Chem. Rev. 2000, 100, 1777-1788 1777

Three-Dimensional Optical Data Storage Using Photochromic Materials

Satoshi Kawata' and Yoshimasa Kawata**

Department of Applied Physics, Osaka University, Suita, Osaka, 565-0871, Japan, and Department of Mechanical Engineering, Shizuoka University,
Johoku, Hamamatsu, 432-8561, Japan

Contents
1. Introduction 1777
2. Materials for 3D Memory 1777
2. 1. Spirobenzopyran Derivatives 1778
2. 2. Diarylethene Derivatives 1779
2. 3. Azobenzene Derivatives 1782
3. Optics 1783
3. 1. Single-Photon Recording 1783
3. 2. Single-Beam, Two-Photon Recording 1783
3. 3. Right-Angle, Two-Beam, Two-Photon 1784
Recording
3. 4. Confocal Phase-Contrast Microscope 1784

3. 5. Differential Phase-Contrast Microscope 1785
with a Split Detector

3. 6. Reflection Confocal Reading 1785
3. 7. Polarization Reading 1787
4. Concluding Remarks 1788
5. Acknowledgments 1788
6. References 1788

1. Introduction

Optical memory storage devices such as compact
disks (CD) and magnetooptical (MO) disks are be-
coming essential as audio and visual storage media
as well as external computer data storage media. In
these devices, a laser beam is used to record and read
information. Since the laser spot can be focused to
within 1 um, higher densities and capacities can be
achieved with optical memory than with conventional
magnetic memory.

The data density achievable by optical memory
devices is ultimately limited by the diffraction of
electromagnetic waves. Present data-recording tech-
niques have nearly attained this upper limit with
commercially available CD and MO disks. Even
utilizing an infinitely large objective lens with a high
numerical-aperture (NA) value cannot reduce the bit
data resolution distance for recording and reading to
less than one-half the beam wavelength.

Consequently, current efforts to increase the
memory density of optical devices are geared toward
the development of durable short-wavelength com-
pact lasers that emit blue or green light.1~2 Doubling
the frequency (or halving the wavelength) of the laser
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reduces the beam spot radius by 2, thereby increasing
the density by 4 (when recorded in two dimensions).
However, to increase the memory density to 100
times the current benchmark, laser diodes with
output wavelengths 10 times shorter than those
currently available would have to be employed. This
requirement is obviously impossible because neither
the laser materials nor the optical components,
particularly the lenses, necessary to achieve this
ultrashort wavelength can be manufactured in the
70—80 nm wavelength range. Another approach to
increasing memory density is to use near-field
optics.#~® This approach is reviewed in a separate
review in this issue (“Diarylethene for Memories and
Switches” by M. Irie).

A third approach, and one which promises to
dramatically increase memory densities, is the de-
velopment of photochromic materials.®~12 These ma-
terials can undergo photon-mode recording, which is
based on a photochemical reaction within the me-
dium, as opposed to the heat-mode recording em-
ployed with the optical media currently in use. In
photon-mode recording, light characteristics such as
wavelength, polarization, and phase can be multi-
plexed to enable data storage and thus have the
potential to dramatically increase the achievable
memory density.

In this review we describe a method which utilizes
photochromic materials!4~16 to overcome the current
memory density limit by introducing an additional
axial dimension to the recording process.*’~24 In this
method, the z or longitudinal axis is utilized in
addition to the surface dimension (x—y space) of
conventional optical memory. The data are thus
written not on the material surface, but within the
three-dimensional (3D) volume of the material.

This review focuses on recent developments in bit-
oriented multilayered optical memories based on
photochromic materials. Holographic memories are
not included. The photochromic materials dealt with
here are all synthetic ones. Biological photochromic
materials are reviewed in a separate review (“Bac-
teriorhodopsin as a Photochromic Retinal Protein for
Optical Memories” by N. Hampp).

