crystal, and deposition of surface coupling agents on the substrate.#8

liquid crystal
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Fig. 2.3 Configurafion of liquid crystal director in homeotropic alignment.; {(a)
OFF-state, (b) ON-state :
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The homentropic configuration of the nematic is used with liquid crystals of
negative dielectric anisotropy. In the absence of a electric field the molecules align
nearly perpendicular to the surface {Fig.2.3(a)). The birefringence is essentially
zero for light propagating along the optic axis (LC director). In the presence of an
electric field applied normal to the surface, the liquid crystal director tends
perpendicular to the field, i.e. parallel to the plane of the cell (Fig.2.3(b)). The
equilibrium tilt angle is given by
0 forV<v,
v { (2.14)

T V-V
3 - 2tan! exp (— Ve c) for V>V,

where V is the applied rms voltage, Vg a constant which can be determined by
measuring the voltage when the tilt angle is 50° and V. a threshold voltage at
which the tilting process begins,

Ve=r [%}2. (2.15)
The threshold voltage is about 2.5 v for K = K33 = 7x10'2(N); Ae = 1; g5 = 8.85x107'2.
After field removal, the molecules relax back to their original ordering. In this
case the LC layer behaves like a wave plate with variable birefringence. The
magnitude of the birefringence depends on the electric field and is a maximum
when the director cannot move further as the voltage is increased, i.e. it is almost
fully perpendicular to the applied field. So the operating mode is called
electrically controlled birefringence (ECB).4% In order that the director rotates to a
well-defined orientation within the plane and that it rotates smoothly, a pre-tilt
of several degrees is usually imposed on the liquid crystal by the particular
alignment treatment.

The retardation of the LC layer is given by

2
Aly) = T[ne(ll’)'nol 2d, (2.16)
1 2 in%
- - COSZW + smzwl (2.]7}
ne (Y) No Ne

where d is the thickness of the LC, & is the wavelength of the light, n. and n, are
the refractive indices for the "slow" and "fast” components, respectively, y is the
tilt anglegiven by Eq. (2.14). If the LC layer is set in such a way that the rotation
plane of the liquid crystal director is at 45° to the plane of polarization of the
incident Jight beam, then a crossed analyzer will give a dark OFF state and a light
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ON state. By properly choosing the liquid crystals (ng, ne) and d, one can obtain &
of the maximum retardation and the maximum reflectance. The LCLV1 had this
configuration.

B. Twisted configuration of the nematic LC

The configuration of twisted nematics, such as 90° or 45° twist, refers to the total
twist angle of the liquid crystal director between the front and back surface of the
cell. On each surface the LC molecules align homogeneously, i.e. the director is
parallel to the surface. This homogenous alignment can be obtained, e.g. by
putting a polymer on the glass surface and then rubbing the polymer with a cloth
in one direction, or by use of oblique vacuum depositions of very thin films of
silicon monoxide and other materials onto the surface.50 1t turns out that the
alignment layer forces the liquid crystal molecules to lie parallel to the cell walls
with their optical axes along the alignment direction. Then we can arrange the
cell plates so that the two alignment directions are at an angle to each other. The
molecutes between the two surfaces will, according to the continuum theory, 30
continuously and uniformly twist from one surface to another. If the plates are
turned 45° with respect to each other, then we obtain 45° twist {see Fig. 2.4(a)}.
The 90° twist is commonly used in transmission cells, and the 45° twist is used in
reflective devices, such as the Hughes LCLV?6 and the LCLV2.

In order to describe the orientation of molecules clearly, we define two angles:
twist angle describes the rotation in the plane which is parallel to the electrodes
plane, and tilt angle describes the rotation in the plane which is perpendicular to
electrodes plane. In the absence of a electric field the tilt angle for all molecules is
zero, but the twist angle of a molecule depends on its position across the layer,
e.g. it is 0° on the front cell wall and 45° on the back. The twisted LC layer acts as
an optically active medium which is able to rotate the polarization of a read light
which passes through it. The incident light with polarization along the front
alignment ditection is guided by the molecules and its polarization rotates till the
back plane, i.e. 45°. Then the light is reflected by the dielectric mirror and emerges
with the same polarization. Therefore, there will be a dark OFF-state if we put a
crossed analyzer in the reflected beam.

Nematics with positive dielectric anisotropy are used in the twisted
configuration. When a electric field is applied across the liquid crystal, the helical
arrangement disappears. The LC molecules tend to be perpendicular to the
electrodes, i.e. tilt angle no longer zero. If all molecules were rotated to the
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perpendieular alignment (tilt angle 90%), the polarization of the light would be
unaffected by the liquid erystals and we would have a dark ON-state as well.
However not all the molecules tilt by the same angle since the molecules on the
cell walls are strongly constrained by the aligninent layers. Aectually only the
molecules in the center of the cell tilt 90° to align with the applied electric field
while the molecules on the cell walls keep along the alignment direetions (tilt
angle is still zero). The rest which are in the region near each wall of the eell tilt
between 0° and 90°. In this orientation of the moleeules, the optieal birefringence
appears. We call sueh regions birefringent regions. Obviously, there are two kinds
of region near the front and back wall, respeetively. But we will show that usually
only one region is effective after we have discussed the twist angle (Fig. 2.4(b)).

X
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(b) | |

Fig. 2.4 Configuration of liquid crystal direcior in fwisted alignmient.; (a) OFF-
state, (b} ON-sinte , Lf is the thickness of the front birefringent region., Lb
is of the back bircfringent region.

The twist of the molecules is transmitted from layer to layer by means of long
range intermolecular alignment forees that are inherent in the liquid erystal.
Generally speaking, as the tilt angle of the molecules inereases (towards the
perpendicular), the transmittanee of the twist, from layer to layer, becomes less
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effective. If any layer has molecnles aligned petpendicular to the electrodes, the
transmittance of the twist by that layer goes to zera. This has the effect of cutting
the entire twist helix into two separate parts. It turns out that upon application of
an electric field, half the molecules in the layer adopt the alignment direction
assoctated with the front electrode (twist angle is zero), and the other half adopt
the alignment direction associated with the back elecirode (twist angle is 450) 36

When the polarization of the incident light is parallel to the front alignment
direction, the front birefringent region no longer appears birefringence, but the
back birefringent region will produce a retardation

. |
= T"J[ne(w)-noldz, (2.18)

y=7(V,2), | (2.19)

where Ly is the thickness of the back birefringent region, and w is the tilt angle.
Because of the nonlinear distribution of the tilt angle (Eq. (2.19)), it has not been
possible to determine an explicit expression for A. When A = n the LC layer acts as
a half wave plate which rotates the incident polarization through 90°, so a crossed
analyzer will give a bright ON-state. If the incident polarization is set parallel to
the back alignment direction (45°), then the front birefringent region will affects
the polarization. The operation mode in the twisted nematic configuration is
called hybrid field mode since it uses the optical activity effect in the OFF-state
and the optical birefringence effect in the ON-state.

There is a simplified model?5 in which the tilt angle is supposed to be same for
all molecules under a given electric field, and the twist structure keeps
nnchanged: Under these approximation the Eqgs. {2.14), (2.15) and (217} can be
used for twisted nematics as well, with K = K| +{K31 - 2K23}/4.

The twisted nematic assures a better dark OFF-state and fast response compared
with the homeotropic nematic. But it is difficult to obtain a linear polarization
ontput due to the nonuniform birefringence and the unconirollable thickness of
the birefringent region, which results in a less efficient ON-state. In the
homeotropic nematic, however, the thickness of LC layer is well defined and the
rotation of the molecules is nearly nniform since the alignment force in the
homeotropic is much weaker than in the twisted configuration. So a high
efficiency linearly polarized ontput can be obtained in the homeotropic

configuration.
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C. Surface stabilized configuration of ferroelectric LC (SSFLC)

The chiral smectic C phase has ferroelectric properties (see Section 2.1.1) and the
spontaneous polarization in each layer is parallel to the layer plane and normal
to the LC director. In the bulk FLC the LC director precesses in a helix from layer
to layer (see Fig. 2.5(a}}. All possible crientations of the director form a cone. The
polarization direction accordingly rotates from layer to layer as well. The spatial
average of the polarization is zero, and therefore bulk FLCs cannot exhibit
ferroelectric domains.

Electrodes
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Fig. 2.5 Configuration of liquid crystal director in smectic C* (a)} Helical structure
in bulk FLC; (b) Bookshelf structure in surface stabilized FLC.

The surface stabilized ferroclectric liquid crystal (SSFLC) is a concept employing
geometry and surface interaction to suppress the helix in the bulk FLC and
produce two stabilized polarization orientations. The key to the SSFLC is using a
very thin LC cell gap, usually less than two micrometers. As long as the cell
thickness is less than the pitch of the helix, the strong surface forces align the
molecules paraltel to the substrate and the helix is unwound. The molecules are
then arranged in the so-called 'bookshelf geometry as shown in Fig. 2.5(b). The
double constraint from cone and surfaces ensures two, and only two, directions of
n at angles +0y with respect to the layer normal. However, these molecular
directions are connected to opposite electric polarization directions that are
perpendicular to the electrode plane. Application of an electric field E preduces a
torque through a first-order interaction with P, which switches the orientation of
the FLC between these two stable states. In Fig. 2.5(b) one polarity of E results in P
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pointing into the paper, and n at angle +8,, reversing E rotates n to -8y with P
pointing out of the paper.

Conventional techniques for- aligning nematics also may be useful for
ferroelectric smectic LC. This can be achieved if the LC material possesses a phase
sequence of isotropic to cholesteric {nematic) to smectic A to smectic C*. 1t has
been shown that the alignment obtained in the nematic phase is preserved when
the material is cooled into the smectic phase.3' However, one undesirable
outcome often observed for most aligning agents is that the layers are not
perpendicular to the cell walls, but tilted to the walls, forming a chevron
structure. This geometry reduces the reorientational angle, and hence the
contrast, and also can have effects on the bistable nature of the device. The
chevron structure can be electrically reoriented to the bookshelf geometry.5!

Unlike nematic LC where the electric field changes the birefringence of the LC
layer, in SSFLC where 6n is a constant the electric field does not change the
birefringence, but rotates the optic axis. We call this operating mode the
electrically switched optic axis (ESQA). The switching speed can be as fast as
20~30ps.2* Typical values for the material birefringence dn range from 0.1 to 0.2.
When the thickness of the LC cell is d = A/(48n ), a 180° phase shift occurs between
the ordinary and the extraordinary eigenmodes of propagation, and the FLCLV
operates as a switchable halfwave plate. An intensity modulator is made by
placing the device between crossed polarizers. When the LC optic axis n is aligned
with the incident polarizer, no rotation of polarization occurs, and the light is
extinguished by the output analyzer. Reversing the sign of E rotates the optic axis
by 2B;, resulting in a rotation of incident linearly polarized light by 48, and
causing light to be transmitted by the output analyzer. By properly choosing the
material, the tilt angle can be 45° (28, = 45°), therefore, the polarization between
ON- and OFF-state rotates 90°. In practice, as we shall see, this ideal is difficult to
attain. Moreover, the electrical address scheme precludes very fast electro-optic
switching because the capacitance of the valve has to be charged and discharged
during each cycle.

2.2 DRIVE SCHEMES AND THE EFFECTS ON
THE OUTPUT OF LCLVs

When we discussed the function of the photoreceptor and the operation of the
liquid crystal in the last section, we always supposed that there had been a proper
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electric field, which was able to transfer the signal from the write side to the read
side, across the photereceptor and the LC. In this section we discuss the electric
field for different configurations and operating modes. In order to avoid the
electrolytic degradation of liquid crystals, a LCLV should be driven by a low
frequency AC voltage instead of DC voltage.? In the case of a FLC, a balanced DC
pulses should used such that the net DC vultage is zero.

2.2.1 Effects of the Drive Waveform on the Nematic LCLVs

The square waves were chosen to drive drive the nematic valves. Note that in
the nematics there is no spontaneous polarization but an induced polarization,
so the response of LC molecules to the electric field is quadratic. This means that
the molecules respond only to the rins voltage, no matter what the direction of
the field. The AC component on the read-out light appears when the frequency is
below a critical frequency. The minimum frequency of the waveform is that at
which the LC molecules begin to follow the amplitude rather than the rms of the
waveform and the reflected light begins to exhibit a modulation at the drive
frequency (usually about 500 Hz). There is a interest in working close to the
minimum frequency because increasing the frequency reduces the sensitivity of
the valve. We worked at 450 Hz with LCLV1 and at 1 kHz with LCLV2. The
amplitude is set at the highest voltage which still gives a good dark state,

2.2.2 Eftects of the Drive Waveform on the Smectic LCLVs

Because of its inherent bistable states, a FLCLV must be driven by using a bipolar
pulse train {see Fig.2.6). A pulse of ong polarity SETS the spatial distribution of
director orientation according to the image incident on the write side, and a pulse
of opposite polarity ERASES that distribution.

In Fig. 2.6, the positive pulse in the drive waveform corresponds to the ERASE
pulse which switches the valve off and the negative pulse corrésponds to the SET
pulse which enables the srite light to switch the valve on. For a FLCLV the drive
waveform not only supports a bipolar electric field but also is a clock. The reading
and writing operations need to be synchronized with the state of the clock. For
examples; the FLCLV is absolutely switched off no matter whether there is a write
beam when the ERASE pulse comes and only switched on when the SET pulse
comes. Therefore the reading during T4 + T2 is always zero, and the writing is
valid only during T.. The reading may be called synchronous, when it takes place
in the period of T-+TP, or integrated, when it takes place during the whole
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duration of the waveform (Fig. 2.6).

ERASE | T »-

- Integrated
1
.Rcad/
— ‘rml——-—bl Synchronous

Fig. 2.6 Bipolar drive waveform for FLCLV,

There are several methods for synchronous reading. When the ferroelectric LC is
in the bookstack geometry and therefore bistable, the FLCLV can be read in both
SET pulse T- and the delay TP after SET pulse because the write-in image is stored
and unaffected until the ERASE pulse comes. It is common to read during T?
where no voltage is applied to the valve.52.53 This is advantageous where the
light blocking layer is imperfect, because the effects of read light breakthrongh on
the operation of the valve are negligible, so the gain can be realized easily (see
Section 2.3.2). However, read and write operations must be temporally separated,
and this is not possible in all of the systems in which the FLCLV will be used as a
real time threshold and feedback element, i.e. the reading and writing must take
place in the same period T.. If the state of the valve is read continuonsly over
several driving periods, i.e. integrated reading, the results obtained will be far
from optimum. The read-out efficiency of integrated mode is lower than of
synchronous mode.

