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Abstract

The work presented in this thesis has been focused on solving the most important
and long-lasting problem of destructive read—out in holographic recording in photore-
fractive crystals. Several interesting methods for solving this problem were proposed
and demonstrated by researchers for more than two decades. However, none of them
were practical for read / write applications. The most promising all-optical method,
which is still being pursued by some researchers, was two-step recording. However,
the method suffers from low sensitivity and dynamic range, even in the optimized
conditions. Furthermore, several experimental results were not explained due to the
lack of a complete understanding of the dominant phenomena that were involved.

Our strategy in solving the problem of destructive read-out of holograms was
to first provide a complete understanding of the physics of the two-step recording
method by appropriate modeling, and to explain the experimental results that had not
been explained before. Such an understanding gave us a good idea about the major
problem of the method, and we were able to find a solution to that problem by adding
one dopand to the recording crystal. The method we developed both theoretically
and experimentally in this thesis is called two-center holographic recording. The
initial results of the method (without any optimization) offer more than one order
of magnitude (and for some parameters, two orders of magnitude) improvement over
the optimized two-step recording method.

In this thesis, we provide a complete modeling for two-center recording that agrees
very well with the experimental results, provides us with the understanding of the
main physical phenomena that are involved, and helps us in optimizing the method.
The next step is to relate the material and system parameters for the system design.
We present in this thesis a standard framework for such a relation, and outline the
main general steps in the system design using two-center recording. The idea devel-

oped in this thesis opens us several avenues for further thinking and research, and
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some of them are already being investigated by different research groups.
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Chapter 1 Introduction

1.1 Holography: basic idea and applications

Holography was developed in the late 1940s by Dennis Gabor [2]. However, first
substantial advances in this field were achieved in the early 1960s stimulated by the
invention of laser systems. A further important step forward was the work of Leith
and Upatnieks who introduced holographic recording schemes with off-axis reference
beams. A large number of investigations in the field of holography took place in the
1960s and early 1970s [3, 4]. Nowadays, holography has found many applications in
industry as well as in science, and is still a rapidly developing field of research.

The basic principle of holography is rather simple: Two coherent waves, an
information—bearing signal beam and a reference beam of known shape, are superim-
posed. The created interference pattern is stored as an amplitude pattern (amplitude
hologram, absorption hologram) or as a phase pattern (phase hologram, refractive—
index hologram, relief hologram). The stored interference pattern itself is called a
“hologram.” Subsequent illumination of the hologram with the reference wave causes
diffraction of the reference light from the absorption or phase hologram and by these
means the original signal wave is reconstructed. Unlike photography, not only the
amplitude of the signal wave but also the complete phase information is correctly
retrieved.

Holography covers many different areas of applications. To name a few examples:
(1) Security issues. To copy holograms requires sophisticated optical setups or, in the
case of printed holograms, master stamps. Thus copying of holograms is rather dif-
ficult. Therefore, holograms are used, e.g., on credit—cards. (2) Holography became
a direction of art. New effects can be realized. Furthermore, expensive objects in
exhibitions can be replaced by holograms once again for security reasons. (3) Holo-

grams attract attention which is used more and more in advertising of products. (4)
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Holography became a very important measurement technique. Especially holographic
interferometry is a powerful tool for non-destructive testing of object deformations
and also for vibration analysis (a nice summary is given in, e.g., [5]). (5) Holographi-
cal optical elements can be used in telecommunication for, e.g., optical interconnects
or wavelength division multiplexers [6, 7.

An application of special importance is volume holographic data storage [8]. This
technique promises large storage capacities, short access times, large data transfer
rates and the capability of optical processing. Such storage systems have been in-
vestigated since the 1970s. The basic components needed are a laser light source,
a spatial light modulator which imposes the information on the object beam, the
storage medium and a camera system to retrieve the data. Nowadays small, pow-
erful and reliable diode or diode-pumped solid—state lasers are available. Liquid
crystal light modulators became a product for the mass market, and CCD cameras
(‘charge—coupled devices’) are also rapidly developing if we think, e.g., about digital
photography. These advances and an increasing demand for storage capacity renewed
the interest in holographic storage systems and especially within the last years re-
markable advantages were achieved and impressive demonstrations were performed.
Examples are storage systems presented by Rockwell Intl. [9] and IBM [10].

The holographic storage systems are often called ‘volume’ storage devices because
successful reconstruction of stored information requires fulfillment of the Bragg con-
dition which is also called the momentum condition. The wavevectors of incoming
and diffracted waves must match a grating vector of the hologram (conservation of
momentum). Bragg mismatch can be achieved by rotation of the sample or of the
reference beam (angular multiplexing), by changing the wavelength of the read-out
light (wavelength multiplexing) or by several other techniques. This allows the super-
position of many holograms in the same volume and yields a volume storage method
instead of conventional surface storage which is utilized, e.g., in compact—disc (CD) or
hard—-disk drives. Multiplexing many holograms requires small Bragg tolerance which
can be achieved by using thick materials. The term “thick” refers to the thickness of

the recording medium compared to the period of the light wavelength. Thus samples
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where the light interacts over 100 um or more with the material are thick in the sense

of the Bragg criterion.

1.2 Holographic recording materials: organic and
inorganic

The critical problem of holography in general and of holographic storage in particular
is the availability of a suitable recording medium with the desired properties such as
high resolution (more than 10,000 Lines/mm), large dynamic range (high refractive
index or absorption changes), large sensitivity (high diffraction efficiencies of the pro-
duced hologram upon small recording exposures), long lifetime, low light scattering,
reversibility / fixing on demand, and low price. Besides standard materials (silver
halide photographic materials, dichromated gelatin, inorganic photochromic materi-
als, thermoplastics, photoresists; for a review see, e.g., [11]) several other inorganic
and organic materials are known which can be useful for holographic applications.

Photorefractive crystals are very attractive candidates for holographic recording
[12]. Nonuniform illumination with visible light excites charge carriers from impurities
either into the conduction or into the valence band. These charge carriers migrate
and generate a spatially modulated electric current density due to diffusion, drift,
and the bulk photovoltaic effect [13]. Finally, the electrons are trapped by empty
impurities. A space—charge field arises which modulates the refractive index via the
electrooptic effect and a volume phase hologram is formed.

The photorefractive effect in electrooptic crystals was discovered in lithium-niobate
(LiNbOj3) [14]. Iron is known to be a photorefractive dopand of this material [15].
For visible light the charge transport in LiNbQj:Fe is through the conduction band,
and Fe?* and Fe®' are sources and traps of the charge carriers. However, besides
LiNbO; several further inorganic photorefractive materials exist and are studied
intensively such as the perovskite crystals barium titanate (BaTiOz) and potas-

sium niobate (KNbQOj), the tungsten—bonze—type crystal strontium-barium niobate
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(Srg.61Bag.30NbyOg, SBN), the sillenite-type crystals bismuth-silicon oxide (Bi;2SiOap,
BSO), bismuth—titanium oxide (Bi;2TiOg, BTO) and bismuth—germanium oxide
(Bi;2GeOgy, BGO), and the semiconductor crystals gallium arsenide (GaAs) and cad-
mium telluride (CdTe), to name just some examples.

The crystals have several properties which are highly desired for holographic ap-
plications: (1) High spatial resolution, (2) excellent optical quality and therefore very
weak light scattering, (3) good long-term stability even in unpleasant chemical or
electrical environments, (4) commercial availability of samples of reproducible prop-
erties, and (5) large thickness (up to some cm).

The major drawback of inorganic photorefractive crystals is a relatively low sensi-
tivity. For this reason several different types of organic materials are also intensively
studied. Here we mention only four different systems: (1) Several photosensitive
organic recording media are based on photo—assisted polymerization of, e.g., methyl-
methacrylate (MMA) to poly-methyl-methacrylate (PMMA). This process gains sen-
sitivity from irreversible chemical reactions [16]. Photopolymers of this type continue
to be developed and tested [17, 18]. Light-induced shrinkage, light scattering, and
the limitation to relatively thin samples are the major drawbacks of this class of ma-
terials. (2) Photoadressable polymers contain azo-benzene chromophors which occur
in the cis and trans states. Polarized light yields an alignment of side-chains con-
taining azo—-benzene chromophors which causes strong optical dichroism and via the
Kramers-Kronig principle also large refractive-index changes [19]. The process is fully
reversible, i.e., intense unpolarized light yields a random orientation of the molecules
and erases the stored refractive index patterns. However, the sensitivity is much less
compared to that of the photopolymers. (3) Organic crystals are also grown, e.g., the
system called ‘DAST’ (4-N, N—dimethylamino—4'-N"—methyl-stilbazolium toluene-
p-sulfonate) received some attention [20]. These crystals exhibit large electro-optic
coefficients and they are shown to be photorefractive, but currently the overall per-
formance of this material (magnitude of the refractive-index changes, response time)
is disappointing. (4) Photorefractive polymers appear to be much more promising.

Although previous work existed, a breakthrough in this area was achieved in 1994
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[21]. Diffraction efficiencies up to almost 100% were achieved with 100 pm thick
samples. The process is the same as in photorefractive crystals: Inhomogeneous il-
lumination builds space—charge fields up which modulate the refractive index via the
linear electro—optic effect. The major problem of this material is that external elec-
trical fields of the order of 100 kV/mm are required. The external fields are the main
charge driving force and they are also necessary to align nonlinear molecules in order
to create a linear electro—optic effect.

Which class of materials is preferable, inorganic crystals or organic compounds,
may depend on the actual application. Reversibility together with the ability of all-
optical fixing is required for several applications, and in particular for holographic
storage. No such fixing method exists so far for organic materials, but, as we will see
below, inorganic electro—optic crystals allow all-optical fixing of data without loosing
the ability of desired optical erasure. In this thesis, we only consider holographic
recording in photorefractive crystals, particularly LiNbO3.

The photorefractive effect in electro-optic crystals is completely reversible, i.e.,
homogeneous illumination redistributes the charge carriers back and new holograms
can be recorded. However, this implies also that the holograms are erased during
reading due to the homogeneous read—out illumination. This has been known as the
major problem in holographic recording in photorefractives for many years. Thus,
methods are needed which allow to fix the stored information and to reconstruct all
data without erasing the holograms. These methods can be considered as different

schemes for persistent (non—destructive read—out) holographic recording.

1.3 Persistent holographic recording methods: copy-
ing and all-optical schemes

Several solutions to the fundamental problem of destructive read—out in photorefrac-
tives have been proposed and experimentally demonstrated. The techniques might

be grouped into two categories: (1) Copying of the electronic space—charge pattern to
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other properties of the material. Thermal fixing [22] and electrical fixing [23] belong
to this group. (2) All-optical fizing. Two—step excitations [24, 25|, read-out with
wavevector spectra [26, 27], frequency—-difference holograms [28], and the interaction
of deep and shallow traps [29] are examples for this type of fixing.

Upon thermal fixing the electron pattern is transposed to a modulated concen-
tration of ions (protons for example) [22]. This is achieved by heating the crystal
during or after recording. At higher temperatures (typically 180°C) ions are mobile
and drift in the space—charge fields. After cooling to room temperature the ions are
immobile and the ionic pattern is fixed. Homogeneous illumination creates spatially
modulated currents because of strongly modulated concentrations of electron sources
and traps (Fe?t and Fe’* in LiNbOs:Fe) [30]. Thus homogeneous light develops the
hologram instead of erasing it. Although thermal fixing provides excellent lifetimes
of the stored information [31], inhomogeneous thermal expansion of the crystals, and
the inconvenience of heating and cooling are serious problems of this method. Fur-
thermore, adding or deleting of one fixed hologram in a previously fixed holographic
system can not be performed without heating the crystal again and, therefore, affect-
ing the pre-existing holograms. Therefore, thermal fixing is not appropriate for read
/ write storage applications.

Electrical fixing is another copying approach [23]. The space—charge field to-
gether with an externally applied electric field may exceed locally the coercitive field
and causes switching of domains. The created domain pattern is a replica of the
space—charge pattern, and the polarization changes are compensated by a modulated
concentration of electron sources and traps [32, 33]. Once again, homogeneous light
develops the space-charge pattern because of spatially modulated currents arising
from the modulated concentrations of photorefractive centers. Although 1000 holo-
grams were multiplexed in a single crystal by this technique [34], the storage capacity
is limited because ferroelectric domains tend to have minimum dimensions which are
significantly larger than the light wavelength.

Two-step excitatons via an imaginary or a real intermediate state [24, 25] are

examples of all-optical solutions. The combined energy of two photons is necessary
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to generate a free electron. In the case of two photons of equal energy, reduction of
the read—out light intensity yields a quadratic drop of the erasure speed [24]. This
technique is not persistent, but a large asymmetry between recording and erasure
speed can be achieved. Usage of different wavelengths for sensitizing (short wave-
length, ‘gating light’) and recording (long wavelengths) yields a better persistence of
the stored information [25]. Anyhow, both techniques employ pulse lasers of high
intensity.

Other all-optical techniques use wave-vector spectra to achieve Bragg matching
[26, 27], but losses of storage capacity occur because the cross—talk increases strongly.
Frequency—difference holograms use lower harmonics which come into the picture
because of the product between conductivity and space—charge field in the charge-
transport equations [28, 35, 36]. Recording a new hologram (conductivity pattern)
over an already existing one (space—charge field pattern) creates sub-harmonics which
allow non-destructive retrieval of the information, because the photon energy of the
subharmonic wavelength is not sufficient to excite charge carriers. The major problem
of this technique is a substantial loss of dynamic range.

Another solution to the problem of destructive read—-out (sometimes called volatil-
ity) is the usage of a combination of a deep and a shallow center [29]. Visible light
excites charge carriers from the deep center either to the conduction or the valence
band. Some of the free carriers are trapped by shallow levels from which they can
be re-excited by long-wavelength light. After recording, the holograms can be read
with the long—wavelength light without erasure because the shallow levels are empty
if no sensitizing light is present. However, thermal excitations also depopulate the

shallow levels and large light intensities are required to use this-process [29].

1.4 Qutline of the thesis

The work presented in this thesis has been focused on solving the most important
and long-lasting problem of destructive read-out in holographic recording in pho-

torefractive crystals. To obtain persistence (non-destructive read—out) for read /



8
write holographic storage systems, we need to use an all optical method as explained
previously.

To solve the problems of the existing methods and propose new methods in each
research area, it is essential to carefully understand the basic mechanisms of the
method along with the main sources of the problem. In Chapter 2, we explain the
basic physical mechanisms in two-step holographic recording in LiNbOjs: Fe crystals.
We develop an approximate analytic solution set to the governing equations of the
two—step recording. This analytic solution helps us a lot in the understanding the
dominant mechanisms in two-step recording. With the help of this analytic solution,
we explain all of the observed experimental results including ones that were not
successfully explained previously. We then explain the major drawback of two-step
recording as the short lifetime of the electrons in the shallow polaron levels. Knowing
the source of the drawback, we propose the usage of doubly—-doped LiNbOj crystals
in which both traps are due to dopands and have very long electron lifetime. This
method, which we call two-center holographic recording, is described in detail in
Chapter 3. We show that using doubly—doped LiNbOj crystals results in obtaining
very good persistence while improving the other performance characteristics compared
to two—step recording in singly—doped LiNbOj crystals. We also develop a theoretical
model that explains all the experimental observations in two—center recording very
well. Using this model, we propose and demonstrate a strategy for optimizing the
performance of two—center recording by choosing the design parameters appropriately.

Some important system issues in two—center recording are discussed in Chapter 4.
We propose and demonstrate a solution for the problem of low sensitivity observed in
the first demonstrations of two—center recording. We also develop a recording schedule
for recording multiple holograms in the same volume using two-center recording.

A conclusive comparison of two-step and two-center recording is presented in
Chapter 5. It is shown that the performance characteristics obtained with low inten-
sities in the early stages of two—center recording are at least one order of magnitude
better than that obtained with much higher intensities in the highly optimized stages

of two-step recording. The major conclusion made in Chapter 5 is that two—center
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recording is the best existing method for persistent holographic recording in LiNbO3
crystals.

In Chapter 6, we discuss the range of performance characteristics that can be
obtained by using a doubly—-doped LiNbOj crystal even if persistence is not required.
It is shown in Chapter 6 that the performance range obtained by using doubly-
doped crystals is much larger than that obtained by using a singly-doped crystal.
Furthermore, we show that the main challenge in holographic recording is how to use
the trade off among dynamic range, sensitivity, and persistence to obtain the desired
performance.

Most of the focus in Chapters 2-6 is on the material properties. In Chapter
7, we derive the relationship among the material parameters (dynamic range and
sensitivity) and system parameters (recording and read—out rates, access time, and
storage capacity). We show that the system parameters of two—center recording with
the existing materials are very promising for the realization of practical read / write
holographic memory systems. We also present an outline for the design of a practical
memory module. We also propose some guidelines for future research for improving
material properties for two—center recording. Finally the main conclusions of the
thesis along with guidelines for future research in the different aspects of two—center
recording are summarized in Chapter 8.

The main goal in the work presented in this thesis has been the understanding of
the basic physical principles in each recording scheme, and using such understanding
to find the main sources for each problem that needs to be solved. Knowing the source
of a problem is always helpful in finding possible solutions faster. To reach the main
goal, we tried to develop an appropriate model for each recording method and use the
model to explain the experimental observations. On the other hand, we performed
different experiments to test the theoretical predictions of each model. Such a combi-
nation of theory and experiment is very helpful in developing a good understanding
of the basic physical mechanisms involved in each case, and the research is much more

successful if we carefully understand what is going on!
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Chapter 2 Two—step holographic

recording

2.1 Introduction

Volume holographic memories are promising for high density digital or analog data
storage [8]. Excellent light sources, spatial light modulators and camera systems are
available nowadays due to boosting applications of optics in communications and en-
tertainment industries. The critical issue for holographic storage is still the recording
material. Volume holographic storage systems are tried and tested with photorefrac-
tive crystals as the recording medium [37, 9, 10]. Inhomogeneous illumination with
an interference pattern of reference and signal beams excites charge carriers from
impurity levels into the conduction or valence bands, the charge carriers migrate and
they are trapped by empty impurities elsewhere. A space—charge field builds up and
modulates the refractive index via the electro—optic effect. Different photorefrac-
tive centers can interact and the performance depends strongly on the host material,
intrinsic and extrinsic defects, and experimental conditions [38, 39].

The photorefractive effect is reversible, i.e., homogeneous illumination redistributes
the electrons back and new recording is possible. Thus, read/write memories can be
implemented. However, the major obstacle is that readout also requires homogeneous
illumination, which erases the stored information. Thermal fixing [22], electrical fix-
ing [23], two—photon recording [24], frequency—difference holograms [40] and readout
with wavevector spectra [26] are known techniques to overcome the problem of de-
structive read—out. From all these techniques, two—step (or as sometimes called,
two—photon) processes appear to be the most promising. They require no heating,
no external electric fields and they may enable recording with a high dynamic range,

i.e., multiplexing of many holograms with high efficiency.
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Two—step recording can be realized in materials where two photons are required
for generation of one free electron or hole. The first photon excites the charge carrier
into an intermediate level and the second either into the conduction or valence band.
Typically different wavelengths are chosen for the first and the second excitation. Low
energy photons contain the holographic information and homogeneous illumination
with high energy photons sensitizes the material for recording. During readout only
light of the recording wavelength is present and persistent (or as sometimes called,
non-volatile) read-out is achieved.

Multiphoton photorefractive storage has been discovered in lithium niobate
(LiNbOj) crystals [24], and the first persistent storage experiments utilizing two—
photon excitations were performed with LiTaOj3 [25], which is isomorphic to LiNbOj.
Picosecond light pulses (wavelengths 1064 and 532 nm) were used in these early in-
vestigations. More recently, larger refractive index changes and better sensitivities
were achieved using LiNbOjs and nanosecond light pulses of the same wavelengths
[41, 42, 43]. The crystals were doped with iron or with copper as the photorefractive
centers. Iron and copper occur in LiNbO; and LiTaQOs in the valence states Fe?+/3+
and Cu*/?* [15]. Charge transport via the conduction band dominates, i.e., Fe*™ and
Cu™ are the filled impurities.

Two—step recording requires the presence of intermediate energy levels. Excita-
tions via virtual levels are possible for recording with femtosecond light pulses [44],
but they can not play a role in experiments with nanosecond pulses. Crystal-field
splitting vields an excited state of Fe?*, which matches well with the 1064 nm radia-
tion [15], but the filled copper level, Cu™, does not have such an excited electron state
and very similar two-photon effects were observed in LiNbOs:Fe and in LiNbOj3:Cu,
ruling out that the excited state of the Fe?™ ions plays a significant role [42].

Congruent lithium niobate has a substantial lack of lithium ions. The lithium
concentration is only 48.3 mol % [45]. At least 1% of the intrinsic defect niobium on
lithium site (Nbr;) is present [46, 47]. The valence state of this center is 54, but one
electron can be trapped, reducing the valence state to 4+ and creating a small polaron.

All photorefractive properties of LiNbOjs:Fe for illumination with continuous wave
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visible light and with high intensity green light pulses are quantitatively explained by
a two—center charge transport model considering the photorefractive sites Fe?+/3* and
Nb?j/ % Two-step transitions of electrons from Fe?* via the small polaron into the
conduction band are possible, because the concentration of small polarons is large
and each Fe’" ions has some empty Nby; close to its location. Effects like light—
induced absorption changes, intensity dependent saturation values of the refractive
index changes and photoconductivities, which are superlinear in the light intensity,
can be explained within this model [48]. It is straightforward to employ this charge
transport model also for the explanation of the two—photon recording processes used
for persistent storage. The large lifetime of the excited charge carriers in the polarons
[49] makes it more appropriate to use the term ‘two-step excitation’ rather than
‘two—photon excitation’.

A theoretical analysis of the two-step persistent storage in LiNbOj:Fe is still
missing. The question is whether the iron/polaron model can describe quantitatively
the obtained experimental results using all charge transport parameters known for
LiNbOj from literature. The aim is to achieve a model and a parameter set which
explains all photorefractive features of congruent LiNbQOs, at low and high light inten-
sities, for one-step and for two-step recording. A full theoretical description and un-
derstanding of the processes is highly desired, because then the optimum performance
of the material and the conditions to achieve this performance can be predicted. Fur-
thermore, there are several experimental observations that have not been explained
vet. Having a reliable model is very helpful in understanding the physical mech-
anisms responsible for two—step recording and the explanation of the experimental
observations. First general attempts of a formal analysis of the processes involved in
different two-step recording schemes are performed only for materials with negligible
bulk photovoltaic effect [50].

We present in this chapter a full theoretical analysis of the two-step recording
processes in congruent iron—-doped lithium niobate. The two—center charge transport
model for LiNbOj is explained in Section 2.3. We first present a complete numerical

solution to the governing equations of the model and show its validity by comparing
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the theoretical expectations with several experimental results. Then, we use several
approximations to derive an analytic solution to the equations of the model. Such an
analytic solution is very important in understanding the dominant physical mecha-
nisms in two-step recording. Using the analytic solution, we explain all experimental
observations, especially those that were not explained before. Although we mainly
concentrate on two—step recording with high intensity pulses, we can also use the
model to analyze two-step recording with cw light. Based on the model, we explain
the main deficit in two-step recording in singly—doped LiNbOj crystals. We also
propose a way to overcome this deficit by using doubly-doped LiNbO; crystals. The
details of the proposed method (two—center recording) will be discussed in Chapters

3 and 4.

2.2 Experiments

Melt-doped single domain LiNbOj:Fe samples grown by the Czochralski technique
are investigated. The total Fe concentration cp, of the samples is determined by X-
ray fluorescence and atomic absorption spectroscopy. The samples contain typically
between 370 and 1070 mol ppm Fe. The uncertainties of the determined cp, values
are about + 15%.

The valence states of the Fe ions are varied by suitable annealing treatments [15].
Heating in pure oxygen atmosphere, e.g., to a temperature of 1000 °C, tends to oxidize
the ions to Fe?*, whereas heating in argon atmosphere or vacuum (low oxygen partial
pressure) yields a reduction of the ions to Fe?*.

Determination of the concentrations cge2+ and cpes+ is based on Mossbauer exper-
iments [15]. From the comparison of the Mdssbauer results with optical absorption
measurements, the oscillator strength of the bands are calculated [51]. The absorp-
tion coefficient at 477 nm for ordinarily polarized light, determined by a Cary 17D
spectrometer, vields cpe2+. Then, cpes+ can be determined because the entire Fe
concentration of the crystal is known, and the Mdssbauer results clearly demonstrate

that only Fe?* and Fe®* states of Fe ions are present in LiNbOs:Fe crystals. Typically
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ratios of cpe2+/cpea+ in the range from 0.01 to 1 can be adjusted easily.

Figure 2.1 shows a schematic illustration of the holographic setup '. A Q-
switched Nd:YAG laser with a frequency doubler produces simultaneously infrared
(A = 1064 nm, pulse duration 25 ns) and green (A = 532 nm, pulse duration 15 ns)
ordinarily polarized TEMy, light pulses. The repetition rate of the system used is
only about 0.1 Hz. A dielectric beam splitter separates the infrared and green light.
An additional beam splitter divides the infrared light into two coherent waves of equal
intensity. These beams enter the crystal symmetrically in a plane containing the crys-
tal’s ¢-axis. The green pulse enters the sample simultaneously or with a delay of up
to 100 ns achieved by an optical path difference.

Holographic read—out is performed by low intensity ordinarily polarized continuous—
wave HeNe laser light (A = 633 nm) entering the crystal under the Bragg angle. Pho-
todiodes behind the sample detect transmitted and diffracted light intensities. The
diffraction efficiency is defined as the ratio of the intensities of the diffracted and
total transmitted light. From Kogelnik’s formula [52] we then calculate the refractive
index changes. The intersection angle of the infrared pulses and the light wavelength
determine the fringe spacing A. This A value is in the employed transmission geom-
etry typically about 1 to 2 um. Neutral density filters provide variations of infrared
and green light intensities.

Figure 2.2 illustrates a typical hologram writing and erasing cycle. The time
scale corresponds to the exposure time of the green (A = 532 nm) light. The circles
represent experimental data and the solid lines are exponential fits taking into account
absorption effects [1]. Typical total infrared and green light intensities are Ijp64 =

250 GWm™? and Is30 = 110 GWm™2.

2.3 Two—center model

The two—center charge transport model for LiNbOj:Fe was introduced in 1993 by

Jermann and Otten [48] and Figure 2.3 illustrates the model in a band diagram.

lExperiments were performed by K. Buse.
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Figure 2.2: Refractive—index amplitude An of a holographic grating during a typical
writing and erasing cycle. The circles illustrate the experimental data and the solid
lines are monoexponential fits taking into account absorption effects [1]. The time
scale corresponds to the exposure time of the green (A = 532 nm) light. During the
first 4 us infrared and green light (wavelengths: A = 1064 nm, A = 532 nm; intensities:

2

Ioss = 250 GWm™2, I535 = 110 GWm™?) are simultaneously present. The next 8 us
read—out of the hologram with one of the infrared writing beams (1954 =125 GWm™2,
I35 = 0) is performed. After this second step, the hologram is erased by green light

(T1064 = 0, Is3p = 110 GWm2).
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Electrons can be excited from Fe?* by light either into the conduction band or into
NbyT forming Nb{t. Direct excitation into Nby; requires that there are always some
Nby,; centers close to each Fe?t. This is the case, because Nby; is an intrinsic defect
which occurs in a very high concentration [46, 47]. The electrons in the shallower
Nbi? traps can be excited to the conduction band by light or thermally. Otherwise,
they recombine directly with the iron ions where they come from. The conduction
band electrons can recombine either with Fe** or with NbT. The iron level is ‘deep’
and the polaron level is often called ‘shallow’ although these words have a different
meaning in semiconductor physics, where shallow levels are characterized by a strong
thermal generation rate.

Green light (wavelength 532 nm) has sufficient photon energy to excite electrons
from Fe?" either into the conduction band or into the secondary centers, or from
Nb;! into the conduction band. Infrared light (wavelength 1064 nm), however, has
a smaller photon energy that is sufficient to excite electrons from Nb;T into the
conduction band, only.

Excitation and recombination of the electrons can be described by the rate equa-

tions [48]
ONp, _ _
8tF = —[quSFe + (IFeXSFeX(NX - Nx )]IGNFe
+(vren + Yrex Ny ) (Nre — Npe) (2.1)
ONy _ _
atx = —[Bx+ gx,asx,cla + gxrsxrlr + VxFe(NFe — NFe)]NX

+(yxn + grex Srex I Np,) (VNx — Ny ) . (2.2)

All symbols are introduced in Table 2.1. Excitation of electrons from Nb;; is possible
by green light (wavelength 532 nm) and by infrared light (wavelength 1064 nm). Thus,
we added in the Equation (2.2) a generation term to account for the presence of the
infrared light. Some parameters have a subscript ‘G’ or ‘IR’ to indicate whether they
correspond to green or infrared light.

We treat the situation where the light intensity and therefore all other spatially de-

pendent quantities vary only along one direction. The coordinate along this direction
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Figure 2.3: Band diagram of the charge transport situation in congruent iron-doped
lithium niobate (LiNbQj). The arrows indicate excitation and recombination of elec-
trons. A detailed description is given in the text.
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Quantity (unit) Meaning Value Reference
Parameters of Fe
Nre (m™3) total concentration of Fe (1.2 x 10%%)
Np, (m™3) concentration of Fe** (5.7 x 10%%)
gresre (M?2/J) absorption cross section of Fe?* for absorption of 1.0 x 1073 [48]
a photon and excitation of an electron from Fe?*
into the conduction band (light wavelength 532
nm)
Yre (m3/s) coefficient for recombination of conduction band 1.65 x 10714 [48]
electrons with Fe?+
—kpe (m3/V) bulk photovoltaic coefficient for excitation of elec- 3.5 x 10733 [48]
trons from Fe?T into the conduction band (light
wavelength 532 nm)
Parameters of Nby;
Nx (m™3) total concentration of Nby; 1028 [46, 47, 48]
Ny (m=3) concentration of Nb7 variable
Bx (s71) rate of thermal excitation of electrons from Nb;; 0 [48]
into the conduction band
gx.csx,c (m?/J)  absorption cross section of Nbj} for absorption 5.0 x 1075 [48]
of a photon and excitation of an electron into the
conduction band (light wavelength 532 nm)
gx,mSx, R (m?/J) absorption cross section of Nb}ljr for absorption 5.4 x 1073 [this work]
of a photon and excitation of an electron into the
conduction band (light wavelength 1064 nm)
vx (m3/s) coefficient for recombination of conduction band 0 [48]
electrons with Nbj7
—rx.g (m3/V) bulk photovoltaic coefficient for excitation of elec-  21.2 x 10732 [48]
trons from Nbj{ into the conduction band (light
wavelength 532 nm)
—&x,r (m3/V) bulk photovoltaic coefficient for excitation of elec- 32 x 107%%  [this work]
trons from Nb;; into the conduction band (light
wavelength 1064 nm)
Parameters related to Fe and Nby;
grexSrex (M®/J)  absorption cross section of Fe>t for absorption of 3.22 x 1030 [48]
a photon and excitation of an electron into Nb{T
(light wavelength 532 nm)
xre (m3/s) coefficient for recombination of electrons from 1.14 x 1072 (48]

Nb{T with Fe3+
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Quantity (unit) Meaning Value Reference
Parameters of LiNbOj;
€ dielectric coefficient 28 [53, 54]
r13 (m/V) electro-optic coefficient (light wavelength 632.8 10.9 x 10712 [55]
nm)
no refractive index for ordinarily polarized light 2.286 [56]
(wavelength 632.8 nm)
Charge transport parameters
j (A/m?) current density variable
p (m?/Vs) electron mobility in the conduction band 7.4 % 107" [57]
n (m=?) density of free electrons in the conduction band variable
p (As/m?) total charge density variable
Ny (oi2) concentration of nonmobile positive compensa- (5.7 x 10%4)
tion charge, which maintains overall charge neu-
trality
E (V/m) space—charge field variable
Fundamental constants
ks (J/K) Boltzmann constant 1.38 x 10723
€0 (As/Vm) primitivity of free space 8.85 % 10~12

Parameters related to the experimental conditions

T (K) crystal temperature 293
K (m™1) spatial frequency of the interference pattern 2.9 x 108
A (m) period length of the interference pattern 2.2x1078
I (W/m?) intensity of the spatially homogeneous green light variable
(wavelength 532 nm)
Iir (W/m?) intensity of the infrared light (wavelength 1064 variable
nm)
m modulation degree of the interference pattern of variable
the infrared light
tp (s) duration of each green and infrared light pulse 15 x 1072

Table 2.1: Units, meaning and values of all quantities used involved in the analysis
of two-step holographic recording in LiNbOj:Fe. Subscripts ‘0’ and ‘1’ are added
in the text to the spatially dependent quantities to indicate zeroth and first Fourier
components. Values in parentheses show standard values, which are valid if nothing
else is mentioned.
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is z. Then, the current, continuity, charge and Poisson equations are

9

j = eunE + kreNade + kx.aNglc + sxnNg Im + ,ukBTa—: . (2.3)
85 N, ONg on ,
9 _ _ e i 9.4
oz e(3t+6t+8t ’ (24)

p = —e(Ng+Ng+n-— Ny), (2.5)
af 4 (2.6)
dx €€

Drift, bulk photovoltaic and diffusion currents are considered. All symbols are intro-
duced in Table 2.1.

Jermann and Otten determined a set of parameters, which describes excellently
all photorefractive features of LiNbOj:Fe observed in experiments with green light
at continuous-wave and at pulsed laser intensities [48]. Their parameter set will be
also employed in this work. Thus, our model is immediately consistent with all usual
photorefractive properties of LiNbOj:Fe for recording with light of one wavelength.
Only two of the many parameters occurring in the Equations (2.1)-(2.6) are new
and unknown: ¢x rsx,r and kx g, the photon absorption cross section and the bulk
photovoltaic coefficient of Nbi;r/ °* for excitations with infrared light.

To study this model we will investigate the situation of simultaneous illumination
with spatially homogeneous green light and with a sinusoidally modulated infrared

interference pattern
= IIR,O[I + msm(K:c)] s (27)

The symbols are explained in Table 2.1. We assume that the light intensity does not
change with time during illumination. All calculations are performed with m = 0.1
and the obtained space—charge fields are normalized to m, i.e., they are divided by

m.
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2.4 Numerical solution

2.4.1 Algorithm

One may argue that typical approximations like the adiabatic approximation [58]
or Fourier development with the neglection of higher Fourier orders [59] can not be
applied to our situation. Therefore, Equations (2.1)-(2.7) are solved numerically in
space without any approximation. The calculations are performed for one period
length of the grating, and cyclic boundary conditions are used.

The starting condition is the steady—state situation in the dark with a homoge-
neous concentration of Fe?t, which is equal to the concentration of compensators
(or acceptors) Ny, because the Nby; centers are initially not populated, i.e., Ny = 0.
Calculations are done in time steps dt: First, the concentration patterns N (z, t 4 dt)
and Ny (z,t + dt) are calculated using the Equations (2.1) and (2.2), and the values
Ny,

and the concentration pattern n(z,t + dt) is finally obtained from n(z,t) and from

(z,t) and Ny (z,t). The current density j(z,t) is calculated from Equation (2.3)

the Equations (2.1), (2.2) and (2.4). Then Equation (2.5) and integration of Equa-
tion (2.6) finally yield the space—charge field E(x,t + dt). This cycle is periodically
repeated until the end of one light pulse is reached. The typical repetition frequency
of pulsed lasers is low, i.e., around 10 Hz. The time between the pulses is sufficient
that all electrons that were excited to Nb;} recombine locally with Fe3*. Thus, the
program adds to NV, the actual Ny values at the end of each pulse and sets Ny
to zero afterwards. The created refractive index changes for ordinarily polarized red
light (wavelength 632.8 nm) are calculated with An(z) = —(1/2)n3r13E(z), using the
parameters introduced in Table 2.1.

The time steps are always chosen so small that further reduction has no influence
on the calculated results. A typical time step for the calculations is 1 ps, and 100
points in space are used to represent one period length of the interference pattern.

Numerical solution of the high intensity properties, as it is done here, benefits from
one fact: the concentration of the electrons in the conduction band n is only two or

three orders of magnitude smaller than the defect concentrations. The difference is
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much larger for low light intensities, and n can not be obtained in the way described
above because of limited calculation accuracy, i.e., n is the tiny difference of two large
and almost completely compensating rates. Anyhow, the algorithm is fine for pulsed

illumination and no approximations have to be introduced.

2.4.2 Shape and evolution of the space—charge field

Figure 2.4 shows the space—charge field pattern for different times. The space—charge
field is a replica of the light pattern and has an almost perfect sinusoidal shape. Thus,
the amplitude of the space—charge field modulation can be easily determined from a
sinusoidal fit to the computed data. This result is a first indication that Fourier
development will be a useful approach for obtaining an analytical solution to the
problem.

The evolution of the space—charge field amplitude during recording and erasure is
presented in Figure 2.5. No electrons are in the N bfj/ °F centers at the beginning of
each light pulse. Thus, the green light starts to erase the previously written hologram
due to direct excitation of electrons into the conduction band and the created con-
ductivity. However, the Nb?j/sJr is populated more and more during the pulse. The
infrared light excites electrons from this level into the conduction band, a modulated
bulk photovoltaic current arises and the space—charge field grows. These processes are
the origin of what we observe in the saturation regime, i.e., after long recording times,
during each pulse at first a decrease and then an increase of the space—charge field
amplitude. Saturation means that erasure and recording effects compensate each
other completely. From Figure 2.5 it becomes also clear that the evolution of the
space—charge field during the pulse illumination can be very well approximated by a
parabolic function. Furthermore, it can be seen that considering the fields at the end

of each pulse, growth and erasure of the grating are described by monoexponential

functions.
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2.4.3 Intensity and concentration dependences

The dependence of the saturation value of the created refractive index modulations
and of the recording time constant on the intensities of green and infrared light
were experimentally investigated [41, 43]. Furthermore, the influence of the initial
homogeneous Fe?" concentration on the sensitivity, i.e., on the change of the refractive
index amplitude per unit time at the beginning of the recording, and of the initial
homogeneous concentration of Fe** on the saturation values of the refractive index
changes were also carefully determined in several experiments [41, 43].

Only two parameters remain free and can be varied in order to explain all these
dependences, the photon absorption cross section gx rsx r and the bulk photovoltaic
coefficient kx g of the Nbi?’/s-'" center for infrared light. Figures 2.6 — 2.9 show im-
pressively that all experimental results mentioned above can be excellently described
by proper selection of just these two parameters. The results obtained for ¢x rsx,r

and kx g are shown in Table 2.1. This success is a clear indication that the model is

appropriate and that the determined parameters are very reliable.

2.5 Analytic solution

In this section, we develop an approximate analytic solution for Equations (2.1)—(2.6).
To do this, we need some assumptions to simplify the equations. We can test the
validity of each assumption by comparing results of the complete numerical solutions

with and without that assumption.

2.5.1 Assumptions

Assumption #1: We neglect the trapping of conduction band electrons by the shallow
traps during one pulse width. Therefore, we assume that the shallow traps are mainly
populated by direct electron transfer from the deep traps, and the conduction band
electrons are mainly trapped by the deep traps.

Assumption #2: We neglect thermal depopulation of the shallow traps within one
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Figure 2.7: Variation of the saturation value of the amplitude of the refractive index
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assumed that the iron concentration increases according to Nge = 2.2 X Npgs+. The
light intensities are I = 105 GW/m? and ;g = 260 GW/m?. The curve is calculated
in terms of the two—center model and the symbols are experimental data.
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pulse at room temperature. This is a valid assumption as the lifetime of the electrons
in shallow traps is normally a few milliseconds while the pulse width is typically a
few nanoseconds.

Assumption #3: We neglect direct electron transfer (recombination) from shallow
traps to deep traps within one pulse width. This is a valid assumption due to the
same reason as in assumption 2. Combining assumptions 2 and 3 is equivalent to
assuming that the depopulation of the shallow traps within one pulse width (a few
nanoseconds) is negligible.

Assumption #4: We assume that any change in the concentration of electrons in
the conduction band occurs much faster than that in the concentration of electrons
in either trap. Therefore, in the time scale of variation of electrons in the traps, we
can assume On/dt = 0. This is called the adiabatic approximation [58]. Numerical
solutions of the system of differential equations with and without this assumption are
practically the same as also reported by other authors (Ref. [48]).

Assumption #5: We assume that the electron concentration in the conduction
band (n) is much smaller than that in the deep and shallow traps (Vg and Ny,
respectively) as well as (Ng, + Nx — Na). So, we neglect n in Equation (2.5).

Assumption #6: We neglect the diffusion term in Equation (2.3). This is a valid
assumption in LiNbOj; since the major source of the current is bulk photovoltaic
current.

Numerical solutions of the governing differential equations are practically the same
with and without these assumptions. In the next section, we add more approximations
to get an analytic solution set for Equations (2.1)—(2.6).

Assumption #7: We assume that the sample is short—circuited, i.e., the electric

field (E) does not have any DC component.

2.5.2 Fourier development

We assume that with sinusoidal intensity variation (Equation (2.7)), each variable in

Equations (2.1)—(2.6) can be represented by the first two terms in its Fourier series
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expansion. For example, the concentration of electrons in the deep traps (Np,) can

be represented as

Npe = Npyg + Np exp(j Kz) . (2.8)

Using this assumption, we can replace d/0z by zero for the zeroth order variables
(e.8.,Ng) and by ¢K for the first order ones (e.g.,Ng,). Replacing every variable
in Equations (2.1)—(2.6) with its first two Fourier expansion term and separating the
equations for the zeroth and first order variables, we obtain the following two sets of

equations:

% = —[gresre + grexsrex (Nx — Nyg)la Niyg
+Yreno(Nre — Nig) (29)
C‘%’E{g = —(gx.asx.clc + axirsxirlmo) Nx,
+qrex srexIa Npeo (Nx — Nxq) Pt
Vg | N5 _ (2.11)

dt dt
Npeo + Nxg = Na, (2.12)
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for the zeroth order variables, and

dN. _ _
% = - ([CIFeSFe + grex Srex (Vx — Nxo)lla + ’)/Feﬂo) Nger
+Yre1 (JVFe - NPTP,O) + Q'F‘eXSFeXN}:_eOIGI\T)a ) (2-13)
dN
d—;ﬂ = —(gx,a5x,6lc + gx,m5x,1RIR0 + Grex SFexLa Nigg) Nx1
+qrexsrexta (Nx — Nyxo) Nper — ax,irSx, 1R Nxolir1 (2.14)
, ie (dNg, dNg,
- B , 2.15
=R ( i di 248
J1 = epngEy + kpelgNp + (kx,cle + kxrImo) Ny
= +krxrNxolir1 , (2.16)
—1e _ _
B = E(NFM ot le) ’ (2-17)

for the first order variables. The goal is to find the first Fourier term of the space—
charge field (E;) that can be used to find the change in the index of refraction through'
electro—optic effect. To find F;, we first need to solve the equations for the zeroth order
variables (Equations (2.9)—(2.12)). We can then put the zeroth order variables into
the first order equations and find E;. To check the validity of the above assumptions,
we solved the given zeroth and first order equations (with all assumptions applied)
numerically. Figure 2.10 shows the variation of space-charge field E; with time
during recording a hologram. The same variation calculated by the exact numerical
solution is also shown in Figure 2.10 confirming the validity of all assumptions and

approximations.

2.5.3 Solution of the zeroth order equations

To solve the zeroth order equations, we first put Equations (2.9) and (2.10) into
Equation (2.11) and use Ng, = Ny — Ny, from Equation (2.12) to find ny in terms
of Nyq

Ty £ gresrelaNa + (gx.c5x,cle + ax,rSx,RIR0 — ReSFelc) Nxp (2.18)
Yre(Npe — Na + N)Zo)
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Figure 2.10: Theoretical calculation of the space—charge field versus time during
recording of a hologram using two—step recording. The two curves are calculated
using the complete numerical solution and the approximate solution based on Fourier
development with several assumptions given in the text. The agreement between
the curves is excellent. The light intensities used in these calculations are I =
105 GVV/mQ and IIRO = IIRI = 225 GVV/IIIQ.
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Therefore, we only need to solve for Ny,. This can be done by putting Ny, =

Na — Ny, into Equation (2.10) to obtain

dN, _ _
—20 = grexsrextc(Nxp)? — [(gx,a8x,6 + qrexsrex (Nx + Na)) I + gxrsxr iro) Nx

dt
+grex Srex LG Nx Na (2.19)

with the initial condition being Ny, (t = 0) = 0.
Assumption #8: We assume that

grex srex I (Nxp)? < qrexsrex (Nx + Na)Ngo (2.20)
or
Ny € Nx + Na . (2.21)

Since we usually have Ny < Ny, the assumption of Equation (2.21) is equivalent to
assuming that only a very small portion of the shallow traps is populated during one
pulse width by electron transfer from the deep traps. Using this assumption, we can

neglect grexsrex{a(Ngg)? in Equation (2.19) and solve for Ny, to obtain

N- grex srex I Nx N[l — exp(—1/7x)] 5
- (2.22)
gx,aSx,cla + @xrsx,mlro + grexSrex (Nx + Na)lg
where
1
_— . (2.23)

gx,asx.cle + gxrSx RIR0 + GRex SFex (Nx + Na)la

Using the parameter values from Table 2.1 and assuming that sensitizing and record-

ing intensities (Ig and Ijrg) of about 10?2 W/m?, we obtain 7, ~ 100 nsec. For
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a pulse width of ¢, ~ 15 nsec, we can calculate 1 — exp(—t,/7x) ~ 0.14. For
I ~ Iipo ~ 10" W/m?, and the same pulse width, we obtain 1—exp(—t,/7) ~ 0.015.
Therefore, we can use the following approximation for the time within one pulse width

(t <)

1 —exp(—t/7y) =~ —i. (2.24)

Tx

With this approximation, we can summarize the zeroth order variables as

N)EO = (IFeX'SFeXIGNXNAt, (2.25)

Ngo = Na — grexsrexIcNxNat (2.26)
qreSrelaNa + (gx,65x,cle + gxmSx,RIRO — grReSFelc) Nxg
Yre(Nre — Na + Nxp)

QFeSFe[G NA
Yre(Nre — Na)

NFe
gx,asx,cla + gx,rsx, R IR0 — NN, gresrela
Fe — -NA

Yre(Nre — Na)
= nNgo + nmt 7 (227)

grex SFex{gNx Nat

where we used binomial expansion of the denominator on the right-hand side of
Equation (2.27) to obtain a solution in the form of ng = ngg + not.

Note that we could have obtained the same result by assuming that the variables
do not change much during one pulse width and approximating each variable by the
first two terms in its Taylor series expansion around ¢ = 0. In other words, we could
have approximated each variable during one pulse width by a simple linear function
of time (i.e., C; + Cst). The solution of the zeroth order equations would then consist

of finding the unknown constants (i.e., C, and Cy).

2.5.4  Solution of the first order equations

We can put the solutions of the zeroth order equations into first order equations

(Equations (2.13)—(2.17)) and solve them. To solve the first order equations, we first
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combine Equations (2.16) and (2.17) to obtain
_ie?,zmo

Keeq
+rx, 1R NVxolIR1 - (2.28)

o= (Ngor + Nxy) + el Ny + (kxcla + kxrlro) Ny

Then, we put Equations (2.13), (2.14), and (2.28) into Equation (2.15), and solve for

ni as a function of Np,, and Ng,. The result is

ei?zo + gx,asx,ala + gxmsx,rIro — (%) (kx,clc + kxrdmo) .
t Yre(Nre — Na + Ngo) N
_656:0 + greSpeda + Yreo — ﬁrcFeIG )
’ Yre(Npe — Na + Nygo) Nrer
(QX,IRSX,IR — i{ HX,IR) Nyolra
+ (2.29)

’YFe(NFe - NA + N)Z())

The next step is to substitute n; from Equation (2.29) into Equations (2.13) and
(2.14), and combine these two equations to obtain a set of two ordinary differential

equations for two unknowns Ny, and N, + Ny, as

d(NT + Ny ) Gu(noo -+ nmt) 716 _ _
Fﬂdt H = — T s + ?ﬁFe]G (Nper + Nxy)
1K _
_?(KX,GIG + rx,irliro — Krela) Ny,
1K .
—?fix,lﬁfim(QFeXSFeXIGNXNA)t : (2.30)
dNx,

il qrex Srex 1a[Nx — (grex SrexIa Nx Na)t](Ngy; + Nxy)
_(QX,GSX,GIG + QX,IRSX,IRIIRO)]\BZ
+qrex SrexIa[Nx + Na — 2(qrexsrexIc NxNa)t] Ny,

—gx,1RSX, IR I1R1 (GPex SFex [a Nx N )t (2.31)

where we replaced the zeroth order variables (Ny,, Ngy, and ng) by their equivalents

from Equations (2.25)-(2.27). Note that we deliberately chose Np,, + Vg, as one



37
variable since it is related to space—charge field as

ie

E, = —
! Keeg

(Nper + Nx1) - E
The initial conditions for Equations (2.30) and (2.31) are

N (t=0) = A, (2.33)

Ny, (t=0) = 0, (2.34)

where we assumed that all electrons in the shallow traps are transferred to the deep
traps in the time interval between adjacent pulses resulting in fully empty shallow
traps at the beginning of every pulse (¢ = 0). The value of Ny, at the beginning of
each pulse (A) depends on time (or the total number of previous pulses) as space—
charge is built up in Fe traps with time.

Assumption #9: We assume that the variations in first order variables (i.e., Ng,,
and Ny,) within one pulse width are small. Therefore, we can approximate every
first order variable with the first few terms in its Taylor series expansion about ¢ = 0.
Since the right—hand sides of Equations (2.30) and (2.31) contain terms like C; + Cat,
we approximate both Np, + Ny, and Ny, by the first three terms in their Taylor
series expansions. Using the initial conditions given by Equations (2.33) and (2.34)

and assuming that the pulse starts at time £ = 0, we can write

Ny + Ny, = A+ Bt+Ct?, (2.35)

Ny, = Dt+E?¥. (2.36)
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Putting Equations(2.35)—(2.36) into Equations (2.30)-(2.31), we obtain

ep(noo + nort) 1K

B+2Ct = —( + —krelg)(A + Bt + Ct?)
€€ e
1K 2
—?(Hxigf(; + KX,IR]IRO — rﬂpefg)(Dt + Et )
1K

_?KX,IRIIRI (grex SrexIaNxNa)t ,
D +2Et = gpexSrexIc[Nx — (qrexSrexIcNxNa)t](A + Bt + Gtz)

—(gx,65x,clc + gxrSxrro) (Dt + Et?)

+qrexSrex Ia[Nx + Na — 2(qrexsrexIa Nx Na)t](Dt + Et?)

—gx,1RSX,IRITR1 (Grex SFex Ia Nx Na )t .

Equating the coefficients of the first two powers of ¢ (DC and linear terms) on the

two sides of Equations (2.37) and (2.38), we can find a set of four equations for four

unknowns, B, C', D, and E. Solving such a set of equations results in

eun 1K
B = _( s +—KJFBIG)A7
€€ €
1|, eun 1K . eun
C = = [( il —+ —fipe[(;)z - -LO—I-} A
2 €€ e €€p
1 1K
5 grex SrexIaNx — (kx.cle + kxrliro — brela)| A
1K
_%RX,IRQFeXSFeXIGNXNAIIRl )

D = (grexsrexIcNx)A,

1
E = —inexsFexngx(qX’Gsx,GIG+QX,IR5X,IRIIRO)A

1
_§QFeX5FeXIGNX I:QFGXSFeXJTG (NX +* 2NA) #f

eun 1K
HToo -l——e—f%FeIG

€€p

1

_5(IX,IR.SX,IRQ’FeXSFeXIGNXNAIIRl .
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2.5.5 Saturation space—charge field

The space—charge field F; within one pulse can be represented as

—1e
E, = A+ Bt+C#) 2.44
) KEEU( + Bt + Ct%) , (2.44)

with A, B, C defined above. The saturation space—charge field can be easily obtained
from Equation (2.44) by noting that the space—charge field at the beginning and

at the end of each pulse would be the same at saturation. This can be written

mathematically as
(2.45)
or

B4Cty = 0, (2.46)

where ¢, is the pulse width. Putting B and C from Equations (2.40) and (2.41) into

Equation (2.46), we can solve for the saturation space—charge field (—ieA/(Keep)) as

Bilira
E aturation — s 2.47
saturatio B2 + Psliro + Bilc ( )
where
tp
B = ) qrex SFeXx VAKX IR » (2.48)
ZEE€EQ
€,U,NA 1K
_ + : 2.49
b EEO'YFe(NFe - NA)QFGSFE € e ( )
tp etlNp 1K
== i N’ < + —KY
B3 5 QreX SFeX{VX [GEOTFe(NFe — NA)QX,IRbX,IR o xR
s epNa Nre 1K
= —qF Nx —_—— : —(& — KF
Ba 9 QFeX SFeX{VX Lﬁo"fpe(NFe N (QX,GSX,G Npe — NAQFeSFe) + . (hx,c; KFe)

t epNy K \°
- —K . 2.51
9 (EEO’YFe(NFe — NA) GreSFe + o KFe ( )
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Equation (2.47) clearly shows the dependence of the saturation space-charge field
(and therefore, saturation hologram strength) on the sensitizing and recording inten-
sities. Later, we will use Equation (2.47) to explain the experimental results on the

intensity dependence of saturation hologram strength.

2.5.6 Time-dependence of space—charge field

In the previous calculations, we solved for the space-charge field within one pulse.
Due to short lifetime of electrons in the shallow traps compared to the time between
adjacent pulses, we can assume that all electrons in shallow traps at the end of each
pulse are transferred locally to the deep traps before the beginning of the next pulse.
The local transfer of electrons between traps is based on the fact that almost all
electrons are transferred directly from the shallow traps to the deep traps without
passing through the conduction band.

To find the dynamics of space-charge formation, we need to calculate the space—
charge field in the time scale much longer than one pulse. To avoid confusion, we
represent the space—charge field in this time scale by E;. The change in the space-

charge field within one pulse is

AE, = E\(t=t,) — Ei(t=0)
1€

t2) , 2.52
I(GEU(Btp—i—CP)’ ( )

with ¢, being the pulse width. Therefore, we can write an approximate equation for
E as
dE, AE, ie

~ = — B+ Ct,) . 2.53
dt i Keeg( +C) ( )

Note that B and C in Equation (2.53) are now time dependent as they are different
within different pulses. Replacing B and C from Equations (2.40) and (2.41) into
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Equation (2.53), we obtain

dE B/J,TL()[) 1K EUT0 1K elnol 1€
— = —(—— + —Kped — —fkpedg)” — — A
dt ( ( €€ e krela) + 2 [( €€ + e wrela)” €€ } Keey
b 1K ie
e | 1 — Kpedc)(— A
2(]F X SFeX C‘NX( p )(/%X,G G+ HX,IRIIRO KFe G)( Keeo )
t
_(iKIX,IRQFeXSFeXIGNXNA)IIRl ; (2.54)
€0

Note that —ie/(Keey) A is the space-charge field at the beginning of each pulse, and

therefore we can write

e e
Ei() = - Kee

Alt) . (2.55)

Combining Equations (2.54) and (2.55), we obtain

dF ﬁ E saturation
dBy _ _Ei | Eilsasuration (2.56)

dt i > ’

where the saturation space—charge field E|saturation 19 the same as that obtained by
a simple observation previously (Equation (2.47)), and recording speed (inverse of

recording time constant 7;) is given by

1 epungy | Lo L 1K
— = (B4 ) — 2(EE 4 o)
Tr €€q e 2" € e

t_p eLTn1

i
-+ % QFeXSFexIGNX(?)(fGX,GIG + kx rliro — Krel)]

2[ €€p

SpelV, K t, eSpelN K \?
o (E& GFeSFelVA i L ) -[G (6# JFeSFelVA e 2’{‘}16) Ié
€€p 7Fe(NFe - NA) 2 €€ ’YFe(NFe - NA)

ts e Na Nre 2
N SX. G — ———————(FeS I
i 9 2 grex Srex Nx (660 ~Yee(New — NA)) (QX,G X,G New — Na greSre | LG

tp 1K
+ -2 grex Srex Nx ( - ) (kx,g — Kre) IG

2
t e N, 1K _
+§pq}“eX5FeXNX( :Z’Vre(NFeA A (gx IRSX,IR + ?EX,IR)IGIIRO : (2.57)

The solution of Equation (2.56) for E; with initial condition E;(t = 0) = 0 is a
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monoexponential function like

— t
El = El‘saturation [1—9XP(——)] 8 (258)

Tr

This formula does not show the variation of the space—charge field within the indi-
vidual pulses. This is acceptable since in the experiments we measure the diffraction
efficiency of the holograms after pulses and not within them. Note that the time
variable ¢ in Equation (2.58) is the time where the pulse is on (exposure time). The
space—charge field remains constant between adjacent pulses. Therefore, we delete the
times when the pulse is off from the time variable ¢. Note that Equation (2.56) can
also be used with a different initial condition to obtain the space—charge field during
erasure. Therefore, the recording and erasure time constants are equal. In Section
2.6 we will use Equations (2.47) and (2.57) to explain the experimental dependence
of the saturation space—charge field and recording time constant on the intensities of
the sensitizing and recording beams.

We can improve the accuracy of the analytical formula derived above by using more
terms in the Taylor series expansion of different variables. The next approximation
step is to consider the first three Taylor series terms for the zeroth order variables

and the first four ones for the first order variables.

2.5.7 Simplified formulas

Although we derived analytic formulas for the saturation space—charge field and
recording time constant (Equations (2.47) and (2.57), respectively), the formulas are
so complicated that we can not easily use them to explain the different experimental
observations based on the simple physical mechanisms. In this section, we use the
parameter values from Table 2.1 to calculate the order of magnitude of different terms
in Equations (2.47) and (2.57). We then neglect the terms that are at least one order
of magnitude less than the others to obtain simplified formulas. In these calculations,
we assume I ~ [jgg ~ 107-10% W/cm? for the sensitizing and recording intensities,

t, >~ 5 nsec for the pulse width, and A >~ 2 um for the grating period at recording
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wavelength of A = 1064 ym. We also assume that the oxidation / reduction state of
the crystal is such that Na/Ng. ~ 0.1, i.e., about 10% of the Fe traps are initially

occupied by electrons. These are typical values used in the experiments.

Simplified formula for saturation space—charge field

Using material parameter values from Table 2.1 and experimental values given above,

we can simplify Equation (2.47) by using the following approximations:

K euNa
—Kpe < (FeSFe 2.59
e €€0Yre(Nre — Na) ‘ (2.59)
K elNa
—rxr K gX,IRSX,IR 2.60
e €€oYre(Nre — Na) (2.60)
K euNa
—|kx,c — Fre| X X
e | d €€ Yre(Nre — Na)
| 2 | (261)
SX.G — ———————QFeS k
4x,GSXx,a (Nie — NA)QFe Fe|
epNa 9 Nre
Spe)” N - 2.62
ecoyre(Nre — Na) (gresre)” < grexsrexNx|gx,65x,G New — Na greSre| »( )

where Equation (2.59) is used for simplification of 8; in Equation (2.49); Equa-
tion (2.60) is used for simplification of f; in Equation (2.49); and Equations (2.61)
and (2.62) are used for simplification of 34. Using these approximations, the simplified

formula for the saturation space—charge field E|saturation Decomes

t
p =
= EQFeXSFeXNANXhX,IRIIRI

E1|saturation = ) (263)
s rppu
Yre(Npe — Na)
where
TERM = Pgpxs Nx[gx1rsxrdiro + (gx.65 —qu)f]
: 5 JRex SPex VX |9 IR SX 1R V1RO + (9X,65X,G (New — Np) LFe5Fe G
+QFeSFe - (2.64)

Equation (2.63) can be rewritten in a form that is very useful for understanding the

main physical mechanisms responsible for recording by multiplying the numerator
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and the denominator of Fj|saturation bY Ig, and comparing them with the values of ny

and Ng, averaged over one pulse width (0 <t < t,) given below by ngave and N g,

tp
Toave = noo*’*ﬂmg
Ny tp Nre 9
= —(Qrex SFex [Vx gX,GSX,G — 7nr a7\ dFeSFe 1z
Yre(Nre — Na) 2 T ( (Npe — Na) ©° =G
Ny i }
+7Fe(NFe W) (qresFe + §QFeXSFeXNX(IX,IRSX,IRIIRO)IG : (2.65)
B t
Ny ave = §QFex3FexNxNAIG ) (2.66)

The resulting simplified formula for the saturation space-charge field is

B _ kxrNxg avedIRI _
1 |satura.tion - = . (26 /)
€T, ave

In the next section, we will use this formula to explain different experimental obser-
vations based on very basic physical mechanisms.
Simplified formula for recording time constant

Using the approximations given by Equations (2.59)—(2.62), we can simplify Equa-

tion (2.57) for the recording speed as

Nre
NFe - NA

grex SFex VX (QX,GSX,G =4 QFeSFe) (Iatp)? +

1 1] ep Ny
Tr tp 2eeq 7Fe(NF‘e - NA)

L
€€o Yre(Nre — Na)

1
(C]FeSFe + §QFexSFeXNXQX,IRSX,1R(Imotp)) (Ith)} . (2.68)

Comparing Equations (2.68) and (2.65), we obtain the following simple formula that
can be used to explain the experimental observations based on simple physical mech-

anisms

1 EMTL0 ave

= = ——— 2.69
s €€o ( )
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2.5.8 Comparison with numerical solution

Figures 2.11 (a) and (b) show the variations of saturation change in the index of re-
fraction An = —(n?/2)r13E1 |saturation (7 index of refraction at recording frequency)
with recording and sensitizing intensities ([igo and Ig), respectively. In these figures,
we have shown both analytical and numerical solutions as well as the experimental re-
sults. As Figure 2.11 shows, the agreement between analytical formula for F |saturation
(Equation (2.63)) and numerical solution is very good with all levels of assumptions
and approximations involved.

Figures 2.12 (a) and (b) show the variations of recording speed (1/7;) with record-
ing and sensitizing intensities, respectively. As in Figure 2.11, we have shown analyti-
cal and numerical solutions as well as the experimental results. Although the analytic
solution from Equation (2.68) shows the appropriate qualitative variation of recording
speed with intensities, its deviation from the numerical solution is more than 10% for
larger intensities, as shown in Figure 2.12. One of the major sources of error in the
analytic solution is the approximation ng ~ ngy + ngit given by Equation (2.27). To
obtain a more accurate formula for the recording speed, we use the simplified formula
given by Equation (2.69), but we calculate ngave by time-averaging ny without mak-
ing a linear approximation. To do this, we first replace the more accurate formula
for Ny, from Equation (2.22) into the formula for ny given by Equation (2.27) and

rearrange the terms to obtain

s — L2 eXp(_t/Tx)
Gs — Cuexp(—t/7) (2.70)
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where 7y is given by Equation (2.23), and ;-4 are defined by

G = gresrelaNa(gx.esx.clc + gxrSx RIRO + Grex SFex{aNa)
+qrexsrex Ia Nx Na(gx,a5x,61a + gx 1R 5%, 1R [TRO) (2.71)
G = grexSrex{aNxNal(gxasx.cle + ax,msx,mlro — qreSrela) (2.72)
G = Yre [(Vre — Na)(gx.a5x,cla + gxrSx,1m IR0 + @rex SPex I [NVx + Na])]
+Yregrex Srex {a Nx N4 , (2.73)
Ca = YreqrexSrex{aNxNa . (2.74)

In the next step, we calculate ng e by time—averaging ng from Equation (2.70) over

one pulse width (0 <t <t,),

Noave = W/ nodt = _/" C1 — Gaexp(— t/Tx)dt

4exp( )
G G G — (4
Gy (

281
C4 Cs) " [Ca — (sexp(—tp/7x)

(2.75)

Putting ngave into Equation (2.69), we obtain a more accurate analytic formula for
the recording time constant. The variation of recording speed with sensitizing and
recording intensities using this more accurate formula is also depicted in Figure 2.12
showing much better agreement with the numerical solution than the approximate
formula given by Equation (2.68). Therefore, we have analytic formulas for both
saturation space—charge field and recording time constant that agree very well with
both the numerical solution and experimental results.

It is important to note that the analytic formulas become less accurate as we
increase either the intensities or the pulse width. This is due to the fact that increasing
the energy of each pulse (by increasing either its intensity or its width) results in
stronger variation of the variables within one pulse and makes the approximation
of the variables by a few Taylor series terms less accurate. However, the analytic
formulas derived in this section are good enough for most practical applications with

current high energy pulsed lasers. The more significant usage of these formulas is the
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Figure 2.11: Variation of the saturation value of the amplitudes of the refractive
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intensity is fixed (Ig = 105 GW/m?), and (b) green light intensity Ig while infrared
light intensity is fixed (I1rg = 225 GW/m?). The modulation depth of the infrared
intensity was 1 (J1ro = fir1) in both cases.
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understanding of main physical mechanisms responsible for holographic recording and
using them for the explanation of the experimental observations. This is done in the

next section.

2.6 Explanation of the experimental observations

Although the dependence of the saturation hologram strength and recording and
erasure time constants on sensitizing and recording intensities and doping level of the
crystal in two—step holographic recording was experimentally observed and reported
previously [41, 43], some of these results were not understood and explained based on
physical mechanisms. In this section, we use the two simplified formulas we derived
in the last section to draw a simple physical picture for pulse recording mechanisms
and use it to explain the experimental observations discussed in Section 2.4. In
this section, we assume the modulation depth of recording intensity to be 1. In
other words, we assume that I1gg = I1g; in agreement with experimental conditions.
Therefore, we use I1gg when the variation with recording intensity is involved. Due
to the importance of the simplified formulas (2.67) and (2.69), we repeat them here:

KX, IRVx0 ave IR

El |sa.turation = ’
€T, ave

1 EUTLD ave

Tr €€p

The formula for recording speed is similar to that in normal holographic recording
with cw light in LiNbOgj:Fe crystals. The only difference is that in the latter we
have the DC electron concentration in the conduction band (ng) in place of 7 aye,
the time—averaged DC electron concentration in the conduction band over one pulse
width. The formula for saturation space—charge field is also similar to what we have
in normal cw recording. This similarity is better understood by recalling that total

current density j is zero at saturation (steady-state). Neglecting diffusion, we can
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write the above statement mathematically as

jllsaturation = jphl + e/LnOEllsaturati(m =0, (276)
or
Jphi
Ellsaturation = -2 (2-77)
eping

If we assume that the dominant term in the bulk photovoltaic current is that from

the shallow traps due to the recording light, we can rewrite Equation (2.77) as

 6x,1RNxo RO (2.78)

El ’sat uration
ey

where we assumed Ijg; = I1ro. Equation (2.78) becomes the same simplified formula
we derived for Ei|saturation if We replace Ny, and ng by their time-averaged values

over one pulse width, Ny ... and ng e, respectively.

Although the physical mechanisms in two—step holographic recording with high
intensity pulses are similar to those of the normal recording, the intensity depen-
dence of the saturation space—charge filed and recording speed in the two cases are
different. This is due to the fact that the trap responsible for electron concentra-
tion in the conduction band and the one responsible for photovoltaic current are the
same in normal recording while they are different in two-step recording. This can
be easily understood from Figure 2.13 that shows the energy band diagrams of the
two cases. In normal recording, electron concentration in the conduction band is due
to excitation from Fe traps by recording light. The same traps are also responsible
for bulk photovoltaic effect caused by recording light. Therefore, both jyn1 and ng in
Equation (2.77) depend linearly on recording intensity. As a result, saturation space—
charge field in normal recording is independent of recording intensity. On the other
hand, recording speed (1/7) in normal recording increases linearly with recording
intensity since ng has this intensity dependence.

In two—step recording, the electron concentration in the conduction band is caused
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by three different paths: directly from the deep traps by sensitizing light (path 1 in
Figure 2.13 (b)), in two steps via the shallow traps by sensitizing light only (path
2 in Figure 2.13 (b)), and from the deep traps to the shallow traps by sensitizing
light; then from shallow traps to the conduction band by recording light (path 3
in Figure 2.13 (b)). The strengths of these three mechanisms depend on Ig, I3,
and IqIigp, respectively. The time-averaging of ny over one pulse does not change
the intensity dependence. This explains the experimentally observed dependence
of the recording speed on I and gy shown in Figure 2.12. At lower intensities,
electron excitation via path 1 in Figure 2.13 (b) becomes dominant and the recording
speed varies linearly with Ig while it is almost independent of Iigy. As we increase
intensities, the two-step excitation mechanisms (paths 2 and 3 in Figure 2.13 (b))
become stronger. Therefore, we might observe a quadratic dependence (a; g + aoI3)
of the recording speed with I at very high intensities. We also observe a small linear
increase of recording speed with increasing Iry while I is fixed. During erasure with
sensitizing light only, we also observe a quadratic dependence of the erasure speed
(inverse of erasure time constant) with /g as we have similar dependence of erasure
time constant on 7 aye-

As Figure 2.11 shows, saturation hologram strength increases linearly with i
and decreases very slowly with Ig. The intensity dependence of the saturation holo-
gram strength in two-step recording (space—charge field or An) has been puzzling as
it is very different from that in normal recording. As a result, there has been no plau-
sible physical explanation of this dependence yet. However, we can easily understand
and explain these puzzling observations using our simple model. One important term
in the saturation space—charge field is the time-averaged electron concentration in the
shallow traps Ny, , . that depends on both populating and depopulating mechanisms.
The main populating mechanism is direct electron transfer from the deep traps by
sensitizing light as the trapping of conduction band electrons by shallow traps can
be neglected. The strength of this populating mechanism depends on Ig. On the
other hand, depopulation of the shallow traps within one pulse is due to excitation

of the electrons to the conduction band by both sensitizing and recording light. Note
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Figure 2.13: Mechanisms for excitation of electrons from deep traps to the conduction
band in a LiNbOs:Fe crystal for (a) normal recording with low intensities, and (b)
two—step recording with high intensities. There are three different paths for electron
generation in two-step recording indicated by 1, 2, and 3. In part (b), electron
transfer mechanisms caused by sensitizing (green) light are indicated by G, and those
caused by recording (infrared) light are indicated by IR.

that direct electron transfer from shallow traps to deep traps is another depopulat-
ing mechanism. However, we neglect this mechanism during one pulse width (a few
nanoseconds) due to much longer lifetime of electrons in the shallow traps (a few
milliseconds) as explained before. To summarize, we expect Ny, to increase with
I in a complicated way and decrease with increasing I1gg. With the assumptions
and approximations described before, Ny, , . increases linearly with I, while it is
independent of Iry (due to minor role of I1ro in depopulation of the shallow traps
within one pulse width).

We are now ready to explain the intensity dependence of F1|saturation @8 we under-
stand the intensity dependence of all terms involved in Equation (2.67). We expect
F\ |saturation to increase linearly with I1rg at lower intensities as both jv)z[],ave and ng ave
are almost independent of I1rg at lower intensities. This dependence on gy becomes
sublinear and finally turns into independence from Iirg when we increase Iirg without

limit while I is fixed. The latter behavior is due to the linear dependence of 19 ave 0n

Itro at higher values of I1gg. The saturation space—charge field is almost independent
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of I at lower intensities due to approximately linear dependence of both Ny, .. and
Noave O Ig at lower intensities. The exact dependence on g is more complicated
and depends also on the oxidation / reduction state of the crystal due to more com-

plicated dependence of Ny, .. and ngave on I that becomes more evident at higher
intensities. Equation (2.47) describes a more complete dependence of F |saturation O1
sensitizing and recording intensities. It can be seen from this formula that when the
oxidation / reduction state of the crystal is such that the coefficient of Ig in the
denominator of E[saturation (81) in Equation (2.47) is positive, the saturation space-
charge field decreases with increasing Ig. When the oxidation / reduction state is
such that this coefficient is negative, the saturation space—charge field increases with
increasing I at normal intensities. If we increase I without limit, the saturation
space—charge field will finally decrease with increasing I regardless of the oxida-
tion state of the crystal as suggested by Equation (2.47). Note that Equation (2.47)
was derived by assuming that Ny, . ~ lg as shown in Equation (2.22). Therefore,
the exact dependence of E|saturation O Ig is more complicated than it was thought
previously.

Although we focused above on the dependence of saturation hologram strength
and recording speed on sensitizing and recording intensities, our model can explain
the dependence of these two variables on other parameters. For example, we expect
the recording speed to depend on N2+ /Ngg+ (or Na/(Nge — Na)) since the main
source for electron generation in the conduction band is electron concentration in Fe

traps (Nge2+), and the main source for electron trapping from the conduction band is

the concentration of empty Fe traps (Nge+). Therefore,

1 NF92+
— X TNgave X .
Tr NP93+

We also expect that Ny, ~ Npe+ as the shallow traps are populated by direct

electron transfer from the deep traps. Putting the dependence of Ny, .. and g ave
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into the formula for E|saturation, We obtain

Nz
X0,ave

An|sai;ura1;ion X Ellsaturation 0.8 _n“"— X Npe3+ ’ (279)
0,ave

which is in agreement to the experimental results depicted in Figure 2.9.

To summarize, the simple model based on Equations (2.68) and (2.67) gives us a
complete understanding of the physical mechanisms involved in two—step holographic
recording with high intensity pulses and helps us understand and explain the exper-
imental observations that were not all explained before. Furthermore, it helps us
understand the main drawbacks of the method and suggests ways for improving it.

This is explained in Section 2.8.

2.7 Application of the model to two—step record-
ing with cw light

Although we developed our numerical and analytic solution for the case of recording
with pulses, the parameters of the model we found previously can be used for modeling
recording with cw light. Although the analytic formulas we derived can not be used for
recording with cw light, we can modify our numerical solution to study cw recording.
The best way to solve the problem of recording with cw light is to start with the
system of Equations (2.9)—(2.17) and apply Fourier development to obtain two sets
of equations for the zeroth order and first order variables, and solve those equations

numerically.

2.8 Discussion

Although two-step holographic recording using LiNbOj:Fe crystal has excellent per-
sistence, the need of high intensities for recording is the main drawback of the method.
The main reason for this drawback is the short lifetime of electrons in the shallow

polaron centers due to the strong depopulation mechanisms of these shallow traps.
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Another reason for this large intensity requirement is the weak population mecha-
nism of the shallow traps by direct electron transfer from deep traps. The existence
of this direct electron transfer mechanism was first proposed by Chen et al. [60]. This
mechanism is essential for explaining the experimental observations discussed previ-
ously. Without this mechanism, electron transfer from the deep traps to the shallow
traps would be performed via the conduction band, and the dark depopulation of the
shallow traps would occur due to thermal excitation resulting in an entirely different
intensity—dependence of the saturation hologram strength and recording speed from
what we observed and explained.

Without direct electron transfer from the shallower traps to the deeper traps
(direct depopulation), there would be a partial erasure of the hologram during read-
out. This is due to the fact that electrons are transferred from the shallow traps to
the deep traps via the conduction band in this case. The electrons can move while
they are in the conduction band, and this movement is in the direction of erasing
the hologram as in the case of normal holographic recording in LiNbOs:Fe crystals.
Such a read—out response is not observed experimentally, confirming the necessity of
considering the direct electron transfer between deep and shallow traps in theoretical
modeling.

To see the effect of direct depopulation of the shallow traps on the hologram
strength, we calculated the recording curve for a non-physical case by neglecting the
direct electron transfer from the shallow traps to the deep traps (direct depopulation
of shallow traps) while direct electron transfer from the deep traps to the shallow traps
is not neglected. In this calculation, we assumed that both recording and sensitization
is performed by cw light. The result of this calculation is shown in Figure 2.14, which
shows that we could record much stronger holograms (by three orders of magnitude) in
the absence of direct depopulation of the shallow traps. This assumption (neglecting
direct depopulation of the shallow traps) is of course non—physical as it considers
only electron transfer from the deep traps to the shallow traps and not the reverse
transfer. However, Figure 2.14 gives us an insight for improving the performance of

two-step holographic recording through an increase of the lifetime of electrons in the
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Figure 2.14: Theoretical calculation of recording curves for space—charge field of a
hologram using two-step holographic recording in a LiNbOj:Fe crystal with and
without neglecting direct depopulation of the shallow traps (direct electron trans-
fer from shallow traps to deep traps). The curves are normalized so that the sat-
uration space—charge field for the case without neglecting direct depopulation is
1. Tt is assumed in this calculation that recording is performed by cw light with
IG = IIRO = IIRl =1 W/CmQ.

shallow traps.