2. Materials for 3D Memory

A photochromic compound is characterized by its
ability to alternate between two different chemical
forms having different absorption spectra, in re-
sponse to irradiation by light of appropriate wave-
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lengths. Photochromic materials are promising as
recording media for optical memory because they
erasably, or rewritably, store data in photon mode.
Since the data-recording mechanism is based on the
photochemical reaction of each molecule in the ma-
trix, extremely high spatial resolution should be
achievable.

The following properties are required of photochro-
mic materials which are to be employed as optical
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Figure 1. Chemical structure of spirobenzopyran. A and
B are spirobenzopyran isomers.
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Figure 2. Absorption spectra of a polystyrene film con-
taining spirobenzopyran both before (A) and after (B)
exposure to 442-nm light.

memory media: (1) thermal stability of both isomers,
(2) resistance to fatigue during cyclic write and erase
processes, (3) fast response, (4) high sensitivity, and
(5) nondestructive readout capability.

For 3D recording, a large two-photon absorption
coefficient is preferred because 3D memory essen-
tially uses a two-photon process to access a point
within the volumetric medium. In the following
section, typical photochromic compounds used for 3D
memories will be described.

2.1. Spirobenzopyran Derivatives

Rentzepis et al.'’ first demonstrated a bit-oriented
3D optical memory system using a photochromic
spirobenzopyran, shown in Figure 1. Isomer A has
an absorption band shorter than 450 nm and, upon
irradiation with ultraviolet (UV) light, it converts to
isomer B, which has an absorption band around 600
nm, as shown in Figure 2. Isomer B fluoresces around
700 nm upon photoexcitation with 500—700 nm light.

Figure 3 illustrates the principle of 3D optical
memory based on a two-photon process proposed by
Rentzepis et al.1"?526 They used two beams to access
a point in a volumetric recording medium. For
writing data, which required excitation in the ultra-
violet range, a two-photon absorption involving either
a 1064 and a 532 nm photon (corresponding to 355
nm excitation) or two 532 nm photons (corresponding
to 266 nm excitation). At the intersection of the two
beams, isomer A absorbed two photons simulta-
neously and photoisomerized to isomer B.

A similar two-photon process was employed for
reading data. When isomer B molecules were excited
by the absorption of two 1064 nm photons, the
excitation caused only the written molecules to
fluoresce. Although this fluorescence readout method
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Figure 3. Principle of 3D optical memories as proposed
by Rentzepis et al.1”
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is sensitive, the memory was erased during the
reading process, due to partial occurrence of the
reverse reaction from photoexcited isomer B to isomer
A. Unfortunately, a destructive readout method such
as this is not practical. The development of nonde-
structive readout methods is essential if this system
is to become practical.t>~16 Thus, the most promising
method is to read the memories by detecting the
refractive-index changes that accompany the photo-
isomerization induced by long-wavelength light. This
readout method does not induce photochromic reac-
tions.

Nondestructive readout was demonstrated using a
small difference in the refractive index of the spiroben-
zopyran isomers (Figure 1) in the near-IR.* The
small refractive-index change was detected using a
near-IR laser-scan differential phase-contrast micro-
scope (Figure 4). The two isomers of the spiroben-
zopyran have very different absorption spectra, which
suggests that the isomers also have different refrac-
tive indices. In the near-IR region around 800 nm,
both isomers have negligible absorption. Therefore,
the near-IR light needed to read the change of
refractive index does not stimulate the photochromic
photoreaction.

Data were recorded by focusing laser light (441.6
nm) on the two layers, which were separated by as
much as 70 um, using a laser scanning microscope
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Figure 5. Optical setup for recording 3D bit information
in photochromic memory.

as shown in Figure 5. Bit sequences of 24 x 24 bits
per layer which formed the letters “A” and “B” were
obtained. The bit interval was 5 um x 5 um in each
layer, and the separation distance between layers
was 70 um.

Figure 6 shows the readout from the two layers.
The crosstalk between the layers was small enough
to allow the recorded data to be clearly read by the
differential phase-contrast microscope. Since the
signal intensity was proportional to the derivative of
the refractive index, the readings at the edges of the
bits were slightly enhanced. The scanning rate was
1 layer per s, and the readout could be repeated more
than 7000 times without destroying the recorded
information. The difference in the refractive indices
of the two isomers was measured to be 0.02 at 830
nm.?” Unfortunately, the spirobenzopyrans used in
the above system have poor durability and the
photogenerated isomers were thermally unstable.

Spirobenzopyran derivatives also were utilized as
the media for wavelength-multiplexed memory sys-
tems.1128.29 A narrow absorption band is required for
the wavelength multiplex to work. This narrow
spectrum was obtained by using J-aggregates of
spirobenzopyrans.?® The J-aggregates have absorp-
tion peak widths of a few tens of nanometers. A five-
wavelength multiplexed memory was demonstrated
using these J-aggregates, but considerable crosstalk
between the multiplexed channels was observed.!!

2.2. Diarylethene Derivatives

Figure 7 shows two diarylethene derivatives con-
taining heterocyclic rings, specifically (a) 1,2-bis(2-
methyl-1-benzothiophen-3-yl) perfluorocyclopentene
and (b) 2-(1,2-dimethyl-3-indolyl)-3-(2,4,5-trimethyl-
3-thienyl)maleic anhydride.'33° These compounds do
not exhibit thermochromicity even at 200 °C, and
their colored, closed-ring forms are stable for more
than 3 months at 80 °C. Furthermore, the cyclization/
ring-opening reaction cycle can be repeated more
than 10* times without the loss of photochromic
performance. Thus, diarylethene derivatives of this
type currently are the most promising photochromic
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Figure 6. Bit patterns read from photochromic memory using near-IR laser-scanning differential phase-contrast
microscopy: (a) first layer, (b) second layer. The bit interval is 5 um, and the layer distance is 70 um.4
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Figure 7. Photochromic reactions of (a) 1,2-bis(2-methyl-
1-benzothiophen-3-yl)perfluorocyclopentene and (b) 2-(1,2-
dimethyl-3-indolyl)-3-(2,4,5-trimethyl-3-thienyl)maleic an-
hydride.

compounds for use as high-density optical memory
media.

Poly(methyl methacrylate) containing cis-1,2-dicy-
ano-1,2-bis(2,4,5-trimethyl-3-thienyl)ethene (B1536)
was used as a photochromic optical memory me-
dium.'>8 Figure 8 shows the chemical structures of
the two isomers of B1536, along with their absorp-
tion.'®

Unexcited B1536 exists as a yellow isomer that is
converted into a red isomer upon irradiation with 380
nm light. The data written in this manner can be
erased by irradiating the medium with 543 nm light.
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Figure 8. (a) Chemical structures of cis-1,2-dicyano-1,2-
bis(2,4,5-trimethyl-3-thienyl)ethene (B1536) and (b) its
absorption spectra.

This photochromic material (B1536) did not exhibit
any apparent fatigue, even after 100 write/erase
cycles. Furthermore, the written data (e.g., the red
isomers) were stable at 80 °C for more than 3 months,
and the thermal back-reaction (from the red isomer
to the yellow isomer) did not occur, even at 200 °C.3!

A two-photon process which focused on a point in
the thick medium was used to record the data. A 760
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Figure 9. Readouts of bit patterns written into photochromic memory using a diarylethene derivative. The data were

read using a reflection confocal microscope.16

nm Ti:sapphire laser operated in mode-locked pulsed
laser mode was employed as the recording light
source. Since the probability of two-photon absorption
occurring is proportional to the squared intensity of
the incident light, photoisomerization is only induced
at the focal point, where the intensity is very
high.17.18223233 This technique is attractive for record-
ing data in an erasable medium because it allows
information to be written onto a particular layer
without erasing the data already written on neigh-
boring layers.

N:NE . :;N:Ni:
Figure 10. Photoinduced isomerization of azobenzene.

Figure 9 shows readout images of the bits written
in 26 consecutive layers. The bit and layer intervals
were 2 and 5 um, respectively. The data were read
using a reflection confocal microscope (RCM). The
details of this readout system are discussed in the
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Figure 11. (a) Chemical structure of the urethane—urea copolymer and (b) its absorption spectrum.

Optics section. With the RCM, the written data are
clearly readable without crosstalk.

2.3. Azobenzene Derivatives

Azobenzene derivatives constitute a family of dye
molecules which are well-known for their photochro-
mic properties. These properties are due to reversible
cis—trans photoisomerizations which the derivatives
undergo.**37 Figure 10 shows the photoisomerization
process exhibited by azobenzene. Azobenzene deriva-
tives have two geometric isomers: a trans form and
a cis form. The isomerization reaction that intercon-
verts these two isomers may be light- or heat-
induced. The trans form is generally more stable than
the cis form, thus the thermal isomerization usually
occurs from the cis to the trans form. However, light
induces transformations in both directions.

A new material, a urethane—urea copolymer with
azo-dye side chains, was recently demonstrated to be
useful as a 3D optical memory material.®® Figure 11a
shows the chemical structure of the urethane—urea
copolymer. This urethane—urea copolymer was orig-
inally developed to be a nonlinear optical wave-
guide.3*4% The copolymer has a relatively high optical
nonlinearity and is stable at room temperature. Its
azo-dye side-chain structure allows it to semifix
chromophores for use as photosensitizers in the
optical memory read/write process.

The absorption spectrum of the copolymer shows
a maximum at 476.3 nm and a small absorption in
the region above 600 nm (Figure 11b). Upon il-
lumination with blue light, the azo dye undergoes a
cis—trans isomerization which produces a refractive-
index change on the order of 1072

Another recording medium was developed by al-
ternately coating photosensitive films (urethane—

Recording layer

W

Glass substrate

Figure 12. Multilayered recording medium in which
photosensitive films and nonphotosensitive transparent
PVA films are alternately stacked.

urea copolymer) and nonphotosensitive films (poly-
(vinyl alcohol), PVA) on a glass substrate. Figure 12
shows the structure of the multilayered recording
medium.

The axial distribution of the data recorded on this
medium is shown in Figure 13. This figure was
reconstructed from a set of images captured as the
focus plane was changed. The three cross-sections,
which were taken along the optical axis and along
the first and second layers, respectively, are also
shown in Figure 13. The two recording layers were
clearly detected, and the bit data were also clearly
recognized. The side lobes which appear in the cross-
section taken along the optical axis were due to
aberrations in the objective.

This two-layered optical memory system produced
a readout result which is shown in Figure 14. The
readout was accomplished using a reflection-type
confocal microscope. A He—Ne laser was used as the
light source during reading, because the urethane—
urea copolymer does not absorb red light well. The
recorded bit data produced scattered light due to its
refractive-index change, and this was detected using
a photomultiplier tube (PMT). A “1” pattern was
formed by the bit sequences in the first layer, while
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Figure 13. Axial distribution of the data recorded in the two-layer medium. The data were read using a reflection confocal
microscope.38

Second layer

Figure 14. Data recording and reading results from the
two-layer medium. The distance between neighboring bits
is 3 um, and the distance between layers is about 8 um.

First layer

a “2” pattern was formed in the second layer. The
degradation observed in the second layer was due to
inhomogeneity within that layer. The distance be-
tween bits in the layers was 3 um, and the distance
between layers was about 8 um.

3. Optics
3.1. Single-Photon Recording

Although two-photon excitation is the most desir-
able method for bit-data recording in 3D optical
memories, single-photon recording also is an accept-
able method since it gives good separation between
the recorded planes. Figures 6 and 14 show data

recorded using a single-photon process. A typical
system for single-photon recording is shown in Figure
5. A He—Cd laser of 441.6 nm wavelength was used
to record on the spirobezopyran medium (Figure 1),
and an Ar* laser of 488.0 nm was used to record on
the urethane—urea copolymer medium (Figure 11a).
Crosstalk between the layers was negligible in both
cases.

Since single-photon recording does not require
ultrashort-pulse lasers, conventional semiconductor
lasers can be used. