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Abstract

The results of a systematic investigation of doped strontium barium niobate
and potassium tantalate niobate for photorefractive beam coupling and optical
holographic storage are presented in this thesis. Methods that were successfully
employed to increase the magnitude of the photorefractive effect and speed up
the response of these materials are also presented. Applications in the area of
optical phase conjugation, distortion correction, limiting, and thresholding are

also discussed.

In the first part, the equations governing the photorefractive effect through
band transport are introduced. The solutions giving the internal space charge
field in photorefractive materials are presented for the one carrier, one species
model that approximates the process in strontium barium niobate and most other
materials. The coupled equations describing the two-beam coupling effect are also

derived.

Next, the results of experiments using as-grown potassium tantalate niobate
for holographic diffraction and strontium barium niobate for two-beam coupling
are presented. With KTN, the effect of Nb concentration on the phase transition,
temperature dependence of diffraction efficiency and dark storage time, and the
effects of the bias electric field are discussed. With SBN, the effect of dopant
type, temperature dependence of the photorefractive effect, the effects of dark

conductivity in Cr-doped SBN:60, and wavelength dependence are presented.

The third part describes methods and results of increasing the magnitude
of the photorefractive effect in SBN. Optimization of the grating period, oxida-

tion and reduction heat treatments, temperature control, and applied fields are
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discussed. Significant increases in the two-beam coupling constant were observed
in Cr-doped SBN:60 with applied fields of up to 10 kV/cm. An order of magni-
tude reduction of the response time in Rh-doped SBN:60 has been achieved with
an applied field of 10 kV/cm.

The final part discusses applications of these materials, particularly in the
areas of phase conjugation, distortion correction, and optical signal processing.
A total internal reflection phase conjugate mirror using SBN instead of BaTiOs3,
a one-way image transmission scheme that can send a signal through a distort-
ing medium, thresholding using a semilinear phase conjugate mirror with grating

motion, and a field controlled and enhanced optical limiter are presented.
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CHAPTER ONE

Introduction to Photorefractive Materials
and their Applications

1.1. Photorefractive materials for optical information storage

Photorefractive materials have become the medium of choice for a wide range
of image processing, optical storage, and phase conjugation applications. In gen-
eral, the term “photorefractive material” can be taken to mean any material with
light-dependent changes in the refractive index, but the current usage of the term
is more restrictive in refering specifically to those materials where the index varia-
tion is the result of an internal electric field resulting from migration and trapping
of photoexcited electrons. These materials have played an important role as the
basis for developing new architectures for optical memories, optical computing,

image processing, and sensing applications.

The first observation of this phenomenon was by A. Ashkin, et al. in LiNbO3,
where the effect was seen to be an adverse condition, or “optical damage,” that
degraded its usefulness in optical applications because of distortions arising from
the index inhomogenieties.! Later, this property was shown by F.S. Chen, et al. to
have potentially useful applications as the storage medium for volume holograms.?
The index variations introduced were found to be erasable by heating the crystal
to approximately 470 K, so the term “photorefractive,” instead of the “optical
damage” more characteristic of deleterious effects, was adopted in describing this
phenomenon. Other materials that have been found to be photorefractive include
KNbO3,% KTa;_;Nb, O35 (KTN),* Bi;2Si049,%> BaTiO3,° and Sr,Ba;_,Nb,Og
(SBN:z).”
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Currently, although various types of photorefractive materials are available,

the slow response of many of these materials is the limiting factor for many ap-
plications. Therefore, recent work in photorefractive materials has concentrated
on improving the properties of these materials, that is, speeding up the response
without sacrificing the magnitude of the effect, and in bringing new types of ma-
terials into use for applications in the areas of optical information storage, optical
information processing, and a new class of image processing devices using the prin-
ciple of optical phase conjugation. KTN has been of particular interest because of
its potential for storage of large amounts of optical information with high diffrac-
tion efficiencies, and has recently been successfully grown with suitable optical
characteristics and quality for optical information storage.® Other photorefrac-
tive materials such as ferroelectric BaTiO3® and SBN® have also been successfully
grown with high optical quality and large nonlinear effects. BaTiO; has been
available commercially for the past several years in a variety of geometries cut
in various orientations that range from approximately 5 to 10 mm on each side
and with optical quality suitable for a variety of optical measurements and appli-
cations. SBN has also been available recently on the commercial market from a
number of suppliers, although it has already been grown and studied for several

years for research purposes.

The requisite goals of photorefractive materials research has been to achieve
the maximum possible effect, and also speeding up the response time. To obtain
the large photorefractive effects necessary to improve the efficiency of these devices
using these materials, large nonlinearities and the maximum possible space-charge
fields inside the materials are necessary. In addition, fast response time materials
are desirable to enable real-time operation of devices using these materials. Also an

important underlying requirement is high optical quality to minimize distortions,



N

scattering losses, and other unwanted effects. The principal aim of this work has
been to develop materials that satisfy these criteria and attempt to provide spe-
cific improvements in their optical characteristics such as increasing the coupling
constant and reducing response time through a variety of methods for improved

devices utilizing these materials.

1.2. Applications using nonlinearities of photorefractive materials

One of the first applications of photorefractive materials has been the use of
LiNbO3 as the storage medium in volume holography.? The basic photorefractive
mechanism responsible for this effect is shown in Fig. 1-1. The light interference
pattern that is written in the crystal by the signal and reference beams excites
electrons from ionizable donors into the conduction band, where they drift and
diffuse and are eventually retrapped, collecting locally in regions of low intensity.
In this way, a charge distribution that mimics the original light interference pattern
is formed, resulting in a periodic space-charge electric field. This space-charge field
interacts through the electro-optic coefficient of the material to form an index
variation grating, which holds the holographic information contained in the two

writing beams.

In ferroelectric materials undergoing the process just described, the An re-
sulting from the linear electro-optic effect operating on the space-charge field is
phase shifted by n/2 from the light interference pattern, resulting in coupling of
the two beams interacting in the crystal. This makes possible energy transfer from
one of the beams writing the hologram to the other in real time (see Fig. 1-2 for
the experimental notation). In ferroelectric materials such as BaTiO3 and SBN
with a large first order linear electro-optic effect, large beam coupling effects can

be obtained, resulting in significant beam amplification. The figure of merit for
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Fig. 1-1: Basic photorefractive mechanism, where the light interference
pattern excites electrons from the donor sites to the conduction band where they
drift and diffuse until retrapped in regions of low intensity. The electro-optic effect

acts on the space charge field to produce the index modulation.
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Fig. 1-2: Photorefractive two-beam coupling resulting in beam amplification

of I, and depletion of energy from Ij.



-6 —

the degree of energy coupling is described by the two-beam coupling constant, or

gain coefficient, which is given by!°

r - L[ BO L0

2| L;(8) I;(0) (1)

where £ is the effective length of the interaction region and the subscript ¢ de-
notes the intensities just inside the surface of the material. Since the ratios of
the intensities is what enters into the equation, if the reflection and transmission
coefficients of the two beams are assumed to be equal, then the measurements of
I; and I, outside the material can be used.

By choosing the proper orientation of the nonlinear crystal, this property
can be used to amplify a weak beam I> by feeding energy from a stronger pump
beam I;. In this way, optical amplifiers with gains of more than 4,000 have been
constructed using BaTiO3 as the nonlinear medium for two-beam coupling.!! A
variation of this scheme has been used by A.E.T. Chiou and P. Yeh for beam
cleanup, where a strong, distorted beam couples its energy into a weaker, clean

beam.!? The result was an amplified beam that retains the undistorted form of

e

the weak probe beam, but contains most of the power of the strong one. Ancther
application of photorefractive two-beam coupling is in using two-beam coupling
to couple the energy from different lasers, as demonstrated by J. Feinberg and
G.D. Bacher.!® In addition, other applications taking advantage of the nonzero
response time for the two-beam coupling in photorefractive materials to reach a
steady state have been shown. One such result is devices like a novelty filter which
can detect and isolate parts of a signal image that are time-varying.'*

For the case of a variable gain coefficient, the two-beam coupling configuration

can be made to act as a switch. At the low setting, only a small amount of beam

coupling occurs, so there is little amplification of the signal. For very large gain
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coefficients, the signal will be amplified by a large factor, and the threshold level
can be controlled by various means including partial erasure and control of the
photorefractive parameters. A variation of this approach, where the polarization
of a BaTiOgs crystal was changed electrically to switch the optical signal, has been

successfully demonstrated by R.A. Motes, et al.l®

The preceding applications all utilized the amplification property of the two-
beam coupling effect in photorefractive materials. There is also the converse of
these applications, that is, taking advantage of the resulting deamplification of the
pump beam. This has a useful application in attenuators for coherent radiation,
that is optical limiters.'® In its most basic configuration, the radiation is simply
passed through the crystal, where scattered light acts as the “signal” beam and
is amplified by depleting energy from the incident beam, effectively deflecting the
energy in the original beam. The phenomenon of beam energy depletion by two-
beam coupling amplification of scattered light is called the “fanning” effect because
of the broad fan of light deflected from the original beam path. In ordinary beam
amplification applications, however, fanning is seen as an undesired effect that

robs power from the system.

The real-time beam amplification property of photorefractive materials has
also made possible, in addition to the devices already described, new applications

in optical modulation,'?

wavefront converters,'® and photorefractively pumped
oscillators and resonators.!® It has also made possible a new class of phase conju-
gate mirrors capable of generating phase conjugate waves with incident intensities

on the order of milliwatts per cm?.20

1.3. Optical phase conjugation

Optical phase conjugation is the process of wavefront reversal by generating
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the spatial complex conjugate of the original wave amplitude.?! Suppose there is

a propagating electric field that can be described by
E(r,t) = A(r)ekm—wt), (1.2a)
Then the phase conjugate of E is given by
Econj (r,t) = A*(r)et(Fr+wt), (1.2b)

Note that the phase conjugate represents a wave travelling in the opposite direction
from the original wave while retracing its original wavefronts. The difference in
behavior between an ordinary mirror and a phase conjugate mirror is shown in
Fig. 1-3. The phase conjugate process can also be viewed as time reversal since
the reflection exactly retraces the original beam direction.

This property of phase conjugate mirrors enables them to be used in correct-
ing phase distortions. Consider the situation in Fig. 1-4, where the beam passes
through a phase distortion. By reflecting the distorted signal back through the
distorter with a phase conjugate mirror, the wavefront aberrations of the incident
beam retrace themselves, so after passing back through the distorter in the reverse
direction, the reflected signal minus the distortion emerges. A similar application
has been to construct a laser resonator bounded by a phase conjugate mirror at
one end that continues to operate even in the presence of a severe distortion within
the cavity because of this property.2?

Phase conjugation has been achieved through a variety of methods, includ-
ing stimulated Brillouin and Raman scattering,?®?* and three- and four-wave
mixing.2® Four-wave mixing has become the method of choice for low power phase
conjugation, with photorefractive materials being among the most popular non-

linear media for wave mixing (Fig. 1-5).
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reflected wave
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mirror
incident wave
o phase
incident wave \ conjugate
\ mirror

reflected wave

Fig. 1-3: The difference between reflections from a regular mirror (top),
where the distorted wavefronts are merely reversed, and a phase conjugate mirror

(bottom), where the incident wavefronts are retraced.
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Fig. 1-4: Illustration of the distortion correction property of phase conjugate
mirrors, where the phase conjugate reflection back through the distortion is the

original undistorted beam.
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Fig. 1-5: Four-wave mixing configuration of phase conjugation, where waves
1 and 2 are the counterpropagating pump beams, 3 is the incident signal beam,

and 4 is the phase conjugate.
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From the original four-wave mixing method of phase conjugation, a variety
of self-pumped phase conjugate mirrors, which do not require the separate pump
beams shown in Fig. 1-5, have been developed. These include the linear and semi-

19,26

linear mirror, ring phase conjugate mirror,2” double phase conjugate mirror,28

and phase conjugate mirror using internal reflection.?®

The linear mirror (Fig. 1-6a) uses light deflected from the incident beam
through the fanning effect to pump the auxillary cavity, which provides the two
pump beams used in the four-wave mixing configuration. The semilinear mirror
(Fig. 1-6b) evolved from the linear mirror. Originally, it was discovered that once
the linear mirror starts phase conjugating, one of the mirrors could be removed
and the mirror would continue operating; later a converging mirror was used to
reflect the scattered light back into the crystal to form the grating in a self-starting

configuration.

The phase conjugate mirror using internal reflection (Fig. 1-6¢) represents an
important simplification over the phase conjugate mirrors previously described.

Experiments have shown that if the nonlinear gain of the crystal is high enough,

from high two-beam coupling gain to generate and maintain the pump beam in-
side the crystal, and relying on the total internal reflection of the crystal acting
as the oscillator cavity. This configuration is completely self-contained, requiring
no external parts. It is also self-aligning, accepting a wide range of input angles
and simplifying setup of devices utilizing this type of phase conjugate mirror. Ex-
periments have shown that this configuration is also self-starting. The necessary
condition is a crystal with sufficient photorefractive gain to be able to sponta-
neously start generating a phase conjugate output. Because of these advantages,

this method is commonly used in experiments requiring phase conjugate mirrors.
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¥
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(c)

Fig. 1-6: Passive phase conjugate mirrors which do not require external
pump beams: (a) Linear mirror, (b) Semilinear mirror, and (c) Total internal

reflection phase conjugate mirror.
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Phase conjugation has made possible a variety of new devices and applica-

tions in optical image processing and optical computing elements. Some examples

24 0

are: distortion correction, ** one-way image transmission through a distortion,>
thresholding of optical signals,! optical associative memories,3? optical convolu-
tion and correlation operations,®® and mathematical operations on images, includ-

ing real-time image subtraction and differentiation.3*

1.4. Outline of the thesis

In Chapter 2, the band transport photorefractive model is introduced and
discussed, with the solution being given for the one carrier, one species case that
describes most photorefractive materials at visible wavelengths. The formation of
the index grating through both the linear and quadratic electro-optic effects is also
discussed. The beam coupling equations are presented and solved for the two-beam
coupling case, with the result being the relation for the coupling constant I' defined
in Eqn. (1.1). Finally, a general discussion on the effects of dark conductivity and

external fields on the photorefractive properties just described is presented.

Chapter 3 discusses the preparation and relevant material properties of the
materials studied, which include KTN and SBN. The compositions of the various
SBN crystals used in the experiments are outlined. The definitions and methods
used to measure the figures of merit of diffraction efficiency, gain coefficient, time

constant, and photorefractive sensitivity are also introduced.

The photorefractive properties of KTN from the the optical information stor-
age point of view are presented in Chapter 4. Diffraction efficiency and decay time
constant measurements were made in Cr and Fe doped KTN samples which were
grown with the aim of raising their Curie temperatures to near room temperature.

Other samples were first reduced in order to increase the number of available pho-
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toionizable donors. Results as a function of temperature and applied bias fields
are discussed.

Chapter 5 is a presentation of the optical properties of as-grown SBN:60 and
SBN:75. The two-beam coupling constant, steady state index change, photore-
fractive sensitivity, and response time are presented for SBN:60:Ce, SBN:60:Cr,
SBN:60:Rh, and SBN:75:Cr, showing the decreased response time for the case of
Cr-doping. The dependence of these parameters on dopant type and concentra-
tion, wavelength, and dark conductivity are presented in this chapter. The role
of dark conductivity in the temperature dependence of the photorefractive gain in
Cr-doped SBN:60 is also discussed. |

Chapter 6 describes some methods that attempted to improve the proper-
ties of SBN through changes in the experimental conditions, material parameters,
temperature, and applied fields. Experimental results showing improvement in
gain and response times through these methods, which included optimization of
the grating period, oxidation and reduction heat treatment, temperature control,
and application of external DC fields are presented.

Finally, applications of photorefractive materials in the areas of distortion
correction, phase conjugation, thresholding, and coherent beam attenuation that
were developed in the course of this work are presented in Chapter 7. These
include self-pumped total internal reflection optical phase conjugation in Ce-doped
SBN:75 and SBN:60, one-way image transmission through a distortion using four-
wave mixing, thresholding using a semilinear phase conjugate mirror, and electric

field-controlled optical limiting.
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CHAPTER TWO

Photorefractive Effect in Nonlinear Crystals

2.1. Introduction

The basic function of a photorefractive crystal in phase conjugation, image
processing, and related applications is to record dynamic, i.e., real time, holo-
graphic gratings. The basic geometry of the typical configuration is shown in
Fig. 2-1, where two beams, I; and I, propagating at angles #; and 6, from the
normal of the crystal surface, interact in the crystal and form the light interference
pattern to be recorded. This information is then stored in the crystal as a phase

grating hologram, which also builds up in real time.

The generally accepted and most comprehensive model for the processes oc-
curring in photorefractive materials illuminated by an intensity interference pat-
tern was developed in the band transport model by N.V. Kukhtarev, et al.! ™3 An-
other model, the “hopping model,” was recently proposed by J. Feinberg, et al.*
The basic principle of both is that charge carriers, either electrons or holes or both,
are separated from their donor sites, and their spatial dependence follows that of
the spatial light intensity. In the band transport model, this is accomplished by
charge motion of the photoexcited carriers in the conduction band through drift
and diffusion; the hopping model, on the other hand, describes the charges as
hopping from one trapping center to another with some statistical probability
proportional to the local intensity. In either case, the separated charge carriers
then set up a periodic space-charge electric field, which in turn forms an index vari-
ation through the electro-optic effect of the crystal that records the information

contained in the interference pattern.
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Fig. 2-1: Experimental geometry for wave mixing in photorefractive crys-

tals, where waves 1 and 2 have incidence angles from the normal of #; and 65,

respectively.
CB I ’l
I +
Np | o Np
-
NA | e N,
VB | |
- >

Fig. 2-2: Band transport process, where electrons are photoexcited from
donor sites D into the conduction band, where they drift and diffuse until re-

trapped in sites D¥. A similar process may be present for holes as well.
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2.2 Formation of the space-charge field, band transport model

The space charge field is one of the main quantities responsible for the mag-
nitude of the photorefractive effect in these materials. Intuitively, this can be seen
since the larger the space charge field from a larger number of separated charges,
the larger the resulting index variation from the electro-optic effect under oth-
erwise identical conditions. Various models have been proposed to describe the
process, but the band transport model of Kukhtarev has been the most widely
used. The solution for the one carrier, one species case gives a fairly good ap-
proximation to the photorefractive process in most cases, e.g., SBN illuminated

by visible or longer wavelength radiation.

2.2.1 Transport equations

Fig. 2-2 illustrates the band transport process in photorefractive materials,
where the crystal contains photoexcitable donors D which release electrons into
the conduction band, where they drift and diffuse until they are retrapped by
D*. This process continues until the electrons tend to collect in regions of low
intensity, since the trapped electrons are subject to repeated photoexcitation and
transport in the conduction band. If hole transport is significant in the material
under consideration, then a similar process occurs with holes from A being excited

into the valence band and being retrapped by N .

In the band transport model, which has been widely used to describe the
processes occuring in photorefractive materials, the electron and hole transport
processes are assumed to be independent of each other. This will be the case if
the two species are themselves dominated by either hole or electron transport,
but not both. Electrons are excited from the donors into the conduction band

at a rate (8, %%)(N D — NE) and recombine at a rate y,nN 5‘ , with a similar
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process for holes being excited into the valence band at (85 + —’g&wl) (Na—Ny)and

recombining at 4,pN,. This process is described by the following equations in

MKS units:?

The continuity equation,

ad 1
—(n—-N}p+p-N;)-=V.J=0, (2.1a)
at e
the rate equations,
ON sl
_B—tg_ =(,38 + %) (ND - Nf;) - venNE
SN~ ; (2.1b)
A _ Sht ~N7) - -
5 —(ﬂh t 55 ) (Na— N;) —mpNy ,
the current equation,
J = e(pen + pnp)E + kBT(ueVn — uth) , (2.1c)
Poisson’s equation,
V.E:————Z(n+N;C+N2wp—Ng’C—Ng) : (2.1d)
and the charge conservation equation,
no+Nyo—Npy=po+Np,—NI, . (2.1e)

In the preceding equations, the definitions of the various parameters and quantities

used are given by:

J = Current density
E = Space charge electric field
Np = Number density of electron donors

Nb" = Number density of electron traps

Ngo = Number density of ionized donors under uniform illumination
N4 = Number density of hole acceptors

N, = Number density of hole donors

N, = Number density of ionized hole donors under uniform illumination
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N, o= Number density of non-photoactive, compensatory acceptors corres-
: +
ponding to N
Ng, o= Number density of non-photoactive, compensatory donors corres-

ponding to N,

n = Number density of electrons

P = Number density of holes

Ye = Electron two-body recombination rate
v = Hole two-body recombination rate

se = Photoionization cross section for electrons
sp, = Photoionization cross section for holes
B. = Thermal excitation rate of electrons
Br = Thermal excitation rate of holes

€ = Dielectric constant

kg = Boltzmann’s constant

T = Temperature

hw = Photonic energy of the incident light

e = Magnitude of the electron charge.

The intensity interference pattern from the two beams writing the grating in the

material is given by
I(z) = I (1 + mexp[i(Kz — wt)] + c.c.) (2.2)

where m is the modulation index and K = 2n/), is the wavenumber of the
grating period. For a small modulation index, i.e., m < 1, the spatial dependence
of n, p, N g ,N,, E,and I on Kz can be approximated by the linearized Fourier
expansion. For large modulation depth, higher order terms in the expansion would

become significant.®
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2.2.2 Solution for one species, one carrier case

The simplest case of the band transport equations is where there is only one
type of donor and one type of charge carrier, namely electrons. Studies have shown
that most materials, including SBN, can be approximated by this case. For this
situation, we set all the parameters corresponding to holes equal to zero, so that

Ngs =N, = Ny, = NE’C =p =, = sp, = Bn = 0, and the set of equations

reduces to:
k
gz(n—Ng)—ue(nV-Eﬂ—E'Vn—i— E;Tvzn)zo (2.3a)
ONTE Sel
8tD = (,33 + E)(ND — Ng) — ’yenNg (2.3b)
€ -
V-E+-€—(n+NA’C—N'D*)=0. (2.3¢)

For the case where the grating wavevector in Fig. 2-1 is along the x-axis of
the coordinate system (which will be satisfied in the symmetric case where §; =
62), and where the modulation index m < 1, the Fourier expansion of N B’ , n,
and E, where the first order expansion will be used as the trial solutions in Eqns.

(2.3a) - (2.3¢c) are given by

1 . 1 .
N =N2, + 2 Z NF e K2~ N+ -é-Ngle‘K‘“ + c.c. (2.4a)
r=1

1 1

n =ng + 5 rz—:l n. e 5% x5 ng + EnlezK"" + c.c. (2.4Db)
1 1

E=Ey+ = ZEre"K“’ ~ Ep + =E. %% + c.c. (2.4c)
2 ro=1 2

where the Fourier coefficients F_, = F* and F, is the constant zeroth order term
in the expansion.
Substituting Eqns. (2.4a) - (2.4¢c) into Eqns. (2.3a) - (2.3c), the result is a

second order, ordinary differential equation in F;, the linear term in the expansion
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of the space charge field:

d2E, dE,
S5 L bE, =F 2.5
e 20 g Tk ’ (2.5)

where

I ksTK
l:ﬁe +20 4 eueno +Ye(Npo +n0) — iuK (Eo +1 Be )] (2.62)

hw
e“no |:ﬁe = + e (NDO + no):|
—iuK (ﬂe Sgl" + %no) (Eo +4 ke TK ) (2.6b)
- m  eung ... kgTK \ o
F = o IV Eq+1 2.6¢
1+ﬂe“-0 P DOKO » } (2.6¢)

The solution for this equation is well-known, being given by

El — ce—(a—\/az—b)t _ (C + %)e—(a‘{'\/a?—b)t _*__Ib_;’_ (2.7)

where c is a constant, a, b, and F' are as defined in Eqns. (2.62) - (2.6¢), and the
boundary condition E;(0) = O is imposed. Note that the steady-state solution for
E, is given by F/b.

In most materials, it can be assumed that the recombination time 1/ (fyel‘v’g )
is much faster than the time constant for space charge grating formation. If this

were to be the case, ddtg < Za%l, and Eqn. (2.5) can be simplified to the first

order equation,

dEy b F
4 g == 2.8
i T 2alT 5, (2.8)

In addition, for most materials, we can take advantage of the following inequalities
in Eqns. (2.6a) - (2.6¢):°

seIO
hw

N7, > ng (2.9b)

YeNpo > Be +
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Also, since ng + Njo-— Ngo = 0 from Eqn. (2.3c), the donor density Ngo can
be approximated by

N, =~ Nic- (2.9¢)

By using the approximations in Eqns. (2.9a) - (2.9¢), and the equation for

the zeroth order Fourier component from Eqn. (2.3b) that

SeIo ND et Ng())
no = | B. + , 2.10
° (ﬁ hw ) ( YeNpo (2.10)

the steady state solution for E; is given by

r Z.mEhr -‘ EA -+ ?:EJ
E 88 — — U : - . 2.11
L l_1+ﬂghw/(seI0)J Es +Z(EN +Ed) ( )

In Eqn. (2.11), the diffusion field E; and the maximum space charge field Ey are

given by
_kgTK

€

eNy o 4,C
Ey =—2°(1--22).
¥ TR ( Np

It is also interesting to note that an order of magnitude calculation of Ep

§oF and

(2.12)

can be made by considering a charge density of N, o separated in an infinite area
capacitor with spacing A, and dielectric constant e. The resulting field across
the plates is within a factor of 27 of Exy ~ eNy /(eK), which is expected since
the capacitor represents the extreme case of the space charge distribution having
a periodic delta function distribution in the crystal, that is, with all the mobile
charges from the volume bounded by the intensity peaks being concentrated at
the boundary surfaces located at the peaks.

To obtain the time-dependent solution for Ey, Eqn. (2.8) can be solved for

the transient solution, whose result is

Ey =By (1 —e7t7), (2.13)
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where
Ey +i(E, + EJ4)
Eo+ (En +E4) ]|’

T =to (2.14)

for the boundary conditions E;(t — o) = E; ¢ and E;(0) = 0, which correspond
to the grating buildup case. For grating erasure, the boundary conditions become
E;(0) = Ey 4 and E{(t — o) = 0, so the time-dependent solution for E; will be
given by

Ei(t) = By et (2.15)

In Eqn. (2.14), the characteristic time ¢y and drift field E,, that determine the

response time 7 are defined as

AwN
0 = 4.7 (2.16a)
selp (1 + ﬂhw/(seIo))ND
YeN4 o
E, =lAC 2.16b
22 ,UIeK ( )

where #y is the fundamental limit of the time required to separate N, o charges

per volume based on the energy per unit time per unit volume deposited in the

crystal from the writing beams.”

2.3 Formation of the index grating

Certain materials with non-centrosymmetric crystal structures may exhibit
birefringence as a function of a space charge electric field through the linear and
quadratic electro-optic effects.® The linear electro-optic effect, where An « E,
has been found to be dominant in a variety of ferroelectric materials, includ-
ing BaTiOs3, Sr;Ba;_ ;NbyOg (SBN), and Bas_,Sr,K;_,Na,NbsO0;5 (BSKNN),°
while the quadratic electro-optic effect, where An « E;Ey, has been found to be
the leading order term in paraelectric KTa;_,Nb,O3, where the linear electro-

optic effect is small.1?
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2.3.1 Linear electro-optic effect

In general, the electro-optic effect arises from changes in the optical imper-
meability tensor 7;; as a result of an electric field:!!

Anij = 0y (E) — ni;(0) = Z rijiEr + Z sy EcEy (2.17)
ik Jok,d

where 7;;(E) = eo(e™1)i;. Because of permutation symmetries, the standard con-
tracted indices of electro-optics can be used to simplify the notation. For tetrago-
nal, 4mm symmetry crystals, such as BaTiOs, SBN, and BSKNN, the linear term
is dominant; cubic materials have the quadratic term as the leading term in Eqn.
(2.17).

In the scalar representation, the susceptibility relates to the photorefractive

index modulation n;, which is half the peak to peak variation of the refractive

index, by the relation

u (2.19)

z? Teg Fsc -
In Eqn. (2.19), no is the effective index of refraction of the bulk crystal, which is
approximately n, for small beam intersect angles. Since in a tetragonal symmetry
crystal, the electro-optic tensor elements are zero except for ri3, r51, ros = ri3,
and rys = 751, the effective electro-optic constant in Eqn. (2.19) for the case

where the grating wavevector is aligned in the direction of the ¢ axis of the crystal

is given by!2
2 N 2 ne - no . 2
ref = rzzcos-0; — ryssin“f; + (-————) (rss + ria)sin”26; (2.20)
Ne

where 6; is the half angle of intersection of the beams inside the crystal. Note that
the approximations n, =~ n, &~ ng, §; small, and rs5 > ;3 have been used in Eqn.

(2.19).
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2.3.2 Quadratic electro-optic effect

In the case of symmetric crystals such as paraelectric KTa;_,Nb,O3, there is
no destabilization of the polar vector, so the linear electro-optic effect will be zero.
In cases such as these, the index variation An will be the result of the next higher
order, quadratic (or Kerr) electro-optic effect which is present in all materials
without regards to its symmetry. Other materials that exhibit this effect include
BaTiO3s in the cubic phase when heated above its ferroelectric phase transition
temperature.

For the quadratic electro-optic effect, the birefringence is proportional to the

polarization squared, being given by!3

1
An = Engng , (2.21)

where P = ¢y(¢, — 1) E, An is the index variation from ny due to the polarization,
and g is the electro-optic coefficient. In the presence of a spatially varying space
charge field E,. and a dc bias field Fy, the spatial variation of the refractive index
ny = n(z) - ng will be given byl4

ni :An(Esc -+ Eo) — An(E())

1., , ) (2.22)
=§nog€0(5r - 1) (2E0Esc + Eec) .

Dropping the higher order grating represented by EZ,, which is insignificant for

thick volume holograms, gives
ny = nages(e — 1)?E,Eq . (2.23)

Note that the index modulation will be present only with an applied field, and that
it is also linearly dependent on the external field for the case of volume holograms

where the higher order term can be neglected. This also makes possible amplitude
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modulation of the diffracted signal with a time-varying external bias field Ej,
which has been demonstrated at frequencies of up to 1 KHz in KTN.!%15 Ip
addition, the dependence of the index variation on €2, where € typically is on the
order of 10° to 10* in KTN, indicates a potentially large effect. In particular,
if the crystal temperature is cooled down to near its Curie temperature T, the
discontinuity in the dielectric constant at the phase boundary will result in a large

value for € and consequently a large photorefractive effect.

2.4 Two-beam coupling in photorefractive crystals

As mentioned in Chapter 1, wave mixing in photorefractive crystals results
in two-beam coupling, or transfer of energy from one beam to the other, when
the nonlinear medium exhibits a phase shift between the light interference pattern
and the index modulation. This is an important basis for phase conjugate mirrors,
beam cleanup, and optical signal processing applications. Ferroelectric materials
such as BaTiO3, SBN, and BSKNN have been used as the wave mixing medium
for such applications. Therefore, these types of materials are often characterized
by the magnitude of the two-beam coupling constant, which indicates the expo-
nential gain in the amplified signal beam. KTN crystals which have been poled
and cooled to below their ferroelectric phase transition temperatures have also
exhibited two-beam coupling, although the measured two-beam coupling constant

was considerably less than that of BaTiOs or SBN.

2.4.1 Coupled wave equations

The coupled wave equations describing the process in the configuration of Fig.
2-1, with the coordinate system oriented as shown in the figure, are derived from

the scalar wave equation

V2E + k’E =0, (2.24)
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where the total electric field is given by
E = A ekz—wit) 4 A, ilkaz—wat) | . 0 (2.25)

In general, the grating motion must be slow enough for the crystal to “keep up”;
therefore the requirement that wy; =~ wy; &~ w can be imposed. The index of
refraction of the material, which enters into the magnitude of the wavenumber of

the optical field, k, in Eqn. (2.24), is given by

n =ng + ny

1 4 iKa (2.26)
=Ny — EnoreﬁEsce R
Defining the complex coupling constant to be
W Io
= —pr o 2.27
8l de eff sc(AlA;>a ( )
where Iy = |A1|? + |A5|? is the total intensity, and using the slowly varying field
approximation,'®
%A, JA;
< k—2 (2.28
022 0z (2.28)

in Eqns. (2.24) and (2.25) results in the following coupled differential equations

for Ay and A,,
BA]_ AlA; o

0—— = — Ay — —
coséy Ep ~ A 5 2A1 229
8A2 A’{Az o )
7 =~* A ——A,
CO8U9 9z v Io 1 2 1

where o is the linear absorption of the crystal such that I(£) = I(0)e~*¢. Using
I; = |A;* and A; = \/I;¢'%i, Eqn. (2.29) can be rewritten for the magnitude

and phase of A; and As,:

cosf)l%% = -I‘-ﬁ[g—z— —aly
(20502—(?—1—2 = I‘I—I—I—z- —als
Oz fo (2.30)
cosﬂl% = %.{2_
az Io
COS@Z% = '71,'1"1‘ ?
Jdz Io
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where v = %I‘ +174;. In this configuration, I is amplified by energy coupling from
I;, and the maximum coupling occurs when ~; = 0, that is, when E,. is purely
imaginary. In the one carrier, one species solution, this occurs when E; = 0 or

when Ejy becomes large.

2.4.2 Solutions to the coupled wave equations
The solution of Eqn. (2.30) can be obtained for the symmetric case of §; =
> = 0 by first making the change of variables z = s(cosf). The resulting solutions

for I, and I, are given by

Ii(s) 14 [Iz(;))/_figo)]em (2.31)
EREETCTACI
For [I2(0)/1,(0)]e’™® > 1, the two-beam coupling constant is
1. [Lx(s) I (0)
= | 0 | (232

In Eqn. (2.32), I;(s), I2(s), I1(0), and I»(0) are taken as values measured just
within the surface of the material; however, since the symmetric geometry implies
equal reflection and transmission coefficients, the values measured outside the
crystal surface will be sufficient in determining the coupling constant because only

the ratios of I; and I, enter into the equation.

2.5 Other considerations

So far, the discussion has concentrated on the ideal photorefractive crystal
model, in the situation with zero applied field and only photoionizable donor and
acceptor sites. The following discussion is directed at some additional effects
present in real materials that have been observed in some cases to have significant

effects. These include temperature dependent dark conductivity arising from the
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presence of thermally excited sites, and the additional drift effect on the photoex-
cited charge carriers from external fields. A complete discussion on the experi-
mental results of dark conductivity and its effect on the photorefractive properties
of SBN is presented in Chapter 5, and the effect of external fields in increasing

the photorefractive gain and reducing the response time is given is Chapter 6.

2.5.1 Dark conductivity

In Section 2.3, the photorefractive effect was attributed to photoexcitable
donors and acceptors in the material. In addition to the photoexcited carriers
generated by the donors (and acceptors for cases where hole transport is signifi-
cant) in a photorefractive material, there is also the presence of thermally excited
sites, denoted by 8. (and f5) in the rate equations. The result is a non-photoactive,
dark conductivity factor.!>17

In many doped semiconductor materials, dark conductivity is a function of
temperature. Therefore, the effect of temperature-dependent dark conductivity

on the photorefractive properties of materials would be to introduce an additional

temperature-dependent factor, which for doped semiconductors is given by!8
B = BoT?/2e=Be/kaT (2.33)

that generates a spatially uniform distribution of conduction electrons in com-
petition with the photoexcitation process. The result would be to depress the
gain coefficient through reduction of the space charge field, as can be seen from
Eqn. 2.11. In optical storage applications, dark conductivity will result in decay
of the grating depth through recombination of electrons due to the dark current.
The equivalent situation for this in the case of the capacitor analogy would be a
leaky capacitor with some finite resistance which reduces the density of charges

separated by the grating period.
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Significant dark conductivity has been observed through variations in the dark
decay time in Cr-doped bulk GaAs,!® and also in Cr-doped SBN:60 and SBN:75
over otherwise comparable Ce-doped and Rh-doped SBN:60.17 The observed result
has been sizable variations in the photorefractive gain as a function of temperature.
In addition, at low intensities below some threshold, the photorefractive grating
buildup will be limited by the leakage current. Although this causes an overall
reduction in photorefractive coupling gain, this property has potential applications
in thresholding devices provided there is some mechanism for varying this cutoff

value by controlling the dark conductivity.

2.5.2 External applied fields

The presence of external dc fields is accounted for in the band transport
equations and solutions through the bias term Fjy in the Fourier expansion for
the space charge field. The physical description for the role of the dc term is
that it drives the electrons into their traps against the built-up retarding field
as they accumulate in the regions of low intensity. For sufficiently large fields,
this will allow the space charge field to approach the maximum space charge field
Ey instead of being limited by the diffusion field E;. This property has been
successfully used to enhance the photorefractive gain in Cr-doped SBN:60, and

it also provides another mechanism for external control of the photorefractive

effect.20

2.6. Summary

The photorefractive band transport was developed and solved for the one
species, one carrier (electron) case. The steady-state and time dependent relations
for the space charge field were derived by solving the Kukhtarev band transport

equations for small modulation depths, and these results were used to obtain
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the steady-state two-beam coupling constant I' and response time 7. The effects
of thermally excited sites competing with photoexcitation, or dark conductivity

effects, and external fields were also considered.
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CHAPTER THREE

Characteristics and Preparation of Materials

3.1. Introduction

A wide variety of materials, including LiNbO3,! LiTaO3,2 Bi;2SiO20 (BSO),2
BaTiOs,* KNbO3,® KTa;_;Nb,O3 (KTN),® GaAs,” Bag_,Sr;K;_,Na,NbsOy5
(BSKNN),? and SryBa;-;NbyOg (SBN),° have been shown to exhibit the pho-
torefractive effect. In the following chapters, the focus is on two classes of such
materials. The first is the perovskite materials, which include BaTiOgs, which has
been available commercially for a number of years,'® and KTN, which has been
one of the first photorefractive materials developed but has recently seen rekin-
dled interest as a possible optical storage medium for optical memories and devices
requiring electrical control of the photorefractive effect. The other is the ferroelec-
tric tungsten bronze class of materials, which include SBN and BSKNN. These
materials have been the subject of recent study as possible nonlinear wave mixing
media for phase conjugation, beam mixing and cleanup, optical image processing,

and optical computing applications.

3.2 Potassium tantalate niobate

Potassium tantalate niobate was one of the first materials in which the pho-
torefractive effect was identified, but it has seen little experimental interest for
optical applications until recently.®!! These materials had been considered diffi-
cult to grow, but recently large (on the order of ¢cm), high quality KTN crystals
have been grown successfully through careful control of growth parameters, and
high diffraction efficiencies on the order of 50% in 3 mm-thick samples have been

measured.1213
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3.2.1. Perovskite crystal structure

The ideal perovskite structure has the general formula of ABOs, with A hav-
ing a 1+ or 2+ oxidation state, usually being a Group I or II element, and B having
an oxidation state of 54 or 4+, respectively. As shown in Fig. 3-1, the structure
is body-centered cubic, with A at the corners, B at the body centers, and O at the
face centers. This type of crystal encompasses a wide range of materials, including
BaTiO3, LiNbOgs, LiTaO3, KNbO3, KTa;_;Nb,;03, and K;_,Li, Ta;_,Nb,Os.
In the latter two materials, the A and B sites are occupied interchangably by the
combination A;/As and B;/Bs, with fractional concentrations y and z, respec-
tively, with the Nb/Ta and Li/K ratios having a significant effect on the material

and optical properties of the crystal.

3.2.2. Material properties and phase transitions

The KTN crystals have been grown at the California Institute of Technology
by the top seeded solution growth, where the crystal boule forms on a seed that is
submerged in a molten flux containing K, Ta, Nb, and dopant element salts.!2:13
The dopants used successfully in the past include Cu-V!3 and Cr-Fe.!?2 Combina-
tions of two dopants were often used to obtain high optical quality results through
charge compensation, since the dopants must displace atoms from the ideal lattice
instead of filling vacant sites. Among the dopant combinations, the Cr-Fe combi-
nation has previously produced high diffraction efficiency in KTN and has been

the focus of this work.

Samples of KTN for the optical measurements described in this work were
prepared as needed from the boules. The resulting as-grown boules were transpar-
ent, for the most part with high optical quality and well-defined faces along the

crystallographic axes. Samples, typically about 5 mm x 10 mm and approximately
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Fig. 3-1: Perovskite crystal structure with A at the corners, B at the body

centers, and O at the face centers.
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2-3 mm thick, with as much uniformity and as few visible defects as possible, were
cut from the boule and hand-polished using varying grades of silicon carbide, and
with 0.3 pm alumina as the final step of the process. Recently, significantly im-
proved results in minimizing scattering from surface defects and distortion from
non-planar surfaces have been achieved using a 3 um diamond suspension and
then a 0.05 ym alumina suspension with a polishing machine as the final steps in

the polishing procedure.

Cr,Fe-doped crystals with varying dopant concentrations and ratios of Fe
to Cr have been grown. The usual composition was about 3 to 6 % per mole of
dopants in the flux. The absorption spectra of some KTN:Cr,Fe samples, measured
over a wavelength range from 350 to 1100 nm using a spectrophotometer, are
shown in Fig. 3-2. The as-grown, polished crystals showed a strong absorption
band centered around 600 nm, which indicates the photoabsorption band of the
dopants. A correction for the surface reflection was made by subtracting the

measured front surface reflection at 514.5 nm.

In KTN:Cr,Fe, the Cr has been deemed to be the active photoionizable donor,
although Fe has had significant effects in KTN, BaTiOs, and other crystals. Some
as-grown KTN crystals had a high percentage of Cr®t instead of Cr3t+, which was
determined from the deep red or reddish brown color of these samples. To increase
the donor concentration, these crystals were reduced by sealing them in a quartz
ampule with an oxygen deficient environment of approximately 1/4 to 1/3 atm
of Ar and heating for several hours at 700-800° C. Successfully reduced crystals
showed a color change to emerald green, indicating a higher concentration of Cr>t
over its original state, and also showed a much faster response time. Fig. 3-2
also shows the absorption spectrum of the samples after they were reduced, which

indicates increased photoabsorption near 550 nm.
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Fig. 3-2: Absorption spectrum of (a) as-grown KTN:Cr,Fe and (b) same
KTN:Cr,Fe after reduction of Cr®t by heating in Ar.
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The ferroelectric phase transition temperature To of KTN is a strong function
of the Nb concentration z. In the two extreme cases, KNbO3 has a T of approx-
imately 698 K, while Tc ~ 4 K for KTa03.'* Crystals with lower concentrations
of Nb have been found in the past to be easier to grow, but have the disadvantage
that they need to be cooled down to temperatures as low as 100 K to be close
enough to T for the photorefractive effects to be large enough to be observed.
The change in T¢ is at a rate of about 8.5 K/1% per mole Nb, with T ~ 300 K at
z = 0.35.1% At T > T, KTN is cubic and exhibits only the quadratic electro-optic
effect, which requires an external bias field for readout. In the ferroelectric phase
when T < T, the crystal can be poled by cooling through T with an applied
field for beam coupling experiments using the linear effect. KTN crystals with
significant diffraction efficiency and T as high as 310 K have been successfully
grown by iteratively increasing the Nb concentration.

The phase transition temperatures were experimentally determined by mea-
suring the low frequency capacitance as a function of temperature and looking for
the discontinuity in the dielectric constant at the phase boundaries.!® Fig. 3-3
shows the circuit diagram, where typical values used to measure the voltage drop
V, across the load resistor were v = 10 Hz and Ry = 1 K so that (wRsC)? < 1.

Therefore, the dielectric constant is given by

Fig. 3-4 shows the relative dielectric constant ¢, vs. T plots of a KTN:Cr,Fe sam-
ple. The largest peak corresponds to the cubic to tetragonal transition, with
the smaller peaks corresponding to the tetragonal to orthorhombic and other
transitions.!® As the Nb concentration exceeds 25 to 30%, the transition also

changes from second to first order.
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Fig 3-3: Method used to measure the low frequency capacitance and therefore

determine the dielectric constant of the crystal. The conditions used were Ry = 1

K and v = 10 Hz.
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Fig. 3-4: Relative dielectric constant of KTN:Cr,Fe showing the sharp dis-

continuity in € at the ferroelectric to cubic phase transition temperature.
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3.3. Strontium barium niobate

Strontium barium niobate, a member of the tungsten bronze class of materials,
has been shown to be photorefractive and useful for a wide variety of applications
utilizing photorefractive materials.!718 It satisfies many of the desired character-
istics of photorefractive materials, including high optical quality, high two-beam
coupling gain, and real-time speed of response.'® In addition, SBN has a number
of distinct advantages over BaTiOs while being ferroelectric at room temperature
with comparable nonlinear properties, making it a possible alternative to BaTiOs
for many applications. Table 3-1 shows some of the relevant material properties of
BaTiO3 SBN:60, and SBN:75, including their phase transition temperatures and

electro-optic coefficients, that have been published.!7-18

3.3.1. Tungsten bronze crystal structure

Tungsten bronze ferroelectrics, particularly Sr;Ba;_,Nb;Og (SBN:z), have
been grown in a wide range of compositions for optical applications. The general
tungsten bronze configuration can be represented by (A41)4(A2)2C4B1903¢ and
(A1)4(A2)2B10030, where Ay, Ay, C, and B are the 15-, 12-, 9-, and 6-fold coor-
dinated sites in the lattice. A wide range of material properties is possible in SBN
by varying the composition and relative concentrations of A;, A5, and B.2° The
structure of the tungsten bronze prototypic material is shown in Fig. 3-5, looking

down the ¢ axis of the crystal.?!

3.3.2. Tungsten bronzes vs. BaTiO;

SBN has been seen as holding promise for applications requiring photorefrac-
tive materials because of a number of distinct advantages over BaTiOs, which
has been the material of choice for some time. Both BaTiO5; and SBN are ferro-

electric at room temperature, with large electro-optic coefficients which translate
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Material Te E-O Coeff nirii/e; i YR
(K) (pm/V) (pm/V) (cm2 /Vsec) (cm3 [sec)
SBN:60 348 235 5.8 0.5 5 x 10~8
SBN:75 329 1340 5.0 0.5 5 x 10~8
BaTiOj 401 1640 4.9 0.5 5 x 10~8

Table 3-1: Material properties and phase transition temperatures of SBN:60,
SBN:75, and BaTiO3 (from Refs. [16,17]).
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Fig. 3-5: Tungsten bronze crystal structure.
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into large nonlinear effects and with storage lifetimes and response times that are
comparable. Both materials have been grown in relatively striation-free cubes
with sufficient optical quality to make optical measurements; however, SBN has
a number of special characteristics that present interesting and significant advan-
tages over BaTiOj in certain applications, especially in photorefractive nonlinear

optics.

Ease of growth of SBN over some other materials has been reported. One of
the reasons for this is that the SBN solution mixes congruently at around 1500°
C in the case of SBN:60.2? The crystal is also more rugged in withstanding the
physical handling, high electric fields, and temperature variations which are nec-
essary when poling the crystal or investigating field and temperature effects using
these materials. In general, applying too large a field across BaTiO3 has usually
resulted in catastrophic damage of the crystal, while SBN can easily withstand
fields of up to 30 kV/cm before catastrophic depoling destroys the crystal. Also,
large size crystals with high optical quality are possible in SBN, which presents
advantages in constructing optical systems utilizing these materials. SBN crystals
as large as 3 cm on each side have been grown, although recent work in BaTiO;
has succeeded in growing comparably sized cubes as well. In BaTiO5, some aniso-
topies are introduced by a tetragonal to orthorhombic phase transition point at
283 K, but this point is as low as 120 K in SBN, minimizing this problem. SBN has
a simple phase transition (4/mmm to 4mm), with no ferroelectric twinning that is
difficult to remove by poling. In addition, BaTiO3 has natural 90° domains, while
the domains in SBN are 180° and therefore occur only along the longitudinal axis,

which is a consideration in poling the crystal.

SBN also has a wide variability in the electro-optic and photorefractive char-

acteristics, whereas these properties are usually fixed in BaTiO3. Unlike BaTiOj,
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which has a fixed composition, the crystal structure of SBN is incompletely filled,
so dopants can be added to fill these vacancies. On the other hand, doping BaTiO4
involves substitutions in its filled crystal lattice, although substitution may also
occur in SBN. In addition, the Sr/Ba ratio in SBN can be varied from 0.2 to
0.8, with corresponding changes in T and the electro-optic coefficients. As an
example, for SBN:50, Tc = 401 K and rs3 = 180 pm/V. For SBN:75, which is
the highest Sr concentration achieved with sufficient optical quality to allow beam

coupling experiments, T = 329 K and r33 = 1400 pm/V.17

3.3.3. Material properties and dopants

The SBN crystals that were studied in this work were all grown and prepared
at Rockwell Science Center using the Czochralski method for growth.!7:19,23—-26
Individual samples were cut and polished from the resulting boules which were
typically 2-3 cm in diameter. Samples typically in the form of cubes approximately
6 mm on each side were cut from the boules and polished to an optical quality
finish on all sides. Although striations, or inhomogeneities in the crystal, were a
problem with some samples in the past, their adverse effects have been minimized
in recently grown samples. Electrodes were evaporated onto the two surfaces in
the direction of the ¢ axis to establish a good electrical contact for the poling field
and subsequent experiments with external fields. The crystals were then poled
by heating them above their phase transition temperatures, to about 120° C, and

then cooling them slowly through the phase transition with an applied field of 8-10
kV/cm.17

The dominant electro-optic coefficient in SBN is r33, which means the ideal
configuration has the space charge field and therefore the grating period parallel

to the ¢ axis. Larger unit cell tungsten bronzes such as BSKNN tend to have r5;
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as the dominant coefficient, requiring a different orientation of the space charge

field to achieve the maximum possible effect.

Undoped SBN is transparent and photorefractive to some degree, possibly
due to trace impurities introduced during growth, but doping the crystals with
Ce has been found to significantly improve their photorefractive properties. The
SBN unit cell has 10 NbOg octahedra, with only 5 alkaline earth cations for 10
interstitial sites.?! The incompletely filled structure can host a variety of dopants,
and in this work, SBN crystals with a variety of dopant types and concentrations
were studied and compared. These were: (1) Ce-doped SBN:60, used as a base
line for comparison with newer compositions in SBN since these have already
been widely characterized;!®?2 (2) Ce- and Ca- doped SBN, where the optically
inert Ca ions were used to force the Ce atoms into the smaller 9-fold coordinated
sites, resulting in different photoionization characteristics;2® (3) three Cr-doped
SBN:60, with 0.01, 0.016, and 0.03 wt. % of Cr in the 6-fold sites;?*25 (4) Cr-
" doped SBN:75, with 0.0015 wt. % of Cr;?® and (5) two Rh-doped SBN:60, each
doped with 0.015 wt. % of Rh.26

3.4. Experimental figures of merit

In developing new materials, there are often trade-offs involved among the
numerous parameters. A given material will often satisfy only some of the‘ de-
sired characteristics, so in comparing different materials, it is convenient to have
a set of figures of merit in order to have one fixed standard for experimental re-
sults. In this work, the magnitude of the photorefractive effect of these materials
were compared and characterized through their measured diffraction efficiencies,
or their two-beam coupling constants for crystals with dominant linear electro-

optic effects where beam coupling is present. The exponential time constants for
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grating buildup, defined as the 1 — e~ ! rise time, was used to characterize the

speed of the photorefractive effect.

3.4.1. Diffraction efficiency

The magnitude of the photorefractive effect in any material can be determined
by its diffraction efficiency, since it is a function of the index modulation depth.
The relation between the index depth ny and the efficiency n has been derived by

Kogelnik, which is given by??

. of mnid
n = sin (/\cosﬁ) , (3.2)

for the symmetric case of Fig. 2-3 with 6; = 65, and where d is the thickness of
the material, n; is the amplitude of the spatial grating deviation, and @ is the half
angle of the two writing beams.

Experimentally, the diffraction efficiency was defined as the intensity of the
diffracted beam divided by the incident intensity of the probe beam. Since the
crystals were place inside a vacuum chamber so they can be cooled below 0° C
without condensation of ice on the surfaces, the reflectivity of the window also
must be taken into account.

The experimental configuration used to measure the diffraction efficiency of
the crystals is shown in Fig. 3-6. To observe the formation and decay of the grating
in real time, the index grating was read using a low intensity He-Ne laser that was
Bragg matched to the grating and with ordinary polarization so the probe beam
does not contribute to the photorefractive effect. The readout beam intensity was
set about two orders of magnitude less than the writing beams to avoid erasing
or otherwise influencing the gratings. The rise and decay times were measured
in real time and assumed to follow the standard exponential buildup and decay

functional forms developed in Sec. 2.2.2.
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Fig. 3-6: Configuration used to measure the diffraction efficiency of KTN.

A Bragg matched, low intensity He-Ne laser was used for readout.
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3.4.2. Two-beam coupling constant

In ferroelectric crystals were there was a phase shift between the light inter-
ference pattern and the spatial index modulation pattern, beam coupling occurred
with steady-state energy transfer from one beam to the other. The two-beam cou-
pling constant defined in Eqn. (2.32) also relates to the index modulation depth
in the steady state as

Iu=%nm8. (3.3)

This parameter is useful since many applications of ferroelectric materials in opti-
cal applications, such as phase conjugate mirrors and photorefractive oscillators,
rely on two-beam coupling.

Two-beam coupling experiments in SBN were performed in a similar fashion
to the diffraction measurements with cubic crystals, with the exception that the
coupling constant was determined by measuring the two transmitted beam inten-
sities simultaneously in real time. Eqn. (2.32) gave the definition of the two-beam
coupling constant I', with I;(0), I5(0), I1(), and I5(!) being the values inside the
crystal. However, because the ratios of the intensities enter into the equation, and
since the transmission coefficients can be assumed to be nearly the same for all
four beams, the four intensities can be substituted by their values measured out-
side the crystal surface. In determining the grating period, the intersection angle
inside the crystal is smaller by Snell’s law; however, since ngsind; = sinf and the
optical wavelength inside the crystal is A/ng, the exterior incidence angle can be

used to calculate the grating period:

)y A /no A
= = = . 3.4
Y 2sinf;  2sinf/no  2sind (3.4)

To achieve the maximum possible photorefractive effect, both for diffraction

efficiency and two-beam coupling, crystals with as large a steady state index change
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as possible are desired. Since n; « ndreg, crystals with large effective electro-optic
coefficients would be ideal for high efficiency device applications since they will

produce larger effects for a given space-charge field.

3.4.3. Respounse time

The photorefractive reponse time is an important parameter in cases requir-
ing real-time operations or variability of the response time. In general, response
time is proportional to intensity, according to Eqn. (2.16a), with ¢y, being the
fundamental limit of the time required to separate N} o charges given the energy
density deposited in the crystal as a result of the incident light intensity. There
are additional limits in the carrier transport time across one grating period or the
response time of the electro-optic effect to the Coulombic field of the displaced
charge, but these are usually negligible compared to the space charge buildup

time.

3.4.4. Photorefractive sensitivity
The photorefractive sensitivity gives an indication of the efficiency of the
material, that is, how much optical energy is required to achieve a given index
change in a certain period of time. The definition of photorefractive sensitivity S
is given by?®
ny

S = — 3.5
OéIot ’ ( )

where n is the transient index modulation, Iyt is the incident energy density, and
« is the total absorption coefficient.

This parameter provides a means for comparing various materials with dif-
ferent compositions, dopants, and optical characteristics. As with the two-beam
coupling constant, maximum sensitivity is obtained for a large index modulation

depth and short response time.
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3.5. Summary

KTN:Cr,Fe crystals were grown, cut, and polished for optical storage ap-
plications. The Cr,Fe combination was selected for the dopant based on past
experience, and the Nb concentration was gradually increased to bring the phase
transition temperature to near room temperature. Other samples of KTN:Cr,Fe
were reduced to study the effect on its photorefractive properties.

SBN crystals doped with Ce, Ce and Ca, Cr, and Rh were studied as two-beam
coupling wave mixing media. SBN has comparable applications and characteristics
to BaTiO3 which was previously used for such applications, and SBN has unique
advantages over BaTiO3 as well. The photorefractive figures of merit of diffraction
efliciency, coupling constant, response time, and photorefractive sensitivity used

to compare various materials were introduced.
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CHAPTER FOUR

Optical Information Storage in KTIN

4.1. Introduction

Potassium tantalate niobate (KTN), a perovskite crystal which has the gen-
eral formula of KTa;_,Nb,O3, holds considerable promise for optical storage and
optical information processing applications in the areas of optical computing and
opto-electronic neural networks because of its high diffraction efficiency and the
capability for electrical control and modulation of its large quadratic electro-optic
effect in the paraelectric phase. Large diffraction efficiency, high optical quality
crystals with phase transition temperatures at approximately 140 K have been pre-
viously studied, but these required bulky cooling and temperature control systems.
One of the underlying goals of this work has been to increase the Nb concentra-
tion in order to raise the transition temperature closer to room temperature, where
cooling requirements can be met with simpler systems, while maintaining the high
optical quality and high efficiency of the material to enable the storage of multi-
ple images with high resolution for optical memorites, optical neural networks, or

similar applications.

4.2. Optical properties of as-grown KTN:Cr,Fe

The Cr, Fe combination of dopants has resulted in high diffraction efficiency
with samples in previously reported work using low-temperature (approximately
20% Nb concentration, 140 K phase transition) crystals.! The dopants were usually
introduced in pairs in order to realize charge compensation in the crystal structure,
resulting in better optical quality growths with relatively high concentrations of

impurities. Of the two dopants in the Cr,Fe combination, the Cr is believed to be
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the photoactive dopant in this combination, although Fe by itself is also a known

photoionizable donor for LiNbOj, BaTiO3, and SBN.2:3

4.2.1. Procedure for temperature controlled experiments

In order to take advantage of the large values of the electro-optic coefficients
of KTN near its cubic to ferroelectric phase transition temperature, the samples
were cooled to within 5 to 10 K of their Curie temperatures, where the relative
dielectric constant was on the order of 10%. For low temperature phase transition
materials, that is, samples with T around 100 K, a vacuum chamber with a liquid
nitrogen-cooled cold finger was used. A copper block mount with electrodes for
applying the external field was mounted on the cold finger. Sapphire was used to
electrically isolate the crystal but still provide good thermal conductivity between
the crystal and the cold finger. The temperature controller that was used was

the

able to maintain a temperature stability within 0.2 K after allowing time for

system to stabilize.

One of the efforts in KTN materials research has been to increase the phase
transition to near room temperature by increasing the Nb concentration. For these
crystals, with phase transitions near room temperature, a Peltier effect thermoelec-
tric device, which can operate between 230 and 320 K with much better thermal
stability than the liquid nitrogen system, was utilized. The physical dimensions of
the chamber used with this cooling system also allowed for larger input angles to
be used, giving the capability to experiment with a wider range of grating periods

than the low temperature system would allow.

4.2.2. High temperature KTN

One of the problems with previously available KTN crystals was their low

cubic to ferroelectric phase transition temperature, which required considerable
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cooling in order to take advantage of the large electro-optic coefficient near the
phase boundary. By increasing the Nb concentration in the crystals from approxi-
mately 20 up to 30 % per mole, samples with higher phase transition temperatures
have been grown. The actual phase transition temperature was also affected to
some degree by the concentration of the dopants. A number of high To samples

have been successfully grown with phase transitions temperatures of up to 310 K.

The availability of samples with room temperature phase transitions enables
or at least simplifies the construction of devices utilizing KTN as the holographic
storage medium. The Nb concentration was increased iteratively in small steps,
with each successive growth being used to furnish the seed for the next. There
was also the added complication of the phase transition changing from a second
order transition, where the dielectric constant of the crystal was continuous but the
derivative discontinuous, to a first order transition, with discontinuities in both the
€ and the derivative, when the relative Nb concentration z exceeded approximately
30%.% Figure 4-1 illustrates the dielectric constants of several KTN:Cr,Fe samples,
with the discontinuity in the low frequency dielectric constant indicating the onset

of the ferroelectric phase transition.

In some samples with T higher than room temperature, the formation of
domain structures was also observed. These for the most part were eliminated by
heating the crystal above T or by poling with an electric field of about 2 kV /cm.
Some experiments in beam coupling were also performed with the crystal being
poled and operated about 5 to 10° below the phase transition. These experiments
generally showed two-beam coupling constants considerably less than what was
obtained in other materials. However, large diffraction efficiencies were observed

in these KTN crystals in their cubic phases with applied bias fields.
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phase transition temperature.
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4.2.3. Diffraction efficiency

The diffraction efficiency was used as the figure of merit to characterize para-
electric KTN since the primary aim for these materials is optical storage. In
addition, beam coupling would not occur unless the crystals were poled and the
measurements made in the ferroelectric phase, below the phase transition temper-
ature. Diffraction efficiency was measured as illustrated in Fig. 3-6. The effects
of surface reflection and absorption were not subtracted out of the measurements
since these factors would have an effect on typical applications of these materials
as well. However, a correction factor accounting for the reflection losses from the

vacuum chamber windows have been made.

The procedure for the diffraction measurements was as follows. The crystal
was illuminated by the two writing beams for the exposure period, which ranged
from 5 to 15 sec at about 0.5 W/cm?. The beams were then shut off by a shutter
and one of the original writing beams, or a separate probe beam from a low
intensity He-Ne laser that was Bragg matched to the photorefractive gratings, was
used to measure the readout efficiency of the gratings. The probe beam intensity
was low enough to not erase or otherwise affect the photorefractive gratings. At
the end of the measurement, the gratings were erased by uniform illumination
for a period much greater than the grating lifetime. The field E, was turned on

during both the writing and readout phases.

Figures 4-2(a) and (b) show the experimentally measured diffraction efficiency
as a function of applied field for two different as-grown KTN:Cr,Fe crystals. Sam-
ple A was grown with approximately 3% per mole of Cr and Fe dopants in the flux,
and was 0.245 cm thick. On the other hand, sample B had a higher dopant con-
centration of about 9%, with the Cr/Fe ratio about 2 to 1. The Nb concentration

in sample B was also slightly reduced, so that its phase transition temperature was
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measured at approximately 238 K, compared to 305 K in sample A. The crystal

thickness of sample B was 0.28 cm.

Figure 4-2(a) shows the plot of diffraction efficiency of sample A as a function
of applied field for T' = 283, 293, and 313 K. The diffraction efficiency increases
with Ey, which is expected from the index variation being proportional to EyE,,.
Ideally the diffracted beam intensity should go as n; o« EZ, with deviation from
the quadratic dependence due to the dependence of the space charge field on the
applied field and other smaller effects. A maximum diffraction efficiency of 7.4%
was achieved in this sample at T' = 293 K and E¢ = 8 kV/cm. The crystal was
exposed by two writing beams at 514.5 nm at 5 J/cm?, with a grating period of

approximately 2 um.

The diffraction efficiency measurement results of sample B is shown in Fig.
4-2(b) for T = 238, 243, and 248 K. Although this crystal has a lower maximum
diffraction efficiency of around 6% compared to sample A, it had much better
optical quality by not having its ferroelectric phase transition just above room
temperature and the resulting formation of domain walls. The exposure conditions
from the writing beams was approximately 7.5 J/cm? with an incident wavelength
of 514.5 nm and a grating period of 2 um. In both cases the modulation index m

~ 1 for maximum possible diffraction efficiency.

4.2.4. Dark decay time

The dark decay time of the KTN samples was measured by using a probe beam
from a low intensity He-Ne laser, polarized orthogonally to the writing beams and
with an intensity about 2 orders of magnitude less than that of the writing beams
to avoid erasing the gratings, that was Bragg matched to the photorefractive

gratings written using the Ar-ion laser. The intensity of the diffracted beam was
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4.3. Reduction of as-grown KTN

As mentioned in Sec. 3.2.2, in as-grown KTN:Cr,Fe, the Cr ion often goes into
the crystal as Cr®t, instead of the photoactive Cr3t state. In order to increase
the Cr®* concentration, the crystal was reduced by heating in an oxygen deficient

atmosphere.

4.3.1. Procedure for reduction

Reduction was accomplished by baking the sample in an oxygen deficient
atmosphere for several hours at temperatures of up to 800° C. The KTN:Cr,Fe
crystal, cut from the same boule as sample A in the previous experiments, was
sealed in a quartz ampule containing Ar at a pressure of 1/4 to 1/3 atmosphere
at room temperature (so that P ~ 1 atm at the peak temperature) in order to
moderate the reduction. Reduction by heating in a vacuum is also possible, but
in most cases would result in too much reduction and reduction of other elements

of the crystal in addition to the dopants.

The sample was then placed in a furnace and ramped up to the bake tem-
perature of 750° C at a rate of about 90° /hr, allowed to soak for approximately 8
hours, and ramped back down to room temperature at 40° /hr to avoid large ther-
mal shocks to the crystal. Experiments have indicated that the length of time the
crystal is heated, beyond 1-2 hours is not a significant parameter in determining

the degree of reduction.

No change in the crystal color or absorption spectrum was noticed after this
process, so the procedure was repeated, with the crystal being heated up again to
a bake temperature of 800° C for 2 hours, quenched to 560° at a rapid 120° /hr,
then cooled slowly back to room temperature at the normal 40° /hr. The crystal

was then repolished and used for the following measurements.
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4.3.2. Experimental results

The reduced crystal showed considerable improvement in diffraction efficiency
over the as-grown sample. From the low frequency capacitance measurements,
shown in Fig. 4-5, the phase transition temperature was observed to have shifted
slightly in the reduced crystal to the 280 to 285 K range.

Figure 4-6 shows the diffraction efficiency of the reduced crystal, with a max-
imum value of 14% at T' = 313 K with an 8 kV/cm applied field. This is consider-
ably higher than the 4% efficiency measured under comparable conditions in the
as-grown crystal. The crystal thickness was 0.43 cm, and the total intensity of the
writing beams were 0.5 W /cm?, which becomes a 5 J /cm? exposure with the 10
sec exposure time.

The response time of the reduced KTN:Cr,Fe crystal is shown in Fig. 4-7 for
several values of temperature ranging from 293 to 313 K. The measured values
were similar to those measured in the as-grown sample. As in the measurements
in the previous sections, the decay time was measured by monitoring the decay in

the diffracted beam from a Bragg matched He-Ne probe laser.

4.4. Summary

Potassium tantalate niobate crystals with phase transition temperatures near
room temperature have been grown with diffraction efficiencies approaching 10%
in the as-grown samples. Reduction of the Cr®* dopant to Cr3t resulted in larger
photorefractive effects, with up to 15% diffraction efficiency and 30 sec dark decay
time at room temperature. The effect of temperature variations on these properties

was also investigated.
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CHAPTER FIVE

Photorefractive Properties of As-grown SBN

5.1 Introduction

SBN has been the subject of much interest in that it can be photorefractive
at room temperature, with high two-beam coupling gain, fast response time, and
high optical quality. In addition, it has a number of significant advantages over
other materials such as BaTiO; that has been used in the past for optical wave
mixing and phase conjugation, as outlined in previous sections.

One of the principal advantages of SBN over BaTiOj3 is in the variability of
the electro-optic and photorefractive parameters by changing composition, and
the ease in introducing a variety of dopants into its incompletely filled crystal
structure.! This allows variations and optimization of the optical characteristics
to suit a given application. In the following sections of this chapter, the effects
of various dopant and composition changes on the photorefractive properties of
SBN will be examined and compared. The effects of dark conductivity, incident
wavelength, and poling on the photorefractive properties in SBN will also be pre-

sented.

5.2. Coupling constant

The photorefractive two-beam coupling constant is an important parameter
for determining the magnitude of energy transfer between the signal and pump
beams that interact inside the material. High coupling constants are desirable
for optical amplifiers, passive phase conjugate mirrors, photorefractively-pumped
resonators, optical limiters, and most other applications relying on two-beam

coupling. High gain materials also allow thinner samples, with less absorption,
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scattering losses, and distortion, to be used for given situations since the two-beam
coupling amplification is exponential in T', with the amplified beam intensity going

as CI‘E.

5.2.1. Experimental procedure

The two-beam coupling constant, or gain coefficient, was measured in the
manner described in Sec. 3.4.2 and shown in Fig. 5-1, with both the pump
and signal beams being measured simultaneously and in real time through :the
data acquisition system. The 514.5 nm line of the Ar-ion laser was used, with
the beams polarized in the extraordinary direction (parallel to the ¢ axis of the
crystal) to take advantage of the large rss electro-optic coefficient of SBN. In mbst
instances the intensity of the pump beam was set at I;(0) = 0.25 W/(:m2a with
the signal to pump intensity ratio I2(0)/I;(0) < 0.01 to avoid pump depletion.
In some of the higher gain materials such as SBN:60:Ce and SBN:60:Rh, there
was considerable depletion of the beam intensities due to beam fanning, or the
asymmetric scattering of the incident beam energy due to two-beam coupling
amplification of scattered light in the direction of the ¢ axis. However, since fhis
effect had a time scale longer than that of the buildup of the amplified signal

beam, it was easily detected and isolated.

The measurements were made by triggering the shutter to illuminate £he
crystal with both beams simultaneously, and waiting for the gratings to build to
the steady state. Since surface reflection and absorption is approximately equal
for both beams, their effect on the two-beam coupling constant drops out since
the ratio of the beam intensities enters into the equation. At the conclusion of
the measurements, the gratings were erased by uniform illumination for a period

much longer than the time constant of the material.
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Fig. 5-1: Configuration for the two-beam coupling experiment used to char-
acterize the SBN crystals. The beam polarization was in the same plane as the ¢
axis. I1(0) + I2(0) was approximately 0.25 W/cm?, with I5(0) < I;(0) to avoid

pump depletion.
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5.2.2. Effect of Ce and Rh doping

In prior work by G.A. Rakuljic et al.,, undoped SBN crystals were found
to be photorefractive, but the addition of Ce to SBN:60 and SBN:75 was found
to dramatically improve the gain and response time of the material. Maximum
photorefractive coupling constants of over 10 cm™! have been obtained in a sample
of Ce-doped SBN:60 measuring 5 mm on each side, compared to < 3 cm™! for

undoped SBN:60 crystals.?

The results of two-beam coupling experiments with Rh-doped SBN showed
similar characteristics as Ce-doped SBN in that the coupling constant had a value
comparable to that of SBN:60:Ce, approximately 10 cm™!.® For very long ex-
posures, the fanning loss set in to deplete energy from both beams, which was
reflected in the measured coupling constants. However, this effect was easily iso-
lated due to its longer time scale compared to the two-beam coupling amplification
of the signal beam because of the lower intensities involved in this secondary effect.
The coupling constant of an SBN:60 sample doped with 0.015 wt. % of Rh, along

with that of a Ce-doped SBN:60 crystal, is shown in Fig. 5-2.

5.2.3. Effect of Cr doping

The effect of doping SBN:60 and SBN:75 with Cr was also investigated.5
SBN:60 crystals doped with 0.01, 0.016, and 0.03 wt. % of Cr, and SBN:75 w‘ith
0.001 wt. % Cr, were successfully grown with sufficient optical quality to make
optical measurements. Using the same experimental setup as for the measurements
using SBN:60:Rh and SBN:60:Ce, the maximum gain of the as-grown crysfals
ranged from 3 cm™! with the 0.01 and 0.03 wt. % crystals to 5.7 cm™! for the
0.016 wt. % sample. The SBN:75:Cr crystal, with its larger electro-optic coefficient

that resulted in large effects even for smaller values of the space charge field, had
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Fig. 5-2: Coupling constant as a function of grating wavelength for Rh-
doped SBN:60 and Ce-doped SBN:60. The lines are the best fits of the expected

gain coefficient as a function of grating period.
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Fig. 5-3: Coupling constant as a function of grating wavelength for (a) 0.01

and 0.016 wt. % Cr-doped SBN:60, and (b) 0.03 wt. % Cr-doped SBN:60 and
0.0015 wt. % Cr-doped SBN:75.



- 83 —

1

a maximum coupling constant of almost 5 cm™!. These values measured in Cr-

doped SBN were significantly lower than that of Ce- or Rh-doped SBN, but there
are numerous situations where moderate gain is sufficient, and where the adverse
effects of beam fanning resulting from very large coupling constants are not desired.
Figs. 5-3(a) and (b) show the measured coupling constants as a function of grating
wavelength for the three SBN:60:Cr and the SBN:75:Cr crystals.

The solid lines through the experimental points in Figs. 5-2, 5-3(a), and 5-
3(b) were obtained by fitting using Eqns. (2.11) and (2.12) to the data points
assuming no dark conductivity and no external fields. The dielectric constant e

was determined using the static capacitance measurement method described in

Sec. 3.2.2 and Eqn. (3.1).6

5.3. Response time

One of the advantages of SBN or BaTiO3 over some other materials such' as
LiNbOs3 is in their real time response. In LiNbO3, writing and erasing times were
measured in minutes. With Ce- or Rh-doped SBN:60, the response time for two-
beam coupling gain buildup was on the order of seconds. With Cr-doped SBN,
that figure was reduced again by almost another order of magnitude in some of
the samples.

The photorefractive response time was determined to be the exponential rise

time of the two-beam coupling constant, or
T'(t) = T (1 — e7%/7), (5.1)

where 7 is the response time constant. Using the setup shown in Fig. 5-1, the
shutter was opened at ¢ = 0 and the two detectors simultaneously recorded the
buildup in intensity of the amplified signal beam and the attenuated intensity of

the pump beam. As in the measurement for the coupling constant, I; (0) was set at
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approximately 0.25 W /em?, with 15(0) /I (0) < 0.01, so the total incident intensity
Ip = 0.25 W/cm? and pump depletion was negligible. Between measurements, any

residual gratings were erased by uniform illumination of the crystal for a period

greater than the photorefractive response time.

5.3.1. SBN:60:Ce and SBN:60:Rh

The response times of Ce-doped and 0.015 wt. % Rh-doped SBN:60 are
shown in Fig. 5-4 for grating periods from 1.3 to 4.2 um.? Both crystals showed
response time constants of approximately 3-4 sec under the experimental condi-
tions used. Since t; o« 1/I,, higher beam intensities will result in proportionally
faster response. The response time can also be varied through the wavelength of
the incident light, changes in the photoionization cross section, temperature, and
external fields, and the results of changing these parameters will be discussed in

later sections.

5.3.2. Reduced response time in Cr-doped SBN

Experimental results have demonstrated that Cr-doped SBN crystals have a
significant reduction in the time of response compared to Ce- or Rh-doped SBN,
with room temperature time constants as short as 0.12 sec.*® The successful
growth of crystals with fast response times represents an important step forward in
providing improved materials for real-time image processing, optical modulatﬁon,
and optical signal processing applications where speed of response is desired over
large coupling gain.

The measured response time for grating buildup of the as-grown SBN:60:Cr
and SBN:75:Cr crystals as a function of grating period are shown in Fig. 5-5.
From the plot, it can be seen that the 0.01 and 0.03 wt. % crystals had the fastest

response times of 0.16 and 0.12 sec, respectively, while the 0.016 wt. % crystal,
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Fig. 5-4: Response time of Ce-doped SBN:60 and Rh-doped SBN:60 as a

function of grating period.
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Fig. 5-5: Response time of the three Cr-doped SBN:60 and Cr-doped
SBN:75, showing the almost order of magnitude increase in the speed of response

over Ce or Rh doping.
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although having a higher gain than the other Cr-doped samples, had a slightly
slower response time of 0.59 sec. The response time of the SBN:75:Cr, as shown
in the figure, had a value ranging from approximately 0.4 to 0.85 sec, depending

on the grating period.

5.3.3. Comparison of dopant types/concentrations

Both Ce-doped SBN:60 and Rh-doped SBN:60 had high two-beam coupling
gain, which is the result of large steady-state index changes, which were approxi-
mately 5 X 10™* for both. This would make them useful for high efficiency devices,
but their slow response time (on the order of 1 sec) poses a significant drawback
for real-time image processing and similar applications requiring faster-responding

materials.

Significant increases in the response time of up to an order of magnitude over
Ce-doped or Rh-doped SBN were obtained through Cr doping. Response times
ranging from 0.6 sec for the 0.016 wt. % Cr-doped crystal to 0.12 sec for the 0.03
wt. % Cr-doped sample were obtained, with gain coefficients of about 3 cm™! at

their optimum grating periods.

Table 5-1 compares the figures of merit of the various SBN crystals, including
the photorefractive sensitivity which was defined in Sec. 3.4.4. The 0.03 wt. %
Cr-doped crystal, which had the highest dopant concentration of the SBN crystals,
had the largest photorefractive sensitivity, on the order of 2 x 10~3 cm/J, which
was an order of magnitude larger than that of the Ce-doped SBN crystal. Because
of their slow response, the Ce-doped or Rh-doped crystals, although having large
photorefractive gain coefficients, showed a significantly lower sensitivity than the

Cr doped crystals.

Another interesting point to note is that the KTN:Cr,Fe crystals, the results
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Material T.. T N1 ss S (cm3/J)
(cm™1) (sec) (10~4)

SBN:60:Cr (0.01) 2.93 0.16 1.51 1.43 x 10~3
SBN:60:Cr (0.016) 5.28 0.59 2.72 | 7.16 x 10™*
SBN:60:Cr (0.03) 2.90 0.12 1.00 | 2.29 x 1073
SBN:75:Cr 4.80 0.85* 2.47 3.99 x 1074
SBN:60:Ce 10.04 3.27 5.17 2.82 x 1074
SBN:60:Ce,Ca 10.00 0.86 5.15 | 7.45 x 10™*
SBN:60:Rh 10.30 1.78 5.30 | 9.64 x 10~*
SBN:60:Cr (0.016)} 1.63 5.53 0.84 | 1.01 x 10™°
KTN:Cr,Fe - -~ 0.20 3.61 x 10~°

*At A, = 3.61 um

TAt X = 632.8 nm

Table 5-1: Figures of merit used to compare the photorefractive effects of
SBN:60:Cr (0.01, 0.016, and 0.03 wt. %), SBN:75:Cr, double doped SBN:60:Ce,Ca,
SBN:60:Ce, SBN:60:Rh and KTN:Cr,Fe. The 0.03 wt. % Cr-doped SBN:60 had
the highest photorefractive sensitivity, while SBN:60:Rh had the largest steady-

state index change. As expected, the SBN:60:Cr had lower sensitivity at 632.8 nm

compared to 514.5 nm.
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of which were presented in Chapter 4, showed a much lower photorefractive sen-
sitivity of approximately 4 x 107¢ cm/J, with a steady state index change of 2
x 1075, However, the exposure time of 5 sec was probably considerably longer
than the minimum, so saturation effects were undoubtedly affecting the calculated
value of S. Using a shorter exposure time will probably result in a higher figure

for the sensitivity.

5.4. Poling SBN crystals

The SBN:60 and SBN:75 crystals used in this work were all poled into a single
domain by cooling through their cubic to ferroelectric phase transition tempera-
tures with an applied field. This serves to align the crystal domains in order
to realize the large electro-optic effects cited in Chapter 3 and in Table 3-1. In
BaTiOg3, the 90° domains make them easy to see when the crystal is depoled. SBN

has 180° comains, which make them less visible.

In order to determine the minimum threshold for poling and any effect of
poling voltage on the magnitude of the photorefractive effect, an SBN:60:Rh crys-
tal was used for two-beam coupling measurements after depoling and repeating
the poling process for various voltages. The crystals were heated to about 390 K
in an oil bath and allowed to cool at about 0.5° per minute through the phase
transition with an applied field of E,. Each time, the polarity of the applied field
on the crystal was switched to ensure that no residual poling remained. As shown
in Fig. 5-6, the measured two-beam coupling constant appears independent of
E, from 0.5 to 10 kV/cm. The crystals obtained from Rockwell were all poled
at approximately 8 kV /cm, so the results from this experiment also indicate that
lower voltages can be used with little effect on the optical characteristics of the

crystal.
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Fig. 5-6: Two-beam coupling constant of Rh-doped SBN:60 as a function of

poling voltage from 0.5 to 10 kV /cm.
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5.5. Wavelength dependence of the photorefractive effect

All of the preceding experiments, as well as most of the previous work in
photorefractive materials, have concentrated on the visible spectrum, specifically
the 514.5 nm Ar-ion laser wavelength. However, there are numerous applications
where sources with other wavelengths are more suited, especially those using lower
photonic energy wavelength He-Ne lasers at 632.8 nm and semiconductor lasers at
approximately 840 nm and longer wavelengths.”

The photorefractive measurements were repeated using the 0.016 wt. % Cr-
doped SBN:60 crystal as the two-beam coupling medium for the 632.8 nm output of
a He-Ne laser with total intensity of approximately 0.75 W /cm?.5 Photorefractive
gain and response time were measured over a temperature range of 253 K < T
< 313 K at A, = 2.46 um. Figures 5-7 and 5-8 show the gain and response
time, respectively, of the Cr-doped SBN:60 sample at both 632.8 and 514.5 nm.
Because of the lower absorption and fewer ionizable donors available at the longer
wavelength, the gain was predictably lower, and with a longer response time, than
comparable measurements using shorter wavelength (and therefore higher energy)
sources. Measurable results were not obtainable at 840 nm using this same crystal,
although the crystal absorption spectrum shows a broad-band absorption region

in the red to infra-red range, centered around 650 nm.

The steady state index change at 632.8 nm and T = 293 K, reflected in the
two-beam coupling constant, was about % of its value when measured using 514.5
nm light. However, with its slower response time, the photorefractive sensitivity
at the He-Ne laser wavelength was 107° ¢m/J, which indicates an almost 2 orders

of magnitude drop from that at the Ar-ion line.

Experiments have also been carried out to determine whether SBN is pho-

torefractive at 840 nm and 1.06 yum. Ce-doped SBN:60 using optically inactive Ca
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Fig. 5-7: Photorefractive two-beam coupling constant of Cr-doped SBN:60

at 514.5 and 632.8 nm incident wavelength with A, = 2.46 um.
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to force Ce into the 9-fold sites has been found to have significantly improved sen-
sitivity at the 840 nm semiconductor laser wavelength over Ce-doped SBN:60 with
Ce in the 12- or 15-fold sites.” However, Cr-doped SBN did not show a measur-
able effect at 840 nm. Although BaTiOs has exhibited the photorefractive effect
at wavelengths down to 1.06 um, no effect at that wavelength was observed in the

currently available line of SBN crystals.

5.6. Dark conductivity effects

Certain SBN crystals have previously been observed to exhibit increased pho-
torefractive coupling gain as the crystal temperature was lowered below room
temperature and away from its cubic to ferroelectric phase transition near 345 K.
This effect was observed and reported in Ce- and Ca- double doped SBN:60 over
the temperature range of 243 to 313 K, in Cr-doped semi-insulating bulk GaAs
from 280 to 400 K, and in 0.01 wt. % Cr-doped SBN:60.53710 Although the ef-
fects were much smaller, this temperature dependence has also been observed in

Ce-doped SBN:60 and Rh-doped SBN:60.

5.6.1. Temperature dependence of photorefractive gain

The equations governing the photorefractive coupling constant have been de-
rived from the band transport model in Chapter 2 for the general case, with
some temperature-dependent function B(T') representing the effects of thermally
excited sites, or dark conductivity. Without accounting for the dark conductiv-
ity, the expected temperature dependence of the gain should be dI'/dT > 0O since
the dielectric constant increases sharply near the phase transition temperature, as

shown in Fig. 5-9 for Cr-doped SBN:60. The two-beam coupling constant should



— 903 -

3000 -
O SBN:60:Cr (0.01 wt %)
O SBN:60:Cr (0.016 wt%) .
2500 + a. 5
A SBN:60:Cr (0.03 wt %) o b
SN
2000 + L a
O A0
. OoO A
w 1500+ P all
© &
o e
1000 + 000 @ F A
OQOOOOO ) N A
noB @8
500+ O @@
0 | i : '. } | | | {
230 240 250 260 270 280 290 300 310 320 330
T (K)

Fig. 5-9: Increase in the dielectric constant (and therefore the effective
electro-optic coefficient) near the phase transition for the various Cr-doped SBN:60

crystals.
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have the following temperature dependence in this case:

T

Foc—————T+B/E.

(5.2)

The experimentally measured steady-state coupling constant for the Ce,Ca-,
Rh-, and Cr-doped SBN:60 and Cr-doped SBN:75 crystals as a function of tem-
perature at their optimum grating periods are shown in Fig. 5-10(a) and (b).
Although the decrease in gain with respect to increases in temperature was small
for the Ce- and Ca-doped SBN:60 and Rh-doped SBN:60, there was a considerable
drop in gain in the case of the Cr-doped sample as it was heated. Therefore, there
must be a competing phenomenon with a negative temperature dependence near
the phase transition to explain the observed negative temperature dependence of
gain over this range, this being the dark conductivity.

From Sec. 2.5.1, the dark conductivity of a doped semiconductor arising from
thermally excited sites, which serves as an approximate model for these types of

materials, is given by Eqn. (2.33),'!
B(T) = BoT % eP+/%8T (5.3)

Figure 5-11 shows the temperature dependence of the dark conductivity factor,
[1+ (hv/sIy)B(T)]*, which is responsible for reducing the photorefractive gain
in Eqn. (2.11) and response time in Eqn. (2.16), for E; = 0.02 meV and hvfo/sly
= 60.

The theoretical photorefractive gain as a function of all temperature depen-

dent quantities can be given by

T 1

r=T ,
°T + Ble, 1+ AT exp(—E, [kgT)

(5.4)

where A = (hv/sly)Bo and B = €Ny /eokp K? = 4.49 x 10°, for three different

values of A representing low to high dark conductivity effects. Eqn. (5.4) was fitted
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Fig. 5-10: Coupling constant as a function of temperature for (a) Ce- and

Ca-doped SBN:60 and Rh-doped SBN:60, and (b) 0.01 wt. % Cr-doped SBN:60
and 0.0015 wt. % Cr-doped SBN:75.
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Fig. 5-11: Temperature dependence of the dark conductivity factor in the

equations for gain and response time, [1 + (hv/sl)B(T)]™!, from 150 to 350 K
for E; = 0.02 meV and hv/sly) = 60.
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Fig. 5-12: Theoretical temperature dependence of the gain for different dark
conductivities. The experimental points in the plot were obtained using the 0.01
wt. % Cr-doped SBN:60 crystal. The three cases illustrated are: (a) low dark
conductivity, A = (hv/slp)Bo = 6; (b) best fit of the experimental points, A =

60; and (c) high dark conductivity, A = 600.
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to the experimental points obtained from Cr-doped SBN:60 and extended to lower
temperatues beyond what was experimentally measured. As expected, Fig. 5-12
shows the gain increasing to a peak at some optimum temperature Ty, which itself
is dependent on the strength of the dark conductivity effect. It can be inferred
from the figure that for T' < T the original Kukhtarev’s equations hold, while for
T > Tp the additional factor that takes dark conductivity into account becomes
significant. Also, as the dark conductivity decreases, the optimum temperature
Ty increases, so for low dark conductivity materials, the original equations should
still be valid at room temperature.

The presense of significant dark conductivity can be determined by measuring

the coupling constant for low total intensity Iy. From Eqn. (2.11),

1

ot — 5.5
1+ Ln/lo (5.5)

~

where Iy, = hvf/s. If dark conductivity were present, it would follow that T
should be intensity dependent at low total intensity and constant at high intensity,
as observed by M.D. Ewbank et al. for some Ce-doped SBN:60 crystals.!? The
effect in Ce-doped SBN, however, was much smaller than that of Cr-doped SBN.
Fig. 5-13 shows the experimentally measured dependence of gain on total intensity
in the 0.01 wt. % Cr-doped SBN:60 crystal at T' = 293 K and T = 313 K. The solid
lines represent the best fit based on Eqn. (5.5). Note that since I;; is a func‘éion

of temperature through its dark conductivity, this nonlinear effect has potential

applications in optical thresholding using temperature as a means of controlling

the thresholding level.

5.6.2. Response time and dark decay time
Although cooling SBN:60:Cr has resulted in a significant increase in the

coupling constant, the response time became bigger at lower temperatures.



- 909 —

1.6

oT=313°K o
o T=293°K

0_4-i111|1|11I1»1;t|11|
0 0.02 0.04 0.06 0.08 010 0.12 0.14 0.16 018 020

Total Intensity (W / cm?2)

Fig. 5-13: Gain as a function of total intensity at low intensity, showing
significant intensity dependence of gain and therefore dark conductivity in the

crystal, for T = 293 and 313 K.
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Conversely, faster response times were obtained at a cost of lower gain when these
crystals were heated, and this method has indeed been used in the past to speed

up the response times of BaTiO5 and other materials.!3:14

As in the equation for the coupling constant, the dark conductivity enters
as a (1 + hvf/slp) factor into the fundamental limit response time ¢y as shown
in Eqn. (2.16). However, obtaining a theoretical value for the response time
is more complicated than for gain because of additional temperature dependent
parameters whose functional dependence on temperature is not well known. By
approximating parameters such as u and v as constants in Eqn. (2.16), it can
be seen that the increased dark conductivity at higher temperatures will result in
faster response. The experimental results of response time (for grating buildup)
of Rh-doped SBN:60 and Cr-doped SBN:60 and SBN:75 crystals are shown in
Figs. 5-14(a) and (b). Rh-doped SBN, which has a low dark conductivity, showed
little change in 7 with temperature, while the Cr-doped SBN crystals had response
times which ranged from 10.2 sec at 238 K to 0.44 sec at 313 K for SBN:60 and 4
sec at 243 K to 0.44 sec at 303 K for SBN:75.

A comparison among the various dopants in its effects on dark conductivity
can be made from the dark decay rates of the various crystals. For storage appli-
cations, low dark conductivity, long dark storage materials such as Ce-doped or
Rh-doped SBN will be desired. On the other hand, real-time devices not requiring
high efficiency or high coupling, or where the fanning effect arising from high gain
is not desired, can make use of higher dark conductivity, fast dark decay materials
such as Cr-doped SBN. Fig. 5-15 shows the dark decay times, measured in real
time with a low intensity He-Ne probe beam Bragg matched to the photorefractive
gratings written using an Ar-ion laser with total intensity 0.5 W /cm?, showing the

change in dark conductivity with temperature.
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Fig. 5-14: Experimental response time for grating buildup as a function of

temperature in (a) Rh-doped SBN:60, and (b) Cr-doped SBN:60 and SBN:75.
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5.7. Summary

Optical quality Cr-doped SBN:60 and SBN:75 and Rh-doped SBN:60 have
been grown and characterized. Cr-doping resulted in significant reduction of the
response times of these materials. The temperature dependence of the photore-
fractive properties were investigated, with the result being significant increases
in gain and response time as the Cr-doped crystals were cooled. A model was
proposed that incorporated dark conductivity in the band transport equations to

account for the observed temperature dependence.
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CHAPTER SIX

Enhancement of the Photorefractive Properties of SBN

6.1. Introduction

One of the major thrusts of photorefractive materials research has been in
enhancing the photorefractive effect in materials, that is, increasing the two-beam
coupling gain as well as speeding up the response of the crystal. Depending on
the application, either higher gain or faster response time requirements may be
the dominant goal. For example, optical amplifiers, phase conjugate mirrors,
photorefractively-pumped resonators, and optical limiters demand high gain coef-
ficients, while in signal processing applications faster response times are desired
but moderate gain often suffices. A number of schemes which attempt to improve
the photorefractive properties of SBN along these lines were investigated and are

described in the following sections.

6.2. Optimized grating spacing

As can be observed from the data presented in Chapter 5, the two-beam cou-
pling gain coefficient is a function of the grating period. For small grating periods,
the coupling constant is linear with the grating wavelength, since the availability
of trapping sites becomes the limiting factor. For large grating periods, the dif-
fusion field becomes significant, and the gain T' becomes inversely proportional to

the grating wavelength.

6.2.1. Dependence on trap density

In photorefractive materials, the trap density Nie (= Nu) first intro-

duced in Chapter 2 plays an important role in determining the grating wavelength
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corresponding to the optimum gain coefficient. The two competing effects of drift
and charge separation result in the gain coefficient attaining a maximum at some
optimal grating wavelength.

This phenomenon can be seen in the equations for the space charge field, Eqn.
(2.11) and (2.12). The optimized grating wavelength corresponds to the Debye
screening wavelength of the material. This dependence arises from the charac-
teristic fields Exy and Eg4, which are functions of the grating period A, through
the grating wavenumber, in Eqn. (2.11). From Eqn. (2.11), the photorefractive
two-beam coupling constant is given by

o EnE,
En + Eq4
_ ekBTKNA(l —NA/ND)
" €2N4s(1— Na/Np) + ekgTK?2

T |
(6.1)

where N4 is the trap density, Np is the donor density, and K = 2x/}, is the
grating wavenumber, for the case where there is no applied field. Note that for
N4 < Np, Ng/Np is small, so Ex can be approximated by eN4/eK. The relative
maximum of the photorefractive gain as a function of grating wavenumber then

gives the optimum grating period:

2 e¢kpT
Xy mag = — . 6.2
o € \/NA(I—NA/ND) ( )

Eqn. (6.2) can also be used to determine the trap density of a given sample from
the peak of the experimentally measured values of the gain coefficient over a range
of grating wavelengths.

At the optimum grating period obtained in Eqn. (6.2), the two characteristic

fields Ey and E, are equal and given by

kpTN. N
EN:Ed:\/BE A<1_N2), (6.3)
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so the coupling constant at the optimum grating period determined in Eqn. (6.2)

is proportional to Ey and E4 in Eqn. (6.3):

EnEy 1 [kgT Ny Ny
Tot————— = — 1- . 6.4
OCEN-I-Ed 2\/ € ( ND) ( )

Figure 6-1 shows the predicted behavior of the space charge field, which determines

the coupling constant I', as a function of grating period for several values of the
trap density N4. It also follows from Eqns. (6.2) and (6.4) that for Ny < Np,

o |

the optimum grating period goes as (IN4)™ %, so if the gain is measured at the

optimum grating period corresponding to the particular value of N4, the coupling

constant goes as (N,4)%.

6.2.2. Experimental results of trap density vs. gain

The experimental results of optimizing grating spacing to maximize the two-
beam coupling gain were shown in Fig. 5-2 for Ce-doped and Rh-doped SBN, and
in Fig. 5-3 for Cr-doped SBN:60 and SBN:75.1~% Eqn. (6-1) was used to obtain
the best fit line in the two figures, where the experimentally measured peak of the
photorefractive gain as a function of grating period was used in determining the
Ag,maz parameter for the fit. Table 6-1 shows the optimum grating periods and
corresponding trap densities of the various SBN:60 and SBN:75 crystals used in
this work.

Note that for small grating periods, the space charge field is linear in A, since
in the model, as the grating period is increased, charges are separated within a
larger volume in the crystal, resulting in more total charge migrating to the peaks
of the light interference pattern. This results in a larger electric field due to the
charge separation. However, at grating periods larger than the Debye screening
wavelength, diffusion becomes a significant factor and results in the space charge

field dropping off as 1/X, for A, > A, jnas-
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Fig. 6-1: Space-charge field as a function of grating period for (a) Ny =

10*? m=3, (b) N4 = 2 x 10%> m~3, and (c) N4 = 3 x 1022 m~5.
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Material €, Ag,maz (pm) N4 (1022 m~3)
SBN:60:Cr (0.01) 1572 2.50 1.41
SBN:60:Cr (0.016) | 1083 3.02 0.67
SBN:60:Cr (0.03) 1018 2.50 0.92
SBN:75:Cr 5844 5.77 0.17
SBN:60:Ce 850 1.58 1.90
SBN:60:Rh 582 1.20 2.27
SBN:60:Cr (0.01)* 1261 2.75 0.94

*After heat treatment

Table 6-1: Optimum grating period for maximum photorefractive gain and

trap density of the SBN:60:Cr, SBN:75:Cr, SBN:60:Ce, and SBN:60:Rh crystals.
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6.3. Oxidation and reduction of SBN

Increasing the trap density of a material opens up another possible avenue in
attempting to increase the maximum space charge field that can be sustained in the
crystal. This is especially true in the case that will be described in Sec. 6.5 when
external fields are also utilized. The reverse of this problem may also occur, as
in the KTN crystals described in Chapter 4, where there are insufficient numbers
of dopant atoms in the proper oxidation state to act as donors, in which case
the donor density must be increased. Oxidation or reduction of as-grown samples
through heat treatments provide a mechanism for making these alterations in the

trap and donor densities after growth.

6.3.1. Desired effect on donor/trap densities

The objective of oxidation is to transform some of the dopants to their higher
oxidation states, so the number density of traps is increased. In the model where
the space charges are assumed to be concentrated at the minima of the light
interference pattern so the system can be described as a simple capacitor, this
would enable more charges to be placed at each capacitor plate, reéulting in an
increased space charge field in the crystals.

The opposite occurs in a crystal that is donor limited. One example already
mentioned was KTN:Cr,Fe, where the as-grown crystal was deemed to be domi-
nated by the Cr®" oxidation state of the dopant. Although these materials showed
photorefractive diffraction, significant improvement in the magnitude and time re-
sponse of the photorefractive effect was realized after the crystals were reduced

through the following process:
3
30~ + Cr%t — ¢t + 3Vp +3e™ + -2-02 y

where Vo is an oxygen vacancy. The absorption spectrum also indicates the effect
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of reduction in these materials through changes in the magnitude of the photoab-
sorption band. As can be seen in Fig. 3-2, which is the absorption spectrum
of KTN:Cr,Fe before and after reduction, an expanded photoabsorption band is
present at approximately 600 nm in the reduced crystal when compared to the

as-growin one.

6.3.2. Procedure for reduction/oxidation

Reduction was accomplished by baking the sample in an oxygen-deficient at-
mosphere for several hours at temperatures ranging from 500 to 800° C, depending
on the material and the degree of reduction required. This procedure was described
in Chapter 4 for reduction of Cr®* to Cr3* in KTN:Cr,Fe. In most cases KTN

required temperatures of up to 800° C for reduction, while in SBN temperatures

of about 400 to 500° were usually sufficient.

In the case of oxidation, the crystal was baked in air in an open quartz test
tube, then cooled slowly back to room temperature. In most cases, it was not
deemed to be necessary to bake the crystal in a pure oxygen atmosphere be-
cause the presence of other inert gases tended to moderate the process. After the
procedure, the effects were checked by measuring the absorption spectrum and

comparing it to that taken before the process.

Experiments in reducing and oxidizing Cr-doped SBN:60 were carried out
with the goal of changing the photorefractive gain or response time by modifying
the material propreties of the as-grown crystal. The 0.01 wt. % Cr-doped SBN:60
crystal, which had a relatively low gain of 3 cm™! but a fast response time of 0.2
sec, was initially reduced by heating in 331- atm or Ar for 2 hr at 500° C in the hopes
of further reducing its response time. However, the result was over-reduction of

the crystal, which became opaque and highly conductive. This was probably due
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to reducing the oxygen vacancies and Nb as well as the Cr dopant. In the hopes
of restoring the original properties of the crystal, it was heated in air for 2 hr at
400° C to re-oxidize it. The sample was then repolished and repoled with a field

of approximately 8 kV/cm.

6.3.3. Effects of trap and donor densities on space charge

Oxidation and reduction heat treatments will have the primary effect of chang-
ing the relative concentration of traps and donors, increasing the number of one
at the expense of the other. Since the concentration of the dopants will remain
unchanged, the assumption that N4 o+ Np = Ny can be made for the simplified
model in the following discussion, where Ny is a constant that represents the total
concentration of impurities in the crystal.

For cases where the grating period is fixed, F4 will remain constant for a fixed
temperature. Therefore the only dependence on Ny o will be through Ey, which

is given by

. eNA NA
Exy = K <1 No—NA> . (6.5)

Figure 6-2 shows the dependence of the two characteristic fields, E,, the diffusion

field, and Ey, the maximum space charge field, on the trap density N4. For
the plot, Ny was set at 10%* m~3, which corresponds to a dopant concentration
of approximately 0.01 wt. %. In addition, the following values for the various
material parameters were assumed: A\, = 2 um, € = 10%¢y, and T = 300 K. For
small N, relative to Ny, E,, is shown to be increasing with trap density as more
electrons are trapped, creating a larger internal field. For the limiting case where
Na = Ny, the lack of donors results in the maximum space charge field going back

down to zero.

The space charge field at the optimum grating period for no external field will
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Fig. 6-2: Diffusion field F4 and maximum space charge field Ey as a function
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then be given by
ekp TKNA(1 — 524)

E,o = —im 9
e2Na(l — 7 247-) + ekp TK?

(6.6)

where N, is the trap density, Ny is the total impurity density, and m is the
modulation depth. The plot of E,, for Ny = 10%* m~2 and Ag = 2 pm is shown
in Fig. 6-3, with the constant E4 plotted for comparison. Note that at larger E,.,
the diffusion field becomes the limiting factor. For the donor limited case of N,
~ Ny, the space charge field again goes to zero.

If the grating period is set equal to its optimum value for each new value
of Na, Eny and E4 will be equal as indicated by Eqn. (6.3). A plot of the
space charge field in this instance is shown in Fig. 6-4, and this indicates a (N A)%
increase with N4, except that the space charge field goes to zero as N, approaches
No. Another consideration is that the optimum grating period, and therefore the
required incidence angle of the writing beams on the crystal, changes with N4 as
shown in Fig. 6-5, and the maximum possible incidence angle may be constrained

by experimental geometries.

6.3.4. Experimental results

The resulting heat-treated Cr-doped SBN:60 crystal, although having a phys-
ical appearance, color, and absorption spectrum resembling that of the original
as-grown crystal, had a number of interesting properties that warranted further
study. The process resulted in changes to its original photorefractive properties,
including a significant increase, by almost a factor of three in the gain coeffi-
cient. Along with the increased gain was a slight increase in the response time
and increased temperature stability of these photorefractive parameters over tem-
peratures from 253 to 313 K.

The photorefractive gain of the crystal before and after the heat treatment
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process as a function of grating period is shown in Fig. 6-6(a). The coupling
constant increased to approximately 8 cm™?! at the optimum grating period of 2.5
pm in the annealed crystal. In comparison, the original value for the gain in the
as-grown crystal was 3 cm™! at A, = 2.5 um. The response time was also affected
by the process, and its result is shown in Fig. 6-6(b) compared to its original value

before the annealing process.

In addition to any changes in N, in the heat treated crystal, other factors
may also be responsible for the large increase in the gain. From Sec. 5.4, it
appears that variations in the poling voltage is not a significant factor affecting
the photorefractive properties of SBN. However, some of the other factors that may
have had an effect are changes in the electro-optic coefficient, dielectric constant,

and defects in the crystal.

Increased temperatue stability was also observed in the heat-treated crystal.
As shown in Fig. 6-7(a), the gain varied from 8.0 to 6.8 cmm™!, which was within
a factor of 10% of its room temperature value of 7.6 cm™!, over a temperature
range of 253 to 313 K at A\, = 2.5 um, the optimum grating period. The as-
grown sample had demonstrated a strong temperature dependence of the gain,
which ranged from 4.9 cm™?! at 238 K to 0.93 cm™! at 313 K. Figure 6-7(b) shows
the temperature dependence of the response time for the crystal before and after
heat treating, which shows a similar effect as the gain. The improved stability
of the heat treated crystal that can be attributed in part to its reduced thermal
excitation eliminates or scales back the need for temperature control of devices

utilizing this effect for operation in temperature-varying environments.

6.4. Temperature

Certain SBN crystals have been observed to show strong temperature
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Fig. 6-6: Photorefractive properties of 0.01 wt. % Cr-doped SBN:60 before
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dependence in their photorefractive properties, which in most cases was gain in-
creases with cooling and faster response time upon heating. Temperature depen-
dences are carried in several material parameters and characteristic fields used in
determining the photorefractive constants, including the diffusion field, dielectric
constant, electro-optic coefficient, mobility, and dark conductivity.>*® The variabil-
ity of these parameters through temperature control enables the crystal properties

to be improved depending on specific needs.

6.4.1. Dielectric constant and electro-optic coefficient

The dielectric constant of a ferroelectric material is strongly dependent on
temperature near its phase transition temperature, which for most SBN samples
is around 348 K. Below the phase transition, the dielectric constant approximates
the Curie-Weiss Law dependence. By heating the crystal to near its phase transi-
tion, but not to the extent of risking depoling, the dielectric constant, and therefore
the electro-optic coefficient, can be increased. However, any improvement through
heating may be nullified by the effect of temperature changes on other parame-
ters. Fig. 5-9 shows the experimentally measured temperature dependence of \
the dielectric constant for several SBN crystals, which gives an indication of the

temperature dependence of the effective electro-optic coefficient.

6.4.2. Characteristic fields

In the equations determining the photorefractive gain and response time, the

diffusion field, given by

Es=20E (6.7)

contains an explicit temperature dependence that affects the space charge field if
there is no external field. As derived in Chapter 2, the space charge field is always

less than the smaller of E; and Ey, so increasing the diffusion field through
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increased temperatures in cases that E4 is the limiting factor should allow larger
space charge fields. In cases where Ey < Eg4, increasing E; will still increase the

overall space charge field, up to the point where E,, = Ey.

The maximum space charge field also has a temperature dependence through
the dielectric constant €. As a result of increasing ¢ as the temperature approaches
that of the phase transition, the maximum space charge field will decrease with
increasing temperature, which may counteract any gains from a larger diffusion

field and electro-optic coefficient.

6.4.3. Dark conductivity

The effect of dark conductivity was discussed in Sec. 5.5, with particular em-
phasis on the temperature dependence of this effect and its impact on photorefrac-
tive parameters. Strong inverse temperature dependences in the photorefractive
gain coefficients were observed for materials deemed to have high dark conduc-
tivities due to their short dark decay times, while those with low dark conduc-
tivities did not have strong temperature dependences. This includes the annealed
SBN:60:Cr crystal in Sec. 6.3, where the dark conductivity was probably among

the properties affected by the heat treatment process.

Dark conductivity also acts to speed up the response time of the crystals
through reducing the grating formation time. Although the grating magnitude,
and hence the gain coefficient, will be smaller, applications requiring faster re-
sponse time may not require large gain. As the dark conductivity increases with
temperature due to larger thermal excitation, the fundamental response time ¢

will see further increases.

6.4.4. Experimental results

Figures 5-10(a), 5-10(b), 5-14(a), and 5-14(b) show the photorefractive gain
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coefficient and response times as a function of temperature for Ce- and Cr-doped
SBN:60, Cr-doped SBN:60, Cr-doped SBN:75, and Rh-doped SBN:60. In all these
samples gain decreased, the extent depending on the particular crystal, as they
were heated. However, heating the crystals resulted in some reduction in their
response times, which is consistent with efforts in heating BaTiO3 to speed up its

respomnse.

In each of the measurements, Iy was 0.25 W /cm?, with the beam intensity
ratio 1,(0)/11(0) < 1 to avoid pump beam depletion. The crystals were cooled
in a cryostat and the temperature allowed to stabilize before the experiments.
Between measurements, any residual gratings were erased by uniform illumination.
The response time was taken to be the exponential buildup time of the two-beam

coupling constant.

6.5 External DC electric fields

Two-beam coupling in ferroelectric SBN crystals doped with various transi-
tion metals combinations including Fe, Ce, Ce-Ca, Cr, and Rh have been shown to
have high photorefractive gain and response times on the order of 0.1 to 1.0 sec.
This mechanism has been responsible for a variety of optical devices including
phase conjugate mirrors and optical amplifiers. The experimental results pre-
sented so far have been measurements with no applied electric field, that is, with
Eo = 0. However, by applying an external field of up to 10 kV/cm, significant
improvements in the photorefractive properties, either the coupling constant or

the response time, has been realized.”

6.5.1. Expected effect on photorefractive properties

As derived in Chapter 2, the photorefractive two-beam coupling constant,

which characterizes the magnitude of the photorefractive two-beam coupling effect,
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is given by®—10

I' =Re <Z—w ng’f’eﬂ»‘Esc)
¢ (6.8)

Eo + i(Ed T EN) [1 - exp(—t/’l’)},

for the one carrier, one species case of electrons being the dominant charge carrier
and only one donor type being photoactive. The response time of the exponential

buildup of two-beam coupling is given by

Eq + i(Ed + Eu)

= - . 6.9
T 0E0+Z(E4+EN) ( )
Recall that the characteristic fields are given by
CNA NA eNy
Ey = 1-— ~ for N N
N eK( ND) K oTita < Ap
kgTK
E; = Be (6.10)
A
B, = .
(23 IJ'K

For typical values of Ny = 2 x 10722 m~3, ¢ = 570¢y, T = 295 K, A, = 1.5 um,
and v/p = 2 x 1071% V-m, which are used later in this section for the graph of
the expected photorefractive parameters, the characteristic fields are E; = 1.06
kV/cm, Exy = 1.55 kV/cm, and E, = 10 kV/cm.2 1!

A major thrust of current photorefractive materials research is the increase of
the coupling constant I'. An unfortunate consequence of Eqn. (6.8) is that with
Ey =0, E,, tends towards the smaller of Ex and E;. The obvious strategy of
increasing the trap density N4 by increasing the acceptor doping will be effective
only to the extent of getting E,, to approach Ej.

To take advantage of increased doping so that E,. is made to approach the
maximum “available” field Ey, we need to drive the photo-excited carriers into

the traps (a half grating period away) against the retarding space charge field.
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This can be done by an imposed external field Ey. Indeed in the limit Ey > Exn
> Eg, Eqn. (6.8) predicts E,, ~ imEy. The theoretically predicted dependence
of E,, on E, for two typical cases, one where Exy < Ej and the other for Ey > Ey,

is illustrated in Fig. 6-8.

The external field will also have an effect on the response time 7. From
Eqn. (6.9), it can be seen that in the limit of large Ey, © approaches to, which is
the fundamental limit of the time required to generate N, photoexcitations per
unit volume from energy deposition considerations.!? In the E,, > Ey case, which
typically holds, 7 approaches its limit from above as the dc field is increased. Using
the typical values given above, that is Ey = 1.55 kV/cm, E4 = 1.06 kV/cm, and
E, = 10 kV/cm, Fig. 6-9 shows the expected decrease in 7/ty as Eo increases

under these conditions.

6.5.2. Gain Enhancement in Cr-doped SBN

To test the above conclusions, the coupling constant I' was measured as a
function of the applied field Ey in a number of Cr-doped strontium barium niobate
samples.!® These were the 0.01, 0.016, and 0.03 wt. % Cr-doped SBN:60 crystals.
The gain coefficients for these crystals with no applied fields were 2.93, 5.28,
and 2.90 cm™! at their optimum grating periods, respectively. The experimental
measurements were made at A\, = 1.73 um for the 0.01 and 0.016 wt. % crystals,
where their gain with no field was 2.2 and 3.7 cm™!. The measurements for the
0.03 wt. % crystal were made at A\, = 2.41 um, where the gain was 2.90 cm™?.
The other significant material parameters were: Ny = 1.4 x 1022 m~3, ¢ = 1.57
X 10% €9, and response time r = 0.16 sec for the 0.01 wt. % Cr-doped crystal,
Ny =67 x 1022 m~3, ¢ = 1.1 x 10% ¢, and 7 = 0.59 sec for the 0.016 wt. %

Cr-doped sample, and Ny = 9.2 x 102! m™3, ¢ = 1.0 x 10° ¢y, and 7 = 0.12 sec
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for the 0.03 wt. % Cr-doped SBN..2

The effect of applying a DC field on the coupling constant is shown in Fig. 6-
10 for the three Cr-doped SBN:60 samples. All three showed significant increases
in the photorefractive gain coefficient, from less than 4 cm™! to more than 10
cm™! with a 10 kV/cm external field for the 0.016 wt. % crystal. The 0.01 wt.
% doped crystal showed an increase from 2.15 cm™! at Eg = 0 to 4.7 cm™! at E,
= 8 kV/cm, while the gain of the 0.03 wt. % sample increased from 2.96 to 4.48
cm~! at Eg = 6 kV/cm. The expected behavior of T' as a result of the dependence
of the space charge field on the applied field Ej is shown using the initial £, = 0
value as the operating point. At the higher applied fields, the gain is shown to be
increasing beyond the theoretical model due to the effect of the applied field on
other material parameters which were assumed to be constant with Ej; further
investigation is continuing in this area.

It is important to recall that the exponential nature of the two-beam coupling,

that is,
I, (¢) =I;(0)e™T*
(6.11)
I() =L(0)e"*,
makes a factor of 2 increase in T of major importance in the device applications
which utilize this effect. This makes it possible to obtain large coupling effects
using these materials, or to use thinner crystals of SBN to obtain a given coupling
constant in the experiments and devices.
The exponential time constant for the photorefractive gain coefficient to build
up to its steady state value was also measured to determine the effectiveness of
applying a field on real-time devices using these materials, with the results shown

plotted in Fig. 6-11. In the 0.016 wt. % crystal, the time constant remained fairly

constant at approximately 0.5 to 0.6 sec. for Ey < 6 kV /cm, and increased slowly
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Fig. 6-10: Photorefractive two-beam coupling constant of the three Cr-
doped SBN:60 samples as an external DC field from 0 to 10 kV /cm was applied.
The increase in I' beyond that predicted by theory may be the result of changes
in some material parameters at high Fy or the effects of beam intensity depletion

due to fanning. The Ey = 0 value of T' was used as the initial operating point.
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for higher fields up to 10 kV/cm, while with the 0.01 wt. % sample, the time
constant was not noticably affected by the applied field and remained relatively
constant at 0.2 sec for Ey up to 8 kV/cm. In the case of the highly doped, 0.03
wt. % crystal, the response time was reduced for fields up to 6 kV /cm, except for

the apparently anomalous point at Ey = 4 kV/cm.

These experiments were carried out at room temperature, with A, fixed at
either 1.73 or 2.41 pm, and total intensity Jo = 0.25 W/cm?. The ratio I5(0)/I;(0)
was set at less than 0.01 to avoid pump depletion. The field was applied in
the direction of the c-axis since high reverse voltages would tend to reduce the
polarization and ultimately depole the crystal, and it was turned on just before
the crystal was illuminated with both beams simultaneously at ¢t = 0. Fields
significantly higher than 10 kV/cm were not attempted owing to considerable

arcing across the surface of the crystal.

6.5.3. Response time reduction

As described in Sec. 6.5.1, the response time for photorefractive grating
buildup and erasure decreases as a function of Ey, the iapplied electric field, for
cases where E,, < Ey. Although one example with Cr-doped SBN in the previous
section showed a longer response time, others such as the 0.03 wt. % Cr-doped
and Rh-doped SBN:60 crystals showed significant reductions in their response time

constants with an applied dc field.®

The experimental results of the gain and response time of Rh-doped SBN:60
with an applied electric field are shown in Figs. 6-12 and 6-13 for Ag = 1.51 and
0.84 pm. The electric field, which varied from 0 to 10 kV/cm, was applied in the
direction of the ¢ axis. For both grating periods, the gain of the Rh-doped SBN:60

crystal dropped from I' = 10 cm™! at Ey = 0 to near 8 cm™! at Ey = 10 kV/cm.
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6-12: Measured gain coefficient as a function of Ey for A, = 1.51 and
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Fig. 6-13: Experimental response time of the SBN crystal for Ay = 1.51 and

0.84 pm, which decreased from 2 sec at Ey = 0 to approximately 0.1 sec for Ey =
10 kV/cm.
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Although Eqn. (6.8) predicts that the gain increases with Eg, the small decline
in this case can be attributed to such causes as fanning losses from the large gain
and increased scattering.

The advantage of this procedure, however, is in the reduction in the response
time by more than an order of magnitude, which was observed to decrease from
2.0 sec at Eg = 0 to approximately 0.1 sec at Eg = 10 kV/cm. Strong beam fan-
ning was also observed to set in faster as the time constant was reduced through
increased FEy, making this material especially suited for high-gain, fast-response
applications such as field-enhanced optical limiters and real-time image process-
ing. According to the theoretical model, the photoexcited charges are transported
through drift and diffusion in the conduction band. The presence of the dc field in
the background would tend to drive the free electrons into the traps, contributing

to the faster grating formation that was observed.

6.6. Summary

Control of the grating period in two-beam coupling, trap and donor densities,
temperature, and external dc fields were investigated as means to increase the
photorefractive gain or reduce the response time of SBN. Heat treatments have
succeeded in increasing the gain almost threefold in Cr-doped SBN:60. Higher
temperature has resulted in increased speed of response in most SBN samples
studied, but at the cost of lower gain. External fields have be successfully used to
increase gain in SBN:60:Cr and reduce response time by over an order of magnitude
in SBN:60:Rh. The equations for the space charge field also predict it to be limited
by only the maximum space charge field Ey for large external fields, instead of

the smaller of Ey and the diffusion field E; in cases where E, = 0.
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CHAPTER SEVEN

Applications of Photorefractive Materials

7.1. Introduction

Photorefractive materials such as BaTiO3 and SBN have made possible a wide
variety of devices and systems in the areas of phase conjugation, image processing,
distortion correction, and computing. Some of these applications that have been
developed in the past include beam amplification and cleanup, tracking novelty
filters, bistable devices, optical oscillators, phase conjugate mirrors, thresholding
devices, distortion correction, and limiters. In the following sections, experimental
results of some specific applications in the areas of phase conjugation, distortion
correction, one-way image transmission, thresholding using photorefractive mate-
rials, and electrically controlled photorefractive optical limiting developed in the

course of this work will be discussed.

7.2. Optical phase conjugation

Optical phase conjugation, as described in Sec. 1.3, is a process of time re-
versal of an optical signal by generating the phase conjugate of it. Photorefractive
materials have made possible phase conjugation using low power and with contin-
uous wave sources instead of relying on methods requiring high power and usuélly
pulsed lasers. In this section, the application of SBN as the nonlinear medium for

self-pumped phase conjugation will be presented.

7.2.1. Four-wave mixing

Four-wave mixing was first proposed by R.W. Hellwarth for optical phase

conjugation in nonlinear media.! The experimental configuration for four-wave
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mixing is shown in Fig. 1-5, where the four waves that interact inside the nonlinear

medium are given by
1 .
E;(r,t) = EAJ-(rJ-)e‘(“ft_kf"’) + c.c. (7.1)

The pump beams for the system, waves 1 and 2, are counter-propagating with
the same frequency, so their corresponding wavevectors can be given by k; =
—k,. Wave 4 is oriented along the z axis, so ky = -kZ. Wave 3 will then be the
desired phase conjugate output. The nonlinear medium has a third-order nonlinear

polarization given by?

P(NL) (ws = wy +wy — (U4) — X(s)A£W1)Agw2)A:(_w4)

1 (3) * i(wt+kz) (7'2)
= -2—x Ai1ArAje + c.c.
Substituting into the nonlinear wave equation
1 9° 1 8% nvL

and using the slowly varying field approximation results in the coupled equations

describing waves 3 and 4:

%—3 = z'E":—nx(s)AlAgAz = iK* A2
(7.4)
dAT .
= 1kAs,
dz

where the complex coupling constant * = (w/2¢n)x(3) A; A5. The solution of the
coupled differential equations in Eqn. (7.4) for the boundary conditions A4 =
A4(0) at z = 0 and A3 = 0 at z = L gives the phase conjugate of A4(0) as the

output wave 3 at z = O:

A3(0) = —i [i*—tan([/c[L)]AZ 0), (7.5)

||
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with A4(L) = A4(0)/(cos|x|L) at the z = L output.

7.2.2. Passive phase conjugation

Passive phase conjugate mirrors, where the external pumping beams in the
four-wave mixing scheme are eliminated, have been demonstrated. Some of these,
including the linear mirror, semilinear mirror, and total internal reflection phase
conjugate mirror, are illustrated in Figs. 1-6(a) - (c).

The linear mirror of M. Cronin-Golomb et al. uses beam coupling from fhe
incident beam to generate the pump beams, as shown in Fig. 1-6(a).® The light
oscillating in the cavity bounded by the two mirrors is used in place of the two
counterpropagating pump beams in the four-wave mixing scheme. More recently,
it was discovered that if the gain of the nonlinear medium is higher, one of the
mirrors can be eliminated and the other substituted with a converging mirror, and
the result is the semilinear mirror shown in Fig. 1-6(b).* This particular phase
conjugate mirror configuration will be discussed later in an optical thresholding
application.

An important simplification results when the nonlinear gain is high enough
for the total internal reflection phase conjugate mirror to operate. The fanning
effect from the large beam coupling effect, and the light oscillating in the cavity
formed from total internal reflection inside the crystal, is used as the pump beams
in this phase conjugate mirror of Feinberg.® Since there are no external optics, the
device is completely self-contained. An added advantage of this scheme is that it

is self-aligning, accepting a wide range of incidence angles.

7.2.3. Self-pumped phase conjugation using SBN

In phase conjugation and similar experiments, BaTiO5; has been the material

of choice not only because of its large electro-optic coefficients and therefore large
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nonlinear effects, but also because of its commercial availability at that time. Self-
pumped phase conjugation requires materials with high two-beam coupling gain,
especially the total internal reflection phase conjugate mirror just described, so
BaTiOs, with its large 742 electro-optic coefficient of over 1600 pm/V, was a natu-
ral choice. This type of phase conjugate mirror has been widely used with Ba.TiO3
as the nonlinear wave mixing medium. Prior experiments using BaTiO3 have also
shown that this type of mirror is self-starting. However, other ferroelectric materi-
als such as Ce-doped SBN:75 and SBN:60 were also found to be suitable materials

for this type of phase conjugate mirror.%7

The configuration of the experiment is shown in Fig. 7-1, where the inci-
dent light, an expanded 514.5 nm Ar-ion laser output, was passed through\ the
beamsplitter and focused down into the SBN cube, with an incidence angle of ap-
proximately 45°, or an internal orientation of about 72° with respect to the ¢ axis.
The phase conjugate reflection was picked off by the beamsplitter and directed
towards the screen or detector for reflectivity measurements. For the initial re-
flectivity measurement, the lenses and transparency were removed and the simple
Gaussian output of the laser was used to approximate a plane wave. The phase
conjugate reflection was picked off by the beamsplitter and directed towards the

detector.

Figure 7-2 shows the phase conjugate reflectivities, without correcting for
Fresnel losses, of the SBN:75 and SBN:60 phase conjugate mirrors as a function
of time to show the reflectivity and its buildup time to the steady state. The
intensity of the beam incident on the crystal was approximately 1.5 W /cm?. The
data also shows that the two devices are self-starting, with start-up time delays
of 5 to 10 sec for the SBN:75 and 10 to 20 sec for the SBN:60. A steady state

reflectivity of 25% was achieved with the SBN:75:Ce crystal, which was comparable
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Fig. 7-1: Configuration of the self-pumped phase conjugate mirror using

SBN used to study its reflectivity and distortion correcting properties.
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Fig. 7-2: Phase conjugate reflectivities as a function of time for the Ce-

doped SBN:60 and SBN:75 phase conjugators. Pump beam power density was
approximately 1.5 W /cm?.
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to the 30% reflectivity obtained previously with BaTiOs in this configuration.’
A phase conjugate reflectivity of 12% was attained with the SBN:60:Ce sample
under similar conditions. With both SBN crystals, once the steady state was
attained, the phase conjugate output remained constant for periods up to 24 hours,
the maximum duration of the experiment. A photograph of the SBN:75 phase
conjugate mirror in operation is shown in Fig. 7-3, where the fanning off the

incident beam that forms the pump beams is visible.

The distortion correction property of phase conjugate mirrors was demon-
strated with the SBN phase conjugator by an imaging experiment where the
SBN:75 crystal was used to phase conjugate a binary transparancy. An Air Force
resolution chart was used as the transparancy, which was focused down into the
SBN crystal by a converging lens. The phase conjugate reflection was projected
onto a screen by the beamsplitter. Next, the experiment was repeated with a
phase distorter, a randomly etched glass slide, placed between the beamsplitter
and phase conjugate mirror as shown in Fig. 7-1. The results of this experiment
are shown in Figs. 7-4(a) - (d). Fig. 7-4(a) shows the transparency illuminated
by a plane wave from the laser. Its phase conjugate (without the distortion) is
shown in Fig. 7-4(b). The image incident on the crystal is shown in Fig. 7-4(c),
where the chart was distorted by the random phase modulator, rendering the iin—
age an unintelligible random illumination. However, since the phase conjugéte
image is the exact time-reversed wavefront reproduction of the resolution chart
after passing through the distortion, the beam emerging from the distortion is the
original undistorted image of the chart. This distortion correcting property of the
SBN phase conjugate mirror is shown iﬁ Fig. 7-4(d). Also, as can be observed
by comparing Figs. 7-4(c) and (d), the transparency was reproduced with good

phase conjugate fidelity.
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Fig. 7-3: Photograph of the self-pumped; total internal reflection phase
conjugate mirror using Ce-doped SBN:75 in operation. The beam is incident on
the lower right face of the crystal. Note that the fanning pattern off the incident

beam which forms the pump beams is visible.
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Fig. 7-4: Imaging experiment with the SBN self-pumped phase conjugate
mirror: (a) Incident image of the Air Force resolution chart; (b) Phase conjugate

image of the chart without the distortion.
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Fig. 7-4: Imaging experiment (continued): (c) Image of the chart with dis-
tortion; (d) Corrected image of the resolution chart, showing good phase conjugate

fidelity.
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The experiment was also repeated using other wavelengths, i.e., the 501.7,
496.5, 488, 476.5, and 457.9 nm lines of the Ar-ion laser, to demonstrate the abil-
ity of the SBN phase conjugate mirror to operate at a variety of wavelengths over
its photorefractive range. Multicolor phase conjugation has also been success-
fully demonstrated by M. Cronin-Golomb et al. using the semilinear mirror with
BaTiO3 as the nonlinear medium.® In this experiment, some wavelength as well
as angular dependence of the phase conjugate reflectivity was observed, which was
not unexpected since the two-beam coupling constant is dependent on the grating
period and hence the incidence angle. The wavelength dependence of the phase
conjugate reflectivity arises from the explicit dependence of I' on the wavelength
as well as the wavelength dependence of linear absorption and donor and trap den-
sities. The time response is affected through the characteristic response time ¢,
photoionization cross section, recombination rate, and density of photoionizable

donors being functions of wavelength.

In summary, a self-starting passive phase conjugate mirror using internal re-
flection has been successfully demonstrated using Ce-doped SBN as the nonlinear
medium in place of BaTiOs. The imaging and distortion correcting property of
phase conjugation were shown as well with the SBN phase conjugate mirror. This
configuration was also found to phase conjugate at higher Ar-ion laser wavelengths

as well.

7.3. Distortion correction using phase conjugation

One of the first applications of optical phase conjugation was in correcting for
phase distortions in optical signals. The time reversal property of phase conjugate
mirrors enabled a distorted beam to have the superimposed wavefront distortions

removed. There are two basic schemes to accomplish this. The simpler one is the
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double pass system, where the source and detector are both in the same half plaLne
separated by the distorter. The other is one-way imaging, which requires only a
single pass through the distorter, where the source and detector are in opposite

half planes separated by the distorter.

7.3.1. Double pass distortion correction

Removal of a distortion from an optical signal has been demonstrated using
phase conjugation.®® This has been done by retracing the distorted image bearing
signal back through the distorter using a phase conjugate mirror in a double-pass
configuration. This was the method used in the imaging experiment in Sec. 7.2.3,
where the original image of the transparancy was retrieved after being distorted
by the random phase modulator.

In the configuration of Fig. 7-1, the image of the transparancy T'(z,y) is
passed through a phase distortion with a phase factor ¢*¢(*:%)  The reflected
signal off the phase conjugate mirror would then be T*(z, y)e_i“’(""’y), neglecting
Fresnel diffraction, so after passing through the distorter a second time in the

reverse direction, the phase factor is cancelled.

7.3.2. One-way image transmission through a distortion

In cases where the source and receiver are separated by the distorting medium,
a one-way image transmission system is necessary to image the signal throﬁgh
the distorter. Several single-pass schemes, where the signal passes through the
distorter only once, have been suggested.!®~1% Recently, a further simplification
of this method, where the receiver does not need access to the space beyond the
distorter has been demonstrated by imparting nearly the same distortion onto
both the signal beam and a separate reference beam, and then combining them

in a degenerate four-wave mixing configuration.!® In this method, however, only
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a slowly spatially varying phase distortion can be corrected since the two beams
are spatially separated at the distorter. The following one-way image transmission
method solves this problem by using two orthogonally polarized beams traveling
exactly the same path through the distorter.!*

The method relies on the nonlinear polarization in a four-wave mixing setup
to eliminate the distortion phase factor el*¢(#¥)] at the nonlinear medium and
therefore reconstruct the original information. Consider the photorefractive four-
wave mixing process in the crystal as shown in Fig. 1-5. The index change of the

crystal due to the optical fields is given by!®

E, E

Anot———r e —
|Eq]? + |Es)?

(7.6)

where E; is the reference beam and Es is the signal beam possessing the “dis—
torted” image information. Then, the nonlinear polarization Py arising from
the four-wave mixing is proportional to
PyroxAnEs

xEsEy if |Eq| > |Es] (7.1)

xexpli(p + k2)|[A* (z,y)]el HetR2IE,
where E; is the uniform readout beam propagating in the opposite direction to
E;. Therefore, the phase distortion superimposed on the signal can be elimingted
at the crystal if the reference beam has the same distorted phase factor el*(#:v)]
as that of the signal beam impressed at the distorter and that phase factor is
preserved at the crystal.

The setup for the system is shown in Fig. 7-5. An argon ion laser operating

at A = 514.5 nm was used as a light source. One of the two beams leaving the
beamsplitter BS; is converted to an orthogonal (vertical) polarization by the A/2

plate. One becomes the signal beam and the other serves as the reference. The
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Fig. 7-5: Experimental setup for the passive one-way image transmission
system using orthogonally polarized signal and reference beams. The variable
beamsplitter (VBS) was used to vary the intensity ratio of the signal and reference.
The A/2 plate rotates the polarization of the reference to the vertical direction,
and the two passes through the A/4 plate restores it to horizontal polarization so
the two beams can write the grating. The readout beam was picked off from the

same argon-ion laser source, but can be from a different laser as well.
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two are recombined at BS; and both pass through the phase distorter, which is an
acid-etched glass. This way, both beams will undergo the same phase distortion,
insuring that the distorted phase information carried by the two beams will be
identical. When two spatially separate beams are used, as is the case in Ref. [13],

it is more difficult to insure that this occurs.

As previously mentioned, it is necessary to avoid the phase mixing due to
Fresnel diffraction during propagation and preserve the distorted phase factor,
elie(@9)] at the nonlinear medium, in this case a 10 mm X 10 mm X 1 mm
photorefractive strontium barium niobate (SBN) crystal. This necessitates the
imaging of the distorter onto the crystal. In addition, the distorter must be thin
enough to fall within the depth of focus of the imaging system. In this experiment,
the telecentric imaging geometry was used to circumvent unwanted wavefront cur-
vatures at the image plane.!® Two lenses of focal length f = 40 cm were used,
with the lenses spaced 80 c¢cm apart. The distances from the distorter to lens Ly

and from lens Ly to the crystal were both 40 c¢m.

After passing through the lenses, the two beams are separated by the polar-
izing beamsplitter (PBS) and the vertically polarized component is rotated again
by 90° in a double-pass through the A/4 plate so the two beams can write the
“distortion-free” grating in the crystal by perfect cancellation of eli®(=¥)], The
beam intensities were chosen as I,.;=16 mW /cm? and I sig=4 mW /cm?, so that
the gratings (An), and also Py, in the crystal are proportional to E% (see Egs.
(1) and (2)). The second mirror is necessary in the leg that is transmitted through
the PBS so that the image is properly oriented. After the grating is written, a
plane wave directed from behind the crystal and Bragg-matched with the gratings
is used for readout, and the reconstructed signal picked off by BS, is imaged onto

the screen by lens Ls. Note that in order to create the photorefractive gratings,
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the readout beam need not be coherent with the writing beams.

The results of the distortion correcting capability of this experiment are shown
in Fig. 7-6. Fig. 7-6(a) is the original image, and 7-6(b) is the image after
the distorter. Figs. 7-6(c) and 7-6(d) are the output images without and with
the distorter, respectively. It can be seen from Fig. 7-6(d) that the system has
reconstructed the original image from the given information, and that the image
quality with Fig. 7-6(c) is roughly the same.

In summary, a new method for passive one-way image transmission through a
distorting medium using two orthogonally polarized beams, one carrying the signal
and the other probing the distortion, has been demonstrated. These were used to
write the distortion-free grating in the crystal for the reconstruction of the original
image by the independent readout beam. This procedure, although valid only for
phase distortions in isotropic media, is useful in instances where it is not possible to
retransmit the phase conjugate signal back through the distorter in a double-pass
configuration. One final note is that a single, circularly (or elliptically) polarized
beam can also be used as the signal and reference beams in the present system
instead of preparing the beams separately. In this case, however, the transparency

as an input is limited to a binary one.

7.4 Thresholding using photorefractive materials

Thresholding is a nonlinear operation that has the potential for widespread
applications in optical computing and associative memories in selecting the strong-
est signal from a number of inputs by passing only those above a certain intensity.

The ideal thresholding function is the step function, where

] 0 forI< Lp;
FI) = { 1 for I > L. (78)

Moreover, a variable thresholding level I, is desired, with some mechanism for
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(b)
Fig. 7-6: One-way image transmission experiment: (a) Original image trans-

parency; (b) Image after passing through the distorter.
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(d)

Fig. 7-6: Results showing the distortion correction capability of the system:
(c) Phase conjugate image without the phase distorter; (d) Corrected image as

viewed on the screen.
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control of the thresholding level.

7.4.1. Thresholding methods

Photorefractive phase conjugate mirrors have been used as nonlinear thresh-
olding devices by using background illumination, semi-self-pumped phase conju-
gation, and optical bistability.1”~2® The background illumination and semi-self-
pumped phase conjugation schemes of M. Cronin-Golomb et al. and M.B. Klein et
al. were self-pumped phase-conjugate mirrors which ideally generated the phase
conjugate of the incident beam if the intensity of the beam was above a threshold
I;;, and produced no output if it was less than ;. Both of these configurations
rely on an external reference beam that determines the threshold intensity of the
device through depression of the effective two-beam coupling constant by partial

grating erasure.l7:18

Another recently demonstrated method for obtaining phase-conjugate thresh-
olding relies on a different method for depressing the coupling constant to set the
thresholding level.?! This method used a moving grating inside the photorefractive
crystal by Doppler-shifting one of the beams writing the gratings in the semilin-
ear passive phase conjugate mirror setup. The thresholding level was set by the
dependence of the photorefractive response time on the incident beam intensity,

which in turn varies the effective coupling constant ~i.

7.4.2. The thresholding semilinear phase conjugate mirror

The basic semilinear phase-conjugate mirror configuration has been described
in several previously reported works and is illustrated in Fig. 1-6(b) as used in
this experiment. This is a passive, or self-pumped, device, relying only on the
incident beam to generate the phase conjugate of that beam. Light scattered and

amplified by the fanning effect is reflected back into the crystal by the external
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converging mirror. The grating in the crystal is formed by the light interference
pattern between this reflected fanning beam and the incident beam. This mirror
is self-starting by itself, although there is a time delay of several seconds for the
pump beam reflected off the mirror to write a grating and the phase conjugate
output to build up to the steady state.

The phase of the light interference pattern is a direct function of the optical
path difference of the two beams, so the grating can be translated by ramping
the phase of the light reflected by the external mirror. In this experiment, this
was done by varying continuously the optical path length traveled by the reflected
fanning beam. The external mirror was mounted on a piezoelectric micrometer,
and a high voltage ramp from a function generator amplified by a high voltage
amplifier was applied to the device to translate it at a constant velocity. When the
external mirror was moved, the reflected light was Doppler-shifted by éw, causing

the interference pattern in the crystal to move with a velocity

cdw

v = W 5 (7.9)

where 0 is the angle between the incident and fanning beams, so that the grating
period is Ay = A/[2sin(6/2)].

In a photorefractive crystal, the light interference pattern creates a corre-
sponding local change in index, whose transient behavior is characterized by an
exponential time constant 7. As derived in Ch. 2, the response time, as a function
of the experimentally controlled parameters for the case of no applied fields, is

given by

; _hwNy (E,u. + Ed)

N seloNp \ Ey + Ey4
=T(>\g,)\,T, Io),

(7.10)

where T is the temperature, A is the wavelength of the incident light, I, is the
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total intensity,
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The photorefractive coupling constant I'/, which for the stationary grating
case is a constant, is also a function of the experimentally variable parameters,

and is given by

Il = (Tol)F(I,7,v), (7.11)

where T'g is the coupling constant for stationary gratings, I is the total intensity
of the incident beam plus any background erase beam, 7 is the time constant of
the crystal, and v is the velocity of the light interference pattern inside the crystal.

Specifically, this dependence is given by?2

An 1
Tl A atin ;
> Pt g“(1+a1><1+z-—-—2§"’)
g

1
I+ i(réw)

(7.12)

for the case of no external erase beam. For moving gratings when éw # 0, an
increase in intensity I results in a decreased response time 7, therefore causing the
coupling constant I'l to increase. The real part of Al is that which determines the
thresholding level.®

The reflectivity of a semilinear phase conjugate mirror is given by?

B MY? 4 [a?(1 + M) — 1]1/?
A M+ 2-MY2[e2(1+ M) —1]1/2 [

(7.13)

where M is the reflectivity of the external mirror, and a is related to the coupling

constant 4/ by

tanh (—%qla) =a. (7.14)
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There exists a threshold value ()5 of the coupling constant in Eqn. (7.13), which
is defined by

1 1
afh = tanh? [—E(Wl)thathjl = (7.15)

1+ M
for which Ry, = M/(M + 2)2 ~ 1/9 for M ~ 1 but can be made significantly
smaller by choosing M < 1. The result is that R will be high for A/ above the
threshold (7!)¢n, while R approaches zero for I below the threshold, where 4l is
a function of 7, which iteself is a function of I, for a fixed éw. Therefore, R will
be a nonlinear function of I, with R = 0 for I < L.

If the external mirror is stationary, the effective coupling constant will be
above threshold, the grating will build up after some finite time interval, and
the semilinear mirror will produce a phase conjugate output. As the grating
velocity increases, the effective coupling constant will decrease until it falls below
the threshold necessary for the semilinear mirror to maintain a phase conjugate
reflection. For a fixed grating velocity, if the intensity is below I, the time
response of the crystal will be too slow to keep up with the moving gratings. If
the intensity is above I, then the response of the crystal is fast enough and the
photorefractive effect can keep up with the gratings, resulting in 41 > (y!);, and
a phase conjugate signal being reflected from the semilinear mirror.

Figure 7-7 shows the reflectivity of the semilinear mirror as a function of
the incident power of the unexpanded Gaussian beam from an Ar-ion laser. The
piezoelectric micrometer was driven by the ramp generator over a distance of 4
pm at velocities ranging from 18.0 to 39.2 nm/sec. With no mirror motion, the
threshold was at I = 2 mW. This nonzero value was observed previously and
has been attributed to the decay of the gratings due to dark conductivity of the

1.23

materia As the mirror velocity was increased, the threshold level L, necessary

for a phase conjugate output shifted to higher intensities. With the threshold
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Fig. 7-7: Reflectivity as a function of beam intensity for the thresholding

semilinear phase conjugate mirror.
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Fig. 7-8: Thresholding level as a function of grating velocity.
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intensity defined somewhat arbitrarily as Iy, such that R(Lp = %Rma,,.), I, as
a function of mirror velocity v is shown plotted in Fig. 7-8, where the lines are
guides to the eye.

This device has potential applications in optical associative memories in which
it is necessary to phase conjugate selectively on the stronger modes among many in
an optical resonator. It also has potential applications in optical signal processing
and optical switching.

In summary, a new method of obtaining optical thresholding in a passive
semilinear phase conjugate mirror has been demonstrated. This method relies
on changing the effective coupling constant as a result of grating motion in the
photorefractive medium introduced by the motion of the external mirror, which
Doppler shifts the reflected beam, and on the dependence of the photorefractive
response time on the incident beam intensity. The threshold intensity I;; can be
selected by varying the Doppler shift, which in turn is a function of the translation

velocity of the external mirror.

7.5. Optical limiting

Many of the previous examples relied on the amplification effect of two-beam
coupling. However, there is another set of applications based on deamplification
through two-beam coupling, which up until now has been treated as an undesired
effect. The deamplification of the pump beam can be used in configuring coherent

beam attenuators.

7.5.1. Objective of optical limiting
The primary objective of optical limiting is attenuating intense coherent ra-
diation, while allowing incoherent, low intensity light to be transmitted. Such

devices are useful in sensor protection from intense laser illumination. Protection
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of eyesight may be another possible application; however, with current materials,
the total energy transmitted is still orders of magnitude above the damage thresh-
old. However, photorefractive materials provide an interesting starting point since
they (1) respond only to coherent light, and (2) the response time of the device is
inversely proportional to the intensity, so higher intensities would result in faster
response and less energy allowed to be transmitted. The goal, therefore, is to have
high gain materials with as fast a response time as possible. Unfortunately, most
photorefractive materials, including those studied in Ch. 5 and 6, satisfy either of

these criteria but not both.

7.5.2. Possible methods

Phase conjugate mirrors, photorefractive oscillators, and beam intensity de-
pletion through the fanning effect in photorefractive crystals have been used to
demonstrate optical limiting, as shown in Fig. 7-9(a) by M. Cronin-Golomb and A.
Yariv.2¢ The idea behind using the phase conjugate mirror is to reflect as much of
the beam energy as the phase conjugate reflection as possible. The photorefractive
oscillator can also be used, diverting much of the beam energy into the resonator
mode. Each of these has the advantage of acting only on coherent radiation and

having its response time decrease with intensity.

The fanning limiter is the simplest method, as shown in Fig. 7-9(b). This is
simply a high gain photorefractive material oriented such that the fanning effect
deflects the beam energy away from the axis of propagation. For incoherent light,
the limiter acts simply as an optical element. For strong coherent light, self-
induced beam fanning from scattered light inside the material builds up until
the beam power is diverted into the fanning pattern, depleting energy from the

transmitted beam. A limiter such as this can be simply built into an optical system
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Fig. 7-9: Possible thresholding methods using photorefractive materials —
(a) A photorefractive oscillator as a thresholding device; (b) The fanning optical
limiter, where pump depletion due to the fanning effect is used to attenuate the

beam.
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as part of the front element, which remains inactive until illuminated by a strong,

coherent beam that starts forming gratings in the material.

7.5.3. Enhanced optical limiters

An optical limiter ideally should have high gain and fast response time in
order to cut down the amount of energy transmitted as much as possible. High
gain should be the overriding consideration, however, since the attenuation goes

as an exponential,

I(¢) = I(0)e~T%. (7.16)

This makes gain enhancement an overriding consideration in order to get as much
attenuation as possible.

One application of electric field enhancement of the photorefractive gain is
in improving the effectiveness of optical limiters.?> Since the exponential nature
of beam coupling in photorefractive crystals makes a factor of two increase in T
of major importance in such applications, this method is of particular interest
since the goal of optical limiting is to have as large a coupling constant as possi-
ble. The enhancement of the photorefractive gain using an applied field has been
achieved with minimal penalty in the response time of the crystal, which makes
this technique useful for optical limiting applications.

To determine the effectiveness of optical limiters using an external field to
increase its gain, the 0.016 wt. % Cr-doped SBN:60 crystal was used to attenuate
a strong laser beam through the fanning effect. The transmitted beam intensity
was measured in real time for applied fields of 0 to 10 kV/cm. As shown in Fig.
7-10(a), as the fanning gratings build up to their steady state, energy is coupled
away from the incident beam. For higher coupling constants as the field was

increased, this effect becomes much larger.
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Fig. 7-10: Optical limiting using SBN:60:Cr — (a) Transmitted intensity for
Ey = 0 to Ey = 10 kV/cm; (b) Total transmitted energy through the fanning

optical limiter using SBN:60:Cr.
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Figure 7-10(b) shows the total transmitted energy of a 0.5 W/cm?, 514.5 nm
Ar-ion laser beam through the Cr-doped SBN:60 crystal over a fixed period of
3 sec, or approximately six exponential time constants, which was obtained by
numerically integrating the transmitted intensity over time. The model used to

analyze the fanning limiter is given by

T T
Energy = / I(t)dt = I(0) / eF By (7.17)
4] 0

where T = TI'y(1 — e7%/") and T = 3 sec for this particular case. Plotted with
the experimental points in Fig. 7-10(b) are the theoretical values determined by
substituting experimentally obtained values of I'q and 7 at each value of E, into
the second integral of Eqn. (7.17) and numerically integrating from 0 to T.

The device configuration used here can also be considered as a field-controlled
optical attenuator, since the attenuation is a function of Ey through I' and 7.
Electrical control of gain and response time, in addition to reducing the total
transmitted energy through gain enhancement or response time reduction, also
introduces an element of control of this device.

To summarize, enhancement of the photorefractive two-beam coupling con-
stant in Cr-doped SBN by applying an external dc field has been used to improve
the performance of photorefractive “fanning” optical limiters. By increasing the
gain of Cr-doped SBN:60, the increased attenuation of the incident beam due to
beam energy depletion reduced the total transmitted energy by more than a factor

of five.
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CHAPTER EIGHT

Summary and Future Directions

8.1. Summary and conclusions

The photorefractive properties of new types of materials, potassium tantalate
niobate and strontium barium niobate, have been investigated with the goal of
improving the magnitude and speed of response of these materials. KTN crys-
tals have been grown with significantly higher ferroelectric to cubic phase tran-
sitions, making them available for a larger variety of applications where cooling
to cryogenic temperatures was impractical. SBN crystals were studied with new
dopant types, temperature control, modification of material parameters, and ex-
ternal fields with the objective of controlling the photorefractive gain and response

time.

KTN crystals doped with Cr and Fe were grown and characterized for opti-
cal holographic storage applications. Diffraction efficiency and dark decay time
measurements were made in a number of crystals that varied in their dopant con-
centration, Nb/Ta ratio, or Cr/Fe ratio. The Nb concentration was increased to
a point where large effects near the phase boundary can be measured at room
temperature. The effects of the external bias voltage and temperature on the

photorefractive properties were also investigated.

New types of SBN, which were Cr-doped or Rh-doped, were compared to
previously grown Ce-doped or Ce,Ca double doped SBN by experimentally mea-
suring their photorefractive gain and response time for two-beam coupling. Large
coupling gain but slow response was obtained with the Ce and Rh doping, with

corresponding large steady-state index changes but low photorefractive sensitivity
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due to their long time constants. Cr-doped SBN:60 and SBN:75 showed much
faster response time but with gain coefficients from 1/2 to 1/4 that of Ce-doped
SBN. The result was that the photorefractive sensitivity of Cr-doped SBN was on

the order of 10™3 c¢m?®/J, which was an order of magnitude better than that of

Ce-doped SBN.

Experiments have shown that the photorefractive effect in SBN can be im-
proved through a variety of methods. Heating resulted in modest increases in
response speed, but with corresponding loss of gain. Annealing Cr-doped SBN:60
in a furnace resulted in improved gain and temperature stability of the gain. Ex-
ternal electric fields also increased gain in Cr-doped SBN:60; similar experiments

in Rh-doped SBN resulted in reduction of the response time by more than a factor

of 20.

Some applications of photorefractive materials also were demonstrated. These
include the self-starting, passive, total internal reflection phase conjugate mirror,
thresholding semilinear phase conjugate mirror, a system for one-way image trans-
mission through a distortion, and an electric field controlled and enhanced optical

limiter.

8.2. Future directions

Photorefractive materials are currently of interest in a variety of ‘optical stor-
age, optical signal processing, and phase conjugation systems, and especially for
future optical computing elements, opto-electronic neural networks, and inter-
connects. Optics may play a significant role in inputs, storage, and readout for
optical computing. However, the slow speed of photorefractive materials poses a

significant drawback for many applications.

Modification of as-grown crystals through annealing, oxidation, and reduction
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holds potential for tailoring specific samples for fast response or high gain, depend-
ing on the particular application. Improvement in optical properties may also re-
sult from defect reduction, changes in oxidation states of dopants, and changes in
donor and trap energies.

Electric field enhancement of the photorefractive properties has been inves-
tigated, but there is a practical limit of the catastrophic depoling point from
limitations in the internal fields that can be supported. SBN:75 generated a large
effect from a larger electro-optic coefficient even with smaller space charge fields.
Other materials with large electro-optic figures of merit may be able to sustain
larger photorefractive effects.

The ideal photorefractive material will be one with large gain, fast response,
high sensitivity, and high optical quality. No one material currently satisfies all of
these conditions, although SBN has been found to satisfy many of these desired
properties. There are numerous applications currently awaiting the development
of the next generation of materials that can meet these requirements. Other
dopants than the ones studied here, and other tungsten bronze materials may
possess significant advantages over the figures of merit of the SBN, and fur£her

research into these areas is certainly warranted.