One way to improve the lifetime of electrons in shallow traps is to replace the
shallow traps with some long lifetime traps due to doping. In other words, we can use
a doubly—doped crystal instead of a singly—doped one. Both deep and shallow traps
in a doubly—-doped crystal are due to dopands and can be chosen deep enough in the
band gap of LiNbOj; so that thermal depopulation of either trap is negligible. How-
ever, the direct electron transfer between traps is also negligible in this case due to
low practical concentrations of both dopands. Therefore, sensitization of the shallow
traps is performed via the conduction band. The depopulation of the shallow traps

in this case is performed by read—out light during read—out via the conduction band.
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The electrons can move while they are in the conduction band, and this movement is
in the direction of erasing the hologram as in the case of normal holographic recording
in LiNbOgs:Fe crystals. Therefore, there is a partial erasure of the hologram during
read-out in this case. In the next chapter, we will see that two-step holographic
recording in doubly—doped materials results in much better performance than two—
step holographic recording in a singly-doped material. Another way to improve the
performance of two-step recording is to increase the lifetime of shallow traps by low-
ering the concentration of empty deep traps as well as the concentration of the shal-
low traps. This has been done by using nominally pure reduced near—stoichiometric
LiNbOj crystals [61, 62] as well as near—stoichiometric LiNbO3:Pr crystals [63, 64].
The usage of near—stoichiometric crystals is important in reducing the concentration
of the shallow polaron levels that are due to the presence of Nb ions on Li sites. The
concentration of Nb ions on Li sites in a near—stoichiometric crystal is much smaller
than that in a congruent crystal resulting in much smaller polaron concentration in
a near—stoichiometric crystal. The crystal is also reduced to lower the concentration
of the deep empty traps. Another idea is to use bipolarons instead of remnant Fe
centers as deep traps [62]. In all these cases, it is possible to record holograms using
cw light with much smaller intensities compared to pulsed experiments. In Chapter
5 we will compare the performance of different two-step recording methods.

Finally, a very interesting point is that both saturation space—charge field and
recording time constant depend on energy density per pulse (photon flux) of the
recording and sensitizing beams (Igt, and Iret,) instead of the intensities alone
(as proposed in the literature). This can be easily understood by looking at Equa-
tions (2.63) and (2.68). In these equations, both intensities (Ig and Iigg) always
appear in combination with pulse width (¢,). This observation suggests that we can
not obtain higher saturation space-charge fields by increasing I and Iizg and de-
creasing the pulse width ¢, to have constant photon fluxes /¢, and I1ret,, no matter

how many pulses we use.
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2.9 Conclusions

We developed a full numerical solution as well as an approximate analytic solution
for two—step holographic recording in LiNbOj:Fe crystals. We found the unknown
material parameters by fitting the numerical solution to the experimental results.
The two important parameters which were unknown so far and found in this work
are the bulk photovoltaic coefficient and absorption cross section for the excitation
of the electrons from small polarons in LiNbOj3 with infrared light (see Table 2.1).
The simplified analytic solution we developed agrees very well with the numerical
solution for most practical applications. Furthermore, the analytic solution gives us
a very good understanding of the physical processes involved. Such a simple model
also helps us explain the experimental observations that were not understood before.
The numerical solution can also be modified for solving the problem of holographic
recording with cw light in LiNbOj:Fe crystals.

Although our method for obtaining an approximate analytic solution was applied
to the problem of two-step holographic recording with pulses, the developed strategy
can be used in solving a wide variety of problems involving pulses of actions where
each pulse is followed by a much longer relaxation time.

Although two-step recording with high intensity pulses has excellent persistence,
the need of high intensities for recording strong holograms is a major drawback of the
method. This is due to the short lifetime of the shallow polaron centers. Therefore,
any effort for improving the performance of two-step holographic recording should

focus on increasing this lifetime.
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Chapter 3 Two—center holographic

recording

3.1 Introduction

In Chapter 2, we discussed two-step holographic recording in LiNbOs:Fe crystals
in detail. We showed that the main problem of this method is the strong dark
depopulation of the shallower polaron traps resulting in a short effective lifetime for
the electrons in these traps. Therefore, the method requires high light intensities to
overcome this problem. One way to solve this problem is to replace the polaron traps
with other traps that are farther from the conduction band. This can be done by
doping the recording material with appropriate dopands. Since the deeper traps are
also due to dopands, we need doubly—doped crystals to implement this new idea. We
refer to this new method as two-center holographic recording.

In this chapter, we present the details of the two—center holographic recording
method. The basic idea of two-center holographic recording is introduced in Section
3.2, and an experimental demonstration of the method is presented in Section 3.3. A
theoretical model for the two—center method is introduced in Section 3.4. The model is
used for the explanation of the experimental results. Based on the model developed in
Section 3.4, the effect of the different design parameters on the holographic recording
characteristics are investigated and an optimization scheme is developed in Section
3.5. Different characteristics of the method along with some suggestions for the
improvement of the performance are discussed in Section 3.6. Final conclusions are

made in Section 3.7.
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3.2 Two-center holographic recording

Build-up of space—charge fields in photorefractive materials requires redistribution
of charge. Transition metal ions can occur in inorganic crystals in different valence
states, e.g., iron is present in LiNbOj as Fe?* and Fe3* [15]. Figure 3.1 (a) shows the
energy band diagram for a LiNbOj:Fe crystal. Inhomogeneous illumination excites
electrons from Fe?* to the conduction band, and they move due to the photovoltaic
effect, diffusion and drift. The electrons are trapped by Fe3* elsewhere and a space—
charge field builds up, which modulates the refractive index via the electro—optic
effect. Data can be erased by homogeneous illumination. However, read—out also
requires homogeneous exposure, which causes undesirable erasure of the stored infor-
mation. This is a general problem of all reversible storage media.

Two—center holographic recording is based on the usage of doubly—doped pho-
tochromic crystals [65, 66, 67], for example LiNbO3 doped with manganese (Mn)
and iron (Fe). It is known that LiNbOj:Fe:Mn is photochromic and that ultravio-
let pre-illumination enhances the sensitivity for a few recording and erasure cycles
with visible light [68]. The energy band diagram of such a crystal is shown in Figure
3.1 (b). Fe and Mn ions occur in the valence states Mn?*/3+ and Fe?*/** [69], and
thermal depletion plays no role. Electrons can be excited by ultraviolet light either
from Mn2* or from Fe?" into the conduction band while red light excites electrons
only from the shallower Fe?" | because the red light has a smaller photon energy. The
conduction band electrons can recombine with both centers, and thus ultraviolet il-
lumination populates the Fe?t/3* level partially while the red light empties the Fe
sites. The filled Fe levels cause a broadband absorption in the visible with a maximum
at 477 nm light wavelength [15]. Thus ultraviolet light sensitizes the material while
red light bleaches it. The basic idea of two—center holographic recording is to bring
with the ultraviolet light electrons from Mn to Fe via the conduction band, use these
electrons to record the hologram with red light, and eventually transfer the electrons
from iron back to the manganese centers by red light. This results in a hologram

stored in Mn centers that persists against further red illumination. One of the key
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Figure 3.1: Energy band diagram for a typical LiNbOj crystal doped with (a) Fe,
and (b) Fe and Mn. CB and VB stand for conduction band and valance band,

respectively.

material parameters in two—center holographic recording is the initial electron con-
centration in Mn and Fe traps. These concentrations can be varied by annealing (or
so—called oxidation / reduction treatment) [70]. For persistent holographic recording,
it is necessary that the final hologram be stored in Mn centers to persist against
further read—out by red light. Mn traps are deeper in the band gap than Fe traps.
Therefore, electrons would fill the Mn traps before Fe traps. As a result, it is essential
for persistent recording that all Fe traps be empty, and only a portion of the Mn traps
be filled. This guarantees that the final hologram can be recorded in Mn traps after

sufficient read—out.



3.3 Experiments

We performed experiments with a series of congruently melting x—cut LiNbO3:Fe:Mn
crystals with different doping levels and different annealing (or oxidation / reduction)
states. All characterization experiments were performed with a LiNbOj5 crystal doped
with 0.075 wt. % Fe;O3 and 0.01 wt. % MnO. The crystal was annealed appropriately

to have all Fe traps as well as a portion of the Mn traps empty.

3.3.1 Experimental setup

The basic idea of the experimental setup needed for our experiments is shown in
Figure 3.2 (a). We need a homogeneous incoherent UV beam for sensitization and
two coherent red beams interfering at the crystal for holographic recording. The
detailed experimental setup is shown in Figure 3.2 (b). We used a 100 W mercury
lamp as the UV light source. The output light of the lamp is filtered (wavelength
365 nm or 404 nm depending on the experiment) and focused by a lens to increase
the UV intensity at the crystal. We used a 35 mW HeNe laser for generation of the
coherent red light (wavelength 633 nm). By timing the opening and closing of the
shutters S1, 52, and S3 in Figure 3.2 (b), we can perform different experiments to
help us understand the physical mechanisms responsible for holographic recording

and optimizing the performance of the system.

3.3.2 Sensitization and bleaching experiments

A proper ratio between the intensities of the red recording and the ultraviolet sen-
sitizing light, I.eq/Iyv, is essential to get good holographic recording performance.
Too much ultraviolet light causes erasure while too much red light causes bleaching
and low sensitivity. A convenient way to adjust the intensity ratio is to use sensi-
tization and bleaching experiments. UV light sensitizes the crystal for holographic
recording with red light by transferring electrons from Mn to Fe centers via the con-

duction band. This increases the absorption of the red light. On the other hand, red
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Figure 3.2: Experimental setup for holographic recording experiments: (a) basic idea,
(b) actual setup. In the actual setup, L1 and L2 are lenses; M is a mirror; C is the
crystal; SF is a spatial filter; UVF is a UV filter; BS is a beam splitter; and S1, S2,
and S3 are shutters.
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light bleaches the crystal by transferring electrons from Fe to Mn centers resulting in
smaller absorption for red light.

To investigate sensitization dynamics, we monitor the absorption of the red light
by the crystal. This is performed by illuminating the crystal with a very weak red
beam and monitoring the transmitted red power with time. The intensity of the
illuminating red light should be low enough to have negligible effect on the electron
transfer between the traps. The sensitization experiment is performed using the
experimental setup in Figure 3.2 (b) by opening the shutters S1 and S2, and closing
shutter S3. On the other hand, red light causes electron transfer from Fe to Mn centers
resulting in smaller absorption for red light. We monitor the bleaching dynamics by
illuminating the sensitized crystal with only a strong uniform red beam and measuring
the transmitted power. This can be performed using the experimental setup in Figure
3.2 (b) by opening the shutter S2, and closing shutters S1 and S3. Figure 3.3 shows
typical results of the sensitization and bleaching experiments. The details of the
experiments are summarized in the caption.

Figure 3.4 shows the picture of the LiNbOj:Fe:Mn crystal after sensitization and
bleaching experiments. The crystal was first sensitized for 3 hours using UV light
(wavelength 365 nm, intensity 20 mW /cm?). Then, the center of the sensitized crystal
was bleached using a strong uniform red beam (wavelength 633 nm, intensity 300
mW /cm?, ordinary polarization) for one hour. The crystal was initially (before any
sensitization) transparent due to the lack of electrons in the Fe centers. Sensitization
with UV populates some of the Fe traps resulting in the dark appearance of the crystal
as shown in Figure 3.4. Bleaching with red light depopulates the Fe traps resulting in
the transparent appearance of the bleached portion of the crystal as shown in Figure
3.4.

The time constants of sensitization and bleaching are measures of the rates of
population and depopulation of the iron sites. They scale linearly with the light
intensities, which allows tuning. The time constants should be of the same order
of magnitude to achieve a strongly modulated Fe?* concentration during hologram

recording. Too strong UV light (relative to red light) results in too rapid sensitization
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Figure 3.3: Normalized transmitted red intensity in a 0.85 mm LiNbQOj3:Fe:Mn crystal.
(a) Sensitization experiment: The crystal is sensitized with a homogeneous UV beam
(wavelength 365 nm, intensity 20 mW /cm?) while monitored by a weak red beam
(wavelength 633 nm, intensity 0.6 mW/cm?, ordinary polarization), (b) Bleaching
experiment: The sensitized crystal is bleached with a strong red beam (wavelength
633 nm, intensity 300 mW /cm?, ordinary polarization).



66

e S il s i S 5 - il

j
¥
" ]
3
A
i
ke
1
1
!
]
i
-

Figure 3.4: Effect of sensitization and bleaching on the appearance of a LiNbO3:Fe:Mn
crystal. The crystal is first sensitized with a homogeneous UV beam (wavelength
365 nm, intensity 20 mW/cm?) for 3 hours. Then the center of the sensitized crystal
is bleached with a strong red beam (wavelength 633 nm, intensity 300 mW/cm?,
ordinary polarization). The sensitized portion of the crystal looks dark, while the
bleached part as well as the initial crystal (before any sensitization) look transparent.
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and also too rapid erasure of the hologram. Therefore, strong holograms can not be
recorded. On the other hand, too strong red light (compared to UV light) results in
too rapid bleaching of the Fe traps, and lack of enough electrons in Fe traps for effi-
cient holographic recording. Therefore, it is important to optimize the ratio between
UV and red intensities. We find from the sensitization / bleaching experiments an

optimum intensity ratio of Ieq/l = 30 in order to record the strongest hologram.

3.3.3 Holographic recording experiments

To get information about the holographic performance, plane-wave gratings are
recorded and reconstructed using the same LiNbOjs:Fe:Mn crystal that we used in
the previous experiments. The unpolarized ultraviolet light illuminates the sample
homogeneously; the HeNe laser light is split into two plane waves which interfere at
the crystal (1/e? beam diameter 2.0 mm, transmission geometry, period length of the
grating 0.9 pum, intensity of each beam 0.3 W/cm?). The grating vector is aligned
parallel to the c-axis of the sample. The crystal is pre-exposed to UV light for at
least 3 hours before recording. During recording, one of the HeNe beams is blocked
(by closing S2 in Figure 3.2 (b)) from time to time and the second beam is diffracted
from the written grating to obtain the diffraction efficiency 7 as the ratio between
diffracted and total incident light powers. Figure 3.5 shows the results. The diffrac-
tion efficiency rises quickly and drops afterwards almost to zero with no ultraviolet
light present (S1 closed in Figure 3.2 (b)) during the hologram formation. After some
reading, the grating finally disappears completely. With assistance of ultraviolet light
during recording (S1 open in Figure 3.2 (b)), much higher efficiencies are obtained.
Subsequent reading erases first the grating partially, but the remaining grating per-
sists despite further red illumination. It is clear that the presence of ultraviolet light
during hologram formation is crucial for obtaining large diffraction efficiencies and
persistent read—out. Finally, the hologram can be erased by either the UV light only
(S1 open, S2 and S3 closed in Figure 3.2 (b)) or the UV light and one of the red beams
simultaneously (S1 and S3 open, S2 closed in Figure 3.2 (b)). Figure 3.6 shows the
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Figure 3.5: Diffraction efficiency 7 versus time for recording without and with simul-
taneous presence of ultraviolet light, and for subsequent reading in a LiNbO3:Fe:Mn

crystal.

diffraction efficiency vs. time for a plane-wave hologram erased by UV and red beams
simultaneously. Recording was performed by two red beams with simultaneous illu-
mination with a UV beam, while erasure was performed by the UV beam and one of

the red recording beams. The specifications of the beams are the same as those of

the recording experiment.

3.4 Theory

In this section, we discuss a theoretical model that can explain the experimental
results. The model is similar to the two—center charge transport model for LiNbOj:Fe
introduced in 1993 by Jermann and Otten [48]. The goal of the model is to find the
time evolution of the space—charge field recorded by two interfering recording beams

in the presence of a homogeneous sensitizing beam.
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Figure 3.6: Diffraction efficiency 7 versus time for erasure with simultaneous presence
of UV and one of the red recording beams. The hologram was recorded by simultane-
ous presence of UV and two red recording beams to an arbitrary diffraction efficiency
of close to 7%.

3.4.1 Two—center model

In the theoretical modeling of holographic recording in a doubly—doped LiNbO3:Mn:Fe
crystal, we employ a set of five equations to solve for five unknowns. These unknowns
are electron concentration in the conduction band (n), electron concentration in the
deeper and shallower traps (Ny;, and Np, respectively), current density (j), and
space—charge (electric) field (F). The system of five equations that needs to be

solved for these unknowns is:
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ONG _ _
G?In = _[an,RsMn,RIR + QMn,UVSMn,UVIUV]NMn + ’Yl\zinn(NMn - NMn) ; (3-1)
ONee  _ — Ferd] Iyv|N5 Ng. — Nr,
a [gre R SFe,r IR + gFe,uv SFe,uvIuv] Vg + Yren(Nre — Np) (3.2)
aj ONgp, =~ 0Ny an
e e o M 3.3
oz ¢ ( 3 &t &) (33)
. on B
j = eunkE + k‘BTﬁba—T + (Kpe,r IR + Kre,uvIuv) Vg,
+(Kvn,rIR + Kvin,uvIuv) Nogy (3.4)
oE o e
— = — = ——(Ng. + N, — Na) . .5
817 €€Q €€p ( Fe + Mn tn A) (3 O)

All symbols are introduced in Tab. 3.1. Some parameters have a subscript ‘R’ or
‘UV’ to indicate whether they are for red (in general, recording) or UV (in general,
sensitizing) light. In writing Equations (3.1)-(3.5) we implicitly assumed that all
variables have one dimensional (z) spatial variations.

The first two equations are rate equations for the deeper (Mn) and shallower
(Fe) traps, respectively. These equations simply require that the rate of increase in
electron concentration in each trap is equal to the incoming rate of electrons minus the
outgoing rate of electrons. The incoming rate of electrons in each trap depends on the
recombination coefficient of that trap as the only way of populating a trap is trapping
electrons from the conduction band as shown in Figure 3.1 (b). The outgoing rate of
electrons from each trap depends on the light intensities involved and the absorption
cross section of that trap at the incident light wavelength. Thermal depopulation of
the traps is neglected as both Fe and Mn traps are deep enough in the band gap.
The third equation is the current continuity equation. The fourth equation is the
current equation describing the current density as the sum of drift, diffusion, and
four photovoltaic currents. Finally, the fifth equation is Poisson’s equation.

Equations (3.1)-(3.5) compose a system of partial differential equations in time
and space that is difficult to solve in general. To simplify the solution, we assume

that the sensitizing intensity is homogeneous, and the recording intensity (Ig) has
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Quantity (unit)  Meaning Value Reference
Parameters of Fe
Npe (m™3) total concentration of Fe (2.5 x 10%%)
Ni (m™3) concentration of Fe?+ (0)
sre,r (m?/J) photon absorption cross section of Fe*t (light 3.7 x 1074 [15, 71]
wavelength 633 nm)
gre,RSFer (M?/J) absorption cross section of Fe2t for absorption of 3.3 x 10~8 [72]
a photon and excitation of an electron from Fe**
into the conduction band (light wavelength 633
nm)
gre,.UvSFe uv (m?/J)  absorption cross section of Fe*t for absorption of 3.8 x 1072 [72]
a photon and excitation of an electron from Fe®*t
into the conduction band (light wavelength 365
nm)
Yre (m?/s) coefficient for recombination of conduction band 1.65 x 10—14 [48]
electrons with Fe3+
—krer (M3/V) bulk photovoltaic coefficient for excitation of elec- 7 x 10734 [71, 72]
trons from Fe?* into the conduction band (light
wavelength 633 nm)
—Kpe,uv (m3/V) bulk photovoltaic coefficient for excitation of elec- 1.4 x 10732 [71, 72]
trons from Fe?* into the conduction band (light
wavelength 365 nm)
Parameters of Mn
Nyt (m™3) total concentration of Mn (3.8 x 10%%)
Ny, (m™3) concentration of Mn?* (3.4 x 10*)
gumn,RSMnR (m?/J)  absorption cross section of Mn** for absorption (0)
of a photon and excitation of an electron into the
conduction band (light wavelength 633 nm)
qMn,UVSMa,uv (m2/J)  absorption cross section of Mn®* for absorption 3.6 x 107° this work
of a photon and excitation of an electron into the
conduction band (light wavelength 365 nm)
Ymn (m?/s) coefficient for recombination of conduction band 2.4 x 10713 this work
electrons with Mn3+
—kyn,r (m3/V) bulk photovoltaic coeflicient for excitation of elec- 0
trons from Mn?T into the conduction band (light
wavelength 633 nm)
—KMn,uv (m?/V) bulk photovoltaic coefficient for excitation of elec- 1.1 x 10732 this work

trons from Mn®" into the conduction band (light
wavelength 365 nm)
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the infrared light

Quantity (unit) Meaning Value Reference
Parameters of LINbOj3
€ dielectric coefficient 28 [53, 54]
ri3 (m/V) electro-optic coefficient (light wavelength 632.8 10.9 x 10'2 [55]
nm)
N refractive index for ordinarily polarized light 2.286 [56]
(wavelength 632.8 nm)
Charge transport parameters
7 (A/m?) current density variable
i (m?/Vs) electron mobility in the conduction band 7.4 x 1073 [57]
n (m~3) density of free electrons in the conduction band variable
p (As/m?) total charge density variable
Na (m™3) concentration of nonmobile positive compensa- (3.4 x 10%*)
tion charge, which maintains overall charge neu-
trality
E (V/m) space—charge field variable
Fundamental constants
ks (J/K) Boltzmann constant 1.38 x 10-23
€0 (As/Vm) primitivity of free space 8.85 x 10712
Parameters related to the experimental conditions
T (K) crystal temperature 293
K (m™1) spatial frequency of the interference pattern 6.9 x 10°
A (m) period length of the interference pattern 0.9 x 1076
Iyv (W/m?2) intensity of the spatially homogeneous UV light variable
(wavelength 365 nm)
Iz (W/m?) intensity of the red light (wavelength 633 nm) variable
m modulation degree of the interference pattern of variable

Table 3.1: Units, meaning and values of all quantities involved in the analysis of
two—center holographic recording in a LiNbOjs:Fe:Mn crystal. Subscripts ‘0" and ‘1’
are added in the text to the spatially dependent quantities to indicate zeroth and
first Fourier components. Values in parentheses show standard values, which are
valid if nothing else is mentioned. Most of the values are determined by using the
experimental data curves in the referenced literature.
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one-dimensional sinusoidal variation with space as
Ix = Iz o[l + mcos(Kz)] (3.6)

where K and m are the magnitude of the grating vector and modulation depth of
the recording intensity pattern, respectively. The above system of equations is one-
to-one, i.e., it gives only one set of outputs for one set of inputs. For such a system,
a periodic set of inputs result in a periodic set of outputs with (at least) the same
period. Therefore, with periodic Iz as in Equation (3.6), every output variable is
periodic with the same period as the input and can be represented by a Fourier series
in z. Since we are mainly interested in the zeroth (DC) and first order terms of the
Fourier series of each variable, we represent each variable by the first two terms of
its Fourier series. For example, the concentration of electrons in Mn traps can be

represented as
Nyt = Nygoo + Ny explii) . (3.7)

By replacing each variable in Equations (3.1)—(3.5) with the first two terms in its
Fourier series and separating zeroth and first order equations, we obtain two sets of

equations as

AN )
—dlzt@g = —[gMn,rSMn,RIRO0 T @vin,uv SMn,UVIUV] Vim0

+ a0 (Nvin — Nyimo) » (3.8)

dN: ) )
—j;e—o = —[gre rSFe.r IR0 + GFe,uvSFe,uvIUv]Nigg + Yren0(Nre — Nig) 5 (3.9)
dN=, dNg., = dng

— e n e 3‘10

¢ dt i dt T dt ’ (8.10;

0 = Np+Nyp+n—Na (3.11)

and
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% - _ I . - ) _
dt = [QMn,RSMn,R Ro + QMn,UvéMn,UVIUV]NMnl - (IMmRSMn,RmIRONM,,O
+7Mnnl(NMn - NI\.TInO) - f}/MnnﬂNhEnl ) (312)
dNg.
T?i = —[qre,rSFe,k IR0 + Qre,uv SFe,uvIUv]Npy — GrerSFe R IR0Npg
+Yren1 (NFe - Nl%o) - fYFenONpTﬂ > (313)
—iK | dNg, dNg., dm
= —+ =4+ —, 3.14
e V! ( dt dt dt 1)
1 = epngE) + euni By — ikgTpuKng + (Kperlro + £re,uvIuv) Ny
+Kre, RM R0 Npeg + (Kvn,r IR0 + Kvin, uvTuv) Nygog
+8&:n, RMIR0 Ny (3.15)
K N Ny
R = Sratlum T (3.16)
e €€

We need to first solve the system of equations for the zeroth order variables as
they appear on the right-hand side of the equations for the first order variables. Note
that by assuming sinusoidal variations for the recording intensity, we need to solve
two systems of ordinary differential equations (for a total of 10 variables) instead of
one smaller system of partial differential equations (for a total of 5 variables). We
use a few approximations that simplify the solutions. First of all, we assume that
the variations of the electron concentration in the conduction band (n) are instan-
taneous compared to the variations of the other variables. This is called adiabatic
approximation and results in replacing %% = %7? = % = 0 in the above equations.
Performing simulations with and without this approximation results in essentially the
same answer. Next, we assume that n < Ny, Ng,, Na. This assumption results in
omitting n, ng, and n; from Equations (3.5), (3.11), and (3.16), respectively.

We start with the zeroth order equations. By putting Equations (3.8) and (3.9)

into Equation (3.10) and using adiabatic approximation, we can find ng as a function
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of Ny, and N,

gre,R SFe,R IR0 + GFe, UV SFe,uvIUV N-
Yre(Nre — Nigo) + Wvin(Natn — Niygng) ™ 0
dMn,RSMn,RIRO + @Mn, UV SMn,uvIUY N- (3.17)
Yre (Ve — NF_en) + Y™n (Vun — Nymo) Mn0 ‘

Furthermore, by neglecting ng in Equation (3.11) we obtain
Nogoo = Na — Ny, (3.18)

Using Equations (3.17) and (3.18) in Equation (3.9), we obtain a first order differential

equation for Ny, as

dNgeo _ Yre| @, RSMn,RIR0 + @Mn, UV SMn,UVIUV](Na — Npg) (Nre — Nioo)
dt VFE(NFQ_NFTeO)-*-’YMn(NMn_NA_'—NPTeO)
_’}/Mn[QFe,RSFe,RIRO + QFe,UVSFe,UvIUV]NF_eo(NMn — Np + NF;())

Yre(IVre — Npeg) + Mvin(Nun — Na + Ngg)

(3.19)

The initial condition for Equation (3.19) depends on the crystal and the exper-
imental condition. For example, for a crystal that has all Fe traps empty before
sensitization, it would be Np,,(0) = 0. Solving Equation (3.19) with the appropriate
initial condition results in the solution for all zeroth order variables that can be used
to solve the first order equations [Equations (3.12)—(3.16)].

The next step is to solve the first order equations to obtain the space charge field
that results into the calculation of the change in the index of refraction and diffraction

d

efficiency. To solve the first order equations, we first neglect 77?- in Equation (3.14)

and n; in Equation (3.16), and then combine Equations (3.14), (3.15), (3.16) to obtain

d(Nytn1 + Nie eun _ _ 1K B
: Mnla'gt m) ioo (Matn1 + Nyer) — ?(HFe,RIRO + kire,uvIuv) Npgy
1K B knT
_?(EMn,RIRO + fonin, uv Loy ) Nygny — BT,uKQm
1K

—iK,un-lEg - ?(’{Mn,RNh_fan + KFe;R]\TFTeQ)mIRO v (320)
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By combining Equation (3.12), (3.13), and (3.20) we can solve for n; as a function

of Ny, and Ny

n =

GFeNl%l = GMDNI\TIHI i GRTTLIRO

_ _ kT . ] J
Yre(INre — Npeg) + Yain(Nain — Nygno) + BTHKZ + 1K pEy

where the parameters Gr., Gy, and G are defined as

GFe =

GMn =

Gp =

€L
€€p

gre,R SFe,R IR0 T+ Gre,uvSFe,uvIUV + YreNg —

1K
_?(HFe,RIRO + kpeuvivvy) ,

epng
@Mn,RSMn,RIRO T @M, UV SMn,uvIUV + VM0 — p”
0
1K
—?(HMn,RIRo + Kam,uviuy)
1K 1K

(gre,RSFeR — ?HFe,R)NFTeQ + (qMn,RSMn,R — 7"3Mn,R.)Nl\71n() . (3.24)

We make two approximations to simplify the equations. First, we assume that

there is no DC electric field, i.e., £y = 0. This is true when we do not apply any

external field to the crystal. The screening field is also negligible due to the presence

of the UV beam and a considerable surface conductivity as discussed later. Second, we

assume that the diffusion field (Ep) is negligible compared to the strong photovoltaic
field, i.e., (kgT/e)uK? = uK Ep in Equation (3.20) and Equation (3.21) is negligible.

Putting n; from Equation (3.21) into Equation (3.12) and Equation (3.20) results in
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a system of two equations for two unknowns Ny, and (Ny;,; + N, ) as

d(Ny;. 1 + Np eun 1K _ _
Watws + Neer) - _ - fermo + — (Kre,r IR0 + Kre,uvIuv) | (Nymr + Npep)
dt €€ e
1K _
-‘6_[("’7Mn,R — Kpe,r) IR0 + (KMn,uv — KFe,uv) Tuv] Ny
1K _ _
_?(HMn,RNMH() + HFe,RNFeO)mIRO ) (325)
dN
—d’f‘lﬁ = G1(gre,rSre,rIR0 + qre,uvSFe,uvIuv + Yren0) (N1 + Nper)
eun. 1K _ _
—iy [ i . + ?(KF‘e,RIRO + ﬁFe,UVIUV)] (Nyin1 + Npe1)
0

—(qun,RSMn,RIRO + @Mn, UV SMn,uVIUYV + o — G1 G2) Ny,
. 1K 3
— | gMn,RSMn,RNVymo — G1 | @vn,RSMnR — — lMnR Nytno | mAro

iK _
-Gy (Q’Fe,RSFe,R - ?HFe,R) NggomIro , (3.26)

where G; and G5 are defined by

An( Nyvin — Noo
G, - ’)Mn_( Mn Mno) . (3.27)
Yre(IVre — Nggg) + n(Vvtn — Nyno)
G2 = qun,rSMnRIRO + @Mn,uvSMn,uvIUv + YMnT0 — Gre,RSFe,RIRO — GFe, UV SFe,uvIUV
1K
—YreTo — ?[(RMH,R — Kpe,r) IR0 + (Kun,uv — Ere,uv)Iuv] - (3.28)

Here we deliberately chose the first unknown as (Ny;,, + Ng;) instead of NV, since
we are mainly interested in calculating the space charge field (F,) that is linearly
proportional to (Ny;,; +Ng,;) [Equation (3.16)]. The initial conditions for this system
of equations is Ny ,(t =0) = Ng,(t =0) =0.

After finding FE,, it is easy to calculate the change in the index of refraction

through the electro-optic effect as
3

An = —neTﬁregEl . (3.29)

Here reg is the effective electro—optic coefficient that depends on the direction of the

space charge field with respect to the c—axis of the crystal and the polarization of the
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read—out beam, and neg is the effective index of refraction for the read—out beam that
depends on the polarization of that beam. Finally, we can calculate the diffraction

efficiency from An by using Kogelnik’s formula [52].

3.4.2 Parameters of the model

In order to have a reliable model, we need accurate estimates for the parameters of the

model, i.e., absorption cross sections and recombination coefficients for the traps, etc.
Although most of the parameters for Fe traps can be extracted from the literature,
important parameters for the Mn traps need to be determined.

Absorption cross sections at different wavelengths can be obtained from the ab-
sorption spectrum of the crystal with known doping levels and known electron con-
centration in the traps. Photovoltaic constants for each trap at a specific wavelength
can be obtained from the measurement of the short—circuit photovoltaic current of a
crystal doped with that trap. The factors gs for each trap (for example, gge uvSpe,uv)
can be typically found from photoconductivity measurements. The values of the
important parameters are listed in Table 3.1. The references used in calculation of
parameters of the Fe traps are also listed in Table 3.1. The main challenge is to find
the parameters of the Mn traps, and also the initial electron concentration in the Mn
traps. One way to find the latter is to use electron paramagnetic resonance (EPR)
studies, but it needs careful calibration of the reference electron concentration in Mn
traps. Knowing all Fe parameters, we performed experiments to find three additional
parameters. These parameters are gy uvSmn,uv, Yun, and initial electron concentra-
tion in the Mn traps [Ny, o(t = 0) = Na]. We can assume that gum rSunr and Kymr
are zero due to the deep position of the Mn traps in the band gap of LiNbO3. To find
the three parameters mentioned above, we need to obtain three equations. We use
bleaching and sensitization experiments to find these equations. After finding these
three parameters, we use curve fitting to find the last unknown parameter Kym uv.
Finally, we optimize our calculation of the parameters by fine tuning these parameters

to get the best fit to the sensitization, bleaching, and holographic recording curves.
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Bleaching

As mentioned before, the bleaching experiment is performed to find the dynamics of
electron transfer from Fe to Mn traps by a homogeneous red beam. When a sensitized
crystal is illuminated with a strong red light, electrons are excited only from Fe traps
to the conduction band. Some of these electrons are trapped by Fe centers, others are
trapped by Mn centers. Those electrons that are trapped in Mn centers can not be
re—excited to the conduction band. Therefore, the electron concentration in Fe traps
decreases with time. The decrease in electron concentration in the Fe traps results in
a decrease in the absorption of red light. The governing equations for the analysis of

bleaching dynamics are

ONg 2
% = i (Nwin — Nyga) (3:80]
ONL. =
8tFe = —qrerSPe,R IR Npe + YN (Nre — Np,) (3.31)
ONn ~ ONy 19
e o Y% 1Y) 3.32
ot ot e dx 0 e

where we assume adiabatic approximation (% = 0) in Equation (3.32). The initial
conditions for N, and Ny, depend on the sensitization process, but the condition
Npo + Ny, = Na must be always satisfied. We can find n as a function of Ny, and
Nz, by putting Ny, /0t and ONg, /0t from Equations (3.30) and (3.31), respectively,
into Equation (3.32). Putting Ny, = Na — Ng, and the formula found for n in

Equation (3.31), we can obtain a differential equation for Ny, as

ONG, e rSre R R Y (Nyn — Ny . N
Fe __ gre,R SFe,R IR Ynn (Nn Mn) Np, =~ _ 9Nk ) (3.33)

ot _’YMn(NMn — Nyn) + ¥re(Npe — Ng) Tb

To simplify the calculations, we assume that the absorption of the red light in
the crystal is not large. Therefore, we can consider the red light intensity (/g) in
Equation (3.33) as a constant. We further assume that Np, < Ng and Ny, =~
Nya. This is a good approximation when we neglect the beginning of the bleaching

curve [Figure 3.3 (b)], and consider the dynamics of the latter part of the curve.
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AZ

Figure 3.7: Transmission of an optical beam through a very thin portion of the crystal
with thickness Az. I and Is are incident and transmitted light intensities.

With all these approximations, the bleaching time constant 7, in Equation (3.33)
becomes a constant independent of the position inside the crystal. The bleaching

speed normalized to bleaching light intensity (Igr) can be represented as

1
TR

|
ﬁ/FeNFe .
= e e 1 3 3.34

(4remoren) ( - Yain (N — NA)) (3.54)

The right-hand side of Equation (3.34) can be found experimentally by fitting
the latter part of the bleaching curves at different intensities with monoexponential
formulas. The important fact is that in the bleaching experiment, we measure the
transmitted light intensity. Therefore, we need to find the relation between light
transmission and electron concentration in Fe traps (Ng,). For this purpose, consider
a very thin portion (Az) of the crystal as shown in Figure 3.7. The transmitted

intensity from this portion, I, is related to the incident intensity, I;, as
IQ — Il = _(SFe,RNF—'th)AZII 3 (335)
or

dI/I = —(sperhv)Npdz . (3.36)
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Integrating Equation (3.36) from z = 0 to z = L, with L being the thickness of the

crystal, results in

L
I = Lexp (—SFQ,RhV/ NF_e(z)dz) ; (3.37)
0

where [; and I are incident [I(z = 0)] and transmitted [I(z = L)] intensities, re-
spectively. The experimental bleaching curve (as shown in Figure 3.3 (b)) can be

approximately represented by

t
Ii=1h= Al = - Alyexp(~—), (3.38)

where A/ is the absorption change due to electron transfer from Mn to Fe centers,

and can be represented from Equation (3.37) by

L
Al=1T [1 — exp (—sFe,Rhu/ Nﬁa(z)dz)} ; (3.39)
0

The time constant 7y, for the variation of Al can be calculated by taking the

derivative of both sides of Equation (3.39)

/ L LdNg
dAl = IiSFe,RhV exp (_SFe,RhV/ NfTe(Z)dz) [ CFi;(Z) e
0 0

dt
L =
AN (2)
—Sperh e ROV G
SE R I// dt Z

- o] AT
1 —exp (SFG’Rh,U/ Nl?_e(z)dz)
0
Al
. (3.40)
Th2

Assuming the optical density of the crystal for red light to be small (sge g/ fOL Np(2)dz <

1), we can simplify the denominator of the right—hand side of Equation (3.40). Fur-

thermore, we can use dN,/dt ~ —Ng /7 from Equation (3.33) to rewrite Equa-
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tion (3.40) as

|2
dAT _ dt AT
dt Lo
N (2)dz
DL—l
/T—Nl;e(z)dz
o 20 B AT
! N (z)dz)
—-AT

12

(3.41)

b

Comparing Equations (3.40) and (3.41) results in 7, = 7h2. Therefore, we can calcu-
late %/IR from bleaching experiments and put it in Equation (3.34) to obtain one
equation for the unknown parameters. Figure 3.8 shows the variation of the bleach-
ing speed (1/7,2) with red light intensity (Iz). The solid line in Figure 3.8 shows the
linear fit to the experimental data. Using the slope of this line, we can obtain one

equation for the unknown parameters as

YFe N Fe

= 3.44. 3.42
Yuin (NVyvin — Na) ( )

Sensitization

As mentioned before, the sensitization experiment is performed to find the dynamics
of electron transfer from Mn to Fe traps by a homogeneous UV beam. The increase
in electron concentration in the Fe traps results in an increase in the absorption of

red light. The governing equations for the analysis of sensitization dynamics are

ON, _ _

TMH = _an,UVSNIH,UVIUVNMn -+ 7Mnn(1VMn - NMn) 3 (343)

N _ .

8—; = —qre,uvSFe,UvIUv Vg, + Yre(Nre — Nge) » (3.44)
ONg 0Ny, _ 185 _, (3.45)

ot ot - edr
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Figure 3.8: Variation of the bleaching speed (1/7y) with bleaching intensity (Iy).
The solid line shows a linear fit to the experimental data.

where we assume adiabatic approximation (%% = 0) in Equation (3.45). The initial
conditions are Ng,(t = 0) = 0 and Ny, (t = 0) = Na. Using Ny, = Na — N, from
Equation (3.45), we can find the differential equation for the electron concentration

in the Fe traps as

ONg,  —Gre,uvSFe,uvMn(NVuvn — Nygn) Ve + Yrelnin, UvSmn,uv (Vre — N ) Nypy

at 7Fe(fVFe - NITB) + rYMn(NMn - Nl\z )
XIUV 1 (346)

The major complication in finding an analytic solution for Equation (3.46) is
the high absorption of the UV light. The measured absorption coefficient of the
crystal at 365 nm is @« = 9 mm~!'. Equation (3.46) is a point form formula, i.e.,
it is valid at any point inside the crystal. To use the experimental results of the
sensitization experiment for the calculation of the material parameters, we need to
find from Equation (3.46) the total transmission of a weak red beam. For this purpose,

consider the very thin portion (Az) of the crystal as shown in Figure 3.7. Using
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Equation (3.39), we can calculate the initial slope of the transmitted intensity ratio
vs. time as

d(I./1; dNg(
%JtZO = _SF‘e,RhV\/O\ Z{t )|t gdZ (347)

Substituting wh —o from Equation (3.46) into Equation (3.47), and replacing

Iyv(z) by Iyvoexp(—ayvz), we obtain

d(ft/fi)| )= (Spe,R V) g\, UV SMn, v NA Tuvo (3.48)
dt = 1+ Yvn(Nvn — Na)  apy '
m/Feije

The left—hand side of Equation (3.48) can be calculated from the experimental re-
sults. Figure 3.9 (a) shows the variation of the initial sensitization slope (——%—~ il t/I lt=0)
with Iyvg. Figure 3.9 (a) shows that initial sensitization slope varies hnearly with
the UV intensity Iyvo as Equation (3.48) suggests Replacing the slope of the line
fitted to the experimental data ([——%—* (L“/I) li=0]/Iuvo) in Equation (3.48) results in one

equation for the unknowns as

} n.U In A/V 1
(SFe,R W)QM ,UVSMn,UVIVA —1.06x 1075 . (3-49)
14 Yvn(Vvn — Na)  auy
fYFeNFe

Another equation can be obtained using the saturation value of the transmitted
red light in the sensitization experiment. Figure 3.9 (b) shows the variation of the
ratio of the transmitted to incident red intensity after 3 hours of sensitization vs. UV
intensity Iyvg. This value is related to the electron concentration in Fe traps after
3 hours of sensitization. The complication in the theoretical calculation is due to
the variation of Np, within the thickness of the crystal (as a result of the large UV
absorption). We first replace Ny, by Ny — N, in Equation (3.46), and rewrite the
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equation as

ONE, Ng. Yre@Mn, UV SMn, UV IVre VA fU —ay _
aFe — _ P 4 YFeGMn, UV SMn, UV NVre Na Tuvo exp( aUVZ)_ n O([Npe]:))
t T(Z) rYFeNFe + ﬂ)/I\,'In(NMn - NA) g (")’Mn - fYFe)NFe
_ jvl;e,ﬁna.l - NPTe (350)
7(2)

where 7(z) is the space-dependent sensitization time constant defined by

1 _ {—‘QFe,UVSFe,UV’VMn(NMn — Na) + Yre@uin,uvSun,uv (Nre + NA)}
7(2) YreNFe + Y0 (NVMn — Na) + (YMmn — Tre) Npe
X Iyyo exp(—auvz) . (3.51)

Therefore, we can approximately express Np,(z) as
NFTQ(Z, t) = ‘NFTe,ﬁnal D. — exp (—At exp(—aU\;z))] 3 (352)

where

@Mn, UV SMn, UV VreNFe(1 + Na/Nre)
qre,uvSFe,uv |1+ Tuyvo
A 4Fe, UV SFe, UV ’)’Mn(NMn - N\) (3 53)
ﬁ)’Fe(NFe — NFTe) NFTe
7Mn(NMn = NA) (NMn = NA)

1 4

Using Equation (3.42) and assuming Ny =~ 0.9Ny, (we check this assumption
later), we can calculate A ~ 0.01s™'. To calculate the total transmitted red light
through the crystal, we again divide the crystal into very thin portions as we did

before (Figure 3.7). Considering
L
I, = Lexp (f —a(z, t)dz) , (3.54)
0
with

a(z,t) = sperhVNg,(2, 1) , (3.55)
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and using Equation (3.52) yield

L
In(L/L) = No. / [l — exp (—Atexp(—auvz))]dz . (3.56)
SFe, RNV ’ 0

The calculation of the integral in Equation (3.56) can be simplified by defining a new

variable u = At exp(—ayvz). Applying this change of variable results in

& 1 ke exp(—
/ [1 — exp (—At exp(—ayv2))] dz = L (1 - / Mdu) (3.57)
J0 ayvl Atexp(—ayvL) u

For sensitization of about 3 hours, we can calculate At ~ 108. For our L = 0.85
mm thick crystal with agy = 9 mm™! at 365 nm, we have Atexp(—ayyL) =~ 0.05.
The integral in Equation (3.57) can be calculated using the tabulated Exponential
Integral Function. The upper bound of this integral can be replaced with co. The
interesting property of the integral is that it is not a sharp function of the lower
bound in the range of values that are relevant to our experiment. For example, for
lower bounds (Atexp(—ayvL)) of 0.04, 0.05, and 0.07, the integral is equal to 0.65L,
0.68L, and 0.72L, respectively. This justifies most of the approximations we made
in this calculation. Using 0.7L as the value of the integral in Equation (3.56), and
using I;/I; = 0.9 from Figure 3.9 (b), we obtain Ng g ., =~ 1.16 x 10> m~*. To obtain
the third equation for calculating the model parameters, we apply the saturation (or
steady—state) condition to Equation (3.46). At steady—state, the time derivatives are
replaced with zero, and all variables are replaced with their final values. Therefore,
we put @Ng, /0t = 0, Ng, = Ng, g = 1.16 X 10 m™?, and Ny, = Na — Ng, g, into

Equation (3.46), and rearrange different terms to obtain

qre,uvSFe,uv Mn (VMo — Na + Ngg fnal) Vre it = YreqMn,uvSMn, UV (NVre — Npg final)

X (NA - NF—e,ﬁnal) ¢ (358)

We now need to solve a system of three equations [Equation (3.42), Equation (3.49),

and Equation (3.58)] for three unknowns (gum,uvSumn,uv, Yum, and Na). To do this,

we use Equations (3.42) and (3.49) to replace the first two variables in terms of Ny
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in Equation (3.58). This results in a second-order equation for N, as
(Na/10*m™%)2 + 4.94(Na/10*'m™%) +4.93 =0 . (3.59)

Equation (3.59) results in two solutions for N, and, therefore, two sets of solutions
for our three unknowns are obtained. It turns out that only one of these sets results
in acceptable recording and read-out response as evidenced by experimental results.
The values for the three unknowns found by solving Equations (3.42), (3.49), and
(3.58) are

Ny = 3.1x10%m™3 (3.60)
QvinuvSvmuy = 3.55 x 107°m?/J (3.61)
™in = 857p =1.32x107Pm s, (3.62)

The value of Nj agrees with our assumption (Na =~ 0.9Nyp). We use Na,
GMn,UVSMn, UV, and Yy from Equations (3.60)-(3.62) as the initial values in the simu-
lation of sensitization, bleaching, and holographic recording and read—out curves, and
then fine tune these values by trying to get the best fits to the experimental results.

The final values of Na, guin,uvSmn,uv, and Y, are shown in Table 3.1.

3.4.3 Comparison with the experimental results

We calculated three of the unknown parameters for the model in the last section. The
only remaining unknown parameter is the photovoltaic constant of the Mn traps at
365 nm (Kym,uyv). We used curve fitting with trial and error to find kym yv, and also
to fine tune the values of the three parameters we found in the last section. We try to
get the best overall fit to the experimental sensitization, bleaching, and holographic
recording and read-out results. The simulation of the sensitization and bleaching
curves is based on the numerical solution of Equations (3.50) and (3.33), respectively.
To consider the absorption of the UV light within the crystal, the crystal was divided

into 50 thin portions with equal thickness. The intensity of UV light was assumed
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to be constant in each portion. The corresponding equations were solved within each
portion, and the overall optical density of the crystal for red light was calculated by
adding up the optical densities of the individual portions. A similar procedure was
used to consider the effect of UV absorption in the calculation of recording and read-
out response. Since recording is performed after a few hours of sensitization, the initial
conditions for the equations in each portion of the crystal were obtained by solving
the governing sensitization equations for the specified time. Then the recording and
read—out curve was simulated by solving Equations (3.19), (3.25), and (3.26) in each
portion. Since the diffracted fields from the different portions of the crystal are
in—phase (Bragg condition is satisfied during read-out), we only need to add the
diffracted fields (not the diffraction efficiencies) from the different portions. This can
be easily performed by replacing AnL in Kogelnik’s formula [52] by > . An;L;, where
An; and L; are the index change and thickness of the i-th portion.

Figure 3.10 shows the comparison of the theoretical and experimental results for
the best overall fit. The agreement between theory and experiment shown in Fig-
ure 3.10 is quite good. The final values of all parameters resulting in the theoretical

curves in Figure 3.10 are summarized in Table 3.1.

3.4.4 Effect of sensitizing and recording intensities

Figure 3.11 (a) shows the variation of theoretical saturation diffraction efficiency with
the recording intensity (Iro) when the ratio of the recording intensity to sensitizing
intensity is fixed (Iro/Iyve = 25). The two curves in Figure 3.11 (a) are calculated
with and without neglecting the absorption of the sensitizing beam within the crys-
tal. The neglection of this absorption is an acceptable assumption only for very thin
crystals or for cases where we are interested in local hologram strength. However, it
does not apply to thick crystals since UV absorption can not be neglected in such
crystals. Typical absorption coefficients of the crystals we used are close to 9 mm™!

at 365 nm. As Figure 3.11 (a) shows, the final diffraction efficiency is not a func-

tion of the absolute intensities while the intensity ratio is constant. Figure 3.11 (b)
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Figure 3.10: Comparison of theory and experiment: (a) sensitization by a 20 mW /cm?
homogeneous UV beam at 365 nm monitored by a weak red beam (wavelength 633
nm), (b) bleaching of a sensitized crystal by a 300 mW/cm? red beam, and (c)
holographic recording by simultaneous presence of a UV beam (wavelength 365 nm,
intensity 20 mW /cm?), and two red beams (wavelength 633 nm, intensity of each
beam 250 mW /cm?) with subsequent read—out performed by one of the red recording

beams only.
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shows the variation of the saturation diffraction efficiency with recording intensity
(Iro) with constant sensitizing intensity (Iyvo). Figures 3.11 (a) and (b) suggest that
the final diffraction efficiency in two—center holographic recording is a function of the
intensity ratio (Irg/Iuyve) only and not a function of the absolute intensities. This can
be intuitively understood from Figure 3.1 (b). While sensitizing light both populates
Fe traps and partially erases the hologram, recording light records the hologram by
redistributing electrons among traps via the conduction band. Effectively, sensitiz-
ing light populates and recording light depopulates the Fe traps. The strengths of
the processes caused by sensitizing and recording lights depend on sensitizing and
recording intensities, respectively. Therefore, if we change sensitizing and recording
intensities while keeping their ratio constant, we will not change the relative strength
of the processes involved in recording the hologram, and we will obtain the same
saturation diffraction efficiency. Note that holographic recording speed still depends
on the absolute intensities as stronger beams result in faster processes.

The dependence of the final diffraction efficiency on the intensity ratio does not
depend on the absorption of the sensitizing beam as evidenced by Figure 3.11 (a).
However, higher UV absorption results in a smaller maximum obtainable diffraction
efficiency by reducing the effective thickness of the crystal. Figure 3.11 (b) shows
that the peak in the theoretical variation of the final persistent diffraction efficiency
with recording intensity is also broader for higher UV absorption. 'This is due to
the fact that the ratio of the recording and UV intensities (Iro/Iuvo) varies through
the thickness of the crystal as the absorption of the recording light is much weaker
than that of the UV light. Therefore, the best UV intensity corresponding to the
approximately fixed recording intensity can not be provided for all points within the
thickness of the crystal. If the UV intensity is high enough, there is a relatively
narrow region within the crystal with optimum intensity ratio. By increasing the UV
intensity, this narrow region moves away from the UV entrance edge. If we increase the
UV intensity beyond some maximum value, there is no region within the crystal with
optimum intensity ratio as the UV intensity remains too high at all points within the

crystal thickness. For UV intensities above that maximum value, the final diffraction
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the crystal.
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efficiency decreases with increasing UV intensity. Therefore, we get a broad peak in
the variation of the final diffraction efficiency with the UV intensity while recording
intensity is fixed. Similar argument holds for the variation of the final diffraction
efficiency with recording intensity while the UV intensity is fixed. The width of
the peak in the variation of the final diffraction efficiency with recording intensity
depends on the UV absorption coefficient: The larger the UV absorption coefficient,
the broader the peak.

Finally, it is important to note that there is no intensity threshold for two—center
holographic recording as shown in Figure 3.11. We can record holograms with very low
recording and UV intensities and obtain large diffraction efficiencies if the intensity
ratio is picked properly. This is a big advantage of two—center recording over two—step

persistent holographic recording using small polarons in LiNbQO3:Fe crystals.

3.4.5 Importance of sensitizing light

As shown in Figure 3.5, the presence of ultraviolet light during hologram formation
is crucial for obtaining large diffraction efficiencies. The diffraction efficiency raises
quickly and drops afterwards almost to zero with no ultraviolet light present during
the hologram formation. After some reading, the grating finally disappears com-
pletely. With assistance of ultraviolet light during recording, much higher efficiencies
are obtained. Subsequent reading erases first the grating partially, but the remaining
grating persists despite further red illumination. This is due to the fact that the
grating can not be recorded in the Mn traps in the absence of UV during record-
ing. In this section, we discuss an intuitive reason for this behavior based on the
physical mechanisms that are responsible for holographic recording. We also use the
theoretical model to verify the intuitive reason.

The electron recombination rates of Mn and Fe centers have the same order of
magnitude. Therefore, the probabilities of trapping a conduction band electron at Mn
and Fe sites are comparable. As a result, when an electron is excited from Fe centers

to the conduction band, it will end up in Mn centers after a few Fe retrapping cycles
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(for example, if the trapping probability at each center is 1/2, the average number of
retrapping at Fe centers before being trapped at Mn centers is 2). An electron moves
only a few nanometers in the conduction band before getting retrapped at either
centers due to small mobility of conduction band electrons in LiNbO3. Therefore, if
there is no UV illumination during recording, an electron moves only a few nanometers
on the average which is much smaller than the grating period (usually around 1 pm).
This is due to the fact that red light is not able to excite electrons from Mn centers.
Once an electron is trapped in Mn centers, it can not be used for holographic recording
any more. Having simultaneous UV illumination during recording makes the Mn
electrons available for recording and increases the average distance an electron can
move through multiple cycles of excitation. This results in a successful recording of
gratings in Mn with large saturation diffraction efliciencies.

In recording a hologram in the LiNbOj3:Fe:Mn crystal, the main source for moving
electrons in the conduction band is the bulk photovoltaic effect (jph = £pe R NVpolRr)-
At the beginning of recording, the electron concentration in the Fe traps (Ng,) is
uniform due to pre-sensitization with a homogeneous UV beam. Therefore, the bulk
photovoltaic effect is maximum at the peaks of the red light intensity (/g). Without
UV during recording, the recording light bleaches the Fe centers. This bleaching is
faster in high light intensity regions resulting in 180° phase difference between Ng,
and Ig. Assuming sinusoidal variation with space, we can represent the first Fourier

component of the bulk photovoltaic current as

jphl = KJFe,R(NFTeoIRI = N];elfRO) ; (363)

where we assumed
I = Iro+ Ir1 exp(iKm) ; (364)
Ng. = Ngo— Ng,;exp(iKz) , (3.65)

with all parameters defined as before. Therefore, at some point in time, the bulk
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photovoltaic current at the peaks of the interference pattern becomes weaker than
the bulk photovoltaic current at positions away from the peaks. This reverses the
prevailing charge transfer direction and causes erasure. The peak in the recording
curve of Figure 3.5 (without UV) corresponds to this reversal of direction. The main
term in the grating formation is the first spatial Fourier component of this current
that becomes zero at the peak, and changes its phase by 180° afterwards resulting in
the erasure of the grating.

The argument presented above is useful for an intuitive understanding of the
processes. We can also use our theoretical model to explain the experimental mea-
surements in Figure 3.5. Figure 3.12 shows the concentration of filled Fe centers (N, )
and photovoltaic current at different times during hologram formation as a function
of position x. In calculating the results shown in Figures 3.12 (a) and (b), we as-
sumed that recording is performed by red only (without UV) and by the simultaneous
presence of UV and red, respectively. In both cases, we assumed that recording is
performed after pre—sensitization of the crystal with UV light.

Figure 3.12 (a) shows clearly that the reversal in the direction of charge transfer
is responsible for the fall of the diffraction efficiency when the UV light is not present
during hologram formation. Furthermore, Figure 3.12 (b) shows that the presence of
UV during recording results in a nonzero steady-state electron concentration in the
Fe traps. This is due to continuous sensitization (electron transfer from Mn traps to
Fe traps) by UV light. As a result, the reversal in the charge transfer direction in the
conduction band does not occur, and a strong hologram can be recorded.

It is important to note that the space charge pattern resides in both centers since
the recombination rate of the electrons from the conduction band for the Fe and Mn
centers are close to each other. Therefore, modulated Fe?* and Mn?*t gratings are
formed during recording. The phase difference between the two gratings is close to
180°. This is due to the fact that in bright red regions, electrons are transferred
from Fe to Mn centers (via the conduction band) at maximum rate. The electron
transfer in low red light intensity regions is much weaker due to the smaller number

of red photons available in those regions. Therefore, the modulated Mn?* grating is
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Figure 3.12: Spatial variations of recording intensity (Ir), electron concentration in Fe
traps (Ng,), and bulk photovoltaic current (jpn) over two grating periods (A) at differ-
ent times in a thin slice of the crystal during holographic recording. Recording is per-
formed by two red beams (wavelength 633 nm, intensity of each beam 300 mW /cm?)
and (a) without UV illumination during recording, and (b) with simultaneous illumi-
nation with a UV beam (wavelength 365 nm, intensity 20 mW /cm?). In both cases,
it is assumed that the crystal was pre-illuminated by the UV beam for two hours

before recording.
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maximum in the brighter red regions, and minimum in the darker areas. The situation
for the Fe?t grating is reverse, introducing a 180° phase difference between the two
sinusoidal patterns. The real phase difference is a little bit smaller than 180° due
to the movement of electrons in the conduction band before being retrapped. The
larger the average distance an electron can move, the larger this phase difference will
be. The sum of these gratings produces the space-charge field. With Fe?* and Mn?*

concentration gratings like

Npe = Npo— AN cos(Kz + ¢re) (3.66)
Nim = Nyo + AN cos(Kz + dyn) (3.67)

we get the space charge grating

p(z) = —eAN[cos(Kz + dmn) — cos(Kz + Pre)]
~ —eAN (‘f)Mn — (]5]7};) SIH(I{.I) i (368)

assuming small phase shifts ¢ and overall charge neutrality.

Note that we assumed the peak of the sinusoidal part of the gratings (AN) to be
approximately the same as the main source for the formation of these patterns is the
local transfer of electrons from Fe to Mn centers due to the presence of the recording
light. With UV present during recording, the average distance an electron can move is
much larger resulting in a larger phase difference between the gratings and therefore
much larger diffraction efficiencies. Finally with UV present during recording, we
get to a saturation where the space-varying current becomes zero. At saturation,
there is no net electron motion in the conduction band resulting in a constant phase
difference between the gratings and a constant diffraction efficiency. During read-out
with red light only, electrons in the Fe centers move in the reverse direction resulting
in the partial erasure of the hologram. The hologram is not completely erased since
the electrons can move only a short distance before being trapped in the Mn centers.

The final grating is stored in the Mn centers and, therefore, further read-out with red
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light is non-destructive.

We can use our theoretical model to verify the above argument. Figure 3.13
shows the concentration of electrons in Fe and Mn traps at different times during
recording with simultaneous presence of the UV light. As Figure 3.13 shows, the
phase difference between the electron concentration in the two traps is close to 180°
at all times. Figure 3.14 shows the deviation of the phase difference between electron
concentrations in Mn and Fe traps from 180° (i.e., ¢n, — ¢pe) in Equation (3.68) with
time during hologram formation with UV light present. As we explained intuitively,
the phase difference between the two gratings in Fe and Mn traps grows with time
due to spatial movement of electrons in the traps via the conduction band. Note that
Figure 3.14 shows the variation with time only within a thin slice at the light entrance
face of the medium. Due to large UV absorption, the speed of hologram formation is
smaller in the other slices and, therefore, the speed of formation of the phase difference
shown in Figure 3.14 is not the same as the speed of the formation of the hologram
which depends on the dynamics of all slices throughout the thickness of the crystal.
It is important to note that the two gratings in the two traps are entangled to each
other. Any change in one of the gratings results in a corresponding change in the other
one. This is due to the fact that any change in the electron concentration of either
traps has to be performed via the conduction band, and the probabilities of electron
trapping by the Fe and Mn traps are comparable. As Figure 3.13 shows, the final
modulation depth of the electron concentration in the Mn traps is much smaller than
that before read—out. If we could erase the grating in the Fe traps without affecting
that in the Mn traps, we would increase the final diffraction efficiency by a very large
factor. Unfortunately, we have not been able to do this due to the entanglement of

the two gratings in the two traps.

3.5 Optimization of two—center recording

In this section, we focus on the effects of individual design parameters (i.e., Fe and Mn

concentrations, initial electron concentrations in the traps, recording and sensitizing
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Figure 3.13: Spatial variations of electron concentrations in (a) Fe (Ng,) and (b) Mn
traps (Ny;,) and (c) their sum (Ng, + Ny, ) over two grating periods (A) at differ-
ent times (B: at the beginning of recording, S: at saturation, and F: after sufficient
read-out) in a thin slice of the crystal during holographic recording. Recording is per-
formed by two red beams (wavelength 633 nm, intensity of each beam 300 mW /cm?)
with simultaneous illumination with a UV beam (wavelength 365 nm, intensity 20
mW /cm?). Note that the spatial variation of Np, has 180° phase shift with that of

the recording intensity as shown in Figure 3.12 (b).
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Figure 3.14: Deviation of phase difference between the electron concentrations in Mn
and Fe traps from 180° (i.e., ¢umn — ¢re) during hologram recording by two red beams
with simultaneous presence of a UV beam.

intensities and wavelengths, etc.) on the dynamic range of two—center holographic
recording systems. A convenient measure for the dynamic range is the M/# [73].
As we will see later, an approximate measure for the M /# in two—center holographic
recording scheme is the square-root of the final persistent diffraction efficiency. There-
fore, we consider this approximate M /# as the system parameter to optimize. We
consider the effect of each of the design parameters on this measure while all other
design parameters are fixed. The effects of recording and sensitizing intensities were

considered in the last section.

b -y | Effect of Fe concentration

Figure 3.15 (a) shows the theoretical variation of the approximate M /# with Fe con-
centration while the Mn concentration is fixed at Ny, = 3.8 x10* m~3 (corresponding
to 0.01 wt. % MnO doping). In this calculation, we assumed that all Fe traps are ini-

tially empty and 90% of the Mn traps are occupied by electrons (Ny = 3.4x10%* m3).
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As Figure 3.15 (a) shows, stronger holograms and larger M /# are obtained at higher
Fe concentrations. The variation in Figure 3.15 (a) can be understood by using the
energy band diagram in Figure 3.1 (b). Without any Fe traps, we can not record
any holograms as red light can not excite electrons from Mn traps to the conduction
band. By increasing the concentration of the Fe traps (keeping all of them initially
empty), we increase the probability of trapping electrons from the conduction band
by Fe traps. This increases the concentration of electrons in the Fe traps that can be
used for holographic recording with red light, and therefore stronger holograms can
be recorded and a larger M/# is obtained. In the calculation shown in Figure 3.15
(a), we considered only the practical Fe concentration in LiNbOs (up to 0.15 wt. %
Fe;03). We do not use higher Fe concentration in LiNbOs;. However, if we could
increase it without limit, we would reach a point where increasing Fe concentration
would result in smaller M /#. This is due to the strong erasure during read—out. A
strong hologram could be recorded initially, but it would be strongly erased during
read—out with red light, resulting in a small persistent diffraction efficiency. This is
due to the fact that the probability of trapping electrons from the conduction band
by Mn centers would be very small in a crystal with a huge Fe concentration. As
a result, the space—charge pattern is mainly in the Fe traps. Such a space—charge
pattern is erased strongly during read-out through electron transfer from Fe to Mn
traps in a process similar to the erasure process in LiNbOj:Fe crystals. Therefore,
the final diffraction efficiency which is due to the hologram recorded in the Mn traps
is small. Furthermore, strong absorption of the recording beams may also limit the
highest useful Fe concentration.

Figure 3.15 (b) shows the result of holographic recording and read—out experiments
performed with two different LiNbO3s:Fe:Mn crystals with the same Mn concentra-
tion and thickness but different Fe concentrations. The crystals were also annealed
together to have similar initial electron concentrations in Mn traps while all Fe traps
are initially empty. Recording and read-out is performed with the same system param-
eters (intensities, grating period, etc.) in both crystals. The experimental parameters

are mentioned in the captions. As Figure 3.15 (b) shows, the crystal with 50% more
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Figure 3.15: Effect of Fe concentration on two—center holographic recording in
LiNbOgs:Fe:Mn crystals. (a) Theoretical variation of the final hologram strength
(approximate M/#) with Fe concentration while Mn concentration is fixed at
3.8 x 10'® em™ (equivalent to 0.01 wt. % MnO). (b) Recording and read—out curves
for two LiNbOj:Fe:Mn crystals each doped with 0.01 wt.% MnO. The Fe doping
level for each crystal is shown in the figure. Recording is performed by a UV beam
(wavelength 404 nm, intensity 4 mW/cm?) and two red beams (wavelength 633 nm,
intensity of each beam 300 mW/cm?). Read-out is performed by one of the red
recording beams only.
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Fe traps has approximately 50% larger M /# as suggested by Figure 3.15 (a).
The theoretical and experimental results shown in Figure 3.15 suggest that in de-
signing a material for two—center holographic recording, we should choose the highest

practical doping level for the shallower traps (i.e., Fe in LiNbOjs:Fe:Mn).

3.5.2 Effect of Mn concentration

Figure 3.16 (a) shows the theoretical variation of the approximate M/# with Mn
concentration while the Fe concentration is fixed at Np. = 2.5 x 10 m~ (corre-
sponding to 0.075 wt. % Fe;O3 doping). In this calculation, we assumed that all Fe
traps are initially empty and 90% of the Mn traps are occupied by electrons. All other
parameters are also kept constant (as mentioned in the captions). As Figure 3.16 (a)
shows, there is an optimum Mn concentration that results in the largest M/#. The
variation in Figure 3.16 (a) can be explained by using the energy band diagram in
Figure 3.1 (b). Without any Mn traps, we can not record a hologram since all Fe
traps are initially empty. In holographic recording with red light using Fe traps, we
need to have electrons in these traps. Therefore, we have M/# = 0 at zero Mn
concentration. By increasing the Mn concentration from zero (while 90% of them
filled with electrons), we increase the number of electrons available for sensitization.
Therefore, we get a larger electron excitation rate from Mn traps to the conduction
band (rate 1 in Figure 3.1 (b)). On the other hand, since 10% of the Mn traps are
empty, we also increase the rate of electron trapping at Mn centers (rate 3 in Fig-
ure 3.1 (b)) by increasing the Mn concentration. This acts against sensitization (or
electron transfer to Fe traps). Therefore, by increasing the Mn concentration, we have
two competing effects in favor of sensitization and against it. If the overall effect is in
favor of sensitization, we get more electrons in Fe traps and, therefore, larger M /#
by increasing the Mn concentration. If the overall effect is against sensitization, we
obtain a smaller electron concentration in Fe traps and a smaller M/# by increasing
the Mn concentration. In low Mn concentration, the increase in the electron excita-

tion rate predominates the increase in the electron trapping rate by Mn centers, and
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we get larger M /# by increasing the Mn concentration. If we keep increasing the Mn
concentration, we get to a point where the increase in the electron trapping rate at
Mn centers starts to predominate. Increasing the Mn concentration beyond this point
results in smaller AM/#. This explains the occurrence of a maximum in the variation
of the M/# with the concentration of the Mn traps. For the intensity ratio chosen
in this calculation, the optimum occurs when the Mn concentration is approximately
10% of the Fe concentration.

Figure 3.16 (b) shows the results of holographic recording and read-out experi-
ments performed with three different LiNbOj:Fe:Mn crystals with the same Fe con-
centration and thickness but different Mn concentrations. The crystals were also
annealed together to have similar initial electron concentrations in the Mn traps
while all Fe traps are initially empty. Recording and read-out is performed with the
same system parameters (intensities, grating period, etc.) in both crystals. The ex-
perimental parameters are mentioned in the captions. As Figure 3.16 (b) shows, the
crystal whose Mn concentration is approximately equal to 10% of its Fe concentra-
tion has the largest persistent diffraction efficiency (and therefore largest M/#). The
persistent diffraction efficiency is smaller for crystals with higher Mn concentrations.
The experimental results confirm the latter part (after maximum) of Figure 3.16 (a).
If we believe that no hologram can be recorded (M/# = 0) without any Mn traps,
we can conclude from the experimental results that there is an Mn concentration
resulting in the maximum M /#.

The theoretical and experimental results shown in Figure 3.16 suggest that in
designing a material for two—center holographic recording, we should choose the op-
timum doping level for the deeper traps (i.e., Mn in LiNbOjs:Fe:Mn). As a rule of
thumb, the optimum for any LiNbOj:Fe:Mn crystal occurs when the Mn concentra-
tion is approximately 10% of the Fe concentration. Although this result is obtained
for a specific crystal and specific intensity ratio, we expect it to be a good starting
point in the design of a LiNbOj:Fe:Mn crystal for two—center holographic recording.
For any other material and / or dopands, there is always an optimum concentration

for the deeper traps that can be found by the method we described.
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Figure 3.16: Effect of Mn concentration on two—center holographic recording in
LiNbOj:Fe:Mn crystals. (a) Theoretical variation of the final hologram strength (ap-
proximate M/#) with Mn concentration while Fe concentration is fixed at 2.5 x 10
ecm ™ (equivalent to 0.075 wt. % Fe,O3). In the simulation, it its assumed that all Fe
traps are empty, and 90% of the Mn traps are filled with electrons. (b) Recording and
read—out curves for two LiNbOs:Fe:Mn crystals each doped with 0.05 wt. % FeyOs.
The Mn doping level for each crystal is shown on the figure. Recording is performed
by a UV beam (wavelength 404 nm, intensity 4 mW /cm?), and two red beams (wave-
length 633 nm, intensity of each beam 300 mW /cm?). Read-out is performed by one
of the red recording beams only.
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3.5.3 Effect of annealing

Since holographic recording is performed by spatial rearrangement of the electrons in
the Fe and Mn traps, the initial electron concentration in the traps has an important
effect on the holographic recording performance. The electron concentration in the
traps can be varied by annealing [70] the crystal, i.e., heating the crystal at different
temperatures in different environments. For LiNbOj, heating the crystal to about
1000°C in an oxygen (Os) environment results in the oxidation of the crystal and,
therefore, lower electron concentration in the traps. On the other hand, heating a
LiNbOj crystal at about 700-800°C in an argon (Ar) environment results in the
reduction of the crystal, and higher electron concentration in the traps. Since Mn
traps are deeper in the band gap than Fe traps, electrons fill the Mn traps before Fe
traps when the crystal is reduced. For persistent holographic recording, it is essential
that at the end of the annealing process all Fe traps be empty, and only a portion of the
Mn traps be filled. Figure 3.17 (a) shows the theoretical variation of the approximate
M /4 with the portion of filled Mn traps while the Mn and Fe concentrations are
fixed at Ny, = 3.785 x 10** m™* (corresponding to 0.01 wt.% MnO doping) and
Npe = 2.5 x 10%® m™* (corresponding to 0.075 wt. % Fey,O3 doping), respectively. In
this calculation, we assumed that all Fe traps are initially empty as required to obtain
persistence. As Figure 3.17 (a) shows, there is an optimum annealing (or oxidation
/ reduction) state for the crystal that results in the best M /4. For the crystal with
specifications given above, the optimum annealing state is where approximately 95%
of the Mn traps are filled, and all Fe traps are empty.

To check the theoretical result and to investigate the effect of the oxidation /
reduction state of the crystal, we performed experiments with four x-cut congruent
LiNbQOj crystals doped with 0.075 wt. % Fey;O3 and with 0.01 wt. % MnO. The crys-
tals were all from the same boule. The samples were strongly oxidized (LN1), oxidized
(LN2), weakly oxidized (LN3) and weakly reduced (LN4) by annealing at tempera-
tures between 700 and 1000°C in oxygen or argon atmosphere for different times.

Sample LN1 was 2.9 mm and all others were 0.85 mm thick. The absorption spectra
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of the crystals LN1, LN3, and LN4 are shown in Figure 3.18. The absorption spec-
trum of LN2 is very close to that of LN3, and is not shown to avoid confusion. Almost
all traps in the highly oxidized crystal are empty, resulting in small absorption above
420 nm. The absorption below this wavelength comes from band-to-band absorp-
tion of LiNbQO3, electron transfer from the valance band to Fe traps (hole generation)
[74], and possibly some excitation of the few remaining electrons in Mn traps. As we
reduce the oxidized sample, more Mn traps become occupied by electrons resulting
in stronger absorption above 420 nm (crystals LN2 and LN3). As we continue to
reduce the sample, we reach a point where all Mn traps are occupied by electrons,
and start to fill Fe traps with electrons. This causes an absorption band to appear at
about 477 nm. The absorption in this band becomes stronger as we continue reducing
the sample. The behavior observed in Figure 3.18 implies that LN1 has hardly any
electrons in either trap, LN2 and LN3 have partially filled Mn traps and empty Fe
traps, and LN4 has completely filled Mn traps and partially filled Fe traps. Therefore,
we expect to get poor results using either LN1 or LN4. However, LN2 and LN3 are
intuitively appropriate for persistent holographic recording.

To check the intuitive arguments mentioned above, we recorded holograms in the
four crystals. Recording and read—out curves for the four crystals are shown in Figure
3.17 (b). Strong holograms can not be recorded in LN1 as shown in Figure 3.17 (b).
This is because LNT1 is a highly oxidized sample. Due to strong oxidation of LN1, only
a few electrons are available in Mn traps while all Fe traps are empty in this sample.
On the other hand, electrons are essential for holographic recording in LiNbOj by
red light. This explains the very small diffraction efficiency obtained for LN1. Due
to strong oxidation, we can not record any hologram in LN1 which does not have
electrons in either of the traps. Persistent holograms can be recorded in both LN2
and LN3 with good diffraction efficiencies as shown in Figure 3.17 (b). We think
that this is due to the appropriate oxidation / reduction state of these two samples.
Compared to LN1, both LN2 and LN3 are reduced with stronger reduction for LN3.
Therefore, LN2 and LN3 have more electrons than LN1. These extra electrons are

initially in Mn traps as discussed previously. The reduction of LN2 and LN3 are
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Figure 3.17: Effect of annealing on two—center holographic recording in LiNbOj3:Fe:Mn
crystals. (a) Theoretical variation of the final hologram strength (approximate M/#)
with portion of filled Mn traps while Fe and Mn concentrations are fixed at 2.5 x
10 ecm=3 (equivalent to 0.075 wt. % FeyO3) and 3.8 x 10'® cm™3 (equivalent to 0.01
wt. % MnQ), respectively. (b) Recording and read—out curves for four LiNbO3:Fe:Mn
crystals each doped with 0.075 wt.% Fe;O3; and 0.01 wt.% MnO. The annealing
is performed differently for different crystals (as specified in the text). Recording
is performed by a UV beam (wavelength 365 nm, intensity 20 mW /cm?), and two
red beams (wavelength 633 nm, intensity of each beam 300 mW /cm?). Read—out is
performed by one of the red recording beams only.
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Figure 3.18: Absorption spectra of three LiNbOj:Fe:Mn crystals. The crystals are
from the same boule, but they are annealed differently.

not strong enough to fill all Mn traps and start filling Fe traps. Therefore, it is not
possible to record any holograms with only red light in LN2 and LN3 initially. As
Mn traps are filled with electrons by reduction, more electrons can be transferred
to Fe traps by UV light. This is due to both having more electrons in Mn traps
and less empty Mn centers to trap electrons from the conduction band. The latter
results in a larger probability of electron trapping at Fe centers. Therefore, we can
record faster and get larger diffraction efficiencies. During read—out by red light,
electrons are transferred from Fe traps to Mn traps resulting in a partial erasure
of the hologram. When all electrons are transferred to Mn centers, the remaining
hologram persists against further read-out. Therefore, reducing the crystal results
in an increase in both sensitivity and the M/# [75]. This explains the recording
and read-out curves for both LN2 and LN3. Since LN3 is more reduced than LN2,
it has faster recording and stronger final diffraction efficiency. Finally, Figure 3.17
(b) shows that recording in LN4 is much faster than the other samples, and larger

saturation diffraction efficiencies can be obtained in LN4. However, the recorded
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hologram is erased during read—out by red light. This is because LN4 is a strongly
reduced sample. If we reduce the crystal too much, we reach a point where we do
not have enough empty Mn traps to store a strong space-charge pattern, although
we have a lot of electrons. Therefore, we can record strong holograms with good
speed, but we lose a major part of it during read—out. Therefore, the final persistent
diffraction efficiency is limited by the availability of empty Mn traps. The extreme
case is when we reduce the crystal so strongly that all Mn traps are filled, and part
of Fe traps are filled as well. This is the case for LN4. In this case, we have a
very good sensitivity (fast recording) since we do not need electron transfer from Mn
traps to already partially—filled Fe traps. We can also record strong holograms due
to initial electron population in Fe traps and very effective UV sensitization due to
filled Mn traps. However, electrons are transferred during read—out from Fe centers
to Mn centers until all Mn centers are occupied. The remaining hologram resides in
Fe centers and is totally erased by further read-out. The final diffraction efficiency
after considerable read-out would be zero. This explains the recording and read—out
curve for LNA4.

To summarize, experimental results confirm the theoretical result that there is
an optimum oxidation / reduction state for a doubly-doped LiNbQOj crystal that
results in the desired performance. This optimum depends on the doping levels of
the shallower (Fe) and deeper (Mn) traps and on the intensities of the sensitizing
(UV) and recording (red) beams. Figure 3.17 (a) shows that for the crystal used in
these experiments, the optimum oxidation / reduction state that results in the best
M /+# is when about 95% of the Mn traps are filled with electrons. This is close to
the oxidation / reduction state of LN3. Once again, although this result is obtained
for a specific crystal and specific intensity ratio, we expect it to be a good starting
point in the design of any LiNbOj3:Fe:Mn crystal for two—center holographic recording.
For any other material and / or dopands, there optimum annealing is when all the

shallower traps are empty and a good portion of the deeper traps are filled.



111

1.5 e — o

1.0

oL

0.5

00 ——— ‘ - —
400 450 500 550 600

Wavelength (nm)

Figure 3.19: Absorption spectrum of a typical LiNbO3:Mn crystal.

3.5.4  Effect of sensitizing wavelength

As mentioned before, one of the main concerns in two-center holographic recording
is the large absorption of the sensitizing (UV) beam. The maximum useful crystal
thickness depends on how deep the sensitizing beam can penetrate the crystal. There-
fore, large UV absorption results in a severe limitation in the maximum useful crystal
thickness. Typical absorption coefficient of the LiNbO3:Fe:Mn crystals we used in the
previous experiments was 9 mm~!. A large part of this absorption comes from band
to band absorption of LiNbOj; that results in the generation of electrons and holes
which recombine rapidly. Therefore, this part of the UV absorption is not useful for
sensitization. The useful and unavoidable portion of this absorption is due to the
electron excitation from Mn and Fe traps to the conduction band. Another portion
of this absorption is due to the electron transfer from the valance band to the Fe
centers (hole generation). This portion is typically much smaller than the other two
portions.

To avoid the unwanted extra absorption of the sensitizing beam, we can increase
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sensitizing wavelength. Higher sensitizing wavelengths result in weaker band to band
absorption, and therefore larger useful thickness of the material. On the other hand,
too high sensitizing wavelength results in an inefficient sensitization due to the smaller
sensitivity of the Mn traps to higher wavelengths. Figure 3.19 shows the absorption
spectrum of a LiNbOj crystal doped with Mn only. It is evident from Figure 3.19 that
we should not use sensitizing wavelengths above approximately 420 nm. A practical
wavelength below this limit is 404 nm that is available from a mercury lamp. Figure
3.20 (a) shows the experimental recording and read—out curves for a LiNbO3:Fe:Mn
crystal with different sensitizing wavelengths (365 nm and 404 nm). As Figure 3.20 (a)
shows, using 404 nm sensitizing light results in larger persistent diffraction efficiency
(and M/#) even with 5 times lower sensitizing intensity. The recording speed for
the case of 365 nm sensitizing light is larger only due to 5 times larger sensitizing
intensity at this wavelength. Figure 3.20 (b) shows the angular selectivity curves
(variation of the persistent diffraction efficiency with angle of the reference beam)
of plane—wave holograms recorded in a 0.85 mm thick LiNbOj:Fe:Mn crystal with
different sensitizing wavelengths (365 nm and 404 nm). The hologram recorded with
404 nm sensitizing light is more selective suggesting that the effective (or useful)
crystal thickness is larger when we use 404 nm light for sensitization.

In general, to obtain the best performance in two—center holographic recording,
we must choose the sensitizing wavelength long enough to avoid unwanted absorption
(band-to—-band, etc.) and short enough to result in efficient sensitization from the
deep traps. For LiNbOj:Fe:Mn crystals, the best wavelength is in the 400-410 nm

range.

3.6 Discussion

In this section, we discuss the performance of the two—center holographic recording
from a system point of view. In any holographic recording system, we would like to
have large dynamic range (measured by M/#), fast recording (measured by sensitiv-

ity), and long persistence (non—destructive read—out). As explained in Section 3.5, an
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Figure 3.20: Effect of sensitizing wavelength on two-center holographic recording
in LiNbOj:Fe:Mn crystals. (a) Recording and read-out curves for a 0.85 mm thick
LiNbQOj:Fe:Mn crystal doped with 0.075 wt. % Fe,O3 and 0.01 wt. % MnO with two
different UV wavelengths. Recording is performed by a UV beam (wavelength and
intensity in each case specified in the figure), and two red beams (wavelength 633
nm, intensity of each beam 300 mW /cm?). Read—out is performed by one of the red
recording beams only. (b) Selectivity curves of two holograms recorded by the same

two red beams and one UV beam with different wavelength.
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approximate M/# can be measured by taking the square root of the final diffraction
efficiency (after sufficient read—out) from the recording and read—out curves. In Chap-
ter 4, we will discuss a more exact definition of the M /# for two-center holographic
recording. From Figure 3.20 (a) we can obtain M/# =~ 0.27. We can improve M /#
by a factor of close to 3 by using extraordinary (in plane) polarization for recording
and read-out beams due to the larger electro—optic coefficient of LiNbOj for extraor-
dinary polarization. Therefore, we expect to have M/# ~ 1 for a 1 mm thick crystal.
In a practical system, we would typically like to have a 1 cm thick crystal. In the
absence of absorption, the M /# scales linearly with the crystal thickness suggesting
M/# ~ 10 for a 1 cm thick sample. In normal holographic recording, the devia-
tion in the linearity of the M/# with thickness is not large as the absorption of the
recording beams can be adjusted properly by annealing treatment. However, the ab-
sorption of the sensitizing beam in two—center holographic recording is typically much
larger than that of the recording beams. This large absorption reduces the effective
thickness of the crystal. Therefore, we can not obtain larger M/# by simply using
thicker crystals. To get an idea about the largest useful thickness of a LiNbOj:Fe:Mn
in two—center holographic recording, we used the theoretical model to calculate the
variation of the approximate M /# with crystal thickness for different UV absorption
coefficients (ayv). Figure 3.21 shows the results. As Figure 3.21 shows, the largest
usable crystal thickness for ayy = 9 mm™! is 0.5 mm. This is the case when UV
wavelength is 365 nm. However, for ayy = 1 mm~! (when UV wavelength is 404 nm)
we can use 4-5 mm thick crystals without losing M/# by much. We can even use
1 cm thick samples if we use two sensitizing beams to sensitize the crystal from the
two opposite sides. In this case, each beam sensitizes 5 mm of the crystal effectively,
and therefore, the entire crystal thickness is used for holographic recording. As a
result, we expect to have M/# close to 10 for a 1 cm thick crystal in the transmission
geometry with extraordinary polarization.

Although the M /# obtained above is acceptable for many practical applications,
the recording speed is too low. A measure for the recording speed is sensitivity (S)

defined by the initial slope of the holographic recording curve normalized by recording
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Figure 3.21: Variation of the approximate M /# with crystal thickness in two-center
holographic recording for different absorption coefficients of the sensitizing beam (in-
tensity 20 mW/ecm?). In this calculation, we assumed that recording is performed by
the simultaneous presence of the sensitizing beam and two red beams (wavelength
633 nm, intensity of each beam 300 mW /cm?).
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intensity and crystal thickness [76] as

(dy/n/dt) |i=0 (3.69)

S=—T"——

IRecL

where the unit of S is usually cm/J. Typical sensitivity we obtained for recording with
red light with ordinary polarization is S = 0.0035 cm/J. We can increase this value to
S ~ 0.01 cm/J by using extraordinary polarization for recording and read—out beams.
However, this value of S is still one order of magnitude lower than what is needed
(about S = 0.1 em/J) for practical applications. Therefore, finding ways to improve
the sensitivity of two—center holographic recording is essential for the success of this
method for practical holographic recording systems. We will discuss the sensitivity
issues in two—center holographic recording in detail in Chapter 4.

The third important property for any holographic recording system is persistence
(non—destructive read—out). Two-center holographic recording with red light has
excellent persistence as shown in Figure 3.5. One measure for persistence is the erasure
time constant during read—out with some pre-specified reading intensity. Figure 3.22
shows the variation of the erasure speed (the inverse of erasure time constant) of the
final hologram with the intensity of the reading red beam. To obtain the experimental
data depicted in Figure 3.22, we first recorded a hologram with simultaneous presence
of two red beams (wavelength 633 nm, intensity of each beam 300 mW /cm?) and one
sensitizing beam (wavelength 404 nm, intensity 4 mW/cm?). Then, we read-out
the hologram for 24 hours with one of the red beams to make sure that almost all
of the electrons in Fe traps are transferred to Mn traps. Then, we read-out the
hologram with one red beam with different intensities for at least 10 hours in each
case. The erasure time constant (7.) was then calculated by fitting the erasure curve

to a monoexponential function like

v = Aexp(—t/7.) . (3.70)

The deviation of the data from a linear curve is partly due to the error in measuring
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Figure 3.22: Variation of the erasure speed (1/7.) with the intensity of the red reading
beam (Ir) in two—center holographic recording.

the erasure time constant (due to the very long nature of the erasure process), and
partly due to the fact that we have two traps instead of one. In other words, the
erasure from the Mn traps is performed by redistributing electrons among the Mn
traps via the conduction band either without intermediate trapping at the Fe centers
or with the intermediate trapping at the Fe centers, and the corresponding erasure
dynamics of these two erasure pathways are different.

We now give an example to show the excellent persistence of the two—center holo-
graphic recording. Let’s assume that we use a reading intensity of 100 mW/cm? in
a practical holographic memory module consisting of 1000 holograms each with a
diffraction efficiency of 107, We also assume that we need to read each hologram for
approximately 5 us (with 100 mW /em? reading intensity) to accumulate enough elec-
trons in the detector. From Figure 3.22, the erasure time constant at 100 mW/cm? is
approximately 107 seconds. Therefore, we can read one hologram for approximately
3.5 x 10° seconds or 3.5 x 10°/5 x 107% = 7 x 10! times (calculated using Equa-
tion (3.70)) before the diffraction efficiency drops to 50% of its original value. As a
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result, we can read the entire memory module (entire 1000 holograms) 700 million
times before we need to refresh the information in the memory. This is practically
equivalent to saying that we do not need to refresh the information in the memory at
all. In the next two chapters, we will elaborate more on this measure of persistence
and the details of the above calculations.

A very interesting property of two—center recording is the possibility of recording
strong localized holograms [77, 78]. Using two-center recording, we can record holo-
grams in slices or even small spots of the crystal. This property is the result of the
sensitization process, i.e., we can not record holograms without the presence of the
sensitizing beam. Therefore, we can define the extent of a hologram by shaping the
sensitizing beam appropriately. This is not hard to accomplish since the sensitizing
beam is homogeneous. Figure 3.23 shows the idea of recording multiple holograms
in slices of a LiNbQOj:Fe:Mn crystal. The sensitizing beam (UV) and the reference
beam (red) are focused by a cylindrical lens to illuminate only a slice of the mate-
rial in which a hologram is recorded. The signal beam (red) illuminates the entire
crystal, but it records a hologram only at the sensitized slice. The signal beam does
not significantly affect the holograms recorded in other slices due to the insensitivity
of the deeper traps (Mn centers) to recording light (red). Therefore, we can record
multiple strong holograms using this method. Note than similar idea does not work
well in normal recording in singly doped crystals, since the signal beam corresponding
to each hologram erases the holograms recorded in previous slices. Using two—center
recording, we can also record holograms in small spots of the crystal by focusing the

sensitizing beam to a small spot.

3.7 Conclusions

Two-center holographic recording is a promising method for persistent holographic
recording in LiNbOj crystals. It is based on using a sensitizing beam and two record-
ing beams to record a hologram in a doubly-doped crystal. Both traps are so deep

that thermal depopulation of either trap can be neglected. The crystal needs to be
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Doubly doped crystal

Figure 3.23: Recording multiple holograms in slices of a doubly—doped LiNbQOj crys-
tal. Here, Sen, Ref, and Sig represent sensitizing, reference, and signal beams, re-
spectively, while SLM, L, and CL are spatial light modulator, normal (spherical) lens,
and cylindrical lens, respectively.
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annealed properly to make sure that initially all shallower traps as well as a portion of
the deeper traps are empty. The success of the method is due to a big asymmetry in
the physical mechanisms responsible for recording and read-out. During recording,
an electron on the average undergoes many cycles of excitation from traps to the
conduction band, moving in the conduction band, and getting trapped. During read-
out, an electron on the average is limited to only a few of these cycles. Therefore,
read—out only causes a partial erasure of the stored information, and after that the re-
maining hologram can be read—out for a very long time without considerable erasure.
Although the hologram is initially recorded in both traps, it is finally recorded in the
deeper traps after sufficient read-out. The presence of UV light during recording is
crucial for the asymmetry between recording and read—out. Without UV light during
recording, a strong hologram can not be recorded.

Initial experimental results suggest that it is possible to obtain M/# =~ 10 for
a 1 cm thick LiNbOj3:Fe:Mn crystal. The M/# depends mainly on the ratio of the
recording and sensitizing intensities. Sensitization and bleaching experiments are
very helpful in choosing these intensities. It can be optimized by choosing the correct
ratio among the excitation and recombination rates of the two traps. This entangles
the concentrations of the traps, the oxidation / reduction state of the crystal, and
sensitizing and recording intensities. The best M/# can be obtained by choosing the
concentration of the shallower traps as high as practically possible, then optimize the
concentration of the deeper traps and the oxidation / reduction state. As a rule of
thumb for a LiNbO;3:Fe:Mn, the best Mn concentration would be 10% of that of Fe
concentration, and the best annealing state is when about 95% of the Mn traps are
filled while all Fe traps are empty. The choice of the sensitizing wavelength is also a
crucial step in improving the M /#. This wavelength should be long enough to avoid
extra absorption due to band-to—-band absorption of LiNbO3. On the other hand, it
needs to be short enough to provide effective sensitization from the deeper traps.

Although two-center holographic recording has impressing persistence and very
good M /# for most practical applications, its sensitivity is at least one order of

magnitude smaller than what is needed. Therefore, sensitivity improvement is very
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important for the practicality of two—center holographic recording. This issue will be

discussed in detail in Chapter 4.
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Chapter 4 System issues in two—center

holographic recording

4.1 Introduction

In Chapter 3, we explained the basic idea of two—center holographic recording in
doubly—doped LiNbOj3 crystals. We showed that persistent holographic recording can
be achieved by proper annealing of the crystal and by using appropriate wavelengths
and intensities for sensitizing and recording beams. The major problem in the initial
experimental results of the two—center recording described in Chapter 3 was the low
sensitivity (S =~ 0.003 cm/J). To design a practical holographic read / write memory
system, sensitivity needs to be at least in the order of S ~ 0.1 cm/J. Therefore, finding
possible ways for improving sensitivity in two—center recording is very crucial. In this
chapter, we discuss the possibility of improving the sensitivity of two—center recording
by reducing the recording wavelength and by increasing the electron mobility in the
recording material.

Another system issue that we discuss in this chapter is the effect of fanning in
two—center recording. Fanning is a major noise source in holographic recording. It is
caused by the recording of unwanted holograms during both recording and read-out
of the stored information. In this chapter, we compare the strength of fanning in
two—center recording with that in normal recording.

All holographic recording experiments described in Chapter 3 consisted of the
recording of a single hologram. In a practical holographic storage system, we need
to record many holograms in the same location of the recording medium to obtain
large storage capacities. In multiplexing many holograms, we need to record different
holograms for different amounts of time based on a recording schedule to ensure

that all recorded holograms are equally strong. In this chapter, we propose and
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demonstrate such a recording schedule for two—center recording.

4.2 Improving sensitivity in two—center recording

by using a shorter recording wavelength

One reason for the very low sensitivity of two-—center recording with UV and red
(wavelength 633 nm) in LiNbOj:Fe:Mn crystals is the small absorption cross section
of the Fe traps at 633 nm. Figure 4.1 shows the absorption spectrum of a typical
LiNbOj:Fe crystal. The crystal is highly reduced to clearly show the broad absorption
band of Fe traps centered at about 477 nm. As Figure 4.1 shows, the absorption
coefficient of the crystal (that is linearly proportional to the absorption cross section
of the Fe traps) at red is much less than that at blue (wavelength 488 nm). Therefore,
a more effective wavelength for recording from Fe traps is 488 nm. However, non-
destructive read—out can not be obtained at 488 nm due to considerable absorption of
Mn traps at 488 nm. We can use recording wavelengths between 488 nm and 633 nm
to make a compromise between persistence and sensitivity. Shorter wavelengths result
in better sensitivity and worse persistence while longer wavelengths result in worse
sensitivity and better persistence. One of the wavelengths in this range that can be
easily obtained from an Ar ion laser is 514 nm. In the rest of this section, we consider
different aspects of two—center recording in a LiNbO3:Fe:Mn crystal using 404 nm for

the sensitization beam and 514 nm for the recording beams [79].

4.2.1 Two—center recording experiments using 514 nm light

for recording

We performed experiments with a congruently melting x—cut 0.85 mm thick LiNbOj
crystal doped with 0.075 wt. % Fe,O3 and 0.01 wt. % MnQO. The crystal was first oxi-
dized for 4 hours at 1000 °C in O, atmosphere and then reduced for 1 hour at 700°C
in Ar atmosphere to obtain the best dynamic range parameter (3 /#) [75] while keep-

ing non-destructive read—out [80]. This annealing treatment results in fully empty
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Figure 4.1: Absorption spectrum of a highly reduced LiNbOj:Fe crystal. The broad
absorption band at about 477 nm is due to the Fe traps.
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Fe traps and partially (more than 90%) filled Mn traps before sensitization. UV
light was from a 100 W mercury lamp (wavelength 404 nm, unpolarized, intensity
4 mW /ecm?, homogeneous). Recording is performed with two plane waves of coherent
light (wavelength 514 nm, intensity of each beam 17 mW/cm?, ordinary polariza-
tion) interfering inside the crystal with the UV light simultaneously illuminating the
crystal. The angle between each beam and the normal to crystal surface outside the
crystal was 21°. The grating vector was aligned parallel to the ¢ axis of the sample.
The crystal was homogeneously pre-exposed to ultraviolet light for at least one hour
before recording. Then a plane—wave grating was recorded and reconstructed in each
experiment. Read—out of each hologram was performed by one of the recording beams
only with the UV beam blocked.

Figure 4.2 shows the recording and read-out curve. As Figure 4.2 shows, the
recording dynamics in recording with UV and green are similar to those in two-
center recording with UV and red discussed in Chapter 3. However, the recording
intensity is much smaller in recording with UV and green (34 mW /cm? compared
to 600 mW/cm?). Therefore, sensitivity (S) is improved by recording with UV and

green instead of UV and red. We can measure S from Figure 4.2 using

525% : (4.1)

to be S ~ 0.07 ecm/J, that is almost 20 times bigger than the sensitivity obtained
in recording with UV and red (S ~ 0.003 cm/J). In Equation (4.1), £ is the ratio
of /1 after sufficient read—out to /7 at the end of recording (before any read-out).
Furthermore, 1, Ig, and L are diffraction efficiency, total recording intensity, and
crystal thickness, respectively.

The sensitivity in holographic recording using red light is smaller than that using
blue or green light for both normal and two—center recording. This is due to the
position of Fe traps in the band gap of LiNbO;. The absorption spectrum of a typical
LiNbOj:Fe crystal shows a broad maximum centered at 477 nm. The absorption cross

section of Fe traps at 633 nm is smaller than that at 514 nm. The bulk photovoltaic
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Figure 4.2: Recording and read-out curve for a plane-wave hologram in a 0.85 mm
thick LiNbOj:Fe:Mn crystal. Recording is performed by simultaneous presence of
a homogeneous UV beam and two green beams (wavelength 514 nm). Read-out is
performed by one of the recording beams with no UV light present.
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coefficient of Fe traps has similar variation with the wavelength. Therefore, we need
to use higher red light intensities to obtain comparable excitation rate from Fe traps
to the conduction band, comparable photovoltaic current, and comparable recording
dynamics to those in recording with green light. This results in lower sensitivity as
S varies as 1/Ig for a fixed d./n/dt.

The effect of different absorption cross sections of Fe traps at different wavelengths
can be better understood by the bleaching experiments shown in Figure 4.3 (a). The
crystal is first sensitized by UV light for at least one hour, then the sensitized crystal
is illuminated with a green or red beam and the transmitted beam is monitored. As
electrons are transferred from Fe to Mn traps during bleaching, the absorption of the
monitoring beam is reduced. As Figure 4.3 (a) shows, to obtain comparable bleaching
speed with red and green light we need to have a much stronger red beam (Igeq = 300
mW /cm? compared t0 Igren = 17 mW /cm?). Therefore, we expect the sensitivity
using green and UV to be about 300/17 ~ 18 times better than the sensitivity using
UV and red. The small difference between this value and the actual measured value of
20 for sensitivity improvement is due to the role of better photovoltaic constant of the
Fe traps at 514 nm, and the small difference between the bleaching time constants
for red and green in Figure 4.3 (a). The results of the bleaching experiment can
be used along with those of the sensitization experiment shown in Figure 4.3 (b) to
show that the recording and sensitizing intensities used for the two—center holographic
recording experiments are appropriate. In the sensitization experiment, the crystal
was illuminated with the UV beam while the transmitted power of a very weak
green beam was monitored to obtain the dynamics of electron transfer from Mn to
Fe centers. As Figure 4.3 shows, the intensities used for UV and green (or red)
beams result in comparable sensitization and bleaching speed. This is desirable for
obtaining strong diffraction efficiencies in two—center holographic recording. Much
faster sensitization (stronger UV) results in the strong erasure of the hologram by
UV light, while much faster bleaching (stronger green or red intensity) results in the
strong bleaching of the Fe traps. Both cases result in small diffraction efficiencies.

It is helpful to note that the typical sensitivities obtained in normal holographic
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Figure 4.3: Normalized transmitted light intensity in a 0.85 mm LiNbQOj:Fe:Mn crys-
tal. (a) Bleaching experiment: The sensitized crystal is bleached with a strong green
(wavelength 514 nm) or red (wavelength 633 nm) beam with ordinary polarization,
(b) Sensitization experiment: The crystal is sensitized with a homogeneous UV beam
(wavelength 404 nm, intensity 4 mW /cm?) while monitored by a weak green beam
(wavelength 514 nm, intensity 0.2 mW/cm?, ordinary polarization).
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recording in LiNbOj:Fe crystals in transmission geometry with ordinary polarization
are S ~ 0.05 — 0.3 ¢cm/J for recording with blue light (488 nm), and S ~ 0.01 — 0.1
cm/J with red light (633 nm). Typical sensitivities obtained in two—center holo-
graphic recording in LiNbOj:Fe :Mn crystals are S’ = 0.0033 cm/J and S = 0.07
cm/J with red (633 nm) and green (514 nm) light, respectively (Figure 4.2). The
main reason for the smaller sensitivity obtained in two—center holographic recording
compared to that in normal recording is the recording mechanism. When recording
in a LiNbQOj3:Fe crystal, electrons are excited from Fe traps to the conduction band by
the recording light, move a short distance in the conduction band, and get trapped
at Fe traps. This cycle of excitation, movement, and trapping is repeated while the
hologram becomes stronger. Due to the small mobility of electrons in the conduction
band of LiNbQ3, electrons need to go through this cycle many times for recording
strong holograms. In two—center recording, electrons are excited by ultraviolet light
either from Mn or from Fe traps into the conduction band while red light excites
electrons only from the shallower Fe traps, and green light excites electrons mostly
from Fe traps. The conduction band electrons can recombine with both centers. Due
to the extra sensitization (electron transfer from Mn to Fe traps) process, two-center
holographic recording is less sensitive than normal recording: During two—center holo-
graphic recording, the recording light excites electrons mainly from Fe centers to the
conduction band. These electrons are trapped at either Fe or Mn centers after moving
a short distance in the conduction band. The electrons trapped in Fe centers can be
used in the next cycle of excitation, movement, and trapping, while those trapped
in Mn centers need to be transferred back to Fe centers (via the conduction band)
by UV light before participating in another cycle. This increases the average time
of each cycle resulting in a lower sensitivity. This sensitivity loss can be reduced by
using higher UV intensities. Another reason for the smaller sensitivity in two—center
recording is the partial erasure during read-out represented by £ in Equation (4.1).

In the recording experiments shown in Figure 4.2, 5 is about 0.7.
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4.2.2 Partial loss of persistence in recording with 514 nm
light

Although we can improve the sensitivity of two—center holographic recording by a
factor of 20 through the use of green instead of red recording light, using green light
results in a partial loss of the persistence due to the faster erasure of the hologram in
Mn traps. As Figure 4.2 shows, the read—out curve has a small downward slope even
after sufficient read—out. One measure for the severity of this erasure is the number of
times we can read the entire stored information in a practical memory system before
the diffraction efficiency of each hologram is dropped to 50% of the original value. To
calculate this, we first determine the erasure time constant by fitting the end part of

the read-out curve in Figure 4.2 to an exponential function

v = Cexp(—t/T) . (4.2)

The curve fitting results in 7 = 2 x 10° s for an erasing intensity of / = 17 mW /em?.
We then assume that the memory module has a 1x1x1 em?® crystal with M/#=10,
and 1000 holograms each with diffraction efficiency of n = 10™* are recorded. We
also assume that each hologram contains a 1000x1000 two-dimensional data page
(corresponding to 10umx10pum pixels) resulting in a total capacity of 1 Gbit for the
memory module and that successful read-out of each hologram requires the accumu-
lation of 1000 photons per pixel. We also assume that both recording and read—out

intensities are 100 mW/cm?. Therefore, the read—out time for each hologram is

bead = g =2 s .
d AT (o) 39us (4.3)

where A = 107° ecm?, 7, I, h, and v are pixel area, diffraction efficiency of each
hologram, read—out intensity, Plank’s constant, and optical frequency of the read—out
beam, respectively. Therefore, the read-out time for the entire 1 Gbits memory is

1000 x 39 ps = 39 ms. Since the erasure time constant is inversely proportional to the
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reading intensity, we can calculate the erasure time constant at 100 mW /em? from
the value we measured at 17 mW/cm? to be 7 = (17/100) x 2 x 10° s= 3.4 x 10* s.
The total time we can read the hologram before the diffraction efficiency (n) drops to
half of its original value (or /7 drops to 70% of its original value) is t = 7In(v/2) =
1.2 x 10* seconds. Therefore, we can read the entire information in the memory
module approximately 300,000 times before the diffraction efficiency drops to 50% of
its original value.

When the diffraction efficiency of each hologram falls below some minimum value,
we need to refresh the entire memory module by reading out and re-recording all
holograms. To calculate the refreshing time of the memory we described above, we
assume that we use in—plane (or extraordinary) polarization for the recording beams
to obtain S = 3 x 0.07 = 0.21 cm/J due to the larger electro-optic coefficient
of LiNbOj for extraordinary polarization (rs3 ~ 3r;3). Using Equation (4.1) and
assuming that the recording dynamics are linear for small diffraction efficiencies, we
can calculate the recording time of a hologram with diffraction efficiency of 107* to
be 0.5 s for a 1 em thick crystal with a recording intensity of 100 mW /cm?. To record
1000 holograms with equal diffraction efficiencies (each equal to 10~*), we need to
use the recently—proposed recording schedule for two-center holographic recording
[81]. Taking into account different recording times for the different holograms and
assuming the recording time of the last hologram to be 0.5 sec, we obtain a total
recording time of ¢ ~ 10001n(1000) x 0.5 s>~ 3500 s.

Although the focus of this chapter is sensitivity improvement by using green light,
we also improve the dynamic range parameter, M /#, by using green light. This can
be inferred from Figure 4.2. The final diffraction efficiency obtained in recording
with green light is about 40% better than that obtained in recording with red light.
This results in an improvement in the M /# by at least 20%. The approximate M /#
(square root of the final diffraction efficiency) for recording with green and UV can be
measured from Figure 4.2 to be M/# ~ 0.33. If we use extraordinary polarization,
we can obtain M/# ~ 1 for our 0.85 mm thick sample. Using a 1 cm thick sample

can result in M/# more than 10. This is in agreement of the M/# = 10 we assumed
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in the persistence calculation of this section.

4.3 Effect of carrier mobility in holographic record-
ing

Recording and erasure time constants in holographic recording are approximately in-
versely proportional to the mobility of carriers responsible for recording (i.e., electrons
in the conduction band or holes in the valence band). Holograms can be recorded
faster if we can increase the mobility of carriers responsible for recording. Therefore,
one idea for increasing sensitivity could be increasing the carrier mobility. In almost
all holographic recording experiments in LiNbQOj, these carriers are electrons in the
conduction band. The mobility of these electrons can be varied by changing the stoi-
chiometry of LiNbOj;. Congruently melting LiNbOj; crystals (typical ratio of Li to Nb
about 94%) have the lowest electron mobility while perfectly stoichiometric crystals
(ratio of Li to Nb ions equal to 1) have the highest electron mobility. The mobility
of electrons in the conduction band of LiNbOj can also be varied by highly doping
the crystal with magnesium (Mg). Typical doping levels required are in the order of
4 wt. % of MgO [45].

In this section, we investigate the possibility to increase the holographic recording
sensitivity (S) in LiNbOj through increasing electron mobility (u). Our assumption
is that other material properties (i.e., absorption cross section and recombination
coefficient for the different traps, etc.) are fixed, and we only change the mobility
of electrons in the conduction band. To clarify the effect of electron mobility on
sensitivity and M/+#, we first consider normal recording with single wavelength in
a typical LiNbOj:Fe crystal. Then, we will discuss the role of electron mobility in

two—center holographic recording and compare it with that in normal recording.
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4.3.1 Effect of carrier mobility in normal holographic record-
ing
To study the effect of electron mobility () on M/# and S, we only need to consider
the dependence of saturation hologram strength (A4p) and recording time constant
(7y) on . We assume that recording and erasure time constants are approximately
the same resulting in
AOTe

Tr

A, (4.4)

M4 =

12

where 7, is the erasure time constant. Note that even if 7, and 7, are not the same,
they have similar variations with electron mobility. Therefore, the main parameter
that represents the effect of 1 on M /# is the saturation hologram strength Ay. Note
also that Ay is linearly proportional to saturation space—charge field Fy g,. Therefore,

we Can use
M/# o Ay E1 sat (4.5)

to study the effect of  on M /4. The effect of u can be studied by using the formula

for S in terms of E) g and 7, as

AO / Ty E 1,sat
X

T.L o (4.6)

S =

where Iy and L represent recording intensity and crystal thickness, respectively. Both
Ig and L are independent of .

The approximate formulas for E; g, and 7, are

phvi + Jaife
El,sat = _‘% (47)
0
€€p

T = e,uno’ (48)
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where e and ng are the electronic charge and the average (DC) electron concentra-
tion in the conduction band, respectively. Furthermore, jyny1 and jaig; are the first
Fourier components of bulk photovoltaic and diffusion current densities, respectively.

Furthermore, ny can be approximately represented by

qreSFe Npeg IR0 (4.9)
’YFe(NFe == Np_eo) ’

g

where gpoSpe and 7ype represent the absorption cross section from Fe traps to the con-
duction band and recombination coefficient of the Fe traps, respectively. Furthermore,
Nre, Npoy, and Igg represent total Fe concentration, electron concentration in the Fe
traps, and average (DC) recording intensity, respectively. The formulas for j,n. and

jaier in a LiINbOj:Fe crystal are

Johvi = KrelNpolRri (4.10)

jdiﬂl = kBT,LLV’i’Ll = iI{kBT,anl 5 (411)

Here, kre and Ig; in Equation (4.10) are bulk photovoltaic constant of the Fe traps at
recording wavelength and the amplitude of sinusoidal recording intensity, respectively.
In Equation (4.11), kg, T, K, and n; represent Boltzmann constant, absolute temper-
ature, amplitude of grating vector of the hologram, and the first Fourier component
of the electron concentration in the conduction band. For holographic recording in
congruently melting LiNbOj:Fe crystals using transmission geometry, the bulk photo-
voltaic current is dominant and the diffusion current density (jgim) in Equation (4.7)

can be neglected resulting in

Bl ~ _Jet KreNpeglr1 (4.12)
ST eung eung ‘

Replacing ng in Equation (4.12) by its equivalent from Equation (4.9), we obtain

FVFe’YFe(NFe - N}:—eo)erl l
eqreSrelRo e

‘El,sat‘ = X (4.13)

==



135
Putting Equations (4.13) and (4.8) into Equations (4.5) and (4.6), we obtain the
dependence of M/# and S on pu as

Mi# ~ (4.14)

1

1
5 =~ O, (4.15)
where C' represents some constant independent of . Note that Equations (4.14) and
(4.15) are valid only in the regime of the domination of bulk photovoltaic current.
Therefore, these equations can be applied to congruently melting crystals. Equations
(4.14) and (4.15) suggest that we can not increase sensitivity by increasing mobility,
while we lose M/# by increasing mobility. This result might seem strange at the
beginning since we know that the holograms are recorded faster at higher electron
mobility (recording time constant becomes smaller at higher mobility). However,
sensitivity depends on the ratio of saturation hologram strength (Ag) and recording
time constant (7). When the bulk photovoltaic current is dominant, both Ay and 7,
decrease with increasing p in a similar way resulting in approximate independence of
sensitivity from p.

The situation is completely different in the regime of the domination of diffusion
current. This is the case for stoichiometric LiNbOj3:Fe crystals, or in some cases, for
congruently melting crystals in the 90° geometry. The saturation space—charge field
in this regime can be represented by

Frow = -2 o _;pkelim (4.16)
(i e nyg
Assuming unity modulation depth of recording intensity, we can use n; ~ ngy to

simplify Equation (4.16) as

kT
| B gat| =~ BTK. (4.17)

Equation (4.17) suggests that in the regime of the domination of diffusion current,

saturation space—charge field is approximately independent of y. Using this result,
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we can summarize the dependence of M/# and S on y in this regime as

M/# ~ (4.18)
g & i, (4.19)

where C’ is a constant independent of pu. Equations (4.18) and (4.19) suggest that
increasing mobility in the regime of the domination of diffusion current is a good
idea for increasing sensitivity without affecting A//#. In this regime, the saturation
hologram strength is independent of u. Therefore, increasing u results in increasing
sensitivity by reducing the recording time constant. The domination of diffusion
current in LiNbO;3; occurs in near stoichiometric crystals or the crystals that are
highly doped with MgO, or in some cases in the 90° geometry with small grating
period (or high spatial frequency).

As discussed above, we need to get to the regime of domination of diffusion current
in LiNbOj3: Fe to start improving sensitivity by increasing p. To do this, we need
to increase p by using stoichiometric crystals, for example. However, we lose M /#
by a large factor in going from the regime of domination of photovoltaic current to
that of the domination of diffusion current. This is clearly depicted in Figure 4.4 that
shows the theoretical variation of the saturation hologram strength (A, ~ M/#)
and sensitivity (S) with electron mobility (1) in a 0.85 mm thick LiNbOj; crystal
doped with 0.075 wt. % Fe.O3. The calculation is performed by solving Kukhtarev’s
equations [59] numerically using Fourier development explained before. We assumed
that recording was performed by two red beams (wavelength 633 nm, intensity of
each beam 250 mW /cm?). Although 633 nm is not the best wavelength for recording
from Fe traps, we chose it to be the same as the recording wavelength in two—center
recording discussed later. The two curves in each part of Figure 4.4 are calculated
with and without considering diffusion current to show the regimes of the domination
of the different components of current. As Figure 4.4 shows, we need to increase
4 by more than one order of magnitude from that of a typical congruently melting

LiNbOj crystal to enter into the regime of the domination of the diffusion current
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where sensitivity can be improved by increasing p further. During this process, M /#
is reduced by more than one order of magnitude before getting to the diffusion domi-
nation regime where it becomes almost independent of u. It is important to note that
the range of p shown in Figure 4.4 is not the practical range that can be obtained
by changing the stoichiometry of LiNbOj crystals. It is not practically possible to
increase electron mobility in LiNbOj by three orders of magnitude by simply changing
the stoichiometry of the crystal or by doping it with MgO. Therefore, the usage of
stoichiometric crystals or crystals doped highly with MgO in the transmission geom-
etry is not a good idea to improve S. While sensitivity of these materials is similar
to that of congruently melting crystals, their dynamic range (M /#) is much smaller
than that of the congruently melting crystals.

Figure 4.5 shows the recording and read—out curve for a plane wave hologram
recorded in a 0.85 mm thick LiNbOj; crystal doped with 0.25 wt.% Fe,O3 and
4.3 wt. % MgO. Recording is performed in transmission geometry by two plane waves
(wavelength 488 nm, intensity of each beam 15.5 mW/cm? ordinary polarization)
while reading is performed by one of the recording beams. The values of M/# and S
calculated from Figure 4.5 are M/# = 0.15 and S = 0.15 cm/J. Although S = 0.15
cm/J is in the same order of sensitivities that can be obtained in congruently melt-
ing LiNbOs:Fe crystals, the value of the M/# is much lower than those obtained in

congruent LiNbOjs:Fe crystals with similar properties.

4.3.2 Effect of carrier mobility in two—center holographic

recording

One might expect that similar behavior of M/# and S with carrier mobility is ob-
tained in two-center recording since changing mobility affects electron transport in
the conduction band that is similar for both normal and two-center recording. How-
ever, the effect of mobility on M/# and S in two-center recording is very different
from that in normal recording. Figure 4.6 shows the theoretical variation of sensitivity

(S) and final saturation hologram strength (approximate M /#) with electron mobil-
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Figure 4.4: Theoretical variations of (a) sensitivity (S), and (b) approximate M /#
with electron mobility (u) for a 0.85 mm thick LiNbOj:Fe crystal in normal recording.
It is assumed that recording is performed by two red beams (wavelength 633 nm,
intensity of each beam 250 mW /ecm?, ordinary polarization).
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Figure 4.5: Recording and read—out curve for a plane wave hologram in a 0.85 mm
thick LiNbOj:Fe:Mg crystal. Recording is performed by two coherent beams (wave-
length 488 nm, intensity of each beam 15.5 mW /cm?, ordinary polarization). Read—
out is performed by one of the recording beams.
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ity (i) in two—center holographic recording in a LiNbO; crystal doped with 0.075
wt. % Fey O3 and 0.01 wt. % MnO. In this calculation we assumed that all Fe traps as
well as 10% of the Mn traps are initially empty. We also assumed that recording was
performed by one UV beam (wavelength 365 nm, intensity 20 mW/cm?) and two red
beams (wavelength 633 nm, intensity of each beam 250 mW /cm?). The two curves in
each part of Figure 4.6 are calculated with and without considering diffusion current
to show the regimes of the domination of diffusion and bulk photovoltaic currents.
As Figure 4.6 (a) shows, the variation of sensitivity (initial recording slope normal-
ized by recording intensity and crystal thickness) in two—center recording is similar
to that in normal recording (Figure 4.4 (a)). However, the variation of the persistent
M /4 with p in two—center recording is totally different from that in normal recording
as Figure 4.6 (b) shows. The M/# in two—center recording decreases initially with
increasing 1 going to zero at one value of p. It then increases with further increasing
i, and finally becomes constant in the diffusion dominated regime.

To understand the unexpected variation of persistent M/# with p, it is help-
ful to think about the reason for obtaining persistence in two—center recording in a
LiNbOj:Fe:Mn crystal, i.e., the asymmetry between the average number of excitation
to the conduction band, movement in the conduction band, and trapping cycles for
an electron during recording and read—-out. An electron on the average goes through
many of these cycles to record a strong hologram at very low values of mobility, while
it goes through only a few cycles during read-out due to trapping at Mn centers.
Therefore, we only see a small partial erasure of the hologram during read—out at low
values of y, and we observe relatively high persistent M/# at low . The asymmetry
between the number of cycles during recording and read—out is reduced as p increases
since the average distance an electron moves in the conduction band in each cycle is
linearly proportional to p. Therefore, the average number of cycles an electron un-
dergoes during recording decreases with increasing . On the other hand, the average
number of cycles an electron undergoes during read—out does not strongly depend on
W as it is mainly determined by the relative probabilities for electron trapping at Fe

and Mn centers. Therefore, the average distance an electron moves backward during
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Figure 4.6: Theoretical variations of (a) sensitivity (S), and (b) approximate M /#
with electron mobility (x) for a 0.85 mm thick LiNbOjs:Fe:Mn crystal in two—center
recording. It is assumed that recording is performed by one UV beam (wavelength
365 nm, intensity 20 mW /em?) and two red beams (wavelength 514 nm, intensity of
each beam 250 mW/cm?, ordinary polarization).
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read-out becomes closer to the average distance an electron moves forward during
recording as p increases. This results in a stronger partial erasure and smaller persis-
tent M /# at higher values of ;. The lowest persistent M /# is obtained at the specific
value of p that results in the total disappearance of the asymmetry during recording
and read—out. For this specific value of u, the hologram is completely erased during
read—-out resulting in zero persistent M/#. If we increase p further, the hologram
will undergo a 180° phase shift during read—out. In other words, the electron transfer
from Fe traps to Mn traps during read—out causes the diffraction efficiency to go first
to zero at some time. At this time, the two holograms in Fe traps and Mn traps are
equally strong, but they are exactly 180° out of phase. Therefore, the total hologram
strength (sum of the two holograms) is zero. The remaining space—charge pattern
(or electron concentration) in the Fe traps will be transferred to the Mn traps via
the conduction band during further read—out. However, these electrons move in the
conduction band, and this movement results in a nonzero hologram strength. The
phase difference between this newly revealed hologram and the original one is 180°.
As p increases from its specific value (resulting in zero persistent M/#), the revealed
hologram during read—out becomes stronger. Therefore, M/# increases with increas-
ing p after that specific value of p that results in zero persistent M/# as shown in
Figure 4.6 (b). Figure 4.7 shows the theoretical recording and read-out curves for
plane wave holograms recorded in the LiNbOj3:Fe:Mn crystal discussed before at dif-
ferent values of u. The 180° phase shift obtained during read—out at very high p as
well as the total erasure of the hologram during read—out at a specific value of p are
evident from Figure 4.7.

It is important to note that the sensitivity values shown in Figure 4.4 (a) were
calculated without considering persistence. If we are interested in the persistent
sensitivity, we need to modify this value by the partial erasure of the hologram during
read—-out as explained in Chapter 3. This results in even lower values of sensitivity,
especially around the specific value of y that results in zero M /#.

To investigate the possibility of sensitivity improvement in two—center recording by

increasing electron mobility, we performed experiments with a 5 mm thick LiNbO;
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Figure 4.7: Theoretical recording and readout curves for a 0.85 mm thick
LiNbOgs:Fe:Mn crystal in two—center recording. The curves were calculated using
different values of electron mobility (u). It is assumed that recording is performed
by one UV beam (wavelength 365 nm, intensity 20 mW/cm?) and two red beams
(wavelength 633 nm, intensity of each beam 250 mW /cm?, ordinary polarization).
(a) Comparison of recording and read—out curves of a congruent (low mobility) crys-
tal with that of a crystal with a special mobility value (i resulting in zero final M /#.
(b) Comparison of the recording and read—out curves for different values of mobility
in the vicinity of u = pg.
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crystal doped with 0.075 wt. % Fe;03, 0.01 wt. % MnO, and 4.3 wt. % MgO. The
oxidation of the crystal to the level that all Fe traps as well as a portion of Mn
traps are empty was very difficult. This difficulty is a typical property of the Mg
doped or stoichiometric LINbOj crystals making the optimization of annealing in two—
center recording sophisticated or even impossible. The physical reason is that more
stoichiometric or Mg doped crystals have less defects that allow charge compensation
upon thermal annealing. Although we oxidized the crystal for three consecutive days
at 1000-1100°C in Oy atmosphere, there was still a small electron concentration in
Fe traps, and all Mn traps were occupied by electrons. We recorded a plane wave
hologram using one homogeneous sensitizing beam (wavelength 404 nm, intensity
3.6 mW/cm?) and two recording beams (wavelength 514 nm, intensity of each beam
17 mW/ecm?, ordinary polarization) in transmission geometry. To have a recording
curve that is appropriate for measuring sensitivity, we first recorded a hologram after
pre—exposing the crystal to the sensitizing beam for 2 hours. Then, we rotated the
crystal until the read—out of the hologram was negligible. This preparation assures
that a steady—state balance between sensitization and bleaching is already achieved,
and the electron concentrations in the Mn and Fe traps are now very close to the
steady state values that is obtained during recording. After this careful adjustment
of the starting condition, we recorded a hologram in the new location while monitoring
its diffraction efficiency with time. Read-out of the hologram was then performed
by one of the recording beams. The experimental recording and read—out curve is
shown in Figure 4.8. The value of sensitivity from Figure 4.8 is § = 0.05 cm/J that
is not better than that obtained with a congruently melting LiNbOj crystal with
similar F'e and Mn concentrations. Note that the crystal used in this experiment was
too reduced for persistent two—center holographic recording. The excessive reduction
results in the higher value of sensitivity than that obtained in a crystal with correct
oxidation /reduction state. Therefore, we would expect that persistent sensitivity
in the LiNbOj:Fe:Mn:Mg crystal is not better than that in the congruently melting
LiNbOgs:Fe:Mn crystal.
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Figure 4.8: Recording and read-out curve for a plane wave hologram in a 5 mm
thick LiNbOj:Fe:Mn:Mg crystal. Recording is performed by one sensitizing beam
(wavelength 404 nm, intensity 3.6 mW /cm?) and two coherent beams (wavelength
514 nm, intensity of each beam 17 mW/em?, ordinary polarization). Read—out is
performed by one of the recording beams.
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4.3.3 Summary

We can not increase sensitivity in either normal or two—center holographic recording in
LiNbOj crystals by increasing electron mobility. The practical electron mobility that
can be obtained by using stoichiometric crystals or by doping the crystal highly with
MgO is not high enough to increase sensitivity considerably beyond that obtained in
congruently melting crystals. On the other hand, we lose M /# by a large factor by
using stoichiometric or Mg doped LiNbOj crystals in both normal and two—center
recording.

The understanding of the effect of electron mobility on the performance of two—
center holographic recording systems discussed in this section is very important in the
investigation of other materials for persistent two—center holographic recording. It is
logical to use materials with lower values of carrier mobility to obtain good persistent
M /# in two—center recording. Therefore, in designing a holographic recording system
using LiNbO3, we need to use a congruently melting doubly—doped crystal. Note that
crystals with smaller Li concentrations than that in a congruently melting crystal
can be grown, too. Such crystals have smaller p values than that of a congruently
melting crystal. However, the crystal quality is not as good as the congruently melting

crystals.

4.4 Reduction of fanning in two—center recording

Fanning and holographic scattering are among the important noise sources that de-
grade the quality of reconstructed holograms [82, 83]. They reduce signal to noise ratio
and increase the probability of error. Fanning and holographic scattering occur due
to light scattering inside the recording medium. When a coherent light beam passes
through the medium, it gets scattered by the scattering centers in the medium. The
simultaneous presence of the original (or reference) beam and each scattered beam
records a hologram that enhances itself in time as long as the reference beam is il-

luminating the medium. Since scattering occurs in many directions, a lot of these
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scattering holograms are recorded. During the recording of a hologram by a reference
beam and a signal beam, both beams get scattered inside the medium resulting in
fanning. During read—out, the presence of the reading (or reference) beam causes fan-
ning. The quality of the reconstructed beam during read-out of a hologram degrades
in time as fanning builds up.

The buildup of the scattering holograms depends on the recording sensitivity and
the dynamic range of the medium, especially during read—out. This is due to the fact
that the average reading time in practical storage systems is much longer than the
average recording time. The effect of fanning during read—out can be observed by
recording a single hologram of a two—dimensional bit pattern (or a mask) and read
the hologram while monitoring the reconstructed image over time.

Suppression or reduction of fanning without sacrificing sensitivity is a challenging
task in normal recording. More sensitive materials fan more due to the fast recording
of the scattering holograms. The sensitivity of the materials used in normal recording
during read—out is the same as that during recording. However, fanning is highly
reduced in two—center recording due to the inherent mechanisms involved in this type
of recording. The presence of the incoherent homogeneous sensitizing (UV) beam
during recording does not let scattering holograms buildup by erasing them. This
can also be understood by recalling that the strength of a hologram in two—center
recording depends on the ratio of the recording and sensitizing intensities. This
intensity ratio is optimally chosen for the desired hologram, but it is far from the
optimum for the scattering holograms since the recording intensity of the scattering
hologram is much less than that of the desired hologram. Fanning occurs only in
a short initial period during read-out of a hologram in two—center recording. This
period consists of the time interval in which electrons are transferred from shallower
to deeper traps. All shallower traps become empty after this initial period resulting
in the insensitivity of the material to the reading beam. Therefore, fanning can not
buildup after the initial period. Reducing the recording wavelength in two-center
recording for improving the sensitivity can cause a very mild buildup of fanning due

to the small sensitivity for recording scattering holograms from the deeper traps.
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To compare fanning in normal and two—center recording, we performed holo-
graphic recording experiments with two LiNbOj:Fe:Mn crystals. The doping levels
were 0.075 wt. % FesO3 and 0.01 wt. % MnQO in both crystals. One crystal (XTAL1)
was annealed properly to have all Fe traps as well as a portion of the Mn traps ini-
tially empty. The other crystal (XTAL2) was highly reduced to have all Mn traps
as well as a portion of the Fe traps occupied by electrons. Therefore, XTALI is ap-
propriate for persistent two—center recording while XTAL2 is appropriate for normal
single wavelength recording as it acts like a reduced LiNbOj3:Fe crystal.

We recorded a transmission geometry Fourier plane hologram of a two—dimensional
data mask with 120 ym x 120 pm pixels in each case. Two—center recording in XTAL1
was performed by one sensitizing beam (wavelength 404 nm, intensity 3 mW /cm?,
homogeneous) and two recording beams (wavelength 514 nm, intensity of each beam
at the crystal about 10 mW /em?, ordinary polarization). Recording in XTAL2 was
performed by the same two recording beams without any sensitizing beam. The
diffraction efficiency of the recorded holograms in both cases was about 1%. Each
hologram was then read by the corresponding reference beam, and the reconstructed
image was monitored during read—out by a CCD camera. The signal-to-noise ratio
(SNR) of the reconstructed hologram was then computed by measuring the intensities
of the on and off pixels in the digitized image. Each bit on the data mask, a square
measuring 120 microns on a side, imaged to occupy a square of roughly 14 x 14 CCD
pixels. A 20 x 20 grid of these bits, from the center of the reconstructed image,
was used for computing the SNR. The average of the pixel values were calculated
for each bit, and the mean and standard deviation of these average pixel values were
computed separately for the data bits which were supposed to be“on” and“off.” The

SNR was then calculated as:

SNR = (m; —mp)/\/0? + 02, (4.20)

where m; and my are the mean values of the “on” and “off” pixels, respectively, while

o1 and og are the standard deviations of the “on” and “off” pixels, respectively.
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Figure 4.9: Comparison of the variations of the signal to noise ratio (SNR) with time
in normal and two—center recording. The details of the experiments are described in
the text.

Figure 4.9 shows the loss in normalized signal to noise ratio (SNR) during read—
out for the two cases. As Figure 4.9 shows, two—center recording suffers from fanning
during read—-out only in an initial period. The loss in SNR after that initial period
is very slow as explained before. On the other hand, SNR in normal recording drops
much faster and finally falls below the minimum acceptable value. Note that due to
the loss in diffraction efficiency during read—out, we need to change the gain of the
camera at different times. This results in the increase of the calculated SNR with
time at a few data points that is not a physical effect.

Figure 4.10 shows a small portion of the reconstructed images at different times
during continuous read—out in the two cases. It can be seen from Figure 4.10 that the
quality of the reconstructed image in two—center recording after 7 hours of read—out
is still comparable to the initial quality. However, the quality of the reconstructed

image in normal recording is highly degraded after 80 minutes.
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Figure 4.10: Comparison of the evolution of the qualities of reconstructed images with
time in normal and two—center recording. The Figures (a), (b), and (c) show a portion
of the reconstructed image in two—center recording at the end of recording (beginning
of the read—out), after 40 minutes of continuous read-out, and after 420 minutes
of continuous read-out, respectively. The Figures (d), (e), and (f) show a portion
of the reconstructed image in normal recording at the end of recording (beginning
of the read—out), after 45 minutes of continuous read—out, and after 80 minutes of

continuous read—out, respectively. The details of the experiments are described in
the text.
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It can be concluded from Figures 4.9 and 4.10 that two—center holographic record-
ing has an advantage over normal recording by suffering much less from fanning. It
is important to note that the effect of fanning in two—center recording with red light
would be even less due to the smaller sensitivity of holographic recording from Fe

traps at red light.

4.5 Multiplexing holograms in two—center record-
ing

In multiplexing many holograms, we need a recording schedule to equalize the diffrac-

tion efficiencies of all holograms. This is due to the fact that each hologram is partially

erased during recording of the subsequent holograms. Therefore, we need to record

the earlier holograms longer than the later ones. There is a well-known recording

schedule for the case where recording and erasure dynamics of a single hologram can

be represented by mono-exponential formulas [73]. In this type of dynamics, the

hologram strength (A) can be represented by
v = Ag[l — exp(—t/7)] , (4.21)
during recording and by

i = Arexp(—t/7,)] (4.22)

during erasure. Here, Ag, A, 7., and 7, are saturation hologram strength, hologram
strength at the beginning of the erasure, recording time constant, and erasure time
constant, respectively. Multiplexing holograms using incremental recording has also
been investigated for mono—exponential recording and erasure dynamics [84, 85]. In
this multiplexing scheme, holograms are recorded subsequently for the same short
time. After recording the last hologram for this short time, we go back to the first

hologram to start the next cycle of recording all holograms for a short time. Strong
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holograms with equal diffraction efficiencies can be recorded using this recording
scheme after many such cycles.

In two—center recording, however, the erasure curves are not mono-exponential
and therefore a modified recording schedule must be employed. In this section, we
propose and experimentally demonstrate such a recording schedule for multiplexing
many persistent holograms in doubly-doped LiNbO; with equal diffraction efficien-
cies. All experiments reported in this section were performed with a 0.85 mm thick
congruently melting x—cut LiNbOj; crystal doped with 0.075 wt. % Fe;O3 and 0.01
wt. % MnO. The crystal was oxidized so that, initially, all Fe traps are empty, and
a portion of the Mn traps are filled. Recording was performed using one sensitizing
beam (wavelength 404 nm, intensity 4 mW /cm?) and two recording beams (wave-
length 633 nm, intensity of each beam 300 mW /ecm?, ordinary polarization). All
holograms were recorded using transmission geometry. Read-out of the hologram
was performed using one of the recording beams. The angle between each recording
beam and the normal to crystal surface outside the crystal was 21°, and the grat-
ing vector was aligned parallel to the ¢ axis of the sample. Figure 4.11 shows the

recording and read—out curve for this crystal.

4.5.1 Dynamics of recording and erasure in two—center record-
ing
When multiple holograms are recorded using two-center recording, each hologram is
erased by both sensitizing and recording beams during the recording of subsequent
holograms. We performed a series of recording and erasure experiments to assess the
dynamics of the processes and to measure the time constants involved. Erasure is
performed by the UV light and one of the red beams to get information about the
erasure of a hologram while subsequent holograms are recorded. Experimental results
for 4 cycles of recording and erasure are depicted in Figure 4.12. The experimental

conditions are as described above. The first recording curve looks different than the

rest. This is due to the UV pre—exposure of the sample before the experiment. It
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Figure 4.11: Recording and read-out curve for a plane-wave hologram in a 0.85
mm thick LiNbOjz:Fe:Mn crystal. The crystal was homogeneously pre—exposed to
UV light for at least one hour before the experiment. Then a plane—wave hologram
was recorded using two red beams (wavelength 633 nm, intensity of each beam 300
mW /cm?) with simultaneous presence of the UV beam (wavelength 404 nm, intensity
4 mW /cm?). The hologram was then read-out by one of the recording beams.
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results in a larger electron concentration in the Fe traps than the steady-state value
(which is due to the simultaneous presence of UV and red, not UV only). This
vields a faster initial recording. The recording curves can be approximated by mono—

exponential formulas as

VT = Ao[l — exp(—t/7,)]- (4.23)

The erasure curves can be approximated by bi—exponential formulas as
VT = Aexp(—t/7.1) + Bexp(—t/Te2). (4.24)

In these equations, 7 is the intensity diffraction efficiency of the hologram, 7, is the
recording time constant, and 7,; and 7.5 are the two erasure time constants. Typical
mean-square errors for the recording and erasure fits are 2 x 107% and 4 x 1079,
respectively. The bi—exponential behavior of the erasure is due to the fact that the
overall space—charge pattern is the sum of the two space-charge patterns in Fe and Mn
centers. The space—charge pattern in Fe centers gets erased (and transferred to Mn
centers) faster than the portion in Mn centers due to the presence of the strong red
light. When the whole space charge pattern settles down in Mn centers, the erasure
is performed more slowly as only UV light can excite electrons from these centers
to the conduction band for erasure. Figure 4.13 shows the effect of different erasure
mechanisms. Three different erasure curves after recording a plane-wave hologram
to saturation are depicted in Figure 4.13. These three mechanisms are erasure with
UV and one red beam, erasure with UV only, and partial erasure by red light to a
steady state and then final erasure by UV only. The curves are normalized to result
in the same starting point for all three curves. As Figure 4.13 shows, for erasure
with red light, only part of the hologram is erased due to the transfer of electrons
from Fe to Mn centers. This partial erasure can not be represented very well by a
mono-exponential formula due to the bleaching of Fe centers by red light. The average
electron concentration in Fe centers becomes smaller and smaller with time during red
illumination resulting in slower erasure with time. After all electrons are transferred

to Mn centers, the remaining hologram can be erased with UV light only, and the
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Figure 4.12: Diffraction efficiency 7 versus time for four cycles of recording and erasure
with UV and red light in a LiNbO3:Fe:Mn crystal.

erasure can be represented very well by a mono-exponential formula (typical mean
square error of 2 x 107%). The hologram can also be erased from the beginning with
UV light only resulting in a bi—exponential erasure. However, the erasure behavior is
closer to mono—exponential compared to erasure with UV and red. This is because
the excitation rate of the electrons from Fe and Mn centers are closer to each other
when there is no red light during the erasure.

During hologram multiplexing, each hologram is erased by the UV and red beams
that record the subsequent holograms. Therefore, the erasure is bi-exponential, and
the conventional recording schedule [73] can not be used. However, the following
observation can lead us to a similar recording schedule. When the holograms are read—
out at the end of the recording sequence, the electronic charge remaining in Fe centers
is transferred to Mn centers resulting in some partial erasure. The erasure during
the read—out is different for different holograms in the sequence. The holograms

that are recorded earlier have less charge in Fe centers than those recorded later in
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Figure 4.13: Normalized diffraction efficiency 7 versus time for different erasure mech-
anisms in two-center holographic recording.

the recording sequence, since the earlier holograms are erased longer than the later
ones. Therefore, the later holograms suffer more from partial erasure during read-—
out. After sufficient read—out, this partial erasure is complete for all holograms and
further read—out is non—destructive. If each hologram is the sum of a red—erasable part
and a non-red-erasable part, we will have only the non-red-erasable part remaining
after sufficient read—out. During the exposure schedule, this part is erased mainly by
UV light (with some help from red light) and its erasure is represented by one of the
exponentials (the one with larger time constant) in Equation (4.24). Therefore, we can
ignore the red-erasable part, represent the effective erasure by a mono—exponential
formula, and use the conventional recording schedule [73] to record many holograms.
The M /# is given by

Te2

M/# = BAqg (4.25)

Tr

where 3 represents the partial loss of the hologram due to electron transfer from Fe
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to Mn centers. The value of §A; can be measured experimentally by recording a
grating to saturation and reading it out for a long time with only red light as shown

in Figure 4.11. The remaining persistent diffraction efficiency is (84y)?.

4.5.2 Hologram multiplexing experiments

We used angle multiplexing to record many plane wave holograms in the same volume
of the crystal. To do this, we rotated the crystal after recording each hologram and
before recording the next one. The angular separation of the holograms in angle
multiplexing depends on the selectivity of each hologram. Figure 4.14 shows the
angular selectivity curve for one grating. Note that due to non-uniform intensity of
the recording and read-out beams and the large absorption of the UV light inside
the crystal, the selectivity curve is not a simple sinc*(f/6,) function. The average
angle between the main lobe and the first nulls outside the crystal is 0.15°, resulting
in an effective thickness of 0.80 mm for the hologram. This effective thickness is a
bit smaller than the real thickness of the crystal (0.85 mm) due to the absorption of
the UV beam. Based on Figure 4.14, we chose # = 0.4° as the angular separation
between consecutive holograms.

The recording and erasure time constants for our crystal can be calculated from
Figure 4.12 as 7, = (4520 + 270) s, 7.1 = (675 £ 67) s, and 7o = (5780 = 115) s. The
corresponding recording and read-out intensities are given in the caption of Figure
4.11. Note that during multiplexing, 7.; and 7. are smaller than the values given
above since the erasure is performed by the UV light and both recording red beams.
The recording schedule is derived by assuming an effective mono-exponential erasure
with time constant 7.5. When we multiplex M holograms, the recording time of the
n-th hologram, t,, is given by

Te2
o e 4.26
n+ -1 ( )

where R = 7.5/t;. In designing the experiment, we start with 7., given above, and
try to get the best multiplexing performance by fine—tuning it. The effect of the

partial erasure (given by 7.;) is shown in Figure 4.15. Figure 4.15 (a) shows the
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Figure 4.14: Selectivity curve (variation of the diffraction efficiency with the rota-
tion angle of the crystal after recording) for a plane-wave hologram recorded in a

LiNbOgs:Fe:Mn crystal.
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diffraction efficiency vs. angle for 50 plane-wave holograms right after recording all
holograms, while Figure 4.15 (b) depicts the same curve after 1 hour of read-out
with red light. Note that the partial erasure due to read—out occurs mainly for the
last few holograms. We used 7.0 = 5000 s and #; = 2500 s for this experiment.
We also measured A4y = /0.07 = 0.26 from Figure 4.11. Putting these values in
Equation (4.25), we get M/# = 0.29. Based on this M/+#, we expect the diffraction
efficiency of each hologram to be n = (%)2 = 3.2x107%, which is in good agreement
with the experimental results.

To confirm the improvement of the M /# by recording with green light as suggested
in Section 4.2, we multiplexed 50 plane-wave holograms using the proposed recording
schedule. The results are shown in Figure 4.16. The intensity of each recording beam
(wavelength 514 nm) was 17 mW /cm?, and that of the sensitizing beam (wavelength
404 nm) was 3.8 mW /cm?. After recording all holograms, the crystal was illuminated
with one of the recording beams for 2 hours before measuring the diffraction efficiency
of each hologram (shown in Figure 4.16). From Figure 4.16, we can calculate M /# =
0.4. From Figure 4.2, the diffraction efficiency of a single hologram recorded with
UV and green after sufficient read—out is about 0.1 ~ (0.33)%. Therefore, we would
expect an M/# of at least 0.33. The difference between this value and the measured
value of 0.4 from Figure 4.16 is due to the asymmetry between recording and erasure
time constants. Using extraordinary polarization for the recording beams, we obtain

M/# ~ 1.1 for a 0.85 mm thick crystal.

4.5.3 Hologram multiplexing using incremental recording

The incremental recording method can also be used for the doubly—doped material
by the same observation as before, i.e., each hologram at a specific time is the sum
of a red-erasable part (A4,) and a non-red—erasable part (A4,.). For multiplexing M
holograms, we can represent these portions of each hologram after the (n + 1)-th

recording cycle as

Ac(n+1) = BA[1 — exp(—to/7)] + Ae(n) exp(— Mty /Te1) (4.27)
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Figure 4.15: Diffraction efficiency 7 versus angle for 50 angle-multiplexed holograms
(a) at the end of recording (no read-out), and (b) after 1 hour read-out (exposure by
one red beam). Recording was performed by one UV and two red beams. The details
of the experiment are described in the text.
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Figure 4.16: Diffraction efficiency n versus angle for 50 angle-multiplexed holograms
after 2 hours of continuous read-out (exposure by one green beam). Recording was
performed by one UV and two green beams. The details of the experiment are
described in the text.
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Ape(n+1) = vAo[1 — exp(—to/7)] + Ane(n) exp(—Mto/Te2) (4.28)

where tp and Ay are recording time for each hologram in one cycle and saturation
value of /7, respectively. The erasable and non—erasable portions of a hologram are
represented by 2 and -y, respectively. Since the erasable portion is erased after suffi-
cient read-out, we design the incremental recording based on Equation (4.28) which is
identical to the equation representing incremental recording in a conventional (single
dopand) photorefractive crystal. Therefore, the conventional incremental recording

[84] can be employed.

4.6 Conclusions

We showed that the sensitivity of two—center holographic recording in LiNbOj3:Fe:Mn
crystals can be improved by at least one order of magnitude through using shorter
wavelength (514 nm) for recording beams. Using 514 nm for recording causes a
partial loss in persistence due to the small sensitivity of Mn traps at this wavelength.
However, the remaining persistence is still acceptable for all practical purposes.

We showed that increasing electron mobility by using either stoichiometric or Mg
doped crystals is not a good idea for improving sensitivity. Using these crystals
in either normal or two-center recording in transmission geometry results in a big
loss in M/# without improving sensitivity. In addition, using stoichiometric or Mg
doped LiNbOj crystals in two—center recording can result in a big loss in persistence
due to the reduction in the asymmetry between recording and erasure mechanisms.
Therefore, it is recommended to use only congruently melting crystals in both normal
and two—center recording.

We showed that the effect of fanning in two—center recording is much lass than
that in normal recording. This is due to the presence of incoherent sensitizing beam
during recording and lack of sensitivity to reading beam during read—out (except for
the initial reading interval).

Finally, we demonstrated that the conventional recording schedule can be used for
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multiplexing holograms using two—center holographic recording method if the correct
erasure time constant is used. Such a recording schedule results in holograms with
equal diffraction efficiencies after sufficient read-out. Using the appropriate erasure
time constant, we can also use the conventional incremental recording strategy to

record multiple holograms with equal diffraction efficiencies in two—center recording.
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Chapter 5 Comparison of two—step and

two—center holographic recording methods

5.1 Introduction

In previous chapters we discussed two important strategies (two—step and two—center
recording) for persistent holographic recording in LiNbOj crystals. The basic ideas
of both strategies are the same: recording is performed by the presence of a sensi-
tizing (or gating) beam and two recording beams. A strong hologram can not be
recorded without the presence of the sensitizing beam. Therefore, we could consider
both methods as two versions of the two—color gated recording method. To obtain
persistence in gated recording, it is necessary to have two sets of traps. The deeper
traps are the final storage sites for the space—charge field. The electrons that are
initially in the deeper traps are transferred to the shallower traps by the sensitizing
beam. The hologram is recorded by the recording light which excites the electrons in
shallower traps to the conduction band.

Although both the two—-step and the two—center recording methods use the same
principles for persistent holographic recording, they have different characteristics as
they use different types of traps. Both traps in two-center recording are due to
impurities (for example Fe and Mn traps in LiNbOj3), while either the shallower traps
or both traps in two-step recording are due to intrinsic polarons or bipolarons. In
this chapter, we discuss the major differences between the performance characteristics
of the two methods. We first consider the qualitative theoretical differences between
the two methods by using a general two-center model that can be applied to both
methods with different parameters. We then compare the performance of different
versions of the two methods published in the literature [61, 62, 64, 65, 80, 81], and

comment on the reasons for those differences.
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5.2 (General two—center model

In this section, we compare the performance characteristics of two—center recording
in a LiNbOj3:Fe:Mn crystal with those of two-step recording in a LiNbOj:Fe crystal
(with shallower traps being due to Nby; polarons). Our goal is to find the conceptual
differences between the methods rather than comparing the exact numbers. To eval-
uate the parameters of the two methods, we use a model similar to the ones discussed
in Chapters 2 and 3.

The energy band diagram along with possible electron transitions in two-color
gated recording is depicted in Figure 5.1. The main mechanisms that we should
explain are sensitization, recording, and the dark depopulation of the shallow traps
(electron transfer from the shallow traps to the deep ones without light intervention).

The main goal in sensitization is electron transfer from the deep traps to the
shallow ones. This can be done either directly (transition 1) or via the conduction
band (transitions 2 and 7) as shown in Figure 5.1. The relative strengths of these
sensitization paths depend on the concentrations of the deep and shallow traps, their
relative absorption cross sections and electron recombination coefficients, and sensi-
tization light intensity. For two—step recording in a congruent LiNbOj crystal doped
with a fair amount of iron the direct pathway is more important, while for nominally
undoped stoichiometric LiNbO3 the indirect pathway might become dominant due
to smaller polaron concentrations. On the other hand, the direct electron transition
between the traps is negligible in two—center recording in a LiNbOjs:Fe:Mn crystal
due to the very small doping levels that can be practically used.

Recording is performed from the shallow traps through electron transfer to the
conduction band induced by the recording light. These electrons then move in the
conduction band and they are trapped by deeper and shallower traps (transitions
8, and to some degree 7 in Figure 5.1). The relative strengths of the holograms
recorded in the deeper and the shallower traps depend on the properties of the traps
as mentioned for the sensitization processes. In two—center recording, the strength of

the hologram recorded in the shallower traps is comparable to that recorded in the
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Figure 5.1: Energy band diagram and possible electron transitions for two-color gated
holographic recording. Transitions 1, 2, and 3 are caused by the sensitizing beam, and
transition 4 by the recording beams. Transition 5 is caused by thermal excitation,
and all other transitions occur in dark without light assistance. VB, CB, D, and S
stand for valance band, conduction band, deep trap, and shallow trap, respectively.
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deep traps. On the other hand, the hologram is mainly recorded in the deeper traps
in two-step holographic recording in a congruently melting LiNbOj3 crystal. Using
a near stoichiometric, reduced and undoped LiNbOj crystal in two-step recording
might result in comparable strengths of the holograms recorded in the shallower
and deeper traps, especially when bipolarons with small concentration are used as
deeper traps. The portion of the hologram recorded in the shallow traps is finally
transferred to the deep traps and combined with the hologram already recorded there.
This transfer is performed by the read—-out beam during reading of the hologram in
two—center recording, while it is performed by dark depopulation of the shallow traps
(for example, by thermal excitation) in two-step recording,.

Finally, we should consider the dark mechanisms (those that are present regardless
of the presence of light). These mechanisms are negligible in two—center recording at
room temperature since both traps are considerably deep in the band gap of LiNbOj.
On the other hand, the polaron levels in two—step recording are depopulated in dark
(either by direct electron transfer between shallower and deeper traps or via the con-
duction band by thermal excitation) resulting in a short lifetime for the electrons in
these shallow polaron traps. The lifetime of the polaron states could be from mi-
croseconds to milliseconds and even seconds depending on the material growth and
temperature. The dark mechanisms could also be divided into direct (transition 6 in
Figure 5.1) and indirect via the conduction band due to thermal excitations (tran-
sitions 5 and 8 in Figure 5.1). The light-assisted depopulation of the shallow traps
caused by the sensitizing light and the dc part of the recording light is also present
(combination of transitions 3 or 4 with transition 8 in Figure 5.1) in both methods.
Again, the relative strength of the different mechanisms depends on the concentrations
and the properties of the shallow and deep traps and the light intensities involved.
Temperature is also important for the thermal excitation mechanism (transition 5 in
Figure 5.1) in two-step recording. For example, the direct mechanism (transition 6
in Figure 5.1) is the major cause for the dark depopulation of the shallow traps in
two—step recording in a congruently melting LiNbOs:Fe crystal, while the dark de-

population mechanism via the conduction band by thermal excitation is the dominant
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one for nominally undoped stoichiometric LiNbOj; at room temperature. As we will
see in the rest of this chapter, these differences between the positions of the traps
in the band gap and the dominant mechanism for charge transfer between the traps
(either direct or via the conduction band) result in the different characteristics of the

two methods.
The basic set of equations for two—color gated holographic recording can be written

using the different transitions in Figure 5.1 as
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where sensitizing and recording intensities are represented by Ig and Iy, respectively.
The parameters in these equations are similar to those defined in the similar set
of equations in Chapter 2. The definitions of the parameters can be obtained by
replacing Fe by D, X by S, G by S, and IR by R in Table 2.1 in Chapter 2. The
values of the parameters depend on the method. For example, direct electron transfer
between the deeper and the shallower traps as well as thermal excitation of electrons
from either traps can be neglected in two—center recording. This results in vsp = 0,
gpssps = 0, and fs = 0 for two—center recording. Other parameters for two—center
recording are the same as those in Table 3.1 of Chapter 3 (by replacing Fe with S,
Mn with D, and UV with D).

The recording medium in two-step recording is assumed to be a congruently melt-
ing LiNbOj:Fe crystal (doped with 0.035 wt.% Fe;O3) with shallow traps due to in-

trinsic Nby; polarons. The concentration of these shallow polaron levels is assumed
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to be 102 m~3 unless otherwise stated. We also assume that about 50 % of Fe traps
as well as all shallower traps are initially empty. These material properties are very
similar to those of the crystal we used in both theoretical simulations and experiments
in Chapter 2. The recording medium in the simulations of two-center recording is
assumed to be a LiNbOs:Fe:Mn crystal (doped with 0.075 wt. % FesO3 and 0.01 wt. %
MnO). We also assume that all Fe traps as well as 10% of Mn traps are initially empty
unless otherwise stated. This is the crystal used in the initial experiments of two—
center recording discussed in Chapter 3. In both cases, we assume that a plane-wave
hologram is recorded with cw light with ordinary polarization for recording beams.
Furthermore, we assume that the intensities of the two recording beams are equal
resulting in a modulation depth of 1 for recording intensity Ir. Sensitization and
recording wavelengths in two—step recording are assumed to be 532 nm and 1064 nm,
respectively, while those in two-center recording are assumed to be 365 nm and 633
nm, respectively. In the simulations, we assume no absorption for either the record-
ing or sensitizing beam in both methods. Although this assumption might be very
difficult to fulfill in practice, it gives us an idea about the best performance we could
obtain in each case.

To solve Equations (5.1)—(5.5), we assume that the intensity of the sensitizing
beam (Ig) is constant, and that of the recording beam (/g) is a sinusoidal function
of space. Therefore, we can use Fourier development to find and solve two sets of
equations for the zeroth and first order Fourier components of each variable as we
discussed in previous chapters. The details of the solution are exactly the same as

those discussed before, and thus, are not presented here.

5.3 Theoretical comparison of two—step and two—
center recording methods

In this section, we use the general two-center model to compare the performance

characteristics of two—step recording in a congruently melting LiNbOj:Fe crystal with
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those of two—center recording in a congruently melting LiNbOj:Fe:Mn crystal. In this
comparison, we use the saturation value of the space—charge field as the measure for
hologram strength. The saturation value of space—charge field in two-center record-
ing is calculated after sufficient read—out to account for the partial erasure of the
hologram during read-out. Note that the saturation space-charge field is linearly
proportional to both the saturation change in the index of refraction and the dy-
namic range parameter (M /#). Therefore, the conclusions about the variation of the
saturation space—charge field can be applied to the other two parameters, too.

Figure 5.2 shows typical recording and read-out curves for the two cases. Record-
ing is performed for 100 seconds with the sensitizing and recording beams on. Then
the grating is read-out for 200 seconds with one of the recording beams while all
other beams are blocked. The intensity of the sensitizing beam is Is = 1 W/cm?
and the intensity of each recording beam is 2 W/cm?. Excellent persistence (non-
destructive read—out) in both cases along with partial erasure during read—out in
two-center recording is evident from Figure 5.2. It can also be seen that two-center
recording can result into much higher space-charge field, resulting in better M /#.
This is mainly due to the lack of dark depopulation of the shallow traps in two-center

recording.

5.3.1 Effect of the concentrations of deeper and shallower
traps

To see the effect of the deeper trap concentration (which can be easily varied in
both cases), we assume that it is varied in a long but practical range while all other
parameters are kept constant, and calculate the final saturation space—charge field
for both cases. We also assume that a fixed portion of the deeper traps is occupied
by electrons initially, while all shallow traps are initially empty. The results are
depicted in Figure 5.3. Due to large concentration of polarons assumed (102 m™3),
and the strong dark depopulation effects, the saturation field in the two—step method

slightly increases by increasing the concentration of the deeper traps, getting close to
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Figure 5.2: Theoretical recording and read-out curves for two-step and two-center
methods. Recording is performed for the first 100 seconds where sensitizing and
recording beams are all present. For the next 200 seconds, the sensitizing beam and
one of the recording beams are blocked and read-out is performed with the other
recording beam. The intensity of the sensitizing beam is Is = 1 W/em?, and the
intensity of each recording beam is 2 W/em? (Ix = 4 W/ecm?).
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Figure 5.3: Variation of final (persistent) saturation space—charge field with deeper
trap concentration (Np) for two-step and two—center recording methods. The con-
centrations of shallower traps are fixed at Ng = 10% m™ and Ng = 2.5 x 10%> m—3
for two-step and two—center recording, respectively.

a saturation at very high doping concentrations. Therefore, adding more deep traps
means adding more electrons for recording resulting in a stronger hologram until we
get to saturation (although it might occur at non-practical doping levels). The reason
for this saturation is that increasing the concentration of the deeper traps increases
also the dark depopulation rate due to the presence of more empty deep traps (a fixed
portion of deep traps are initially empty).

The situation in the two-center method is different. The main competition there
is between the two traps to capture the electrons from the conduction band. Each
capture rate depends on the recombination coefficient of the traps involved (usually
larger for the deeper traps), the concentration of empty traps, and the concentration
of electrons in the conduction band. Although increasing the concentration of the
deeper traps results in increase of the sensitization rate by sending more electrons to
the conduction band, it also increases the probability of electron capture by the deep

traps (since a fixed portion of the deeper traps are empty), and therefore, decreases
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the sensitization efficiency. Due to this trade off, an optimum is expected, which
occurs within practical doping levels.

Figure 5.4 shows the dependence of saturation space—charge field on the concen-
tration of the shallower traps. Note that the curve for two—center recording is stopped
at Ns = 5x10% m~2 (corresponding to 0.15 wt. % FeyO3 doping) that is the practical
limit of useful Fe concentration in LiNbOj3;. However, the concentration of polarons
(shallower traps in two-step recording) can be easily in the order of Ng ~ 10%¢ m—*
in congruently melting LiNbOj3. The concentration of polarons in LiNbOj; can be
varied by changing the degree of stoichiometry of the crystal. It is evident from Fig-
ure 5.4 that higher concentration of shallower traps in both two—center and two-step
recording results in the recording of a stronger hologram. This is due to the fact
that the electron concentration in the shallower traps increases with increasing the
concentration of these traps. Since recording is performed by using electrons from

shallower traps, higher concentration of the shallower traps results in the recording

of a stronger hologram.

5.3.2 Effect of sensitizing and recording intensities

Figure 5.5 shows the variation of the saturation space—charge field with recording
and sensitizing light intensities. From Figure 5.5(c) it becomes obvious that in two-
center recording, the saturation field depends only on the intensity ratio and not on
the absolute intensities. This is due to the fact that too high recording intensities
result in the bleaching of the shallow traps by the dc light while too high sensitizing
beam intensities result in the strong erasure of any possible hologram. In other
words, the electrons in the shallow traps should be used by the nonuniform part of
the recording intensity to result in a hologram. There are three other mechanisms
competing with this desirable mechanism, namely bleaching of the shallow traps by
the dc part of the recording intensity pattern, depopulation of the shallow traps by
the sensitizing beam, and erasure of the holograms in both traps by the sensitizing

beam. The optimum intensity ratio results in the best balance between the desirable
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Figure 5.4: Variation of final (persistent) saturation space—charge field with shallower
trap concentration (V) for two-step and two—center recording methods. The concen-
trations of deeper traps are fixed at Np = 1.2 x 10%® m~3 and Np = 3.8 x 10* m—3
for two—step and two—center recording, respectively.
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and undesirable mechanisms.

The dominant processes are totally different for two-step recording. Due to the
strong dark depopulation mechanisms, increasing recording and sensitizing beam in-
tensities will both increase the saturation field as they both help getting more elec-
trons for the desirable mechanism in competition with all undesirable mechanisms
dominated by the dark depopulation processes.

Besides having much higher diffraction efficiencies and therefore higher M /#, two-
center recording has another major advantage over two—step recording as suggested
by Figure 5.5(c): there is no intensity threshold for two-center recording, but there
is always one for two—step recording. In other words, we can record strong hologram
with very low sensitizing and recording intensities using two—center recording if we
use the correct sensitizing to recording intensity ratio. However, it is not possible
to record a strong hologram in two-step recording with sensitizing and recording
intensities below some threshold. This major problem in two-step recording is due
to the presence of the dark depopulation mechanisms in this method. It is now clear
that the main problem of two-step recording is dark depopulation of the shallower
traps that can be rephrased as short lifetime of the shallower traps.

It is important to note that two—step recording can have higher saturation space-
charge field (or M/#) at very high recording intensities as shown in Figure 5.5 (b).
The strength of the dark depopulation of the shallower traps is independent of the
recording intensity, while the strength of the electron excitation from the shallower
traps to the conduction band (that is essential for holographic recording) is linearly
proportional to recording intensity. Therefore, a larger portion of electrons in the
shallower traps is used for recording at higher recording intensities resulting in higher
saturation space—charge field. Since the concentration of the shallower traps in two—
step recording can be huge compared to that in two—center recording, we can record
stronger holograms in two—step recording if we use very high recording intensities. To
fulfill this possible advantage of two-step recording it is necessary to use a congru-
ently melting LiNbQOj:Fe crystal to have both the huge concentration of the shallower

traps (polarons) and the dominance of direct electron transfer between deeper and
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space—charge field with total recording intensity when the ratio of the total recording
intensity to sensitizing intensity is fixed at 4.
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shallower traps. Note that without the dominance of direct electron transfer between
the traps, electron transfer mechanisms in two—step recording become similar to those
in two—center recording, eliminating the increase in saturation space—charge field with

increasing recording intensity shown in Figure 5.5 (b) for two-step recording.

5.4 Comparison of experimental results

In this section we compare the experimental results for the performance characteristics
of two—color gated recording methods published to date. Since the main focus in all
proposed methods is to develop holographic memory systems with as low intensity
requirements as possible, we only consider the holographic recording experiments
performed with cw light. The experiments for two—center recording are performed by
us at Caltech. We also report experimental results for two-step recording published by
research groups at IBM [61], Stanford University [62], and Stanford Research Institute
(SRI) [63, 64]. The main properties considered in the comparison of different cases
are dynamic range parameter (M /#) normalized to the thickness of the recording
medium, sensitivity (S), and persistence. All results are normalized for extraordinary
polarization of recording and reading beams in transmission geometry. Although
widely accepted numerical measures exist for dynamic range and sensitivity, there is
no well-defined numerical measure for persistence. Therefore, we report this property
by either excellent or acceptable where excellent is used for the cases with very long
erasure time constants that allows continuous read-out of the hologram for weeks
without considerable erasure, and acceptable is used for the cases where one hologram
can be read at least a billion times with normal intensities in the range of 100 mW /cm?
before its diffraction efficiency drops to 50% of its original value. In the next chapter,
we define a numerical measure for persistence.

The performance characteristics of different methods at low recording intensities
are summarized in Table 5.1. The details about the recording medium, especially the
sources of traps suggested by the authors, are also shown in Table 5.1. Numerical

results for the values of M/# and sensitivity were not reported by the research group
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at SRI. However, it can be inferred from the other reported results in Refs. [63, 64]
that the performance characteristics are not better than those reported by research
groups at IBM [61] and Stanford University [62]. The results summarized in Table 5.1
suggest that two—center holographic recording has at least one order of magnitude
better sensitivity and two orders of magnitude better M /# at low recording intensities
with much lower sensitizing intensity. This is due to the lack of any intensity threshold
(due to the dark depopulation of the shallower traps) in two-center recording as

explained before.

Research group IBM Stanford Caltech Caltech
Recording scheme Two-Step Two-Step Two-Center Two-Center
Recording material LiNbQOs LiNbOg3 LiNbOs3:Fe:Mn | LiNbO3:Fe:Mn
Stoichiometry stoichiometric | stoichiometric congruent congruent
Annealing highly reduced | highly reduced oxidized oxidized
Shallower traps Polarons Polarons Fe Fe
Deeper traps Fe/Bipolarons Bipolarons Mn Mn

As (nm) 488 475 404 404

Ar (nm) 852 800 633 514

Is (W/cm?) 1 0.1 0.004 0.004
Iz (W/cm?) 0.6 10 0.6 0.034
M/#/L (cm™) 0.03 N/A 2.7 4

S (cm/J) 0.0025 0.002 0.0033 0.07
Persistence excellent acceptable excellent acceptable
Dark erasure slow slow very slow very slow
Reference [61] [62] [65] [79]

Table 5.1: Comparison of the experimental results reported by different research
groups for two-step and two-—center holographic recording methods at low intensi-
ties. Here, As, Ar, Is, Ir, and L are sensitizing wavelength, recording wavelength,
sensitizing intensity, recording intensity, and the crystal thickness, respectively.

One advantage of two—step recording discussed theoretically in the last section is
the possibility of recording strong holograms at high recording intensities. In fact,
all good performance results reported in the literature for two-step recording were
obtained by using high recording intensities (a few W/cm?). Therefore, we have
summarized the best performance characteristics reported in each case in Table 5.2.

As Table 5.2 shows, even with a great deal of optimization of recording material and



179

Research group IBM Stanford Caltech Caltech
Recording scheme | Two-Step | Two-Step | Two-Center | Two-Center
Is (W/cm?) i) 0.4 0.004 0.004
Iz (W/cm?) 4 10 0.6 0.034
M/4#/L (cm™1) 0.8 0.8 7.9 10

S (em/J) 0.01 0.015 0.01 0.2

Table 5.2: Comparison of the best experimental results reported by different research
groups for two-step and two—center holographic recording methods. Here, Ig, Iz, and
L are sensitizing intensity, recording intensity, and the crystal thickness, respectively.
Other experimental conditions are the same as those shown in Table 5.1.

recording and sensitizing intensities in different two—step recording strategies, two—
center recording still has better performance characteristics with much lower intensity
requirements. It is also important to note that there is a lot of room for improvement
in two—center recording by using other materials and dopands as we have only tested

one material with two dopands (LiNbOjs:Fe:Mn).

5.5 Discussion

The impressive reduction in the intensity requirement for two—step recording in recent
years [61, 62, 63, 64, 86] is due to the use of reduced nominally undoped near—
stoichiometric LiNbOj crystals. Using near—stoichiometric undoped crystal results
in much lower concentrations of both the deeper traps (either Fe or bipolarons) and
the shallower traps (polarons). Reducing the crystal decreases the concentration of
empty deeper traps by providing more electrons in these traps. The combination
of these effects results in a higher average distance between the shallower traps and
empty deeper traps, and this results in longer effective lifetime of the electrons in
the shallower traps by making depopulation of the shallower traps more difficult.
Therefore, better M/# and sensitivity can be obtained at low intensities. However,
this new strategy for two—step recording has some major disadvantages. First of

all, the linearity of saturation space—charge field (or M/#) with recording intensity

shown in Figure 5.5 (b) goes away at recording intensity of a few W/cm? because
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this linearity of M/# with recording intensity is mainly a result of direct electron
transfer from the deeper traps to the shallower ones. Reducing the concentration of
both traps increases the average distance between the deeper and the shallower traps,
thus reducing the strength of this direct electron transfer. As a result, M/# saturates
at lower recording intensities. Therefore, the usage of undoped near—stoichiometric
crystals washes out the main and possibly the only advantage of two—step recording.

The second disadvantage of using undoped near-stoichiometric crystals is the very
low concentration of both deeper and shallower traps that limits the M/# and sensi-
tivity that can be obtained as shown in Figures 5.3 and 5.4. In fact, the concentrations
of both traps are so low in these materials that we can not expect to obtain better
values of M/+# and sensitivity than those reported after a lot of optimization efforts.

Another substantial disadvantage of using stoichiometric materials is the higher
dark conductivity of these materials due to larger electron mobility in the conduc-
tion band. This reduces the dark storage time of stored holograms. Furthermore,
using intrinsic traps like polarons and bipolarons reduces the degrees of freedom in
optimizing the performance of the material. The concentration of these traps can
not be varied arbitrarily and independently of each other. The energy levels of these
traps can not be varied arbitrarily, either. Furthermore, these traps are intrinsic in
LiNbOj3. If we want to use another crystal, we need to first look for the possibility of
having similar intrinsic traps. This reduces the generality of the method.

It is important to note that if we try to further increase the effective lifetime
of electrons in the shallower traps (polarons) in two-center recording by reducing
the concentrations of the deeper and shallower traps, we will reduce the role of direct
electron transfer between the traps to a level where it is no longer the dominant mech-
anism for sensitization. In this case, the dominant mechanism for electron transfer
between the traps is via the conduction band. This makes the dominant mechanisms
in two—step recording exactly the same as those in two—center recording. In this case,
there is a partial erasure of the hologram during read—out (and even in the dark
due to thermal excitation) in two—step recording similar to what exists in two-center

recording. Such a partial erasure has been reported in highly reduced undoped near—
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stoichiometric LINbOj3 crystals [61]. The main difference remaining between the two
methods in this case is that we have a lot of parameters to optimize in the two—center
recording, but we do not have that many in two-step recording. Furthermore, there
is a dark depopulation mechanism for the shallower traps (through thermal excitation
of the electrons to the conduction band) in two-step recording that is not present in
two—center recording.

To summarize, it seems that despite impressing recent progress and great opti-
mization efforts in two-step recording using cw light in undoped near—stoichiometric
LiNbOj crystals, the best obtained performance characteristics in two—step recording
are at least one order of magnitude below those in the initial results in two-center
recording. Furthermore, there is still a lot of room for improving the performance
of two—center recording by using other dopands and other materials while further

optimization of two—step recording might not be possible.

5.6 Conclusions

We compared the performance characteristics of two—step and two—center holographic
recording methods in LiNbQOj crystals both theoretically and experimentally. The
best performance characteristics obtained in two—step recording after a lot of efforts
for optimization are at least one order of magnitude below those in two-center record-
ing. The performance of two—step recording is limited by dark depopulation of the
shallower traps that results in a short effective lifetime for electrons in these traps.
Increasing this effective lifetime reduces the intensity threshold required for record-
ing strong holograms in two-step recording at the expense of reducing the highest
possible values of M/# and sensitivity that can be obtained at very high intensities.
Moving in the direction of increasing this effective lifetime by using highly reduced
undoped near-stoichiometric crystals will finally make two—step recording very simi-
lar to two—center recording. This eliminates the only possible advantage of two—step
recording, i.e., having better M/+# at very high intensities.

To conclude, it can be said from these comparisons that two—center holographic
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recording is the best available method for persistent holographic recording in LiNbOj;
crystals, especially at low intensities. Two-center recording is a promising method

with still a lot of room for improvement and optimization.
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Chapter 6 Potentials of doubly—doped
LiNbOj; crystals for holographic recording

6.1 Introduction

In previous chapters we showed that persistent holograms can be recorded in doubly—
doped LiNbOj crystals. We also discussed the performance improvement and op-
timization of two-center holographic recording in such crystals. For example, we
showed that sensitivity can be greatly improved by sacrificing some persistence. The
focus in all previous discussions was to keep persistence while optimizing and im-
proving other holographic recording properties. Therefore, all holographic recording
experiments were performed with one sensitizing beam and two recording beams. In
this chapter we consider the possibility of recording with only two recording beams of
the same wavelength (without any sensitizing beam) in doubly—doped LiNbOj crys-
tals. The goal is to understand and appraise the range of performance characteristics
that can be obtained by using doubly-doped LiNbOj crystals and compare it with
that obtained in singly-doped crystals. We also define a quantitative measure for
persistence to make the comparison of different cases easier. Finally, we will consider
the trade—offs involved in holographic recording in doubly-doped LiNbOj crystals and
show that by using these materials we can span a much larger range of performance

characteristics than that in singly—doped LiNbOj crystals.

6.2 Experiments

We performed experiments with two LiNbOs:Fe:Mn crystals from the same boule each
doped with 0.075 wt. % Fe,O3 and 0.01 wt. % MnO. Both crystals were first oxidized
for 1 hour at 1000°C in O atmosphere. The crystals were then reduced at 800°C in
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Ar atmosphere for either one hour (XTAL1) or four hours (XTAL2). All Fe traps in
XTALL1 are empty while more than 90% of the Mn traps in this crystal are occupied
by electrons. On the other hand, all Mn traps as well as a portion of Fe traps are
initially occupied by electrons in XTAL2. With this annealing treatment XTAL1 is
appropriate for persistent holographic recording (two—center recording) while XTAL?2
is good for normal single wavelength recording with destructive read—out.

We performed holographic recording experiments with two plane waves (wave-
length 488 nm, intensity of each beam 17 mW /cm?, ordinary polarization) in XTAL2.
Read-out of the hologram was performed with one of the recording beams. The result
of this experiment is shown in Figure 6.1 (a). We performed three different recording
experiments with XTAL1. First, we recorded a plane wave hologram with two plane
waves (wavelength 514 nm, intensity of each beam 17 mW/cm?, ordinary polariza-
tion). Read—out of the hologram is performed with one of the recording beams. The
result of this experiment is shown in Figure 6.1 (b). We also performed two differ-
ent recording and read—out experiments using two—center recording. The sensitizing
beam in both experiments was a homogeneous beam from a 100 W UV lamp (wave-
length 404 nm, intensity 4 mW /cm?). Recording was performed with the sensitizing
beam and two red beams (wavelength 633 nm, intensity of each beam 300 mW /em?,
ordinary polarization) in one case and two green beams (wavelength 514 nm, intensity
of each beam 17 mW /cm?, ordinary polarization) in the other case. The results of
these two experiments are shown in Figures 6.1 (c¢) and (d), respectively.

The wide range of performance characteristics shown in Figure 6.1 is very in-
teresting. It is important to note that the crystals used in all four cases depicted
in Figure 6.1 are essentially the same as the only difference between XTAL1 and
XTAL2 is their oxidation / reduction state. Figure 6.1 (a) shows that recording in
a reduced crystal is fast and strong, but read-out erases the hologram very fast.
Strong holograms can be recorded with one wavelength (normal recording) in the
more oxidized crystal (XTAL1), but recording is very slow. The holograms recorded
in such a crystal have good persistence as they can be read—out for a long time be-

fore their diffraction efficiency drops too much (Figure 6.1 (b)). Figures 6.1 (c) and
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(d) recording with two plane waves (wavelength 514 nm) and one sensitizing beam
(wavelength 404 nm) in XTAL1. Recording and sensitizing intensities (I and I,
respectively) are shown in the figures. Further details are mentioned in the text.
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(d) show that by adding one homogeneous sensitizing beam to the recording system
and using the more oxidized crystal (XTAL1) we can add another dimension to the
performance characteristics. This added dimension is persistence. Recording with
red light has better persistence than recording with green light, sensitivity is much
better in recording with green light. This means that we can improve sensitivity by
sacrificing some persistence. This range of performance characteristics obtained by
using a doubly-doped LiNbOj crystal can not be obtained by using a singly-doped
crystal by any means. For example, the range of performance in normal recording in
a LiNbOj:Fe:Mn crystal covers from that of a highly oxidized LiNbQO3:Mn crystal to
that of a highly reduced LiNbOj:Fe crystal. Furthermore, we can add persistence by
bringing in a sensitizing beam. The range of performance that can be obtained in
a LiNbOg:Fe crystal covers only from that of a highly oxidized LiNbOjs:Fe crystal to
that of a highly reduced LiNbOj3:Fe crystal without the possibility of persistence.

6.3 Quantitative performance measures

In Section 6.2 we discussed qualitatively the differences among the four recording
experiments shown in Figure 6.1 based on dynamic range (or recording strength),
sensitivity (or recording speed) and persistence (or non—destructive read—out). It is
important to note that hologram strength, recording sensitivity, and persistence are
not fully independent. For example, we can read a very strong hologram with much
lower intensity than a weak hologram to obtain the same output intensity. However,
the erasure of the hologram depends on reading intensity. Therefore, we should
not consider the erasure time constants obtained at the same reading intensity as a
measure for persistence. This means that we can not compare the persistence of the
four cases depicted in Figure 6.1 by just looking at how fast the holograms are erased
during read-out. It is important to have good quantitative measures for different
performance characteristics to compare the different cases and to study the trade—
offs involved in holographic recording in a doubly-doped LiNbOj crystal. In this

section, we discuss such quantitative measures for dynamic range, recording speed,



187

and persistence.

6.3.1 Measure for dynamic range, M/#

We have previously defined M /# [75] as the measure for dynamic range in holographic
recording. In normal recording, M /# is typically defined as the product of initial

recording slope and erasure time constant as

M/# = AoTe (6.1)

r

where A is the saturation hologram strength, and 7, and 7, are recording and erasure
time constants, respectively. The same formula can be used in two—center holographic
recording if Ay and 7, are defined appropriately as discussed in Chapter 4. The
importance of M/# becomes clear in multiplexing many holograms. If we multiplex
M holograms using an appropriate recording schedule [73, 81], all holograms will have

the same diffraction efficiency () equal to

- (Y 6

The minimum acceptable diffraction efficiency of each hologram in a holographic
storage system is typically dictated by the noise and crosstalk level of the system and
the minimum acceptable signal to noise ratio (or probability of error). Therefore, we
would like M/# to be as large as possible to be able to record more holograms with
the pre—specified diffraction efficiency. In other words, larger M /4 results in higher

storage capacity.

6.3.2 Measure for recording speed, sensitivity (S)

We have previously defined sensitivity (S) as the measure for recording speed in
holographic recording [76]. In normal recording, S in units of cm/J is defined as the

initial recording slope (Ag/7.) normalized to total recording intensity (Iz) and the
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thickness of the recording medium (L) as
dy/n

dt |t:0 _ AO/TI‘
IrL IRL

(6.3)

Equation (6.3) can be easily modified for the calculation of sensitivity in two—center
recording as explained in Chapter 4.
Sensitivity is a very important measure as it defines the recording rate (i.e., num-

ber of bits recorded in a unit of time).

6.3.3 Measure for persistence, R/#

Unlike sensitivity and M /# there has been no quantitative measure for persistence
in holographic recording. To define such a measure, we first need to define a reference
storage system. We assume that such a system is composed of M = 1000 holograms
multiplexed in the same volume of 1 em X 1 em x 1 cm with the minimum acceptable
intensity of each reconstructed plane-wave hologram being 5 x 1073 mW /cm?2. This
assumption for minimum reconstructed intensity is equivalent to assuming a minimum
acceptable diffraction efficiency of nmy, = 5 x 107° with standard reading intensity
of Istp = 100 mW/cm? We also assume that in such a system with the specified
minimum intensity of the reconstructed beam, we need to have Ny, = 1000 photons
for each 10 um x 10 pm pixel at the detector to obtain an acceptable signal to noise
ratio. The measure for persistence, R/#, is defined as the number of times we can
read the information in the entire module (all 1000 holograms) before the intensity
of the reconstructed beam falls below the minimum acceptable value. To derive a
formula for R/+#, we assume that the erasure of the hologram during read—out has

monoexponential dynamics, i.e.,

Vi1 = Vioexp(—t/Te) , (6.4)
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where 719 and 7. are initial diffraction efficiency and erasure time constant, respec-
tively. To apply Equation (6.4) to two—center recording, we assume that we read the
hologram for sufficient time after recording to transfer all electrons in shallower traps
to deeper traps. The initial diffraction efficiency ny can also be represented as

n = (ﬂa—/f#)g (6.5)

with M being the number of holograms multiplexed in the same location. We can
now calculate the maximum reading time (fyax) of a hologram before its diffraction

efficiency falls below a pre-specified minimum value 7., as

tmax = Te]-n< \/77_0)
/ Tmin

= ok (%) | (6.6)

The erasure time constant 7, in these equations is inversely proportional to the reading
intensity Igp. To calculate R/#, we need to use the erasure time constant of the
standard system, 7. grp. To calculate 7, grp from an experimental measurement of

Terp at reading intensity /rp, we use

¥
Te STD = Te,RDISRD ) (6.7)
D

where Istp is the average reading intensity of the standard system. Typically, Istp
is chosen high enough to ensure at least the minimum acceptable intensity for the
reconstructed beam. On the other hand, we choose Istp and as low as possible to
minimize the erasure during read—out (maximize R/#).

The reading time of each hologram (#,) depends on the intensity of the recon-
structed beam and the number of photons per pixel (V) required to obtain accept-

able signal to noise ratio. The formula for ¢, can be written as

Nphh,V

iy = o,
J-Tou1;4‘£1pixel
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where hv is the energy of a single photon at the reading light frequency, and /,,; and
Apixel are output (or reconstructed) intensity and the area of each pixel, respectively.
Knowing the maximum possible reading time and the reading time for each hologram,
we can calculate R/# as the number of times we can read the entire information in

the memory module (M holograms) as

o Lmax
R/# - Mty
Te,SD M/#
— ITeSD, . ]
Mty (M,/—nmin) (6.9)

Note that if 79 and 7, are very different, we need to put an effective (or averaged)
value for 7, gp since the reading intensity of the standard system might vary in a large
range to guarantee the minimum acceptable output intensity.

Equation (6.9) suggests that R/# is dependent on both M /# and the erasure time
constant of the recorded holograms. The dependence on the erasure time constant
is clear as the stored information can be read for a longer time (or more times) at
longer erasure time constants. The dependence on the M/# comes from the fact
that the diffraction efficiency of each hologram at the end of recording is larger for
larger M /4. Therefore, we can read the holograms with lower intensities to obtain
the same minimum acceptable intensity of the reconstructed beams. Using lower
intensities results in lower erasure time constants and larger R/#. In a practical
storage system, we need to have R/# in the order of a million. This allows us to read
the entire information in a storage module (with capacity in the order of 1 Gbit) at

least one million times before we need to refresh the stored information.

6.3.4 Relations among the quantitative performance mea-

sures

It is important to note that M/#, S, and R/# are not totally independent from
each other. For example, the relation between M/# and S can be seen from Equa-

tions (6.1) and (6.3). If we increase the saturation strength of the hologram (A4,) while
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keeping the time constants fixed, we can increase both AM/# and S. Increasing Ay
will also increase R/# as R/# increases with increasing M /4. On the other hand, if
we try to increase S by decreasing the recording time constant (7;) as Equation (6.3)
suggests, we typically decrease the erasure time constant (7.) and in many cases the
saturation hologram strength (Ag), too. As a result both M/# and R/# become

smaller in this case.

6.4 Comparison of different recording strategies in

doubly—doped LiNbO;

In this section, we compare the quantitative characteristics measures for the four
different cases shown in Figure 6.1. The values for M/#, S, and R/# for these four
cases are summarized in Table 6.1. The last column in Table 6.1 comments about
the strength of holographic scattering and fanning as the sources for deterioration of
the holograms especially during read-out. As Table 6.1 suggests, the numbers are
all good for single wavelength (488 nm) recording in the reduced sample XTAL2.
However, there exist two difficulties in using this crystal. First, the absorption of
the recording and reading light inside the crystal goes up with crystal thickness.
Although the absorption of the 0.85 mm thick sample of XTAL2 was not very high, it
becomes high if we use a 1 cm thick crystal that is more practical. Secondly, fanning
is very strong in the reduced sample XTAL2 resulting in the fast deterioration of the
stored information. Normal recording with only one wavelength in the more oxidized
sample XTALI has good M/# and R/# while the absorption of the recording and
read—out beams is low enough for all practical applications. However, the sensitivity
is too low in this case. Recording with red (633 nm) in the presence of a sensitizing
UV beam (wavelength 404 nm) results in an excellent R/# and a barely acceptable
M /#, but the sensitivity is very low. Furthermore, absorption of the recording light
and fanning are not critical issues here. The best combination of both quantitative

measures (M/#, S, and R/#) and qualitative measures (absorption and fanning) for



192
a practical read / write memory system is obtained by using two-center holographic

recording in XTAL1 with green light (wavelength 514 nm) for recording and UV

(wavelength 404 nm) for sensitization.

Recording scheme Normal | Normal | Two—Center | Two-Center
Crystal XTAL2 | XTAL1 XTAL1 XTAL1L
Annealing reduced | oxidized oxidized oxidized
Sensitizing wavelength (nm) - o= 404 404
Sensitizing intensity (mW /cm?) - - 3.8 3.8
Recording wavelength (nm) 488 514 633 514
Recording intensity (mW /cm?) 31 34 600 34
(M/#)/L (cm™) 75 59 7.5 10

S (ecm/J) 1.2 0.018 0.01 0.2
R/# (10°) 0.6 4.8 100 0.3
Fanning severe small very small small
Absorption of recording beam high low low low

Table 6.1: Comparison of the performance measures of different recording schemes in
a LiNbOj:Fe:Mn crystal.

6.5 'Trade—offs in holographic recording in doubly—
doped LiNbOj;

The major challenge in designing a holographic storage system is the trade—offs among
M/#, S, and R/# along with the qualitative measures for absorption and fanning.
Depending on the application, the main concern might be a subset of these measures.
For example, if we do not want to write new information frequently but we need to
read the information a lot, we need to use a recording scheme with large R/# and
we can even sacrifice S to obtain better R/#. In such a case, we might use two—
center holographic recording with red and UV in a properly oxidized LiNbOj:Fe:Mn
crystal (Figure 6.1 (c)). If we need larger M/# than that obtained in two-center
recording with red and UV, we can sacrifice some persistence (R/#) for M/# by

using two—center holographic recording with green and UV (Figure 6.1 (d)).
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It is evident from Table 6.1 that by adding long—term persistence through using
two—center recording, we sacrifice both M /# and S. One obvious reason for this loss
in M/# and S is that two—center recording has an extra step of bringing electrons
from the deeper traps (Mn) to the shallower ones (Fe). This extra step reduces the
recording speed compared to normal recording in singly-doped crystals where we
directly record from the shallower traps. The presence of the sensitizing UV beam
also decreases the modulation depth for the electron concentration in the conduction
band resulting in a smaller M/#. There is another important reason for losing M /#
and S in two—center holographic recording in LiNbOj3:Fe:Mn crystals: to obtain the
best persistence we need to choose recording wavelength high enough to suppress the
erasure of the hologram recorded in the deeper traps during read—out. Therefore, we
need to use red light for recording in LiNbOj:Fe:Mn crystals. However, red light is not
the best wavelength for recording from Fe traps in LiNbO3. The smaller absorption
cross section of the Fe traps at 633 nm compared to that at 488 nm (that is a more
appropriate wavelength for recording holograms from Fe traps in LiNbOj) results
in a big loss in S. The photovoltaic coefficient of Fe traps at 633 nm is also much
smaller than that at 488 nm resulting in losing M/#, too. This extra loss due to
the inefficiency of recording wavelength is the major source of loss in M /# and S in
two—center holographic recording with red and UV in LiNbOj:Fe:Mn crystals. These
extra losses can be avoided by finding better dopands or even better materials. For
example, if we replace Fe by another trap in LiNbOj that is the most sensitive to red
light, we can obtain excellent persistence without losing a lot in M/# and S. The
position of such an ideal shallower trap in the band gap of LiNbOj3 is shown by Z in
Figure 6.2. Finding such a trap and using it instead of Fe also allows us to replace
Mn by copper (Cu) that lies closer than Mn to the conduction band in the band
gap of LiNbOj; as shown in Figure 6.2. This allows us to use blue light (wavelength
430 nm) for sensitization in order to avoid extra absorption of the sensitizing beam
due to band-to—band absorption of LiNbOj. Therefore, one important challenge in
optimizing the recording material is to find a better shallower trap than Fe. Possible

choices for this shallower trap along with other ways for improving material properties
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CB

Fe

Cu

VB

Figure 6.2: (a) Relative positions of the different traps in the band gap of LiNbOj.
Z represents an ideal shallower trap for two—center recording. CB and VB stand for
conduction band and valance band, respectively.

in two—center holographic recording will be discussed in Chapter 7.

6.6 Designing trap properties by using doubly—
doped crystals

The number of known dopands that act as photorefractive centers in LiNbOj is very
small. Only iron (Fe), copper (Cu), manganese (Mn), and chromium (Cr) are known
to show photorefractive behavior with acceptable strength for holographic recording
in LiNbOj3. This limits the choice of trap properties even for normal recording with
a single wavelength to just four different sets of parameters. The performance char-
acteristics highly depend on the trap’s properties like absorption cross section and
photovoltaic constant at the recording wavelength, recombination coefficient for trap-
ping electrons from the conduction band, etc. As a result, we can not always have the

material properties appropriate for a specific application. However, we can use two
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different dopands and choose their concentrations and oxidation / reduction states
to design an effective trap that fits better for our specific application than a single
trap. This allows us to obtain a large range of performance characteristics even if we
want to use normal holographic recording with a single wavelength. For example, we
can obtain a performance range from that of a highly oxidized LiNbOj:Mn crystal
to that of a highly reduced LiNbQOj:Fe crystal by using a LiNbOj:Fe:Mn crystal at
different oxidation / reduction states. These two extreme cases are shown in Fig-
ures 6.1 (a) and (b). We can obtain any performance between these two extremes by
simply changing the oxidation / reduction state of the same crystal. We can also alter
these two extremes by changing the concentrations of Fe and Mn traps. Therefore,
we can design an effective trap (Eff) that would lie between Fe and Mn traps in the
band gap of LiNbOj as shown in Figure 6.3. Note that such an effective center can
be used for example as the effective deeper trap in two—center holographic recording
utilizing another effective center for the shallower trap. Also note that this idea of
designing an effective trap is not limited to LiINbOg3 crystal. This opens up the general
idea of using multiply doped crystals for holographic recording to obtain the specific

characteristics for a specified application.

6.7 Conclusions

We defined for the first time a quantitative measure for persistence (R/#) in holo-
graphic recording. We also compared different strategies for holographic recording
in a LiNbOjs:Fe:Mn crystal based on the dynamic range parameter (M/#), sensitiv-
ity (S) and persistence (R/#) as well as qualitative measures of the absorption of
the recording and reading beams, and fanning. The performance range that can be
obtained by using a doubly—doped LiNbOj crystal is much broader than that ob-
tained in a singly—doped crystal even if recording is performed by only two recording
beams without sensitizing light (normal recording). By adding a sensitizing beam
to the holographic recording system (two—center recording), we can add one dimen-

sion for performance characteristics (persistence) that further broadens the range of
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Figure 6.3: (a) Energy band diagram of a LiNbOj:Fe:Mn crystal. (b) Energy band
diagram of a LiNbOj crystal having an effective trap (Eff) that acts the same as the
LiNbQj:Fe:Mn crystal whose diagram shown in part (a). The position and properties
of the effective traps (Eff) depend on the relative concentrations of the Fe and Mn
traps, and the oxidation / reduction state of the crystal.

performance characteristics that can be obtained. We can dope the crystal with two
sets of dopands'to design an effective trap with appropriate properties for a desired
performance.

The main challenges in holographic recording are the trade—offs among M /#, S,
R/# and qualitative measures like fanning and absorption. The material properties
(dopands, oxidation / reduction state, etc.) as well as the system properties (recording
and sensitizing wavelengths and intensities, etc.) should be chosen to obtain the
desired characteristics by possibly sacrificing some parameters that are not the main
concern in order to improve those that are crucial.

We showed that two-center holographic recording with green (wavelength 514 nm)
and UV (wavelength 404 nm) in an appropriately annealed LiNbO3:Fe:Mn crystal is
the best strategy for designing a practical read / write storage module with acceptable
persistence. Furthermore, by choosing the deeper and shallower traps appropriately

(if practically possible) in two—center recording, we can add persistence without sac-
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rificing a lot in M/# and S. Finding the ideal traps, especially the shallower ones,
in LiNbQOs, is an important challenge in improving the performance of two—center
holographic recording. In Chapter 7 we consider the system design and possible ways

for further performance improvement in two—center holographic recording.
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Chapter 7 System design

7.1 Introduction

In previous chapters, we discussed several issues regarding the recording material and
some system issues in two—center holographic recording. When talking about mate-
rials, we can summarize the necessary information by three important parameters.
These material parameters are dynamic range parameter (M /+#), sensitivity (S), and
persistence measure (R/#). On the other hand, the design criteria of a storage system
are usually expressed in terms of storage capacity (C), recording rate (Rrec), access
time (faccess), and read—out rate (Rgeaq). Therefore, it is necessary to understand the
relation among the material parameters and the system parameters.

In this chapter, we first derive formulas that relate the system parameters and the
material parameters. We then use the derived formulas to see what system charac-
teristics are obtained with the existing materials. This is very important in judging
about the practicality of holographic memory systems with current materials and
techniques. We also discuss an outline for the design of a system using the existing
materials and techniques. The main issues we discuss are the choice of recording ge-
ometry, the choice of multiplexing scheme, and the choice of recording material. We
will conclude this chapter with summarizing the general guidelines for designing the

appropriate recording materials that can be used as a basis for the future research.

7.2 System parameters

In this section, we find the relation among the system parameters (C, Ryec), taccess, and
(Rreaa) and the material parameters (M/#, S). The system measure we choose for
persistence is the same as the material parameter R/#. In the derivations described

in this section, we assume that our storage module consists of a crystal with thickness
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L whose area perpendicular to the thickness dimension is A. We also assume that
we multiplex M holograms in the same volume with each hologram consisting of
a N x N two—-dimensional array of pixels. The area of each pixel is assumed to
be Agpa o A/N?. Therefore, each hologram (or data page) has N? bits. We also
assume that the signal beam in holographic recording is modulated by a spatial light
modulator (SLM) with an efficiency of 100%, for simplicity. Finally, the recording

and read—out intensities are represented by Igec and Igeaq, respectively.

7.2.1 Recording rate

From the formula for sensitivity

d\/ﬁ't .
= _dﬁ_i -
g = Tl (7.1)

we can find the recording time for a weak hologram with diffraction efficiency n =

[(M/#)/M]? (or /7 = (M/#)/M) to be

M/#

M
= 7.2
tr I LS’ {73

where we assumed that the recording dynamics of the weak hologram can be ap-
proximated by a linear function. The number of holograms recorded per unit time
is simply 1/tg. Since each hologram consists of N? bits, the recording rate (Rgpec) in

units of bits/s is

N?Ipo.LS
Bo = —t ., 7.3

M
7.2.2 Access time and read—out rate

To calculate the read-out rate, we assume that by using the fast ways of addressing the

different pages during read—out (for example, using micro-electro-mechanical systems
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(MEMS) or vertical cavity surface emitting lasers (VCSEL’s)), the access time of
each hologram is limited by the integration time of the detector. We assume that
we need to integrate NN, electrons per each pixel at the detector to obtain acceptable
signal to noise ratio (SNR). If the read—-out of a hologram with diffraction efficiency
n = [(M/#)/M]? is performed by the light of optical frequency vg and intensity Iread,
the number of photons per pixel (VPP) per unit time will be

(M/#

2
M ) IReadApixe]

hI/R

2
(M/#) IReadA

NPP =

M

: 7.4
e N , (7.4)

where h is Plank’s constant. Assuming 100% quantum efficiency for the detector (i.e.,
each photon at the detector results in one electron), the access time required for the

integration of N, electrons (or photons) per pixel at the detector will be

N, N.hvg N?
taccess = = ]/F; . ( 75)
NPP M /4
Y I Read A
M

Since each hologram consists of N? bits, the read—out rate (Rgreaq) in units of bits per

second is

M
RResd = = . .
Read taccess NthR (7 6)

M 2
NQ (ﬁ) IReadA

7.2.3 Storage capacity

Since we multiplex M holograms each consisting in N? bits of data in the same volume

of the crystal, the storage capacity (C) in units of bits is easily calculated to be

C = MN?, (7.7)
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and the volume information density in units of bits/m? is

MN? -

7.2.4 System parameters for the existing materials

Since we are interested in having persistence along with fast recording, fast read—out,
and large storage capacity in our memory system, we use two-center recording in a
LiNbOs:Fe:Mn crystal with UV light (wavelength 404 nm) for sensitization and green
light (wavelength 514 nm) for recording. The best material parameters for a 1 cm
thick crystal are obtained by recording in transmission geometry with extraordinary
polarization for recording light. These parameters are (M/#)/L ~ 10 cm™, S ~ (.2
cm/J, and R/# ~ 3 x 10°.

We assume that our memory module consists of M = 1000 holograms in a 1 ¢m
x 1 em x 1 cm crystal. Since the recording material has M/# = 10, the diffraction
efficiency of each hologram is 7 = 10~%. We also assume that the dimensions of each
pixel are 10 gm x 10 gm which is 10 times bigger in each dimension than the practical
limit of the pixel size in holographic recording in LiNbOj [87]. Therefore, the number

of pixels (or bits) in each hologram (page size) is

A lem?

= = 10°. 7.9
Apixe 100pm?® (7.9)

N =

We assume that we need to integrate N, = 1000 electrons per each pixel at the
detector to obtain acceptable signal to noise ratio. Finally, we assume that recording
and reading intensities are Igec = Ireaq = 100 mW/cmz. Putting the values of the

different parameters in Equations (7.3) and (7.5)—(7.8) results in the following system
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parameters:

Rree = 2 Mb/s, (7.10)
taccess = 3.9 s, (7.11)
RRreaa = 250 Gb/s, (7.12)

C = 1Gb, (7.13)
D = 1Gb/em®, (7.14)

that are good compared to similar system parameters for a commercial hard drive.
The impressing recording and read—out rates are the direct result of the huge paral-
lelism in holographic recording, i.e., by reading each hologram (or data page) we read
100 Mb in parallel. We can therefore conclude that two—center holographic recording
with UV and green with the existing materials is very promising for the realization
of a practical holographic storage systems. Note that two—center recording is still at

its early stages of progress with a lot of room for improvement.

7.3 Recording geometry

Holograms can be recorded using transmission geometry, 90° geometry, and reflection
geometry, although the first two geometries are more appropriate for the design of
read / write memory systems in LiNbQOj crystals.

The advantages of the 90° geometry are the good overlap of the reference and
signal beams over a large range, very good angle (or wavelength) selectivity due to
small grating period, good tolerance to scattering (as scattering light during read—out
is mainly centered around the strong reference beam and does not have a large extent
around the reconstructed beam), and the possibility of usage in the compact lensless
architecture [88]. However, recording with extraordinary polarization is not possible
in 90° geometry since the polarizations of the reference and signal beams have to
be the same. Due to the 90° angle between the directions of propagation of the two

beams, they must have out of plane (or ordinary) polarization (or at least an ordinary
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component). This results in a loss by a factor of 3 in both M/# and S due to smaller
electro—optic coefficient of LiNbOj; for ordinary polarization. On the other hand, we
can use extraordinary polarization for the recording beams in transmission geometry
to obtain a factor of 3 improvement in both M/# and S. It is important to note that
the use of extraordinary polarization for recording beams results in stronger inter—
pixel crosstalk. There are some proposed methods for reducing inter—pixel crosstalk,
and the issue is still under research.

It seems that at least with the existing materials, we need to use transmission
geometry with extraordinary polarization. This is due to the fact that the existing
system parameters calculated in Section 7.2 are barely comparable with those of the
other memory systems (like hard drives). Therefore, we can not afford to loose both
M/# and S by a factor of 3. However, if future research results in much bigger
values of M/# and S, we may want to use 90° geometry to take advantage of its nice

features.

7.4 Choice of multiplexing method

The best method for hologram multiplexing in a practical storage system is wave-
length multiplexing as it does not need any moving parts. The use of tunable laser
diodes as the source of the recording beams is probably the best choice. However,
a practical holographic storage system using wavelength multiplexing requires fast
switching from one wavelength to another wavelength. The wavelength tuning range
needs to be large enough to accommodate the multiplexing of many holograms in the
same volume. With the current advances in the design of tunable laser diodes, it is
hopeful that the requirements of wavelength multiplexing for practical holographic
storage systems can be satisfied in the near future.

We can also use angle multiplexing in our memory module. To have fast access
time (limited only by the detector integration time), the use of MEMS for changing

the angle of the reference beam is recommended.
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7.5 Choice of recording material

The best present method that has all the required system parameters for a practical
read / write storage system is two—center holographic recording with UV (wavelength
404 nm) and green (wavelength 514 nm) in doubly—doped LiNbOj crystals. The best
existing material for this recording scheme is congruently melting LiNbOj3:Fe:Mn.
The material has to be congruent, and not stoichiometric as explained in Chapter 4.
Later in this chapter, we will discuss the possible ways of improving the material

properties.

7.6 A system prototype

Figure 7.1 shows our proposed memory module using the compact lensless architecture
[88] with phase conjugate read—out. The system incorporates two—center recording in
a doubly—doped crystal. Two sensitizing beams sensitize the crystal from the top and
the bottom while the recording beams record a hologram in a 90° geometry. Read—out
of each hologram is performed by the phase conjugate of its corresponding reference
beam. The ideal case in this system is to have a material that is best sensitized by
blue light (wavelength 430 nm) with the most sensitive wavelength for recording in the
red (around 670 nm). This allows us to use high power blue LED’s for the sensitizing
beam and laser diodes as the source of the recording beams. To realize such an ideal

system, it is crucial to improve the material to have the required properties.

7.7 Improving the recording material

To choose the correct directions for future research in recording materials, we need to
have a good understanding of the general criteria for designing the recording material
and choosing the parameters (wavelength, intensity, etc.) of sensitizing and record-
ing beams. Although we have mentioned most of these criteria in different places

previously, it is helpful to summarize them here. These criteria can be used as the
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Figure 7.1: A proposed memory module using two—center recording in compact lens-
less architecture with phase conjugate read-out.
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cookbook for designing other materials with other dopands.

7.7.1 Material design criteria
Choice of the photorefractive material

1. The band gap of the recording material must be large enough to place two

different sets of traps (shallower and deeper traps) far enough from each other

for obtaining good persistence.

2. The material needs to have good optical quality to ensure weak light scatter-
ing. The minimum acceptable diffraction efficiency (9yin) of each hologram
becomes higher at stronger scattering, and the number of holograms that can
be multiplexed in the same volume is smaller at larger diffraction efficiencies
(M = (M/#)/\/Nmin)- Therefore, strong scattering results in the loss of storage

capacity.

3. The material must have small dark conductivity to ensure long dark storage

time (at least 6 months).

4. The material must be sensitive enough for holographic recording either in the
undoped form or when doped with appropriate impurities. Furthermore, the

wavelength that the material is most sensitive to must be practical.

5. The material must have large electro—optic coefficients that can be used for

holographic recording.

6. The material must be easy to grow with good repeatability.

The best materials that satisfy these requirements are lithium niobate (LiNbOj3)
and lithium tantalate (LiTaOs). Although LiNbOj; has been extensively used in
different applications, and therefore it is very easy to obtain and to work with, LiTaO;

might be advantageous in some applications due to its larger band gap.
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Choice of the dopands (or traps)

1. Both dopands (for shallower and deeper traps) should act as photorefractive
centers in the crystal, i.e., they must occur with two different valance states
inside the recording material. In other words, it must be possible to excite an
electron to the conduction band (or a hole to the valance band) from the trap
levels corresponding to both dopands. The traps corresponding to both dopands
must be able to capture (or trap) electrons from the conduction band. It is
also necessary to have control on the initial electron concentration in the traps
corresponding to the dopands. An example of a photorefractive center is Fe in
LiNbQj; that occurs as either Fe?* or Fe?*. The initial electron concentration

in the Fe traps in LiNbOj can be changed by annealing.

2. The position of each trap (or dopand) in the band gap of the recording material

must correspond to some practical optical wavelength range for excitation.

3. The absorption cross section and the bulk photovoltaic constant (if applicable)
of each trap at its excitation wavelength must be large enough to result in large

M/# and S.

4. The deeper traps must be far enough from the top of the valance band to

reduce the extra absorption of the sensitizing beam due to band to band electron

excitation.

5. The shallower traps must be far enough from the bottom of the conduction
band to reduce the possibility of the depopulation of the these traps by thermal

excitation.

6. The deeper traps and the shallower traps must be far enough from each other

to ensure good persistence.

It is important to note that the simultaneous satisfaction of these conditions to
the level of perfection might not be possible in many cases. In such cases, we need to

trade—off M/#, S, and R/# to obtain the best condition for the desired application.
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The usage of large band gap materials provides us with more room to put the traps
far enough from each other and from the corresponding band. Therefore, the usage

of high band gap recording material is preferable.

Choice of the sensitizing and recording wavelengths

1. Sensitization must be performed with the wavelength that the deeper traps are
most sensitive to. However, if the deeper traps are close to the valance band
of the recording material, we may need to choose the sensitizing wavelength
longer than the best wavelength to avoid the strong band to band absorption.
In such cases sensitizing wavelength must still be low enough to result in good

sensitization from the deeper traps.

2. Recording must be performed with the wavelength that the shallower traps are
most sensitive to. However, if the shallower traps and the deeper traps are close
to each other, we must use higher wavelengths to ensure acceptable persistence.
Choosing the recording wavelength higher than the best wavelength results in

some loss in S and M /#.

3. Both optimum sensitizing and recording wavelength must be easy to provide by

using practical light sources.

In many cases, we might also not be able to simultaneously satisfy all these criteria
to the level of perfection. In such cases, we need again to trade off M/+#, S, and R/#
to obtain the best condition for the desired application. This might involve sacrificing
one or two of the material parameters for the sake of the desired parameter. Here,
the usage of high band gap material is also preferable as it is possible to have larger
distance between the traps and also between each trap and its corresponding band

(valance band or conduction band).
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Choice of doping levels, annealing, and sensitizing and recording intensi-

ties

After choosing the recording material and the corresponding appropriate traps, we
can use the optimization strategy described in Chapter 3 to choose the concentrations
of the deeper and the shallower traps, the initial electron concentration in each trap,

and the recording and sensitizing intensities. Some rules of thumb are as follows:

1. The concentration of the shallower traps is typically chosen as high as practically

possible.

2. The optimum ratio of the recording and sensitizing intensities is chosen by

keeping in mind the practicality of such intensities.
3. The optimum concentration of the deeper traps is chosen.

4. The crystal must be annealed properly (or put into other appropriate processes
for changing electron concentrations in the traps) so that all the shallower traps
as well as a portion of the deeper traps are initially empty. The optimum portion

of the filled deeper traps must be chosen as discussed in Chapter 3.

Note that these optimization rules (intensity ratio, concentration, annealing, etc.)
are not totally independent. This is due to the fact that holographic recording perfor-
mance is the result of the act of different excitation and recombination (or trapping)
mechanisms. To optimize the recording performance, we need to optimize the rates
for these mechanisms. Each excitation rate depends on the product of an electron
concentration and an intensity causing the dependence of the optimum concentrations

and the annealing state on the intensities and vice versa.

Summary

We already know how to optimize the concentrations of the different traps, the anneal-
ing state, and the intensities of the sensitizing and recording beams. The optimum

values of these parameters depend on the recording material and the dopands chosen
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for the shallower and the deeper traps. Knowing the material and the traps, it is
easy to find appropriate wavelengths for sensitization and recording. Therefore, fu-
ture research for improving the properties of two—center recording must be focused on
finding appropriate recording material and appropriate dopands. Due to its crucial

importance, we consider this issue in more details next.

7.7.2 Improving LiNbQOj crystals for two—center recording

Congruently melting LiNbOj; is an excellent candidate for the recording material in
two—center recording due to its ease of growth, excellent optical quality, very small
dark conductivity, and strong bulk photovoltaic effect. The dopands known to act
as photorefractive centers in LiNbOj are iron (Fe), copper (Cu), manganese (Mn),
and chromium (Cr). Unfortunately, the traps corresponding to these dopands are all
fairly deep in the band gap of LiNbOj3 with Fe being the shallowest one. Therefore, we
have multiple choices for the deeper traps in LiNbOj3, and we need to focus our future
research on finding other traps that are closer to the conduction band (shallower)
than Fe traps. Possible choices for the traps are transition metals and lanthanides.
However, heavy elements are not appropriate to use as they can not be put with
high concentration into LiNbOj3. Therefore, we should limit our search to the first
two rows of the transition metals, and possibly lanthanides. On the other hand, all
lanthanides tested in LiNbOj3; have failed to act as photorefractive centers. We did
some characterization experiments with a LiNbOj crystal doped with Ce. The results
of these experiments show that Ce is not a good candidate for a photorefractive trap
in LiNbQOj.

Figure 7.2 shows the periodic table of elements with crosses on the elements that
are proven not to act as effective photorefractive centers in LiNbOj. It is known, e.g.,
from Ti-indiffused optical waveguides, that Ti (even in very high concentrations) is
not a photorefractive center in LiNbOj [89]. Furthermore, Au and Ag are used in inte-
grated optics for indiffusion and making contacts without enhancing photorefractive

effect [89]. Some impurities like Zn, In, and Mg, which are called damage-resistant,
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can be added to LiNbOj; to change the degree of stoichiometry of the crystal without
acting as efficient photorefractive centers [90, 91, 92, 93, 94, 95]. Some impurities
(like Pt) do not melt at LiNbO3 growth temperature and can not be put into LiNbOj3
(the crucibles for the growth of LiNbOj3 are usually made from Pt), while some other
impurities (like Hg) are impossible to bring into LiNbOj3 due to too much difference of
the vapor pressure. Finally, holographic recording experiments with LiNbOj; crystals
doped with Pr, Sc, Co, Ni, Rh, and Tb show that these impurities are not efficient
photorefractive centers in LiNbOj; [61, 96, 97]. We performed some experiments to
investigate the role of Ce in LiNbOj for holographic recording [98]. The results, that
are presented in the Section 7.7.3, show that Ce is not a very good candidate for a
shallower trap in LiNbOjz. The remaining choices to test are vanadium (V) in the
first row of and a few elements in the second row of the transition metals. A good
candidate to test in the future is ruthinium (Ru) since it is below Fe in the periodic
table. The electronic configuration in the last shell of Ru is similar to that of Fe.
However, since the last shell of Ru is farther from the nucleus, it must be easier to
excite one electron from Ru than from Fe in similar ionic states. Therefore, we might
expect Ru to result in the traps in LiNbOj that are shallower than Fe. However,
this is just a possibility. The traps corresponding to Ru might be too shallow, or
they might not have the required absorption cross section or photovoltaic constant.
If none of the remaining choices for the shallower traps in LiNbO3 works, we need to

use LiNbOjz:Fe:Mn for two—center recording, or switch to another host material.

7.7.3 Role of cerium in LiNbOj3 for holographic recording

In Section 7.7.2 we discussed the importance of finding a better red—sensitive photore-
fractive center than Fe in LiNbOj. Previous experimental results suggest cerium (Ce)
might be a good candidate. Cerium is known to be an effective trap center, which
can provide and capture charge carriers, in different kinds of photorefractive crys-
tals including strontium-barium niobate (SBN) [99] and barium titanate (BaTiOs3)
[100, 101]. Ce-doped SBN has a very high sensitivity [99], and Ce-doped BaTiOs3 is
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Figure 7.2: The periodic table of elements. The elements that can act as photore-
fractive centers in LiNbO3 as well as those that can not act effectively are marked on
the table.
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sensitive to both visible and near infrared light [100, 101]. Some reports on Ce and
Fe doubly—-doped LiNbQj appeared showing that this material has a wide spectral
response and shows higher sensitivity [102, 103]. Although charge transport from
and to Fe centers in LiNbQOj is already well-known, the impact of Ce doping on
the build—up of space-charge fields in LiNbOj is still unclear. McMillen et al. have
reported holographic recording in specially-doped LiNbQOj crystals including a Ce
singly—doped one [97], but no systematic consideration for the role of cerium has
been carried out. In this section, we investigate the photorefractive performance of
Ce—doped LiNbQOj crystals. Comparisons will be made among the nominally pure,
Ce—, Fe—, and Mn-doped samples.

Since there has been no systematic research on the role of Ce in LiNbOj, we
performed several experiments with singly-doped (Ce, Fe, and Mn) and doubly-
doped (Ce:Mn, Fe:Mn) LiNbO3 samples as well as with a nominally pure one. All
samples are y-cut and polished to optical quality. Notations, doping levels, and
dimensions of the samples are listed in Table 7.1. All doping levels refer to the values
introduced into the melt. It is known that even in nominally pure crystals there are
usually some background impurities incorporated [38]. However, the concentrations of
such background impurities are generally much smaller than the intentionally doped
impurity levels. To change the electron concentrations in different traps, we conducted
thermal annealing (oxidation and reduction). During oxidation, the samples are kept
in an oven with oxygen atmosphere at 1000 °C for at least 12 h, while they are heated

to 1000 °C in argon atmosphere for 12 h during reduction.

Sensitization experiments

We performed sensitization experiments with three different crystals (LN:Mn:Fe,
LN:Mn:Ce, and LN:Mn). The crystals were first oxidized to ensure that the shal-
lower traps (Ce or Fe) are initially empty. During sensitization experiments, the
crystals were illuminated by a homogeneous UV beam (wavelength 404 nm, intensity
4 mW/cm?) while monitoring the transmission of a very weak red beam (wavelength

633 nm, ordinary polarization). Figure 7.3 shows the variation of the normalized
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Notation Dopand Doping Level (wt.%) | Dimensions (mm®”)
LN nominally pure & H5XHxT
LN:Ce Ce 0.01-0.02 b5x5xT
LN:Fe Fe 0.01-0.02 5x5x 7
LN:Mn Mn 0.05 4x1x6
LN:Mn:Ce Mn 0.01 10 x 2 x 10
Ce 0.085
LN:Mn:Fe Mn 0.01 10 x 2 x 10
Fe 0.085

Table 7.1: Description of the samples used in the experiments. The doping concen-
trations are wt.% of the oxide (Fe;0j3, CesO3, and MnO) in the melt, and dimensions
are a x b(thickness) x ¢ in mm?

transmission with time for different samples. The relative change of transmission in
LN:Mn:Ce is much larger than that of LN:Mn:Fe. We performed the sensitization
experiment with the Mn singly-doped sample (LN:Mn), too. As it is seen from Fig-
ure 7.3, no change in absorption can be observed in this case. This means that the
absorption variation in LN:Mn:Ce can be attributed to the filling of Ce traps with
the help of UV light, and not to some kinds of emptied background impurities (that
would be present in LN:Mn, too).

Figure 7.4 shows the transmission spectra of LN:Mn:Ce before and after UV illu-
mination for 2 hours. It is seen from Figure 7.4 shows that after 2 h UV illumination,
there is a broad induced absorption in the range from 450 nm to 650 nm. The large
absorption caused by UV makes the material promising for two-center holographic

recording at red.

Holographic Recording experiments

We first performed normal holographic recording experiments (with only two record-
ing beams) with crystals LN, LN:Fe, LN:Ce, and LN:Mn:Ce. We recorded and read-
out a plane wave hologram in transmission geometry by two red beams (wavelength
633 nm, total intensity 26 mW /cm?, ordinary polarization) illuminating the crystal

symmetrically at an incident angle (between the propagation direction of each red
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Figure 7.3: Variation of normalized transmitted intensity of a very weak red beam
(wavelength 633 nm) during illumination with UV light (wavelength 404 nm and
intensity 4 mW /ecm?) for variously—doped LiNbOj; crystals. The samples were first
strongly oxidized to ensure that most of the shallower centers are initially empty.
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Figure 7.4: Transmission spectra of a LiNbOj3:Mn:Ce crystal (LN:Mn:Ce) before

and after 2 hours sensitization with UV light (wavelength 404 nm and intensity 4
mW /cm?).
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Figure 7.5: Recording and read—out curves for nominally pure, Ce-doped and Fe—
doped LiNbQOj;. The three samples have the same dimensions with the thickness d = 5
mm. Recording is performed with two red beams (Wavelength 633 nm, total intensity
26 mW /cm?, ordinary polarization, grating vector along c-axis, and grating period
0.8 pm), and read—out is performed with one of the recording beams.

beam and the surface normal of the entrance face of the crystal) of 23° in air. The
grating vector of the interference pattern was parallel to the c—axis of the crystal.
Figure 7.5 shows the recording and read—out curves for the four crystals. All
crystals were strongly reduced before the experiments to ensure that the shallower
traps (that are used in holographic recording with red light) are partially populated.
The holographic recording sensitivity for each crystal can be measures from Fig-
ure 7.5. The measured sensitivity values are S(LN)=0.002 ¢cm/J, S(LN:Ce)=0.007
cm/J, S(LN:Mn:Ce)=0.020 cm/J, S(LN:Fe)=0.033 cm/J. Clearly, the increase of Ce
concentration leads to an increase of recording sensitivity. Note that Mn centers
are too deep to participate in holographic recording with red light. Therefore, the
LiNbOg3:Mn:Ce crystal (LN:Mn:Ce) acts like a singly-doped one with a Ce level of
0.085 wt%, which corresponds to a Ce concentration of Cge = 14 x 10** m~3. This

is twice as large as the Fe concentration in LN:Fe (Cg, < 7 x 10%* m~3). Despite the
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larger doping concentration, the sensitivity in LN:Mn:Ce is still smaller than that in
LN:Fe. Therefore, Fe is a more effective impurity than Ce for holographic recording
in LiNbQOj in transmission geometry.

We also performed two—center holographic recording experiments with doubly-
doped crystals LN:Mn:Ce and LN:Mn:Fe. The crystals were oxidized to ensure that
the shallower traps as well as a portion of the deeper traps are initially empty. The
crystals were first illuminated with UV light for 2 hours. Then, a plane wave holo-
gram in transmission geometry was recorded for 3 hours with UV (wavelength 404
nm, intensity 4 mW/cm?) and two recording red beams (wavelength 633 nm, total
intensity 26 mW /cm?). After recording, UV and one of the red beams were blocked,
and the hologram was read—out by the other recording beam. Figure 7.6 shows the
recording and read-out curves for LN:Mn:Ce. As Figure 7.6 shows, the maximum
diffraction efficiency obtained in two—center recording in LN:Mn:Ce is 2.5%. We also
performed a similar experiment with LN:Mn:Fe using the same setup and the same
experimental conditions. We obtained a maximum diffraction efficiency of 25% for

LN:Mn:Fe, which is approximately ten times as large as that obtained in LN:Mn:Ce.

Explanation of the experimental results

Although sensitization experiments suggest that Ce is more sensitive to red light than
Fe, holographic recording experiments show the reverse. To investigate the reason for
these two different results, we performed bulk photovoltaic current measurements on
LN:Fe and LN:Ce. As explained in previous chapters, one advantage of LiNbOj:Fe
crystals is the large bulk photovoltaic constant (at the right wavelength). Recording
sensitivity and saturation diffraction efficiency in holographic recording depend on
the photovoltaic constant [13, 72], especially in transmission geometry. A small bulk
photovoltaic constant of a trap (at recording wavelength) in LiNbOj results in small
recording sensitivity and saturation diffraction efficiency even if the crystal has good
absorption at the recording wavelength.

The conventional method for measuring the bulk photovoltaic constant of a crystal

at a specific wavelength is to illuminate the crystal with the light of that wavelength
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Figure 7.6: Recording and read—out curves for two—center holographic recording with
UV and red in LN:Mn:Ce. During recording, a UV beam (wavelength 404 nm and
intensity 4 mW /cm?) as well as two recording beams illuminate the crystal. The
properties of the recording (red) beams are the same as those described in the caption

of Figure 7.5.
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and measure the current in the short—circuited situation. By homogeneous illumi-
nation, the bulk photovoltaic current density is proportional to the absorbed power

density, i.e.,
J =kal, (7.15)

where I is the incident intensity, « is the absorption coefficient, and «' is the bulk
photovoltaic constant depending mainly on absorption center and wavelength. For
thick samples, light depletion due to absorption must be considered and an averaged
light intensity I = I[1 —exp(—ad)](ed) " must be used. Note that Equation (7.15) for
the bulk photovoltaic current is different from the ones we used in previous chapters,

1.e.
J = kpeNg L (7.16)

for LiNbOj:Fe crystals. Therefore, we used ' instead of x for the bulk photovoltaic
constant in Equation (7.15). The reason for using a different formula is that ' is
easier to measure from Equation (7.15), since a, I, and J are easily measured. Since
k' and k are proportional, we can easily calculate x from «’.

Measurements of the photocurrents were made with an electrometer having an
input impedance much less than the crystal impedance. For illumination, we used a
diode-pumped frequency-doubled Nd:YAG laser (wavelength 532 nm and power 400
mW). We expanded the ordinarily polarized beam to illuminate the whole sample
homogeneously. All measurements were made at room temperature (25°C). After
illuminating the sample for at least 10 minutes, the steady-state photocurrent was
detected. The delay is required to eliminate the influence of pyroelectric currents.
The determined photovoltaic constant for reduced LN:Fe is £’ = 1.3 x 107 ¢m/V at
532 nm, which is in good agreement with the results reported by Kratzig and Kurz
[72]. For reduced LN:Ce, we measured £ = 0.4 x 107° em/V at 532 nm. We also

illuminated the samples with ordinarily polarized red light (633 nm) to measure '
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at red wavelength. We obtained s’ = 0.8 x 107 ¢m/V for LN:Fe, while the value of
the ' in LN:Ce could not be determined under our experimental accuracy.
Our results suggest that Ce acts as a photorefractive center in LiNbO3. However,
it does not have a large photovoltaic constant, especially at red. Therefore, the role
of diffusion in holographic recording in LiNbQO;:Ce crystals becomes important. The

diffusion field (Ep) is equal to

kgT kgT 2
ED:B_K:B__W

. . (7.17)

where K and A are the magnitude of the grating vector and grating period, respec-
tively. Furthermore, kg, T, and q are the Boltzmann constant, absolute temperature,
and electronic charge, respectively. As Equation (7.17) shows, we can increase the
diffusion field by reducing the grating period (A). This can be accomplished by in-
creasing the angle between the recording beams. Therefore, the largest value of Ep
is obtained in reflection geometry.

To compare the role of diffusion in LiNbO3:Ce and LiNbOj:Fe crystals, we per-
formed holographic recording experiments with LN:Fe and Ln:Ce in reflection geom-
etry. Both crystals were highly reduced before the experiment to ensure adequate
electron concentration in the effective traps (Fe or Ce). In our experiment, two ordi-
narily polarized beams impinge on the two opposite c-faces of the LN:Ce crystal, with
an angle of incidence of about 5° in air. The length of the sample along the c-axis
is 7 mm. The diffraction efficiency as a function of recording time is monitored. For
the sake of comparison with the performance of transmission gratings, we convert the

efficiency into modulation of refractive index by taking into account of reflection by

using the following relations [52]

mm) | riE]
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Figure 7.7: Modulation of the refractive-index as a function of recording time for a
reflection geometry and a transmission geometry hologram in LN:Ce. Wavelength
and total intensity of the recording beams are 633 nm and 26 mW /cm?, respectively.
In transmission geometry both beams impinge on the b—face with an angle of 23°
while in reflection geometry both beams impinge on the two opposite ¢ — —faces with
an angle of 5° in air. The grating vector of the interference pattern in both cases was
parallel to the ¢ — —axis of the crystal.

for transmission grating and

(7.19)

And
n:RtanhQ(W = )

Acos b,

for reflection grating. In the above equations, R is the factor caused by reflection
loss, 6; is the angle of incidence inside the crystal, d is the crystal thickness, and the
absorption is not considered due to the small value at red.

Figure 7.7 shows the recording curve for a transmission geometry and a reflection
geometry plane-wave hologram recorded in LN:Ce. As shown in Figure 7.7, recording
sensitivity in the reflection geometry is higher than that in the transmission geometry.
The corresponding sensitivity in case of reflection geometry is S = 0.009 cm/J. The

modulation of refractive-index (An) in the reflection geometry is twice that in the
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transmission geometry for LN:Ce. In LN:Fe, however, the reflection grating is only
1.4 times stronger than the transmission grating. This shows that the role of diffusion
in LiNbQOj3:Ce crystals is more important than that in LiNbOj:Fe crystals. This can
also be seen from the following formula for the saturation space—charge field (Ej.)

[59]

EX+ E} W

(5 Bo/BJ + (Be/ByR | 20

Esc:_

where Ep is the photovoltaic field that is proportional to the bulk photovoltaic con-
stant (x or k'), and E, and E; are limiting space-charge fields determined by effective
trap density and filled trap density, respectively. Since we used strongly reduced
crystals in our experiments, no limitation of space-charge fields is present. Therefore

we can simplify Equation (7.20) to obtain
| Ese| = (EPQ‘ + E]%)l/2 . (7.21)

Generally, the photovoltaic field is independent of grating period, but the diffusion
field is larger at smaller grating periods. Therefore, the total space-charge field in
the reflection geometry is larger than that in the transmission geometry due to the
increase of the diffusion field. The enhancement of performance for the Fe-doped
sample in the reflection geometry is not so large. This can be attributed to a much
higher photovoltaic field in LiNbOj:Fe crystals. However, the enhancement of per-
formance in reflection geometry is significant in LiNbOj3:Ce crystals due to the small
photovoltaic field.

In conclusion, our results show that Ce is an active red-sensitive photorefractive
center in LiNbOj3; and can play an important role in the charge transport during
holographic recording. However, the photovoltaic constant in LiNbO3:Ce crystals
is smaller than that in LiNbOj:Fe crystals. As a result, sensitivity and M/# in
holographic recording in LiNbOj:Ce crystals are smaller than those in LiNbOj:Fe

crystals. Therefore, Ce is not a good choice to replace Fe in LiNbOj3 in both normal
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and two-center recording.

7.7.4 Using LiTaOj crystals for two—center recording

If we can not find appropriate shallower traps in LiNbQs, it is highly recommended to
test LiTaO3. The properties of LiTaOj3 are similar to those of LiNbOj3. The advantage
of LiTaOj3 is its wide energy gap (=~ 4 eV) that opens up the possibility of finding
more photorefractive centers that might be too shallow or too deep in LiNbOjs, but
not in LiTaO3. Even if we can find appropriate shallower traps in LiNbOj, we still

recommend testing LiTaOg for two—center recording.

7.8 Conclusions

We showed that two—center recording has promising system parameters. This in-
creases the hope for the realization of practical holographic read / write memory
systems. We also outlined the design of such a practical memory system. The main
challenge in such a design is to use the best trade off among the dynamic range (M /#),
sensitivity (S), and persistence (R/#). To improve the performance of two—center
recording, it is required to find shallower traps in LiNbOj; that are most sensitive to

red. The use of LiTaOj is also a possibility due to its wide band gap.



Chapter 8 Conclusions and future work

8.1 Conclusions

Our main accomplishment in this thesis is solving satisfactorily the most important
and long lasting problem of erasure during read—out of holograms recorded in pho-
torefractive crystals. This accomplishment is the result of the careful investigation
and good understanding of the physical mechanisms responsible for the drawbacks
of the pre—existing methods for solving the same problem. The initial performance
measures of our proposed method (two—center recording) even at low intensities are in
all aspects at least one order of magnitude better than those of the highly optimized
competing methods with much higher intensity requirements. We believe that there
is still a lot of room for improving our proposed method. The invention of two-center
recording revitalized the hope for the realization of holographic read / write memory
systems. The important results obtained in the individual chapters of this thesis are
as follows:

In Chapter 2, we proposed for the first time the most complete explanation of
persistent two-step holographic recording in LiNbOj:Fe crystals using green or blue
light for sensitization and infrared light for recording. These explanations were based
on the development of an analytic solution for the governing equations of two—step
recording. The analytic solution agrees very well with both the numerical solution and
the experimental results. It turns out that the most important drawback of two—step
recording methods using polarons as shallow traps is the short effective lifetime of the
electrons in these traps. This drawback results in very high intensity requirements for
recording in congruently melting LiNbOj:Fe crystals. Although the usage of undoped
stoichiometric LiNbOj alleviates the intensity requirements to some extent, it limits
the maximum obtainable dynamic range and sensitivity to a large extent. Therefore,

it is preferable to replace polarons with some long lifetime traps. This can be done
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by using doubly-doped crystals. This important conclusion was the initial gateway
toward the invention of two—center holographic recording.

In Chapter 3, we showed that the basic idea of using a doubly-doped LiNbOj
crystal with one sensitizing beam and two recording beams for persistent holographic
recording works very well if the crystal is properly annealed. To understand the main
physical mechanisms responsible for two—center holographic recording, we developed a
theoretical model for holographic recording in LiNbOj3:Fe:Mn crystals. We performed
several experiments to obtain the necessary unknown parameters of the model that
were not available in the literature. The model agrees very well with the experimental
results. With the help of this model, we developed a good understanding of the
physical processes involved in two-center recording. As an example, the presence
of two gratings in the deeper and shallower traps and the role of sensitizing and
recording beams were fully understood. The obvious result of this understanding
was the successful explanation of all observed experimental results and the finding
of possible ways to solve the remaining problems of the method. Furthermore, we
proposed and demonstrated an optimization scheme with the help of the model for
optimizing the performance of two—center recording.

In Chapter 4, we covered some of the remaining system issues in two—center record-
ing. We showed that the sensitivity of the method can be highly improved by using
green light instead of red light for recording. Using green light for recording results
in a partial loss in persistence, but the remaining persistence is acceptable for most
practical purposes. We also showed that we can not improve the sensitivity of either
normal recording or two—center recording by increasing electron mobility through
using stoichiometric or Mg doped crystals. Furthermore, we showed that the con-
ventional recording schedule for hologram multiplexing can be used in two—center
recording if we use appropriate values for saturation hologram strength and erasure
time constant. Finally, we showed that the effect of fanning in two—center recording
is much less than that in normal recording.

In Chapter 5, we compared two—center and two-step recording methods. We

showed that two-step recording using polarons always suffers from the existence of
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an intensity threshold for recording and sensitizing beams, although there is no in-
tensity threshold in two—center recording. The only possible advantage of two-step
recording is the possibility of obtaining higher dynamic range at huge intensities. The
performance of two—center recording depends mainly on the ratio of the intensities of
recording and sensitizing beams and not on the absolute intensities. This results in
the lack of both an intensity threshold and high dynamic range at huge intensities.
By comparing the existing experimental results, we showed that the initial perfor-
mance measures of two—center recording at low intensities are already better than
the best values obtained in highly optimized two—step recording at high intensity by
at least one order of magnitude. The difference between the performance measures of
the two systems is very large at low intensities due to the existence of the intensity
threshold in two-step recording. All these advantages of two—center recording over
two—step recording are due to the very long lifetime of the shallower traps (as well as
the deeper traps) in this recording scheme.

In Chapter 6 we showed that the range of performance characteristics obtained by
using doubly—-doped LiNbQj crystals is much larger than that obtained by using single
doped crystals even in normal recording (recording with only two recording beams).
We can even design some effective traps by using doubly-doped crystals. Using two—
center recording in doubly-doped crystals results in having persistence as another
degree of freedom in the design of holographic storage systems. We defined for the first
time a measure for persistence (R/#) as the number of times the entire information in
a standard memory module can be read before the diffraction efficiency drops below
some standard value. The main challenge in designing holographic storage system
is the wise trade off among dynamic range (M/#), sensitivity (S), and persistence
(R/#) to obtain the appropriate performance for the desired application.

In Chapter 7, we derived the relationship among the material parameters (M /#,
S, and R/#) and the system parameters like recording and read-out rates, access
time, and storage capacity. We also presented an outline for the design of a practical
compact memory module along with possible ways for improving the performance of

two—center recording.



8.2 Future work

The aim of this thesis is to cover all the details that need to be understood in two—
center recording. Although most of the basic features of the method have been
addressed in this work, the novel nature of the method opens up many doors for future

research in theory, material improvement, and system design and demonstration.

8.2.1 Theory

Although the model we developed explains all the experimental results, it is useful to
find approximate analytic solutions for the governing equations of two-center record-
ing. Such an analytic solution might have an impact on the directions for future
research. Note that the analytic solution we developed for two-step recording lead us
to a very good understanding of the method and the problems involved, and finally
resulted in the invention of two—center method. Therefore, finding analytic formulas
for the important performance parameters of two—center recording is important. For
example, we mentioned in the optimization of two—center recording that the opti-
mization procedures for the different design parameters (concentrations, intensities,
etc.) are not independent from each other. The analytic formulas for the impor-
tant parameters of two—center recording uncover these dependences and make a more

complete and global optimization possible.

8.2.2 Improving material properties

This part of the research has the highest priority as the design of successful practical
storage systems depends on the material properties we can obtain. As explained in
Chapter 7, two parallel directions must be taken for improving material properties.
The first one is the trial of the possible candidates for the shallower traps that are
most sensitive to red light. These candidates include vanadium (V) from the first
row and a few other elements from the second row of transition metals, especially

ruthinium (Ru).
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The second research direction involves the detailed investigation of LiTaO3 as a
possible substitute for LiNbO3. The photorefractive centers that work in LiNbOj
must be put into LiTaO3; as dopands and their relative positions in the band gap of
LiTaO3; must be understood. Other dopands that do not work in LiNbOj but are
known to have different valance states must be tested in LiTaOj as they might be
too shallow or too deep for LiNbOj3 and not for LiTaO3. Furthermore, the important
properties (absorption cross section, photovoltaic coefficient, etc.) of the different
working traps in LiTaO3 must be measured by performing appropriate experiments.
Normal recording as well as two—center recording experiments must be performed
using LiTaOj crystals doped with different dopands, and the obtained performance
parameters (M /4, S, and R/#) must be compared with those obtained by using
LiNbO3.

Another direction for future research in recording materials is to develop a model
that can at least approximately predict the properties of the different traps in LiNbOj.
Even first order approximations might be helpful in assigning the priorities for testing

different candidates for the shallower traps.

8.2.3 System design

Several projects can be defined for the future work in two—center recording systems.
One interesting possibility is the demonstration of a simple prototype of a memory
module consisting of 1000 multiplexed holograms in a LiNbOj:Fe:Mn crystal using
two—center recording. Sensitization and recording in such a memory module must
be performed with UV (wavelength 404 nm) and green (wavelength 514 nm) light,
respectively. If better materials are developed, they must be used in such modules.
Careful experiments for multiplexing many data holograms using both angle mul-
tiplexing and wavelength multiplexing and comparing the performance of the two
multiplexing schemes is another interesting task to do. Careful evaluation of signal to
noise ratio in all cases and understanding the dominant noise sources are necessary in

designing practical memory modules. Finally, a careful experimental comparison of
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transmission and 90° recording geometries and finding the ways to solve the problem

of each geometry is also important in the design of the memory module.

8.2.4 Localized holographic recording

Two—center holographic recording enables us to record holograms in slices or even
small spots of the material. Multiplexing holograms by recording them in different
slices of the recording material can be performed by sensitizing only one slice at a
time. These slices can be non—overlapping. Therefore, a recorded hologram is not
erased during the recording of the subsequent holograms, and we can record multiple
strong holograms. The investigation of the different properties of these multiplexed
holograms is a very interesting project. A complete work in this direction must include
the variation of the diffraction efficiency of each hologram with the total number of
holograms, possible redefinition of the A//# for this case, finding the limitations on
the maximum number of holograms we can record, investigating the effect of noise
and crosstalk in localized recording, and comparison of the performances of normal
and localized two-center recording. We can also try to record holograms in small
spots of the material by focusing the sensitizing beam to a small spot.

Another interesting project in this direction is to record a specified pattern of
permittivity (e(z,y, z)) by recording several holograms in the slices of the material.
Calculation of the minimum feature size we can record, and comparing it to that
obtained by normal two-center recording is very interesting. Experimental demon-

stration of the theoretical findings would also be challenging and interesting.
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