FLC's respond to the area of the drive pulse. The width of the pulse should be
greater than its response time, and the amplitucde is set at the highest voltage
which still gives a good dark state and highest efficiency. However, the balanced
DC waveforms are not so easy to obtain. For the valves using a photoconductor,
the current-voltage characteristic is almost symmetric though there always exist
some weak junction effects between the layers. The balanced DC waveforms may
eithet enable both the ON- and QFF-state or none of them without any write
light. Introducing an ERASE light may overcome the difficulty,3 but increases
the system complexity. .
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We chose an asymmetric bipolar waveform at 90 Hz cycle frequency (Fig. 2.6). The
parameters of the drive waveform are: V, = 222V, V. =36V, T, =655 ns; T. = 3.2
ms; TP = 6.65 ms; and the total period of the waveform is 11 ms. The
disadvantage of this waveform is that the net voltage across the LC is not
completely DC balanced. The latter may give rise to electrolytic degradation of the
LC in the long term, although no such effects have been observed.

2.3 CHARACTERISTIC PARAMETERS OF LCLV

The operating principles and drive conditions of the LCLVs have been described
in the last two sections. However, few real devices can operate according to the
theoretical model, and few devices really have the versatility to meet all
requirements for different applicat?ons. Therefore, how to characterize the LCLVs
from a neural network system point of view is of concern in this section.

The performance of a LCLV is represented by a set of characteristic parameters.
How to choose the parameters depends on the application. There exist some
parameters which are widely used to characterize LCLVs, such as resolution,
sensitivity, respouse speed and coutrast.!.24.43.34 However people often
concentrate on one or a few performance characteristics at the expense of others.
Performance numbers are critically dependent on measurement conditions, but
the conditions are often not given in the literature or are not consistently related
to actual device application. In order to avoid this imprecision, we define a set of
parameters which are important to our application, before giving the
experimental characterization results in the next chapter.

1ot

Re.ﬁd‘ out

Analyzer
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LCLY
Fig. 2.7 Schematic of reading aund writing a LCLV.

Before discussing the characteristic parameters we clarify some terminology
which will be frequently used in the following discussions. As shown in Fig. 2.7,
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there are three light beams related to reading and writing a LCLV: write light
represented by its intensity I,,; read-in light represented by its intensity Ig.;, and
polarization orientation; read-out light represented by its intensity Ig.qy and
polarization. Usually the read-in light is linearly polarized with fixed
polarization orientation and constant intensity. The read-out light is the
reflection of the read-in light, but its polarization state has been modulated. The
intensity modulation can be obtained behind the analyzer, however, the read-out
intensity lg.ou: should exclude the absorption in the analyzer because the latter
can vary according to the type selected.

2.3.1 Read-out Efficiency

The read-out efficiency 1} is defined as the ratio of read-out light intensity Ig.,u to
read-in light intensity Ign.

n= Ill’;int (2.20)
Obviously the read-out efficiency is a function of write light intensity since the
read-out intensity depends on the write light. Therefore n~lw curve can be used
to represent the transfer characteristic instead of Ig.ou~lw curve. In this way the
transfer curve is more informative and comparable than other expressions.24.54
The maximum read-out efficiency Mu. directly indicates the power loss due to
the LCLV in the system. 5o it must be considered in designing an optical system
involving the LCLVs.

There are many factors which affect the maximum read-out efficiency. Some of
them relate to the fabrication of the valve, such as the reflectance of the mirror
and the thickness of the liquid crystal layer. These factors, which we call internal
factors, set a limit to the Nq,,. For different valves there may be a large difference
in the maximum read-out efficiency. However, to obtain the maximum
efficiency, we have to optimize the external factors, such as the drive waveform.
This is understandable because all the operations of the LCLV are directly
dependent on the drive voltage. For the FLCLV the read-out efficiency is also
related with the reading operation.

As discussed in Section 2.2.2, there are two ways to read the FLCLV: synchronous
reading or integrated reading (see Fig. 2.6). When the rise time of the valve is
much less than the SET time {Ty, << T. ) and the reading is synchronous, the

read-out efficiency can be maximum (M.} However the integrated reading is
effective only when the reading lasts at Jeast one cycle time (T). The integrated
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read-out efficiency (n;) is
T-- Ton+ TP
Nj = Nmax T . (2.21)

Although the result above is based on the optically addressed ferroelectric liquid
crystal light modulator, the conclusion is alse applicable to the electrically
addressed FLC devices. This effect should also be considered in optical system
design whenever a ferroelectric liquid crystal light valve is involved.

2.3.2 Effective Gain

The gain means the amplifying ability of a LCLV, which is usually defined as the
ratio of the maximum read-in light intensity, which does not affect the transfer
characteristic, to the minirmum write light intensity which switches the valve on.
This definition has some drawkacks, because if the read-out efficiency is very low
there is no amplification available, even though the read-in light may be very
strong.

Here we redefine the gain taking account of the read-out efficiency. We name it
‘effective gain' (Gy), which is defined as the ratio of the read-out light intensity Ip.
out to the write light intensity I,,(90%) which switches the valve to 90% of the full
ON-state,

]R-out
Gy =T,,50%) . (2.22)

According to Eq. (2.10), Eq. (2.12) becomes

Weain

Gy = Tw({90%) {2.23)

The maximum effective gain Gegr is obtained when both read-out efficiency and
read-in light intensity reach their maximum value.

nmnx]gf.; .

eff = 10 (90%) (2.24)

The effective gain is the usable amplifying power of a valve. G- €1 means that
there is no net gain.

With an ideal light blocking layer, write light at the threshold intensity would be
capable of activating the liquid crystal layer and modulating a read beam of
infinite intensity giving an LCLV 'with infinitely high gain. However this is not
possible in real devides, because the performance of the valve is compromised by
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thick dielectric layers in between the photoreceptor and the liquid crystal. In a
LCLV a small percentage of read light passes through the mirror and affects the
photoconductor. We fix an acceptable limit of breakthrongh when the LCLV
reaches 10 percent of its full ON-state due to the read-in light intensity. This
defines a maximum read-in intensity Thaw for the valve.

For FLCLV there are two kinds of reading which resnlt in different restrictions on
the maximum read-in light intensity: one is the reading during the SET pulse T.,
called dynamic reading, and another is the reading during TP, cailed static
reading. In dynamic reading the maximum read-in light intensity- tRin is
restricted by the breakthrough light which affects the photoconductor. In static
reading there is no drive voltage across the device, so the read-in light intensity
may be very high. In this case the maximum read-in light intensity Ign is only
limited by the characteristics of the FLC materials.

2.3.3 Spatial Uniformity

A pood uniformity i5 very important but is not often available. Each parameter of
the LCLY may vary according to the position on the valve. All parameters
should be measured on a small area of each LCLV, because the optical
performance is not homogeneous across the whole aperture of the FLCLV. We
try to quantitatively evaluate the uniformity by using a uniformity area. For any
characteristic parameter the uniformity area is defined as an area where the
variation of the parameter's valne is less than 110 percent.

2.3.4 Response Speed

The response speed of the silicon-based photoreceptor is much faster than that of
the liquid crystals.A3 The expressions for both rise and decay times of the nematic
LC are5

”
= 22
ki AeegE? - K/ d)? . @2

.od
Ta= —ZY (2.26)

T Kn?

where ¥ = viscosity, At = dielectric anisotropy, E = electric field, K = effective
elastic constant (K = K33 for homeotropic nematics and K = Ky; +(K33 - 2K22)/4 for
twisted nematics), d = the cell thickness. The rise time and decay time are 1.3 ms
and 7 ms, respectively for a homeotropic nematic LC layer with the following
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specifications: Kjy = 7.1x10-12 N; K33 = 5.9x10-12 N; Kas = 13.7x10-'2 N; d = 2.8 pmy;
Ae=1;y=012; V=10V (E = V/d); g = 8.85x10-12 As/Vm.
The switching speed of the FLC device can be written as??

Y
- op (2.27)

where y = viscosity, P = material macroscopic polarization, E = electric field.
Numerically T = 100 ps for P = 10 nC/e¢m? and E = 10 V/pm. As observed from
Eqgs. (2.25) and (2.27), the rise times are decreased with increasing the electric field,
and therefore are dependent on the write light intensity.

The response speed of the valve using a cadminm suifide photoconductor is
dependent on both the LC and the photoreceptor. In this case, the speed,
particularly the decay time is much slower than that of the silicon-based valve
due to the large band gap of the CdS (2.4eV) resulting in a long detrapping time of
the photocharge. The rise time also decreases with increasing write light
intensity.

When the photoreceptor is a photoconductor, the speed of the LCLV is also
limited by the RC time constant of the photoreceptor/liquid crystal combination.
Referring to Fig, 2.2b, the RC-time is given by

Chm+CL+C
. —2m T LT AP
Toe = 1/R, +1/Ry - {2.28)

For example, consider the following typical values: Cpm = 1.3 nF; R = 2.2 MQ;
CL=15nF; Rp = 20 G (dark); CP = 2.5 nF; then the RC time is about 12 ms.

2.3.5 Other Parameters

There are other parameters widely used in the characterization, such as spectral
response, sensitivity, contrast ratio, and resolution. The meaning of each
parameter is obvions, but here we make a few remarks.

The sensitivity is represented by the minimupm write light intensity which
switches the valve on to 90% of full on-state. For different wavelengths the
sensitivity is different, and the spectral response curve describes this relation, The
contrast ratio should be given together with the maximum read-out efficiency
because the contrast ratio can be made very high by improving the dark OFF-state
at the expense of the read-out efficiency. In our neural network system the
resolution requirement is as low as 1 lp/mm, so it is less of concern.
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2.4 MATHEMATICAL TECHNIQUES FOR
ANALYZING THE BEHAVIOR OF THE LCLV

It is impossible to characterize some properties, such as the transfer characteristic
and the polarization state of the read-ount by single numeric parameters, so
usually they are given by experimental corves. In order to quantitatively describe
and compare these properties, this section gives two mathematical techniques for
analyzing and modeling the LCLVs' behavior. The mathematical modeling is
particularly important in simulating the newral network system involving
LCLVs.

2.4.1 The Transfer Characteristic and Curve Fitting by a
Sigmoid Function

The sigmoid (S-shaped) function is a bounded, monotonic, nondecreasing
function

w1
1+ exp[ -wo - x/ws}

S(x) = -wo + (2.29)

where the coefficients {wgw{,wy,w3) which contra! the behavior of this function
can be any real numbers. The function reaches the upper bound when x » w3 and
lower bound when x « w3, and provides a graded, nonlinear response within a
specified range (see Fig. 2.8).
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Fig. 2.8 Sigmoid curves for some typical paramelers.
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The w3 quantifies the slope of the nonlinear response, the smaller the wj the
steeper is the curve. The wy quantifies the translation of the curve along the x-
axis. Decreasing wj results in the curve's moving in-the .+x direction. The wy
quantifies the transiation of the curve along the y-axis. Decreasing wy results in
the curve's moving in the +y direction. The w; quantifies the height of the curve
between the lower and the upper bounds.

The transfer characteristic of a valve represented by a transfer curve gives the
relation between read-out light intensity and write light intensity. A typical
transfer curve for LCLV3 is given in Fig. 2.9 (dotted line). We notice that there are
some similarities between the shapes of the transfer curve and the sigmoid
function. Therefore we used the sigmoid function to fit the transfer curve, and
obtained a satisfactory result (the full line in Fig. 2.9).
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Fig. 2.9 Efficiency curve (dotied line) of LCLV3 for integraied reading
and fitting curve(full line) .

There are four coefficients (wg wj.wo,w3) to be fitted to Eq. (2.29). The best
coefficients are such that the difference between the experimental data and the
data produced by inserting the coefficients into the sigmoid function is
minimized. There are many different algorithms and software available which
can be used to solve this optimization problem. We did the curve fitting by Igor3¢
(a graphing and data analysis software) on Macintosh.56 Igor combines the
advantages of the curve ﬁtting and the graphing capacities which facilitate
choosing the initial coefficients.

The results of the curve fitting are presented in Table 2.3. From the LCLV point of
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view, wy quantifies the stability of the dark state. The more negative w, is, the
longer the dark state remains as the write light intensity is increased. The w4
quantifies the sharpness of the threshold. Therefore we can quantitatively
describe and compare different transfer curves. The threshold is steeper for
LCLV], and LCLV3 has the longer dark state.

Valve wo oWy wy w3
LCLV1 28.23611.71 97.661+1.77 | -0.9335740.0534 | 11.54940.195
LCLv2 82.688%12.8 118.01+12.8 0.8160410.152 162.64+4.18

LCLV3 -0.4583240.163 | 31.02140.18 | -3.2039+0.0567 | 23.494+0.327

Table 2.3 Curve fitting parameters for the three LCLVs,
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Fig. 2.10  Efficiency curve {dotted line) for LCLV1 and fitting
curve (full line} using one sigmaid.

Valve wWo W w2 w3

LCcLvl | x <16 ] 09518340225 | 38.78310.781 | -2.767+0.0578 | 3.6218+0.0993

x>16 28.236%+1.71 97.661+1.77 | -0.93357£0.0534 | 11.54940.195

LoLvz | xS 80 | 04929640151 | 16.02610.47 | -2.8047+0.0978 | 22.84310.948

x >80 82.688+12.8 118.01£12.8 | 0.81604+0.152 162.64+4.18

Table 2.4 Two sigmeid curve fitling parameters for LCLV1 and LCLV2,


97.661il.77
-2.8047iO.0978
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The sigmoid function has a symmetric 5 shape. However the experimental
transfer curves usually are asymmetric with a short dark OFF-state and long
bright ON-state. Jt is difficult to fit the whole transfer curve by one sigmoid
function. In Fig. 2.10 the fitting matched the transfer curve well on most of
points, but drifted off in the lower part of the curve. In this case we may divide
the transfer curve into two parts, and fit the two parts separately. We refit the
transfer curve by two sigmoid functions, one for the OFF-state, the other for the
OMN-state, and obtain a perfect result (see Fig. 2.11).

38.783
095183 + 1 expl 2.767- x/3.6018]  [Orx<16
S(x) = 97.661
28236 +

1 + exp{ 0.93357 - x/11.549} forx > 16

The two sigmoid fitting parameters for LCLV] and LCLV2 are presented in Table
24
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Fig. 210  Efficiency curve (dotted line) for LCLV1 and fitting
curve (full line} using two sigmoids.

2.4.2 The Polarization Characteristic

A. Analysls of homentroplc nematic and ferroelectric LCLV by Jones
calculus

Both LCLV1 and LCLV3 may be considered as wave plates which convert the
polarization state of the incident light to another polarization state depending on
the retardation and orientation of the plate. We can analyze the polarization
characteristic of the LCLVs by using the Jones matrix caleulus.5? The coordinates
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are defined as follows (Fig. 2.12). The fand s axes are the "fast” and "slow" axes of
liquid crystal. The x and y axes are fixed laboratory axes, and the z-y plane is
parallel to the s.f plane. The ¢ axis is the propagation direction of the light beam.
There may be a tili angle © between the z and the optic axis 5. The Jones matrix of
the LC layer in the s.f coordinate system is given by

o ny)/2 0

37-¢? (2.30)
0 w2

where A(y) is the phase retardation given by Eq. (2.16). ¢ is the absolute phase
change which has no effect on the polarization state. Therefore we will neglect
the phase factor e'i¢ in Eq. (2.30) hereafter.

/Iy

Fig. 2.12 Liquid crystal cell with rotation angle y.
The Jones matrix in Eq. (2.30) can be transformed to the x.y coordinate system by
I¥=R(-1)J7R(Y) (231)
where R(y) is the rotation matrix: '
cos ¥ sinYy

R(Y)= ‘ (2.32)
-siny cosy :
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05 6(24’) - iin —&1 cos 2¥ - sin A—(zi) sin 2
J¥ = (2.33)
- 8in @ sin 2Y cos 0(2‘9) + in _ﬂ}l_’l cos 2y

The Eq. (2.33) describes a generic polarization state for both LCLV1 and LCLV3.
For LCLV1 the tilt angle y depends on the electric field strength or write light
intensity, therefore, the retardation A(y) varies with the electric field while ¥ stays
unchanged. For LCLV3, however, the rotation angle y changes with the electric
field while the A is a constant.

The LCLV! is usually used at vy = 45° In the ideal case, when the LC is in the OFF-

state, § = 0 and the birefringence [ne(y) - no] vanishes according to Eqs. {2.16) and

(2.17). The LC is isotropic, and the Jones matrix is

w (10

Joir = . 2.34
off i 01 ( )

When the valve is in the ON-state, the Jones matrix is

——

ay) LAY
cos —5 -isin =
Jon = 4 (2.35)
| - 1sin %‘P), cos e'gi’)'

The LCLV3 is usually used at y = 90°. When the valve is in the OFF-state, ¥ = 0°,
and the Jones matrix is

8(90°) . A(90°)
OST - isin —p 0
| i (2.36)
o AGDY) . A{9D°)
0 s —7  +isin—y

When the LCLV3 is in the ON-state, the Jones matrix is

A(90° A(90° A(90°
cos _§2_) - &sin (2 )cos 2y - isin (2 )sin 2y
Jon = . (237)
A(90° A(90° A(90°
- 8in (2 )sin 2y €os (2 )+ isin (2 )cos 2y

Provided that the read-in light is linearly polarized along the z axis, the Jones
vector is
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1 )
Tr-in=|) (2.38)
Then the read-out light reflected from the valve in the OFF-state is

Ii-out = Joft IR-in. (2.39)

It can be seen that the read-out light has always the same linear polarization as
the read-in for LCLV3 (diagonal Jones matrix), however, for LCLV1 the read-out
is linearly polarized only if the retardation A = 0, i.e. y = 0. In a real device the tilt
angle in the OFF-state never can be zero because a pre-iilt of the LC molecules of
about 5° is necessary to ensure that the molécules rotate to a given direction. This
pre-tilt angle results a non-zero retardation, therefore spoils the OFF-state of
LCLVI1. For example, consider a LC layer 2.5 pm thick with ny = 1.583 and ng =
1.491. According to Egs. (2.16) and (2.17), ng(5°) = 1.4916 and A(5°) = 2°.

The read-out light reflected from the valve in the ON-state is
Ir-out = Jou IRein. (2.40)

The read-out light generally is elliptically polarized. When the retardation A{y)
for LCLV1 or A(90°) for LCLV3 is equal to w, the read-out is linearly polarized. The
polarization is aleng y axis for LCLV1 and at 2y with respeci to x for LCLV3.

B. Analysis of LCLV2 (twisted nematic) by Jones calculus

The twisted nematic LC in the OFF-state can be considered as a stack of identical
wave plates, each of which has a different orientation. The optic axes gradually
rotate around the normal of the LC cell. The overall Jones matrix can be obtained
by multiplying together all the matrices associated with these plates.

Firstly, we show that a transmissive twisted LC layer acts as a polarization rotator.
Let A be the retardation of the LC layer when it is untwisted, and o be the total
twist angle. Then

2
A= S Ine-nold, e

where d is the thickness of the LC layer. The LC layer may be divided into N
equally thick plates. Each plate has a retardation of A/N. The plates are oriented at
angles oo/N, 20/N, 3e/N, ..., (N-1)oe/N. The overall Jones matrix for these N
plates is given by
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N
¥ =11 Rimo/N) I R(-ma/N) (2.42)
m=l
; e— A2 0
JV= _ , (2.43)
0 erA/ZN

where R is the rotation matrix defined in Eq. (2.32). By using the following
identity for the rotation matrix:

R(pi)R(p2)=R(p;+p2). (2.44)
Eq. (2.42) can be written

N
-0
N =R(e) [J’f R(‘I\T)] : @245
Using Egs. (2.32) and (2.43), we obtain
N
o -iAf2N L -@A/2N

cos “N"B = SN -lqe

JN =R(a) . (2.46)
. O /2N o AS2N
sin NB €O0S “N"e

Eq. (2.46) can be further simplified and in the limit when N tends to infinite
(N—0), becomes3?

cosB-iASinB _asinﬂ
w 20 p
JN =R(a) . ] (2.47)
s"é i cos P+ E—A ;1; B
|
2

B [(12 N [%ﬂ . (2.48)

In the real devices the retardation A is much larger than the twist angle . If we
assume A » a, the Eq. (2.47) becomes
-iA/2
e o

N =R(a) . (2.49)
iAf2
0 e

It can be seen that the operation of the Jones matrix on polarization vector is to
rotate the vector by an angle @ except a phase shift. If the incident light is linearly
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polarized along 1 axis at the input plane, the polarization vector will follow the
rotation of the optic axes and remain the linear polarization. This is called
adiabatic following,

An LCLV which operates in a reflective mode can he equivalently unfolded in
the form of a cascade of two identical transmissive cells with mirror-symmetric
structure. By use of Eq. (2.47), the Jones matrix for a twisted nematic reflective
LCLV is

J¥ =(MR(-0) INR(o)M) I¥

a2 (AN Asin2p oA
=+ =lcos2p-i——— i—(1-cos2
(51 (35) o8- 255 {501 -cos 29)
= L (2.50)
7. o2 AN (Asin2p
1535(1 - cos 2p) [E] -{ 5] cos 2p - IT
where M is the mirror transformation matrix defined by
-1 0
M = : (2.51)
01
The following condition is vaiid for the OFF-state
A
A»a, B=7 (2.52)

By using Eq. (2.52} to simplify Eq. (2.50), we obtained the Jones matrix for the OFF-
state
e ®?

Yo = o | {2.53)
0 e

It can be seen that the read-out light in the OFF-state is linear if the read-in light
is linearly polarized along xor y axis.

Using a simplified model?5 the Eq. (2.41} can be used for ON-state as well, but
with A(y) instead of A.

2
Aty) = f[new)-nold. (259)

where ne(y) is defined in Eq. (2.17). In the ON-state fhe Eq. (2.52) is no longer
valid because the retardation decreases with increasing the electric field.
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Therefore, the read-out light will be elliptically polarized even if the read-in is
linearly polarized.

C. Analysis of the polarization output of an LCLV by complex number
representation

From the discussion above we found that the generic polarization output of
LCLV in the ON-state is elliptical as shown in Fig. 2.13. How the elliptical state is
described and what is the relation between the ellipse and the retardation and
orientation of the LCLV are matters of concern. An elliptical polarization can be
completely described by the orientation angle 8 and the ellipticity angle € defined

by

b
fang = * 3 (2.55)

where the positive and negative correspond to right-hand and left-hand elliptical
polarization, respectively.

Fig. 2.13 Coordinate systemt and clliptical output in the ON-state.

We assume that the read-in light is linearly polarized along the x axis. In order to
derive the dependence of the output ellipse on the retardation and orientation of
LC, we use the Cartesian complex-plane3® to express the polarization state of the
read-out light. In this representation, the elliptical light is described by a complex
variable ¥ which is defined as
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Ef i
x=§ =tnye", (2.56)

where Es and Ef are the two components of Jones vector in the principal
coordinate s.f for the same ellipse. y is the angle shown in Fig. 2.13. A is the
retardation between the sand faxes.

On the other hand, the complex variable ¥ can be expressed in terms of the
ellipticity angle € and the orientation angle 6 as

tan® + itane

X =1 itand tane’ (257)
From Eq. (2.57) we obtained the following equations
2Re{x}
an 20 = ——"— .
tan 1y (2.58)
2Im{y)
in2e= ———~ .
sin 2 T+ iyl {2.59)
By using Eq. (2.56), Egs. (2.58} and (2.59) become
tan 26 = tan 2y cos A (2.60)
sin 2 =sin 2ysin A . {2.61)

This corresponds to an elliptical polarization oriented at 8, with semi-major and

semi-minor axes a and b (Fig. 2.13).

The importance of Eqgs. (2.60} and (2.61) are that the characteristics of the LC layer
can be deduced from macroscopic measurements, and that a sensitivity analysis
can be carried out in order to identify fabrication tolerances. In the case of LCLV3
(FLCLV), for example, yand (8 + ¥) can be easily measured, then, Eq. (2.60)
together with Eq. (2.16) will give the LC cell thickness d. The value of the
ellipticity can be calculated from Eq. (2.61). The calculations using these equations
- will be given in Section 3.6.
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3

EXPERIMENTAL CHARACTERIZATION
OF LCLVS

This chapter is the experimentai part relating to the characterization of LCLVs. We
have investigated experimentally three different types of LCLVs: based on twisted
nematic, homeotropic nematic and ferroelectric (smectic C*) liquid crystals. %2 The
characteristic parameters have been defined in the last chapter. In order to make the
experimental results understandable and comparable, we also give the experimental
procedure and conditions in detail. Finally, a comparison of three LCLVs is
presented.

3.1 CALIBRATION CURVE

The calibration curve, which can be obtained by measuring the read-out intensity
with respect to the drive voltage without write light, is an important reference for
selection of the drive voltage.
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Pk-pk voltage (V) Pk-pk voltage (V)
Fig. 3.1 Calibration curve for LCLVI Fig. 3.2, Calibration curve for LCLV2 at 0°

For the homeotropic nematic LCLV1, the director was set at 45° to the incident
polarization vector. The polarizer and analyzer were crossed. The drive frequency of
the square wave was set at 450 Hz. Although the sensitivity increases with
decreasing frequency, the AC component on the read-out light below 450 Hz is an
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undesirable side effect. The calibration curve for LCLV1 is shown in Fig. 3.1. It can be
seen that as the amplitude of the voltage is increased, there is a critical point below
which there is a dark state, but above which the dark state begins to deteriorate. This
point usually is selected as the drive voltage. In this case 21 V {pk-pk) is chosen.

20
15

10F

Read-ow/Resd-in (%)

0 2 4 6 8 10
Pk-pk voluage (V)

Fig. 3.3. Calibration curve for LCLV2 at 45°

For the twisted nematic LCLV2, the director alignment on the front surface of the cell
was set either parallel to (0°) or at 45° to the incident polarization vector. The drive
frequency of the square wave was chosen to be 1 kHz. The calibration curves for
LCLVZ in the 0° and 45° positions are given in Fig. 3.2 and Fig. 3.3, respectively,
which are generally consistent with the results obtained by others?225. We found
from Fig. 3.2 that there are two voltages at abcut 4 V and 6 V, respectively, which
give good dark state and can be chosen as the drive voltage. We chose 6 V because
the read-out efficiency of the ON-state from this voltage is much higher than that
for 4 V. For the 45° position, there is a choice of three operating voltages given by the
three minima. However, in this orientation the dark state is not as robust as when the
incident polarization is parallel to the LC director. Moreover, the ON-state does not
saturate and the intensity of the reflected beam passes through a maximum and then
falls off. Therefore, this configuration is not suitable for implementing thresholding.

For the smectic LCLV3, one of the director orientation was aligned with the incident
polarization. The drive waveform was more complicated(see Fig. 2.7) than in the case
of a nematic, because the smectic material must be driven into the two positions
within each cycle. The width and height of the two pulses were optimized for good
contrast and high read-out efficiency. The cycle frequency used was about 100 Hz,
which is now the frequency at which the LCLV3 is refreshed. There is a range of
operating voltage waveforms which produce good contrast, because a good
waveform depends on the balance between the pulses rather than absolute heights.
Figure 3.4 shows how a suitable waveform can be found.
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(c} (d)

Fig. 3.4 Dynamic response of LCLV3 to the drive pulses. (a) The upper bipolar
pulse train shows the drive waveform. The lower trace shows the read-
out intensity when the area of the SET is small without the ERASE. {(b)
The read-out for further increasing the SET and introducing the ERASE.
{c) The read-out when the SET is below the threshold. {d) The bistable
output when The SET is above the threshold.

The write side of LCLV3 is illuminated with an appropriate intensity to ensure that
the photoconductor is in the ON-state, and the read-out is monitored by using a
detector and an oscilloscope. Starting with a negative {SET) pulse, increasing the
height(V.) and width(T.), we can see that the read-out is increasing (Fig. 3.4 (a) and
{b)). At the same time, the dark state is getting worse, so we have to introduce a
positive (ERASE) pulse to maintain the dark state (Fig. 3.4 (b)). The read-out decays
from the maxmum value (3.4{c)) because the amplitud of the SET pulse is below
threshold. As further increasing the negative pulse over the threshold, we obtain a
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stable saturated ON-state (Fig. 3.4 (d)). The threshold represented by the area of the
SET pulse is 11.52 V-ms. The width of negative and positive pulses must be longer
than the rise and decay time of LC, respectively. In order to get higher read-out
efficiency in the integrated reading, we chose the ERASE pulse as narrow as possible
and the 5ET pulse as wide as possible.

3.2 SPECTRAL SENSITIVITY

The spectral sensitivity of a LCLV depends on the characteristic of the
photoconductor. The optical setup for measuring spectral sensitivity is shown in Fig.
35

Photodetector

Analyzer

Monitor

%,

Monochromator

Photodeteclor Polarizer

Laser

Powermeter

WRITE SIDE READ SIDE

Fig. 3.5 The optical setup for measuring the spectral sensifivity

The write side was illuminated by a tungsten halogen lamp through a
monochromator. A collimated Ar* laser (A = 515 nm) beam was used as the read
light for LCLV2 and LCLV3. For the LCLV1 a dye laser (% = 555 nm) was used as the
read light. We adjusted the write light intensity for each wavelength such that the
read-out intensity just reaches 90% of full ON-state, then we measured the write light
intensity from the powermeter. By changing the wavelength of the write light and
measuring the write intensity, we obtained the spectral sensitivity curves for the
three LCLVs as shown in Fig. 3.6. Because the spectral sensitivity of LCLV1 was very
critical at the wavelength range from 550 nm to 590 nm, its spectral sensitivity curve
in this spectral range was measured by use of a dye laser as the write light instead of
white light with monochromator.
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Fig. 3.6 The spectral sensitivity

From the curves we found the LCLV2 and LCLV3 have nearly uniform response to
the wavelength from 450 nm to 650 nm, so we can use either Ar* laser or He-Ne laser
as the write light for these valves. For LCLV1, however, the most sensitive spectral
range is limited within 540~600 nm, therefore we can not use Ar* laser to write
LCLV1. A dye laser can give moderate output power in this spectral range. The
calibration curve and output power for Rhodamine 110 dye pumped by Ar* laser is
given in Appendix 3.1,

3.3 EFFICIENCY CURVE

]
The dependence of the read-out light intensity on the write light intensity was
measured by use of the setup illustrated in Fig. 3.7. The read-out and write light

intensities were detected simultanecusly when the write light intensity was changed.
The signal from the detectors were fed to the computer through a DAS16 A/D
interface board. All data acquisition and plotting were realized by means of two
acquisition programs: DAS and DAS1.63 The measured read-out light intensity was
then normalized by the read-in light intensity and plotted as a function of the write
light intensity. The ordinate in this plot is the read-out efficiency, therefore we call
the curve as efficiency curve. The read-out light intensity was detected behind the
analyzer and corrected for the absorption in the analyzer, which can vary according
to the type of polarizer.
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Fig. 3.7 Setup for measuring the efficiency curves

The efficiency curve for LCLV1 is given in Fig. 3.8. A dye laser (Rhodamine 110} at
355 nm was used as both read and write light. From the curve, the maximum read-
out efficiency for LCLV1 is about 70%, which is constrained mainly by the imperfect
dielectric mirror. We found that the read-out light did not saturate at high write light
intensity but fell off when the read light wavelength was shorter than 555 nm (Fig.
3.9). This is because the LC layer produced r retardation in the ON-state at the
wavelength 555 nm. Any wavelength shorter than 555 nm will result in the
retardation of ON-state exceeding n. Therefore the efficiency curve falls off after
passing through a maximum which corresponds to the & retardation.
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Fig. 3.8 Efficiency curve for LCLVI at Fig. 3.9 Efficiency curve for LCLVI at

555 nm. 547 nm.

The efficiency curve for LCLV2 is given in Fig. 3.10. Both the read and write light
were at 515 nm. The maximum read-out efficiency for LCLV2 is about 36%. There are
two main reasons for the low efficiency: One is the poor dielectric mirror whose
reflectance is only 68% without the polarizer, analyzer and the drivé voltage;
Another is the twisted structure in which the linear polarization is hard to obtain.
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Fig. 3.11 Efficiency curve for LCLV3.

Write Light {uWicm)
Fig. 3.10 Efficiency curve for LCLV2.

The effidency curve for LCLV3 is given in Fig. 3.11, where the dash line is for the
synchronous reading, and the solid line is for the integrated reading, The maximum
read-out cfficiencies for synchronous reading and integrated reading are about Nmax
= 45% and n; = 32%, respectively, so ;i = 71% Nmax. This result is close to the
theoretical result n; = 76% Nmax from Eq.(2.11), when T, = 1.4 ms, Torr = 0.6 ms
(Section 3.7). The lower efficiency is mainly due to the gaps between the metal
mirrors, which take up about 30% of the working area. We should keep in mind that

the transfer curves are valid only for a certain read-in light intensity and for the
given drive conditions (see Table 3.1).

LCLV1 LCLV2 LCLV3
Waveform Square wave | Square wave see Fig. 2.7
Frequency 450 Hz 1kHz T1=655us
T2 =494 us
T3=32ms
T=11ms
Ul =4.44x5V
Volt 21 V (pk-pk 6 V (pk-pk
olage (pk-pk) PPk | 0725 v
. Rez_xd~in light , 200 in Fig. 3.8 4 271
intensity (UW /cm4) | 336 in Fig. 39

Table 3.1 Drive condition and read-in light intensity for measured efficiency curves.

The efficiency curve actually is a normalized transfer curve which indicates the
relation between the read-out and write light intensity. Therefore from the efficiency
curves we can evaluate the transfer characteristics of these valves. In the Section 2.4.1



—47 -

we showed that the transfer characteristic of a light valve may be approximated by a
sigmoid function and quantified by a set of parameters. It can be seen from the
efficiency curves that the dark states are very short. This is because the drive vollage
we chose is always as high as possible before the dark state deteriorates. In this way
the valve is in a very sensitive state, any write light, even very weak, can result in a
read-cut and a very steep transfer characteristic. We are going to use the light valve
as a threshold element in neural networks, so the steeper the curve the better it is. In
other applications, where grey level is necessary, a flatter transfer curve may be
preferable. By adjusting the drive voltage and frequency, the transfer characteristic
can be changed, but usually the change is very limited. The Fig. 3.12 gives an
example of linearization of the efficiency curve by reducing the drive voltage and
increasing the frequency, V=13V (pk-pk), f= 800 Hz, read-in light = 212 pyW/cm?2. In
comparison with Fig. 3.8, we found that the transfer curve became quite linear, but at
the expense of read-out efficiency. In this case the efficiency is only 20% although the
write tight reaches 640uW /cm2. So this operating condition is not recommended.
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Fig. 3.11 Linearization of transfer curve for LCLV1 by
change voltage and frequency.

From the efficiency curves, we may obtain the write sensitivity and the contrast ratio.
The write sensitivities are 45 pW /cm?2 for LCLV1 at 555 nm, 514 pW /em?2 for LCLV2
at 515 nm, 133 uW/cm? and 136pW/cm? for LCLV3 at 515 nm in integrated and
synchronous reading, respectively. The contrast ratio C is defined as the ratio of the
read-out light intensity IRyt in the ON state to the intensity in the OFF state

IR-out{ON)

= m‘ . (3.1

From the efficiency curves we obtained C = 41 for LCLV1, C = 50 for LCLVZ, and C =
16 and 22 for LCLV3 in integrated and synchronous reéding, respectively. These
values are not the highest ones, we can get them higher by decreasing the drive
voltage to improve the dark state (OFF-state). Fig. 3.13 gives an example. It can be
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seen that the improvement of the dark state from 1.7% to 0.4% ( see the smalli figure
in Fig. 3.13) results in a high contrast ratio 140:1 though the maximum efficiency is
down to 58%. So we should balance the efficiency and contrast ratio according to
different applications.
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Fig. 313 Improvement of the contrast ratic for LCLV1 by decreasing the voltage.
The markers line is the normal efficiency curve of LCLV1 copied from
Fig. 3.8, and the solid line is the new curve oblained by decreasing the
drive voliage to 19.5 V (pk-pk}. The dark parts of the curves are enlarged
and shown in the small figure from which it can be scen that the dark
stale is improved from 1.7% 10 0.4%.

3.4 EFFECTIVE GAIN

To find the maximum effective gain, according to Eq. (2.24), we need to know the
maximum read-in light intensity IRin This can be known by measuring the efficiency
curve for different read-in light intensities (see Fig. 3.15). We found that the effect of
the breakthrough light is to displace the dark state vertically up the axis of read-out
efficiency. Therefore, we built a setup shown in Fig. 3.14, to measure the effect of
read-in light intensity on the read-out.
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Fig. 3.14 Setup for measuring the read light's effects on the output, HWP: Half wave plate.
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Fig. 3.15 Efficiency curve of LCLV! for Fig. 3.16 The effect of read-in light on
different read-in light intensity at 555 nn. the read-out for LCLYI ar 555 nm.

The P1 and P2 are polarizers with fixed orientation. In order to simulate the working
condition and decrease the resistance of the phatoconductor layer, so as to get higher
sensitivity in the measurement, we put a low intensity write light bias which was
chosen according to the transfer curve such that the valve is still in the OFF state. The
bias is 2 pW/ern? for LCLV1, 40 pW/cm? for LCLV2 and 30 pW /em? for LCLV3,
Rotating the half-wave plate {HWP) to change the read-in light intensity, we
monitored the read-in and read-out intensities by means of two detectors, D1 and
D)2, respectively. The ratio of intensities at D1 and D2 should be a constant with
increasing read-in light intensity, when there is no breakthrough light. However, if
there is any read light breaking through the light blocking layer, the intensity at D1
will increase more quickly than that at D2 because that breakthrougﬂ light. is
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equivalent to a write light. Therefore the ratio of intensities will depend on the read-
in light intensity.

Figures 3.16 and 3.17 are the measurements for LCLV]1 and LCLV2, respectively. Fig.
3.18 is the measurement for LCLV3 using synchronous reading. The ordinates in the
curves have been changed to the ratio of read-out to read-in light intensity, so that
we can compare these curves with the transfer curves.
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Fig. 3.17 The effect of read-in tight on Fig. 3.18 The effect of read-in light on
the read-ow for LCLV2, the read-out for LCLV3,

It can be seen from Fig. 3.16 that as the efficiency reaches 7%, which is the 10% of its
maximum efficiency (see i’ig. 3.8), the corresponding read-in light is about
ImW /cm2, which is defined as the maximum read-in light intensity, The maximum
effective gain Gy of LCLV1, according to Eq. (2.24), is 17. From Fig. 3.17 and Fig.
3.18 the maximum read-in light intensity for LCLV2 and L.CLV3 can be determined
to be 300 uW/cm? and 180 pW/cmn?, respectively. The maximum effective gain Goyy
is 0.21 for LCLV2 and 0.59 for LCLV3.

Comparing the three valves, we find that LCLV1 has the potential of amplification
due to its good light blocking layer and relatively high efficiency. In LCLV2 the effect
of breakthrough light is severe because there is no light blocking layer. In LCLV3 a
pixeilated metal mirror was used instead of the dielectric mirror and light blocking
layer. Unfortunately, there exist many transparent gaps among the pixels. The sizes
were experimentally determined to be 14 pm square pixels with 3 pm gaps. Fig. 3.9 is
a magnified image of the pixels and the gaps, which was taken by using a laser beam
to illuminate the read side of LCLV3 and using a objective lens to obtain the image
from the write side. The breakthrough light due to these gaps is so intense that
LCLV3 is fully switched on when the read-in light intensity was over 1 mW/cmZ. In
the case of LCLV2 and LCLV3, there is no gain at all.



Fig. 3.19 TImage of the pixellated metal mirror taken through a objective lens
from the write side of LCLV3 which was illuminated by a laser beam.
The black squares are the pixels, and the bright lines are the gaps.

3.5 SPATIAL UNIFORMITY

All characteristic parameters are position-dependent, i.e. the performance is not
homogeneous on the whole working aperture of the LCLV. We measured the
uniformity of the ON- and the OFF-state. The setup for the measurement is shown in
Fig. 3.20.

Driver of transtation stage

Detector

Analyzer BS . PC

Laser —

Fig. 3.20 Setup for measuring the uniformity

The LCLV was mounted on a translation stage which was moved at constant speed
while a collimated beam read the LCLV. Then the read-out intensities for ON- and
OFF-states were measured. The diameter of the detector was 1.5 mm. The results are
given in Figs. 3.21-3.23. If we assume that the non-uniformity is isotropic (to a first
approximation), then we can obtain the uniformity area from these curves. The
uniformity areas are about 4 em?2 for LCLV1, 1.5 em2 for LCLV2 and 3.2 em? for
LCLV3. The LCLV2 and LCLV3 have more uniform OFF-states than LCLV1, but the
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latter has the more uniform ON-state. Usually we characterize each valve on its
center, that means the result is probably not the best one. From Fig. 3.22, e.g., it can
be seen that the read-out efficiency is very low at the center, but it is nearly doubled
at the edge of the valve. Fig. 3.24 gives two different transfer curves of LCLV2
corresponding to two different positions on the valve.
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The uniformity of a valve mainly depends on the alignment which should make the
liquid crystal a single domain, i.e. all molecules are {on the average) aligned along
one common direction. If there is any defect in the alignment, the LC will have many
domains, namely, multi-domains. The molecules in different domains have different
responses to the electric field and modulate the read light in different ways.
Therefore the read light through different domains will change their polarization
state differently. The intensity distributions over different domains were
photographed behind the analyzer by using a camera instead of the detector in Fig.
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3.20. The results for LCLV2 are shown in Fig. 3.25. Tt can be seen that without the
write light there was an uniform domain in the center, which gave a good dark state,
while there existed other domains around, which formed the fringes (Fig. 3.25(a)).
The uniform domain was getting bright (ON-state) with increasing the intensity of
the write light (Fig. 3.25(b), (c) and (d)). However, other areas had different or even
no response to the write light.

{b)

Fig. 3.25 Nonuniformity of LCLV2 resulled from the mulli-domains. (a)
Without write light there existed a uniform domain in the center,
while other domains around; (b) With write light intensity 150
1W/em? the uniform domain was getting bright (ON-state); (c) With
write light intensily 340 pWicm?2; (d) With write light intensity 450
pWfcm? the uniform domain was full-ON, however, other domain
had different or even ne response to the write light.

3.6 POLARIZATION OUTPUT

The ideal light valve should be a light-activated haif wave plate, which rotates the
linear read-in light through an angle and gives a linear read-out. However, the read-
out light from a real device is usnally elliptical. The experimental setup for
measuring the polarization properties of the LCLV is shown in Fig. 3.26.
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Fig. 3.26. Experfmenm! setup for measuring state of pbiarizar:'on

For LCLV], the director {optic axis) rotates in the same plane as the propagation
vector of the light beam. The angle between the rotation plane and the incident
polarization vector is set at 45°. The write light intensity changes the retardation of
the lignid crystal layer. Therefore, the ellipticity angle £ of the read-ont light changes
with the write light intensity. However, the orientation angle 8 does not change, i.e.
the ellipse is always regular in the principal coordinate. The retardation versus write
intensity was measured by the insertion of a Soleil-Babinet compensator before the
crossed analyzer in Fig. 3.26.. The wavelength of the read light is 555 nm. The result is
shown in Fig. 3.27, from which we find that a 180° retardation, i.e. a linear
polarizatinn with 90° rotation, can be achieved only for a specific write intensity. In
the nther cases the read-out light from LCLV1 is elliptically polarized.
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Fig. 3.27 Retardation of LCLV! vs. write Fig. 3.28 The orientation angle of LCLV2
light intensity (A = 555 nm). at 0° vs. write light intensity.

In the case of LCLVZ, the read-ont light is always clliptically polarized. The
orientation angle of the ellipse 6 (defined in 2.4.2C), which changes with the write
intensity, was measured by keeping the azimuth af the incident pelarization fixed
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and rotating the analyzer to find the minimnm output intensity, as a function of the
write light intensity. The LC director on the front surface of the cell was set either
parallel to (0°) or at 45° to the incident polarization vector. The orientation angle at 0°
is shown in Fig. 3.28. The maximum angle is 74°. For the 45° position, there is a
choice of three operating voltages given by the three minima (see Fig. 3.3). If we
choose the first minimum, a rotation of 85° can be achieved upon increasing the
write light intensity. From the second minimum a rotation of 70° can be achieved.
From the third minimum, a rotation of 40° can be achieved.

For LCLV3, the read-ont light is elliptically polarized as well. We set one of the
director positions to be aligned with the incident polarization. The rotation angle of
the director (y) was measured by rotating the valve between a crossed
polarizer/analyzer pair and recording the positions of the null-states when the valve
is ON and OFF. We found v = 49°. We measured the orientation of the ellipse by
rotating the analyzer to find a minimum angle with increasing the write light
intensity. In this way the measured angle is (8 + v). The result is shown in Fig. 3.29.
The maximum orientation angle is 82° with respect to the incident polarization.
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Fig. 3.29 Orientation of the ellipse for LCLV3 vs. write light intensity.

According to Eq. (250} and Eq. (2.20) for y = 90° we found that the optical path
difference (ne - np) 2d = (m+1)A/2 = W5, with m integer. This could be accounted for
by a birefringence (ne - np) = .18 and a cell thickness d = 1.86 pm. The cell thickness
shounld be increased by 13% to 2,11 pm in order for the cell to function efficiently as a
half wave plate. The value of the ellipticity can be calculated from Eq. (2.51) which
gives € = 0.61. We also converted the elliptical light into linear light by vse of a Soleil-
Babinet compensator. The compensated path difference is about 0.21A, which
confirms the independent measurement above. The thickness of the LC layer should
be better controlled to reduce ellipticity. For a thickness of 5% below the ideal, the
ellipticity is 0.3, and for 1% below, it is 0.1.
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In the presence of the write light the read-out light from LCLV2 is generally
elliptically polarized. We found, however, that for a given write intensity, LCLV2
had a specific orientation at which the read-out light maintained linear polarization,
but the polarization was rotated by a certain angle with respect to that of the read-in
light. The specific orientation changed with the write light intensity. This was
measured by use of the same setup as shown in Fig. 3.26. For a given write light
intensity we turned the polarizer (P1) and the analyzer (P2) iteratively to find the
minimum read-out intensity, then measured the P1 and the P2, The corresponding
read-in polarization was given by the orientation of P1 and the read-out polarization
was at 90° with respect to the (minimum) position of 2. Continuously changing the
write light intensity and measuring the P1 and P2, we obtained the read-in and read-
out polarization as a function of the write light intensity shown in Fig. 3.30.
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Fig. 3.30 Orientation of read-in and read-  Fig. 3.31 Rotation angle between the read-
out polarization of LCLVZ for in and out polarization of LCLV2 for
tinearly polarized output. linearly polarized output,

The rotation angle of the polarization orientation of read-out light with respect to
that of read-in light was obtained as the difference of the two curves in Fig. 3.30 and
shown in Fig. 3.31. LCLV1 and LCLV3 do not have this polarization rotation power.

3.7 RESPONSE SPEED AND RESOLUTION

To determine the response speed of LCLV1, the write side of the valve was
periodically illuminated by using a shutter (UNIBLITZ, SD122} which was driven at
0.5 Hz using a function generator. The intensity of write light was chosen to be 72
uW/em? higher than the write light for 90% of ON-state so as to fully switch on
(saturate)} the valve. The read-out light was detected by a photodetector, and the
response time was measured from the oscilloscope. The rise time (%} is from 10% to



_57-

90% of full ON-state, and the decay time (t4) is from 90% to 10% of full ON-state.
The result is shown in Fig. 3.32, from which we get 7, = 140 ms and 14 = 680 ms. The
slow response is mainly due to the cadmium sulfide photoconductor. We observed
that the rise time was dependent on the write light intensity, the rise time decreased
with increasing write light intensity. But the fall time remained nearly constant when
the write light increased. This is consistent with the theoretical predictions in 2.3.4.

Fig. 3.32 Response time of LCLV1 (200 ms/div.}.

The response time of LCLV2 was measured in a similar manner, the write light
intensity was 1 mW/cmZ2. The rise and decay times of LCLV2 are 7, = 10 ms and T4 =
14 ms, respectively (see Fig. 3.33).

(b)

Fig. 3.33 Response time of LCLVZ, (a) rise time; (b) decay time (20 ms/div.).

The experimental arrangement for measuring the response time of LCLV3 was
slightly different from that for LCLV1, because we must write the valve
synchronously with the SET pulse and measure the rise time at the same time. We
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used a high brightness LED (TOSHIBA,TLRA190F) which was directly driven by the
SET pulse from the power supply of the valve, instead of the shutter. The response of
the LED is much faster than that of valve, and the spectral range of 640-680 nm is
within the spectral sensitive range of LCLV3. The average intensity of the LED was
480 uW/cm?. The rise and decay times are 1, = 1.4 ms and 74 = 0.6 ms, respectively
(see Fig. 3.34). This result is exactly the same as we got by using a constant write light
because the response speed of amorphous silicon is much faster than that of the
liquid crystal. So the response time we measured actually is nothing but the response
of the liquid crystal to the drive waveform.

Fig. 3.34 Response time of LCLV3 (2ms/div.).

To determine the spatial resolution of a LCLV, a 1:1 image of a USAF test chart was
projected onto the write side of the LCLV by using a tungsten halogen lamp. The
input pattern was read out by a collimated laser beam from the read side. The
resolution is 28 |p/mm for LCLV1, 12 |p/mm for LCLV2 and 14 Ip/mm for LCLV3.

3.8 INVERTED OPERATION MODE AND DYNAMIC
CHARACTERISTICS

All measurements and discussions above are based on an arrangement in which the
polarizer and analyzer are crossed (see Fig. 3.7), thus the read-out light intensity is
proporticnal to the write light intensity, i.e. the LCLV switches from the OFF-state to
the ON-state with increasing write intensity. This is the normal operation mode or
called positive mode. There is, however, another operation mode in which the
polarizer and analyzer are parallel, and therefore the read-out light intensity are
inversely proportional to the write light intensity, i.e. the LCLV is in ON-state when
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there is no write light and switches to the OFF-state with increasing write intensity.
This mode is called the inverted operation mode or negative mode. A transfer curve
of LCLV1 for the inverted mode are shown in Fig. 3.35, which may be approximated
by a negative sigmoid function. In the inverted mode.the dynamic range is
constrained by the dark state, therefore the minimum read-out efficiency Nmin is of
concern rather than the maximum Tmax in the normal mode. The contrast ratio in the
inverted mode may be much lower than that in the normal mode becaunse of the
worse dark state,

Intensity (arbitrary units)

1 { 1 1 ] ]
20 40 60 80 100 120 140

Write light (uW/em®)

Fig. 3.35 A transfer curve of LCLV1 for the inverted mode.

The relation of the input {write light) and the output (read-out light) of a LCLV was
described by the efficiency curve as discussed in Section 3.3. However the efficiency
curve is valid only when the write light intensity changes very slowly, i.e. the rate of
change of the write light intensity is much slower than the response speed of the
LCLV. Each point on the efficiency curve indicates the equilibrium read-ont intensity
corresponding to the given write light intensity. Therefore the efficiency carve
describes a static input/output relation. However, when the rate of change of the
write light intensity is nearly equal to the response speed, the read-out light can
never reach the equilibrium state. This happens in the free space optical feedback
systems where the delay in the feedback path is negligible comparing with the
response time of LCLV. In this case, we have to know the dynamic input/ontput
relation which is a 3D surface

Trout = flw, 1) (3.2)
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This dynamic transfer function may be determined indirectly by measuring the
response speed curves for different write light intensity, then synthesizing these
curves. Fig. 3.36 gives the dynamic transfer characteristic of LCLV1,
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Fig. 3.36  Dynamic transfer characteristic of LCLV1 for the inverted mode
(renits of Ly ptW/cm2).

3.9 COMPARISON AND DISCUSSION

The main characteristics of three types of liquid crystal light valves are summarized
in Table 3.2, It can be seen that the LCLV1 has many advantages, such as high
sensitivity, high efficiency, and the gain which is not obtainable for LCLV2 and
LCLV3. However, stow response is the chief drawback of this valve, which is due to
the cadmium sulfide photoconductor. Besides, its most sensitive spectral range
covers neither He-Ne nar Ar* lasers wavelength, thus a dye laser has to be used with
this valve. In contrast, LCLV3 has a2 wide uniform spectral range, fast response and
unique bistability. The spatial nnnunifermity is a common and severe problem for
the three valves, The LCLV2 and LCLV3 have more uniform OFF-states than the
LCLV1, but the latter has the more uniform ON-state. The polarization states of the
read-out light are always elliptically polarized for LCLV2 and LCLV3. A linearly
polarized read-out with 90° rotation can be generated from LCLV1 for a specific
write light intensity.
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Device LCLV1 LCLV2 LCLV3 MSLM
Spectral Sensitivity {(nm) 540 ~ 600 450 ~ 650 450 ~ 650 300 ~ 650
Read-out Efficiency (max.)|  70% 36% ;g :;’ ((:ny::;)) 4.6%
136
Write Scnsitivity (nW/cm?) 5‘512 514 133 ((IS:;;)) 12
! n
(a m) | (at515nm) (at 515 om) (al 515 nm)
. . ) 22 : 1 (sync) )
Contrast Ratio 41:1 50:1 16 : 1 {integ) 30:1
Max, Read-in intensity I mWiem? | 300 pWrem? | 170 pWrem? (100 mWicm?
Effective Gain 17 021 0.56 383
Uniformity Area (cm?) 4 (£10%) 1.5 (£10%) 3.2 (£10%) 0.5
Resolation (Ip/mm) 28 12 14 <10
Response Time rise 120 10 1.4 100
{ms) decay 540 14 0.6 170

Table 3.2 Summary of the measured characteristics of the three LCLVs
and the MSLM,

The nonuniformity and elliptically polarized read-out is related with the defects in
the LC cell fabrication, such as bad alignument and inaccurate thickness. 1t should be
noted that the optical path difference (OPD) in the twisted configuration (LCLV2) is
not equal to, but a fraction of the thickness of the LC layer, and variable with write
light intensity. It raises a question how to make the OPD correct so as to obtain a
linearly polarized output in the twisted configuration. The gain is constrained only
by the efficiency of the light blocking layer. When the light blocking layer is
imperfect, the write sensitivity has an effect on the gain as well. The spectral
sensitivity of amorphous silicon (a-5i:H) photoconductor seems superior to the
cadmium sulfide becanse the Ar* laser can be used. However, it was reported that
the sensitivity peak of the cadmium sulfide photoconductor could be moved to 520
nm by baking the evaporated film in Argon gas.54 The twisted configuration
{LCLV2) gives better dark state, and thus higher contrast ratio. Clearly there is much
room for improving the performance of these basic devices. For the time being,
however, device manufacturers and researchers are turning their interesi towards
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Smart SLMs,55 5o that there is an inevitable hiatus in the availability of improved

devices.

The device performance may be improved to some extent by using supplementary
optical systems or devices. In the case of LCLVZ the gain may be realized by using
the image intensifiers on the write side of the LCLVs. The image intensifier is able to
amplify the write light up to 10* times 5% If we can produce a structured illumination
to match each metal pixel in LCLV3, the gain will be available, The nonuniformity
could be solved in principle by irradiating the write side with a supplementary array
of individually tuned bias beams. However these compensation will increase the
system complexity and there are a lot of technical details to be solved in practice.
There is a fundamental difference between the ferroelectric LCLV and nematic
LCLV. The input and output in the nematic LCLV are continuous functions of time.
However, in smectic LCLV both input and output are discrete with time, i.¢c. the
read-out is regularly set to be ‘zero' (OFF-state) even if the valve is in full ON-state.

Finally we make a comparison of LCLV with another type of optically addressed
spatial light modulator called microchannel] spatial light modulator (MSLM).68 The
M5LM consists essentially of a photocathode, microchannel plate (MCP), and
electrooptic crystal in a vacuum sealed tube. The characteristics of a MSLM
fabricated by Hamamatsn Photonics is also given in Table 3.2. We find that the
maximum read-out efficiency of MSLM is only 4.6% which is much lewer than that
of LCLV. This low efficiency means that the read-out light is elliptically polarized,
therefore it is not suitable for using in inverted moede. The advantage of MSLM is
that high gain may be realized by using a powerful read-in light which can be as
strong as 100 mW /em?. There are some similarities between the MSLM and LCLV3,
e.g. both operate in step with the electric drive waveform, both need an erase phase
in each read/write cycle, both have memory capability. However, the frame rate for
MSLM is only 4 Hz, in comparison with 90 Hz for LCLV3. The drive voltage for
MSLM is very high, the half-wavelength voltage is 2 kV.

APPENDIX 3.1 CALIBRATION OF DYE LASER

We used a Coherent CR-599 dye laser pumped by an Ar* laser with all lines. The dye
was Rhodamine 110 from Radiant Dyes Laser Accessories GmbH, Germany. The
calibration curve is given in Fig. A3.1. The output power as a function of wavelength
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is shown in Fig. A3.2. The concentration of the dye directly affected the output
power. We dissolved one gram of dye in 100 ml of methanol and added 1554 ml of
ethylene glycol. The pressure of the dye in the pump system is 40 psi (2.75 bar).
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Fig. A3.2 Output power of the dye Jaser as a function of wavelength.



APPLICATION OF LCLV TO OPTICAL
NEURAL NETWORKS

This chapter deals with the application of the LCLVs to optical nenral networks
{ONN). Our intention is to concentrate on the effects of the LCLV on the ONN
behavior, rather than the models and theory of the neural network. We chose the
Hopfield type models because these models have been well studied and have been
optically realized by many groups in different ways. Section 1 presents the Hopfield
nearal network model (H-model) and two modified H-models which could be
implemented using optics. Section 2 discusses the basic principles of ONN design
and gives the parameters of the ONN. Section 3 gives the experimenta] results of the
optical implementations of the two neural network models. Section 4 analyses the
experimental results and gives the explanations of the system's behavior. Section 5
briefly discusses the limitations of the ONN and the requirements for the LCLV
from a system point of view.

4.1 HOPFIELD TYPE MODELS FOR OPTICAL
NEURAL NETWORKS

4.1.1 Hopfield Model

The Hopfield neural network model'? (H-model) was the first model implemented
using optics."”> In H-model each neuron has two states, the OFF state Nj = 0 and the
ONstate N; =1 (i = 1, 2, ...... M). The instantaneous state of the system is specified by
listing the M values of Nj, so it is represented by a binary word of M bits.

The architecture of the H-model is such that ali neurons are located in one layer, i.e.
all neurons act as both input and output, and each neuron is connected with all of
the other neurons.
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The interconnection between neuron i and neuron j has a weight of Tj; which can be
calculated for S memory patterns according to

S
Z(szS’ . 1)(21\1;’" -1) if i
§5] s=1

0 ifi=j

. (4.1)

For excitatory interconnections, T, is positive, and it is negative for inhibitory ones.
The information is stored in 2 distributed manner across the weight matrix, which is
sometimes referred to as Hebbian storage.

Each neuron is updated according to the following dynamics

N; = AU} 4.2}
M

Ui = ZTUN.I - Bi + Ii B (4.3)
=1

where U; is the activation potential of the i-th neuron; M is the total number of
neurons; Tj; is the weight of the interconnection between the i-th neuron and the j-th
neuron; B; and I; are, respectively, the threshold level and external input to the i-th
neuron, and f{x) is a step function which represents the nonlinear input-output

characteristic of the neuron i.
0 forx<(
f(x)={1 forx20 ¢ (4.4)

The physical meaning of Eqs. (4.2) and (4.3) is a nonlinear thresholding and feedback
system which is depicted schematically in Fig. 4.1. The first term of Eq. (4.3)
represents the sum of the inputs to neuron i from all of other neurons.

fix - 6)
ZTN® N,
! Neuron input Neuron output
"
Interconnect
5

Fig. 4.1 A nonlinear thresholding and feedback system.
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}t has been shown'>* that when Tj; is symmetric, one can definc an energy function
E for the neural system by

M 1M
YTiNN; + 5):( 0;- 1 N (4.5)
i=1 i=lj=1 i=1
For any threshold level 8; and given input [;, the energy of the system will be a
decreasing function of the neuron state or a constant. This means that the network
always evolves towards a steady state of local or global energy minimum. The
descent to an energy minimum takes place by the dynamic process described by Eqgs.
(4.2) and (4.3} regardless of whether the state update of the neurons is synchronous
or asynchronous.’® The asynchrony, which means that updating the state of each
neurcn is independent of updating other neurons, is a natural property for all
analogue neural systems because there are always propagation delays,
nonuniformities of the devices and noise. In the case of digital neural systems which
use switching threshold devices or computer feedback, one can choose either the
asynchrony or synchrony.

The energy landscape can be modified in accordance with Eq. (4.5) by changing the
interconnection weight T,-j and /or the threshold level 6; and /or the external input I;.
Local minima in an energy landscape or steady states (attractors) in phase-space can
be fixed by forming Tj; in accordance with Eq. (4.1). Therefore the H-model can
function as the content-addressable memory, i.e. from an initial state of partial
information about a memory, a final stable state with all the information of the
memory can be found.

There are three major aspects to consider in order to build a neural network system
based on the H-model: huge interconnections; bipolar grey scale weights; and
thresholding. A system of M neurons requires MxM interconnections. Optical
techniques due to inherent parallelism offer an effective means for the
implementation of the huge interconnections. The thresholding can be performed by
any device with nonlinear transfer characteristic, e.g. the LCLV which is of concern
in this thesis. According to Eq. (4.1} the individual weights of the interconnection
matrix may be positive, negative, or zero , and range from -5 to +5 with (25+1) grey
levels. The bipolar weight matrix means that there must be subtraction as well as
addition in the implementation of Eq. (4.3). The bipolar interconnection weights and
the subtraction, however, are somewhat difficult to be handled in optical systems.
Therefore the first optical neural network'® adopted an optoelectronic hybrid
system, i.e. used two independent optical channels to process the positive and
negative interconnections separately, and used the electric feedback to do the
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subtraction and the thresholding. In order to exploit all-optical neural networks,
some modified H-models have been proposed. For example, the weight matrix in
Eq. (4.1) can be modified by simply adding a constant so that all its elements become

16,71

positive. However, this results in a dynamic threshold, thus increasing the

system complexity.

4.1.2 Modified Hopfield Models

There do exist some modified H-models which use unipolar interconnections and do
not need subtraction, thus are suitable to all-optical implementation. Here we briefly
describe two modified H-models, namely, the inhibitory model and the inverted
model.

A. Inhibitory model

1.'% is based on some simulation results

The inhibitory model proposed by Shariv et a
which show that the performance of the H-model is essentially unchanged by
discarding all the positive interconnections. Therefore the interconnection matrix of
the inhibitory model is obtained by simply cutting out all the positive weights from
the matrix of the H-model, and only using the inhibitory interconnections of the H-
model. The modified weight matrix is defined as
T};={IT“| if Ty<0

¢ otherwise (4.6)

where Tj; is defined by Eq. {4.1), and T;j' is a nonnegative matrix. The dynamic rule is
redefined as

Ni = g{Ui} (4.7)

M i
Ui= I TyN;-8+1;, {4.8)
i=1

where T'i'jis the normalized ‘-weight matrix

o T '
Ty
VI 4.9)
2T
=1

g(x) is a new nanlinear function defined by
F{x)=1-f(x) ' (4.10)
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where f{x) is defined by Eqg. (4.4). It can be seen that the neurons in this model have
the inverse response to that assactated with the H-model, Le. the neuron turns to the
OFF-state when the activation patential of the neuron is high. The inhibitory model
ensures that all the connections are positive, thus the subtraction is not required. The
threshold value is a fixed positive number for each neuron. The disadvantage of this
madel is the low feedback efficiency because on average 50% of the feedback which
corresponds to the positive interconnections, will be blocked. In order to maintain a
sufficient feedback efficiency, the number of 1 in the stored patterns should be
restrained. In practice we choose stored patterns in which half the neurons are 1 and
the other half are 0. The effects of the low efficiency on the system design will be
discussed later.

B. Inverted model

The inverted model’: is based on the inhibitory mode! above, but uses a binary
interconnection matrix instead of the grey level matrix. The binary matrix is
calculated according to

S
“ 6, 49 e
_ (1-N; N7) ifiz]
Ti=9 o tl {4.11)

0 iz
where Nss) = {0, 1) are the 5 stored patterns. Note that Tj; = 0 if, for at least one stored

pattern, Ni(s) and Nj(s) are both 1, otherwise Tj; = 1. The inverted model follows the

same dynamic rules Eqs. {4.7) and {4.8) as the inhibitory model does. Obviously
according to Eq. (4.11), the number of non-zero elements in the matrix will decrease
with increasing the stored patterns and the number of one in each pattern. Therefore
the inverted model also suffers from low feedback efficiency.

4.1.3 Hopfield Continuous Model

The original H-modetl is based on binary neurons, and the nonlinear response of the
neurons is the step function described by Eq. (4.4). The nonlinear characteristic of
LCLV, however, is a sigmoid function (see section 2.4.1), i-e. the optical neurons may
have any value between zero and a maximum. On the other hand, the all-optical
feedback is continuous in time rather than discrete iterations. Therefore the
continuous H-model” should be introduced to describe the all-optical neural
network system.
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Let the output variable N; for neuron i havé the range Nj € [0,1], u; be the action
potential of the i-th neuron, and gi(u;) be a sigmoid-type continuous and monotone
function of the instantaneous input uj to neuron i, called the gain function. Then, the
dynamics of the neural system follows the differential equation

duy; M

0= STl -+ 1, (4.12)
=1 .

Nj = gi(us) (4.13)

where Tj; is the weight of the interconnection between the i-th neuron and the j-th
neuron defined by Eq. (4.1), o is a constant indicating the decay time of i-th neuron,
[j is the external input to the i-th neuron.

It has been shown’® that when the interconnection matrix is symmetric and the
nonlinear function gi(u;) is steep enough, then the continuous model has similar
attractor dynamics to the discretized model. Therefore the continuous model can be
used in associative memory as well. However, when the gi(u;) is less steep the
continuous model has fewer stable states than the discretized model with the same
interconnection matrix. The system always converges to a unique point attractor
provided that™

Mz
Mz

1
—

Tj <1/(max|g)))? (4.14)

1]
—

j
where g; is the differentiation of gi(u;), Tij is the interconnection between i and )

heuron.

4.2 OPTICAL NEURAL NETWORK SYSTEM
USING LCLVs

We have discussed the 'software’— the ONN models. Tn this section the hardware
implementation of these models is of concern. The nonlinear threshold device in our
system will be the LCLV which has been dealt with in the last two chapters. In the
following we will discuss the basic principles and optical techniques first, which
may be applied to general all-optical feedback systems such as the one shown in Fig.
4.1. Then we describe in detail the ONN system, which was realized in our lab, and
finally discuss the nonuniformity in the system.
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4.2.1 Basic Principles and Optical Techniques

A, Optical neurons

In our ONN systems, the neurons are produced by the phase gratings and the LCLV
as shown in Fig. 4.2, A laser beam illuminates a pair of crossed phase gratings and
generates a spot array of approximately equal intensity at the read side of the
LCLV." Each spot represents a neuron. The states of the neuron are characterized by
the valve's read-out intensity behind the polarizer, which, depending on the input,
can take any value between the full ON- and OFF-states. Therefore this optical
neuront i$ really continuous. The spot size D and spot spacing Ax are given by

A\J?.n:
Af .
ax =d—]", (4.16)

where A is the laser wavelength, fy is the focal length of the lens, A/‘\f;is the half
width of the laser beam, and d) is the period of the diffraction gratings.

Crossed )
Gratings Read Side  write Side
f— % fo
Lascr Neuron
Input

LCLV

Ncuron Polarizer
Output

Fig. 4.2 Schematic of optical neuron array.

B. interconnections and mask

The weighted interconnections in ONN can be divided into a fan-out/fan-in system
and a photographic mask, since the interconnections are fixed without learning. The
fan-out/fan-in system is illustrated in Fig. 4.3.
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Fig. 4.3 Schematic of fan-out/fan-in system and the interconnection mask.

The fan-out of the nenron outpnt array is produced using a second pair of crossed
diffraction gratings. To ensure that these fan-out do not overlap at the mask plane,
the focal length f) and the period of the second diffraction gratings d2 must chosen
so that

A Ax
d—zzmﬁ, (4.17)

where A is the wavelength, M is the number of nenrons, and Ax is the separation of
the neurons given in Eq. {4.16).

Therefore M images of the neurons array are obtained at the mask plane, which
enables us to add weight to every pixel of the interconnection. Then each image is
focused by L3 onto the corresponding neuron inpuat port, thus the full
interconnections are completed. The separation of the fan-in spot array is given by!?

AX =fdy" (4.18)

where f; and f3 are the focal length of L2 and L3, respectively, d is the period of the
second diffraction gratings, b is the displacement of the gratings from the front focal
plane (FFP) of L2, The separation of the fan-in spots must match that of the neurons,
i.e. AX = Ax. Actnally each fan-in spot is just a image of the light spot at the FFP of
L2. Usually it is necessary to put an aperture at the FFP of L2 in order to obtain the
fan-in spots with proper size and clear edge.

The weights may be introduced from the mask plane, in principle, by any optical
device or component which can modulate the transmittance of every pixel
independently. We chose the photographic mask simply because it has low loss. The
maximum transmittance of the mask can be 87%, in contrast to 35% for LCD (Epson
EG-Y84320AT), and only 10% for LCTV (Epson Vidio Prajector VPJ-2000). Two
masks for inhibitory and inverted model, respectively, were fabricated by using
milimask plates. The printont patterns of these masks are given in Fig. 4.4 and Fig,
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4.5. Two memory patterns, the letters "T" and "L", were encoded in the masks
according to Eq. (4.9) and (4.11), respectively. The mask for inhibitory model has
three grey levels at which the transmittances are 100%, 50%, and 33%, respectively.

]
%\\\\%

7 Z
%
B8 7%
Z.

\

33% 50% [j 100%

Fig. 4.4 Mask for inhibitory model. Fig. 4.5. Mask for inverted model,

For convenience of the following discussions, we number the neurons and the
interconnection weights as shown in Fig. 4.6(a) and (b), respectively.
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Fig. 4.6 Spatial positions of neurons (a) and interconnection weights (b),

C. Feedback lcop and system lose

Combining the optical neurons (shown in Fig. 4.2} with the fan-ont/fan-in system
(shown in Fig. 4.3), we obtain a loop in which the ontput of each nenron is, through
the weighted interconnections, fed back to other neurons’ inputs (the write side of
the LCLV) as shown in Fig. 4.1. The function of the LCLV is to sum all inputs to each
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neuron and then make a nonlinear transform. However, to make the loop work, the
feedback intensity must be able to switch the LCLV on, i.e. the following inequality
shouid be fulfilled,

Os 0m [R-out 21,{90%), (4.19)

where Ig.qu and 1.(90%) are the read-out light intensity and the sensitivity of the
LCLV, respectively, defined in Section 2.3.2. oy, uy € (0, 1), are the loss coefficients
due to the optical system and the neural model {different connection matrix),
respectively. By using Eq. (2.22), the Eq. (4.19) becomes

O 0y G2 1, {4.20)

where Gy is the effective gain of the LCLV. For a given LCLV, the effective gain is
fixed, therefore how to reduce the losses becomes crucial. That is why we used
photographic masks rather than LC devices. The neural model loss comes from the
zero interconnections, for example, the mask of the H-model for the letters "T" and
"L" has 53% of the pixels zero, while the one of inhibitory model has 73%. For the
mask with grey levels, even the non-zero pixels cause some losses as well. The
system loss is mainly due to the fan-out gratings and the polarizers. The diffraction
efficiency of the crossed gratings is only 36%. The maximum transmittance of the
polarizer is about 65%. Since oz and oy, are always less than 1, any LCLV which can
be used in the feedback system should have an effective gain greater than 1. From
this point of view, only LCLV1 has the potential to be used in the system (see Table
3.2).

4.2.2 Experimental System

Based on the discussion above we designed and implemented the all-optical
feedback neural network system illustrated in Fig. 4.7. The laser beam illuminates
the grating G1 to produce a 3x3 light spot array on the read side of the LCLV. The
polarization of P1 was fixed in the vertical direction. The intensity of each spot can
be adjusted by rotating the half waveplate (HWP) so as to keep it below the
maximum read-in intensity(given in Table 3.2). The P2 was set parallel to P'1 such
that the nonlinear transfer function of each neuron was a graded NOR function
(inverted operating model) which was required by the inhibitory and inverted
model. L3 and 14 are extra lenses for maintenance of spatial invariance of the
feedback spots array. The He-Ne laser and G3 yield a 3x3 light array which
illuminates the input mask as the initial input. The focal length of L8 and L9 should
be chosen properly so as to match the initial input array with the neuron array. The
objective lens and L7 are used for adjusting the spot size of the input. The states of
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the neurons were measured by the CCD camera connected with the PC and the
monitor. The main parameters are given in Table 4.1.
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Fig. 4.7 All-optical feedback neural network system. M1-MS: mirrors; L1-L10
lenses; P1-P4: polarizers: HWP: lialf wave plate; SA: square aperture;
51, 52: shutters; G1-G3: gratings; PBS: polarization beam splitter; IN:
inttial input mask; Obj: objective lens; HM: half mirror; MT: micro
transiation slage.

L1, L2, 15 L6 Focal length [ = 385 mm; Aperture diameter ¢ = 60 mm
1.3, L4, Focal length f = 100 min; Aperture diameter ¢ = 30 mm
L9 Focal length £ = 100 mm; Aperture diameter ¢ = 50 mm
L8 Foca! length £ = 120 mm: Aperture diameter ¢ = 50 mm
L7 Focal length f =40 mm; Apcrture diameter § = |7 mm
Obj Magnification: 4:1: Numerical aperture: 0.10
Gl Graling period d] = 64 pm
G2 . Grating period d2 = 20 pm
G3 Grating period d3 = 77 pm

Table 4.1 The main parameters for the system.
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To run the system we first closed the shutter $1 and opened 52 to introduce a initial
pattern through the input mask IN. As soon ag the system stabilized on the initial
state, we closed 52 and at the same time opened 51. Then the system ran according
to its dynamics. Note that the system is a continuous time one, i.e. any neuron's state
is a continuous function of time. Therefore, the reading and writing in the LCLV
should be done continuously. This excludes any possibility to use the clock
operating devices such as the ferroelectric vale (LCLV3) and MSLM?? in the system.

4.2.3 Spatial Nonuniformities in the ONN System

The main difficulties in setting up the ONN system were how to obtain the best
spatial uniformity. Ideally all neurons should have the same ON- and OFF-state, and
the response characteristics of the neurons should be the same as well. However, the
nonuniformities in hardware realizations are inevitable. Qur goal was to minimize
the nonuniformities.

A. Uniformity of the neurons

The uniformity of the neurons depend on both gratings G1 and LCLV, as shown in
Fig. 4.2. The intensity distribution of the diffraction orders of the gratings are very
sensitive to the position where the laser beam strikes. The diffraction intensity was
monitored when the gratings were moved so as to find the best position. The
normalized intensities of the light spots from'G1 is given in Fig. 4.8. It can be seen
that the maximum nonuniformity is about #7%. The diffraction efficiency of the
crossed gratings at this position is relatively low, only 17%.
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Fig. 4.8 Uniformity of the diffraction Fig. 4.9 Uniformity of the LCLV’s
orders of G1. reflectance in ON-state.
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The reflectance of the LCLV was also spatially nonuniform as discussed in Chapter
3, therefore it should be possible to generally minimize the nonunifermity of the
neurons’ output by properly choose the working area on the LCLV. The reflectance
of the LCLV in the ON-state is shown in Fig. 4.9, in which the absorption of the
polarizer P2 was included. The uniformity of the neurons’ outputs which is the
combination of Fig. 4.8 and 4.9, are shown in Fig. 4.10. Comparing the Fig. 4.10 with
Fig. 4.8 we found that the nonuniformity are still maintained at #8% though some
neurons changed their intensities. The uniformity of the neurons in OFF-state was
optimized such that the highest contrast ratio was obtained.
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Fig. 4.10 Uniformity of the nearons’ outpuls in ON-slate.
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Fig. 4.11 Uniformity of the fan-outs at the mask plane.
B. Uniformity of the interconnections

The uniformity of the fan-out is related to the output of the neurons and the second
grating pair G2. Note that more than half the fan-outs will be blocked by the mask,
therefore only the usable fan-outs were measured and shown in Fig. 4.11. We found
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that the uniformity was getting worse. Because G2 was located off the focal plane,
actually each neuron was diffracted by different position of the gratings, thus
uniform fan-out was hardly available.

The mask also introduced some nonuniformities, particularly the mask for the
inhibitory model because there should be three grey levels, 33%, 50%, and 100%, on
the mask as shown in Fig. 4.4. However it is not so easy to precisely control the grey
levels in the fabrication. The transmittance of two inhibitory masks are given in Fig,
4.12. 1t can be seen that most of the pixels with 33% transmission deviate from the

correct value.
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Fig. 4.12 Transmittance of the inhibitory Mask] (a) and Mask2 (b). The theoretical
grey level are 100% for pixels 1.6 and 8.6, 50% for pixels 6.1 and 6.8,
and 33% for others.

Actually the strength of each interconnection depends on the combination of fan-out
intensity with the transmittance of the corresponding pixel on the mask. Therefore
the transmittance of each pixel on the mask should be chosen such that the
normalized transmission intensity behind the mask is in accord with the theoretical
grey level. To achieve the adjustable transmittance we first made a binary mask,
then put it in the system, the transmittance of each pixel was adjusted by pasting a
polarization sheet in a different orientation. In this way most of the nonuniformities
due to the two gratings and the LCLV were compensated, and a quite uniform fan-in
was obtained. The uniformities of the fan-in using the fixed Mask2 and using the
adjustable Mask3 are shown in Fig. 4.13 (a) and (b), respectively. Comparing the two
figures, we found that the uniformity has been greatly improved by the adjustable
mask.
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Fig. 4.13 Uniformity of the fan-in for the fixed Mask2 (a) and the
adjustable Mask3 (b).

C. Uniformity of the dynamic response

The response speed and the sensitivity of the LCLV are also spatially nonuniform.
The response time for each neuron was measured. Note that the rise time of each
neuron decreases with increasing the write intensity, but the switch-on energy
which is defined as the product of the rise time and the write intensity, is a constant.
Therefore, the switch-on energy was used as the measure of the uniformity of the
dynamic response and shown in Fig, 4.14

400

300

2001

100

Switch-on energy (pl/em )

1 2 3 45 6789
Neuron

Fig. 4.14 Uniformity of the switch-on energy.

It can be seen that the maximum nonuniformity of the switch-on energy is about
+60%, which is much larger than that of neurons and of interconnections. Some
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neurons need very high energy to switch on, e.g. the switch-on energy of neuron 4 is
about four times higher than that of neurons 8 and 9. Therefore, this nonuniformity
severely influenced the dynamic behavior of the system.

4.3 DYNAMIC BEHAVIOR OF THE ONN SYSTEM

The alf-optical feedback network shown in Fig. 4.7 has been used to experimentally
realized the inhibitory and inverted models. The only difference between the two
medels is in the interconnection matrix, therefore we need only to change the mask
accordingly. The memory patterns stored in the masks are the letters "T" and "L".
The experimental results fall ronghly into two categories no matter which neural
model: Fast converging to one stable state and Slowly evolving to a regular
osciltation. Therefore in the following we give the experimental resulis in accordance
with its properties rather than the type of the model.

4.3.1 One Stable State

Let us begin with the inhibitory model(using Mask2). First the system was set at the
initial state with an Input pattern "L" (Fig. 4.15(a)), and the read-in intensity was
1 mW/cm?2. Once the feedback was opened the network converged immediately to
the stable state (Fig. 4.15(b)).

{a) ()
Fig. 415 An initial input "L"{a) and the final stable state (b).
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Actually this stable state was independent of the initial state, i.e. the system always -
converged to the state even if there was no initial patiern. To test the stability cof the
state we changed the read-in intensity up to * 25% by rotating the half wave plate
shown in Fig. 4.7 and found that the stable state is not sensitive to the changes
though the contrast of the neurons changed.

The nonuniformities have a great influence upon the stable state. For example, when
the LCLV was moved at slow speed (0.14 mm/s} by a micro-translation stage, we
found that the state was changed accordingly. Figure 4.16 shows two more stable
states correspending to the movement of 3 mm and 6 mm, respectively.

{a) (b)
Fig. 4.16 The stable states after the movement of 3mm (a) and 6mm (b).

Fig. 4.17 Stable state for adjustable musk,.  Fig. 4.18 Stabie state for adjustable mask,
by reducing the intensity of N6.

To minimize the nonuniformity the adjustable mask (Mask3) was used instead of the
fixed mask (Mask2). We run the system again after carefully adjusting the mask so
as to obtain the best uniform fan-in. However the system still stabilized on one state
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shown in Fig. 4.17, regardless of the initial input. If we reduced the output intensity
of the sixth neuron N6 by inserting a transparency, then we got another state shown
in Fig. 4.18. This change of state can be understood easily from the mask (Fig. 4.4).
Because N1 and N8 are only connected to the N6, a weaker N6 will allow N1 and N8
to be on. In turn, N1 and N8 force N6 off.

We also tried the inverted model and obtained similar results, i.e. always one stable
state. It is quite clear that the one stable state is not due to the nonuniformities in the
intensities of the neurons. There must be an inside dynamics in the system, which
dominates the evolution. It was noticed that the dynamic responses of the nenrons
are spatially nonuniform as well, and these nonuniformities must be compensated
during the operation of the system. This resulted in a new result — Oscillation!

4.3.2 QOscillation

The initial motivation of adjusting the weights was to correct the nonuniform
dynamic responses of the neurons. To explain the idea, first we analyze the relation
between the neurons in the inhibitory model. From the mask (Fig. 4.4), we find that
the neurons can be divided into two independent groups (Group A and Group B) as
shown in Fig. 4.1%(a) and (b).

(a) b
Fig. 4.13 The relations between the neurons in the inhibitory model.

The interconnections indicated by arrow lines are inhibitory (negative weights), also
called "frustrated” or "competitive", i.e. each nenron exciudes another neuron from
having the same state by means of the connection. Therefore, there will be
competition between the two sides in each group after opening the feedback loop.
Suppose the left-sides in both group A and B won the competition, then the nenron
N1, N2, N3, N5, and N8 keep ON-state while others turned off. This gives a steady
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state " T" (see Fig. 4.6(a)). If the right-side won in group A while the left-side won in
the group B, then the steady state s "L".

In the experiment with the adjustable mask, the intensity of the fan-in is nearly
unifarm, however the response is quite different for different neurons as shown in
Fig. 4.14. We found that N3 and N9 were extremely sensitive and respond to the
input very fast. As soon as the feedback was opened, they turned immediately off. In
contrast, N4 and N6 had a high threshold and slow respense, thus they were always
on. Therefore the competition and evolution of the states were fully dominated by a
few neurons which can be called dominators. As a result we obtained a strange
steady state as shown in Fig. 4.17. Any dominator can be frustrated by changing the
inhibitory strength to it, e.g. increasing the strength to N6 and decreasing the
strength to N%, a memory state "L" was retrieved (Fig, 4.20). However there was still
one stable state. We believe that if we increase the strength to N4 and decrease the
strength to N3 such that their response speed are comparable with that of others,
then we eliminate ail dominators and make all neurons equal. In this case, the
memory patterns "T" and "L" have equal opportunity to win the competition, the
direction of the evolution will be dependent on the initial input. Essentially the way
to modify the weights here is coincident with Hebb's idea.70.76

Fig. 4.20 A steady state evolved from Fig. 4.17 by changing some weight strength.

Following the idea above, we tried to modify the interconnection weights while the
system was running. When we were changing the weights to N3 and N4, we
observed that the switching speed of N3 slows down and that of N4 speeds up. The
evolution also slowed down, though it still converged to "L". The longest evelution
took 20 seconds. Therefore we could see the interesting dynamics. After further
optimizing the weights, we gave the system a initial input "T", and found that it very
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slowly evolved to "L", but it did not stop on "L", surprisingly, the "T" came back
again! The system entered a regular oscillation state. Fig. 4.21 gives the intensities of
the neurons in Group A as a function of time for initial pattern "T". In order to
simplify the discussion without losing genera]ity, we keep the intensities of the
neurons in Group B constant, i.e. N1 and N8 are always ON while N6 is OFF.

200

150

Intensity

g

50

o 100 200 300 400
Time [s)

Fig. 4.21 Dynaniics of the inhibilory NN for initial pattern “T".

It can be seen from the figure that the system goes through four phases: In the first
phase, the feedback locp was closed and without initial input, therefore all neurons
were ON though the intensities were not uniferm. In the second phase , the feedback
loop was still closed, but the system was set at the initial pattern "T". As soon as the
feedhack loop was opened, the system underwent a period of transition, the third
phase. The length of the transition took 2~4 minutes depending on the initial input.
At the beginning, all neurons tend to its opposite states, and then gradually evolved
into the fourth phase: regular oscillation. The cycle time is about 100 seconds. We
found that the dynamic range (amplitude) of each neuron in the oscillation became
smaller than the initial state. if we decrease the intensity of the read-in light below a
value of 700 pW /cm?, the oscillation stops and all neurons are ON. In1 this case, the
effective gain of the system is less than one, therefore the system can not work
normally.
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4.4 ANALYSES AND DISCUSSIONS

In this section an interpretation of the experimental resnlts is given.

4.4.1 The Response Time of the Neuron and the Oscillation

First we define two time delays in the ONN. The propagation time is the time for
transmission of the signal from one neuron to another. The response time is the
delay time of the output behind the input of a neuron. Comparing our ONN system
with Hopfield's electric NN system {H-system),”3 we found that there is a
fundamental differenee in the propagation and response time. In the H-system the
eonnection weights are realized by the use of resistors, which are also the main
source of the propagation time. The neuron's response time depends on the
nonlinear amplifier. Hopfield assumed that the amplifiers are fast eompared with
the characteristic RC time of the network, therefore the response time was negligible.
Based on this hypothesis, he concluded that under symmetric interconnections the
system will converge to stable states and cannot escillate or display chaotic behavior.
However, in our ONN the signals between the neurons are transmitted by light in
free space, the propagation time can be as short as 10 ns (suppose the optical path
about 3 m). In eontrast, the response time of the neuron {LCLV} is much longer,
typically 120 ms. Therefare in our ONN Hopfield's assumption breaks down. It was
this difference that resnlted in the instability of the system. Actually our ONN
system is a typical complex dynamic system which may have fixed attractors,
oscillation attractors, and chaotic attractors.”? Theoretical analyses and explanation
of the system’s dynamics are beyond the scope of the thesis. In the following we
make a comparison between our ONN and a electronic analog neural network to
understand why the oscillation happened.

Mareus reported a study on the oscillatory attractors in an electroni¢ analeg neural
network.7® His system was quite similar to Hopfield's system, but included a
eontrollable CCD (charge coupled device) analog time delay in each neuron. He
found that a network which is stable with no deley can have basins for oscillatory
attractors when time delay is present. He obtained following conclusions:

(1)1t is the ratio of response time to propagation time which is important for stability,
the basin size of an oscillatory attractor increases with the ratio. The studies were
based on a range for the ratio for oscillation between 0.48 and 0.61.
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{2)The negative connections are a necessary condition for sustained oscillation. in a
fully connected frustrated network there may exist both oscillation attractors and
fixed attractors. The larger the frustrated network, the more easily it oscillates. For
a given value of response/propagation time ratio, the size of the oscillatory basin
increases with the number of the frustrated connections,

{3)The oscillatory modes can be eliminated by diluting the interconnection matrix,

Our ONN system may be equivalent to a diluted frusirated network. The ratio of
response/propagation time in the system is as high as 107, thus oscillation is
probable. Moreover, since all the connections in both the inhibitory and inverted
madel are negative, the oscillation mode will be further encouraged. The
interconnection matrix in the inhibitory and inverted models is diluted due to
discarding the positive connections. However it is not encugh to balance the effects
of the slow response and the negative weights. From these analyses it seems that the
oscillation should be the inevitable and the only result in our system, but actually, as
we described in the last section, the escillation was not so easy to obtain, There must
be other conditions which are necessary to either produce oscillation or maintain a
stable state, We noted that in Marcus’ system every neuron has the same response
delay, but in our system each neuron has a different response time due to the
nonuniformity. It is this nonuniform response which effectively prevents the
oscillation. In our experiment the fan-in intensity to each neuron had to be adjusted
50 as to minimize the difference between the neurons. This procedure can be
compared to the phase match, i.e. making all neurons have nearly the same response
time. There must be a acceptable range for the response time since it is impossible to
get it exactly the same for all neurons in the experimental system.

The cycle time cf our system is much longer than that of Marcus’ system. The
difference is probably due to the existence of positive interconnections in his system,

which can accelerate the evolution.

4.4.2 The Gain, the Transfer Characteristic and the One Steady
State

Our experimental system only gave one steady state. This indicates that there is only
a global minimum rather than local minima in the system. The nonuniformity, of
course, may result in spurious attractors, but should not eliminate the local
minimum, Actually the one steady state comes from the combination effects of the
low gain in the ONN system and the less steep transfer characteristic. Hopfield
analyzed the effects of the gain function on the local mimima and concluded that
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when the steepness decreased below a critical value, there would be only one
minimum.”3 There are other discussions about the gain curve and the discrimination
capability of the neural system.56.79 But all these analyses are qualitative. Next we
give a quantitative analysis by use of Eq. (4.14).

The gain function gi(u;) in our system is defined by

giluy) = 0 oy Gy (4.21)
where o oy are constants {see Eq. 4.19); G, is the effective gain of the LCLV, given
in Eq. (2.23).

NR-in

Gy = Tuio0%) 223

Therefore, the gain function will have the same form as the transfer curve
represented by s(x) in Eq. (2.29).

Wi
S(x) = -wo + 1+ exp{-wz-x/w3] (2.29)
The differentiation are given by
_wy _expi-wy-u; /wal
Bi= w3y 1+expl-wz-1 /wa)’ (4.22)
s | WL
(maixlgil) = | 4w3| (4.23)

where the cnefficients w| w2 w3 w4 can be obtained by fitting the gain curve, but we
are interested in only wj which quantifies the maximum gain, and w3 which
quantifies the steepness of the curve. Note that the maximum gain in the system
loop is about one, i.e. it is just able to maintain the operation. The coefficients for the
LCLV1 are shown in Table 4.2.

Valve wp w) w2 w3

LCLV1 0.3989 13788 -0.93255 11.553

Table 4.2 Curve fitting coefficients for the gain curve of LCLV1.

By using Eq. (4.23), we obtain the following numerical value
1/{max| g% = 1123. {4.24)
1
On the other hand, the sum of the normalized interconnection strength can be

obtained by measuring the intensity behind the mask, then dividing by the threshold
intensity 1,,(90%). The measured value is 718, i.e.
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2T =718, (4.25)
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Therefore our ONN system satisfied the inequality Eq. 4.14. This means that there is
only one stable state.

2T < 1/(max|g,|) (4.14)
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The two parameters shown in Egs. (4.24) and (4.25) are called the gain constant and
the interconnection constant, respectively, which represent the system's gain and the
interconnection strength of the model.

From Eq. (4.23) we found that it is the ratio of the gain to the slope which is
important for associative memory. When the ratio decreases, i.e. low gain (high loss)
or/and less sharp transfer curve, the number of the local minima decrecases
accordingly. There is a critical value of the ratio below that there exist only one
global minimum in the system, therefore, the system loses the function as an
associative memory. The critical value of the gain constant is given in Eq. 4.25. 1t is
interesting to note that the critical value is related to the interconnection strength.
The less the interconnections, the higher is the critical value. From this point of view,
the inhibitory and inverted model have a disadvantage for realizing associative
memory because the masks of the two models are diluted. The conclusion is based
on the static transfer characteristic. If we consider the response delay in the neurons,
the slope of the dynamic transfer curve is even lower. Therefore higher gain or more
interconnections are necessary 10 obtain the multi-stable state. We believe that if we
could find a new model with the interconnection constant greater than 1123, there
would exist local minima in our system.

Many optimization problems can be defined by the minimization of the energy
function of a neural network system. In these applications it is desired to design the
system which has only one global minimum. This is just the advantage of our ONN,
in which the global equilibrium can be easily obtained, and oscillation is effectively
prevented by the nonuniform delay of response.
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4.5 LIMITATIONS OF THE OPTICAL NEURAL
NETWORK AND CHALLENGE TO LCLV

4,5.1 Limitations of the Optical Neural Network

The key hardware in the optical neoral network (ONN) is the LCLV, therefore, the
performance of the system was limited to a great extent by the LCLV. The first
limitation is the low gain of the valve. The actnal value of the gain sets a maximom
gain for the system, so some compromises were made in the system design, e.g,.
using photographic mask instead of a LCD. The low gain also affected the dynamics
of the system as shown in Eq. 423, and thus degraded the associative memory
function. The second limitation is the graded transfer characteristic and the slow
responsc time. We have scen that, in order to realize the associative memory a
steeper transfer curve is better. The slow response time increases the possibility of
oscillation. The third limitation is the nonuniformity which is the combined effect of
the LCLV and the fan-out gratings. This nonnniformity is a fatal weakness in the
system with fixed interconnections. The last limitation is the spectral sensitivity of
the LCLV, which is out of the spectral range of the Ar* laser. A dye laser was nsed in
the system, thus greadly increasing the system's complexity.

Another important component in the system is the fan-out grating, which has two
aspects to be improved. One is the efficiency, which is currently 36% for two crossed
1D gratings. The other is the nonuniformity of the diffraction orders. There are also
some high order diffractions between these main orders, which causes noise in the
system. All these can be improved by using the continuous phase 2-D gratings.?0.81

Besides the imperfections in hardware, the system architecture has some limitations.
Ome is the limitation on the number of neurons due to limited aperture of the fan-in
lens L6 (see Fig. 4.7). According to the calculations in Ref. 82, the maximum neuron
array is 16x16 for the aperture of 60mm and nenron spacing of 150 um. The other
limitation is from the fixed interconnections {(mask). The fixed mask which is made
independently of the system can not adapt to the nonuoniformity. Therefore the final
strength of the interconnections may deviate from the correct valuoes. As a result the
system will stabilized on states which are not the memory states in the mask. To
overcome this problem, a modifiable mask and a learning algorithm should be nsed.
The difficulty in the alignments of the neurons and the mask will greatly increase
with the number of the neurons. Therefore, the precise control of the alignment will
be a big problem if the number of the neurens is further increased.
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Some limitations come from the models of ONN. Beth the inhibitory and inverted
model only use frustrated connections, which result in very high loss. On the other
hand, the all negative connections make the system susceptible to oscillation. So the
two models are not ideal ones for optical implementation. White et al. proposed a
modified H-model.* Since it is based on a transformation of the variables rather
than the medification of the dynamic rule, this model is more general than the
inhibitory and inverted ones. However, to implement the model two separated
interconnection channels are essential, thus the system will be more comptex.

4.5.2 Challenge to LCLV

What are the basic requirements for the LCLV which is suitable for the optical
neural network? First of all, effective gain is a must. An effective gain of 100 is
necessary if we want to use the LCD as the mask instead of photographic plate. This
requires that the LCLV should have high sensitivity, high read-out efficiency and a
good light blocking layer. There has to be a compromise since the improvement of
the light blocking layer will decrease the dynamic range of the LCLV, and therefore
decrease the sensitivity. This is the big shortcoming for the LCLV. The transfer
characteristic of LCLV should be steep so as to realize the associative memory. Fast
response is another important parameter which has a great influence on the
dynamics of the system. The nonuniformities of the reflectance and of the sensitivity
across the working aperture should be minimized. To sum up, we hope to have a
LCLV with fast response, better uniformity, high sensitivity, high efficiency, and
high gain.

Although further device engineering could improve the performance of LCLV, the
smart advance spatial light modulator (SASLM)®5 seems mote promising to fulfil the
above requirements. In SASLM the modulator and detector are pixellated. These
pixels are connected by electrenic circuits. In this way the read light can be very
strong and there is no worry about the breakthrough. Therefore it is easy to obtain
the high gain. More important is that the transfer characteristic can be controlled in
the fabrication. The sensitivity (threshold) and the response time may be controlled
or modified as well. This gives the SASLM a great flexibility to adapt different
models of neuron networks and to compensate the nenuniformity electronically.



- 90 -

5]

e
CONCLUSlQN

Liquid crystal light valve (I.CLV) as a nonlinear thresholding and gain element plays
a very important role in the optical neural networks (ONN). From the point of view
of ONN system, a LCLV should be characterized by the parameters such as the
effective gain, the spatial uniformity, the response speed, and the transfer
characteristic represented by a sigmoid function. Of these parameters, the key is the
effective gain. Building an ONN using a LCLV without effective gain is thus a
dream. Even if the effective gain is greater than one, but not big enough to bear the
toss of the system, it is still impossible to run the system. The effective gain which
takes acccunt of the sensitivity and the read-out efficiency, indicates the usability of a
LCLV. Unfortunately, we have nat found so far any supplier of LCLVs listing this
parameter in their specifications. The spatial nonuniformity is a common and severe
problem, which greatly increases the difficulty in implementing ONN. The
nonuniformity of the reflectance can be corrected by using an adjustable mask.
However the nonuniformity of the dynamic response (sensitivity and response
speed) has to be compensated in the system by a learning procediire. The response
speed greatly affects the dynamics of ONNs. Fast responding is advantageous to the
realization of associative memories, and the alleviation of oscillations in the system.
We have shown that using a sigmoid function to fit the transfer curve is an effective
means of the characterization of LCLVs. The curve fitting can be used not only to
compare the transfer characteristics of different LCLVs quantitatively, but also to
analyze the effect of the LCLV on the dynamics of the system.

The characterization of three types of liquid crystal light valves has been performed.
We found that the LCLV using amorphous hydrogenated silicon {a-Si:H) as the
photoreceptor has a faster response speed and a wider spectral range than the one
using cadmium sulfide {CdS), however the latter has better sensitivity. The twisted
nematic configuration gives better contrast ratio, but has very low read-out
efficiency. The ferroelectric liquid crystal light valve (FLCLV) has fast response and
the potential to obtain the effective gain because of using metal mirrors instead of
dielectric mirrors. However, the FLCLV cannot be directly used to replace the
nematic one in ONN because of its clock operation mode, i.e. alternatively reading
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and writing. In order to use FLCLV in ONN, one has to append a temporary
metmory element, thus increasing the complexity of the system.

Optical neural networks (ONNs} possess not only the advantage of 3-D global
interconnections, like the optoelectronic neural networks, but have also its own
properties. The inherent peculiarity of ONNs lies in the fast communication speed
between the neurons and the relatively slow response speed of each neuron. This
results in a quite different behavior of ONNs compared to other neural network
implementations. We have designed and built an ONN based on the Hopfield
model. The ONN shows more complex and rich behavior, including ascillations.
These complex behavior is well known in biological neural systems. This similarity
signifies that the ONN with a simple structure may be used to study a very complex
system. In contrast, these complex behavior has never been observed in the
opteelectronic neural network (OENN) ar in the hybrid simulator. This fact means at
least that the ONN has different dynamics than the OENN or the hybrid simulator.

The dynamic behavior of the ONN depends on the parameters of the system and on
the interconnections. The main parameters are the twa ratios: the ratio of the
response time to the propagation time and the ratio of the gain of the system to the
slope of the transfer curve. The response speed of the ONN is limited by the LCLYV,
thus the time ratio is very high. The high time ratio increases the probability of
oscillations. Using faster neurons is welcome, however, we should not hope for any
dramatic change of the time ratio in the near future. Our experiments showed that
the oscillations occur when all neurons have similar response speed. Fortunately, the
nonuniformity of the LCLV can effectively prevent the oscillation. The ratio of the
gain to the slop influences the system’s capability for associative memory. Our ONN
system gave only one stable state, and no other local minimum was observed.
Therefore the system lost the function as an associative memory. This was because
the ratio of the gain to the slop was below a critical value determined by the
interconnection strength.

The interconnections depend on the neural network model. In our experiments we
used the inhibitory model and the inverted model. The interconnections in the two
models are all negative, which increases also the probability of oscillations.
Moreover, because of the deletion of all positive interconnections, the feedback
efficiency of the two models is very low. This is disadvantagecus for the realization
of an associative memory. Therefore the two models are not ideal ones for ONNSs.

The performance of the ONN system can be further improved in many aspects, We
believe that a new generation of spatial light modulators (SLMs) with high gain and
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modifiable transfer characteristic, such as the Smart SLM, will greatly enhance its
flexibility and capability. The fan-out gratings with high efficiency and good
uniformity are available. The interconnection mask may be replaced by a LC
modulator which can modified each pixel individually and give continuous grey
levels.

Qur research on the dynamics of ONN is just preliminary. What we have learned
about ONNs is far from comprehensive. There is still much work to be dene, The
conditions for associative memory need to be proved experimentally. Although we
have tried experimentally to compensate the nonuniformity of the dynamic response
in the ONN, a mathematical model for this procedure has not been introduced yet.
New models of neural networks suitable for ONN have to be developed. Finally,
what can ONN do? We are still unable to answer this question. But how can you
answer that question before you really understand Optical Neural Networks.
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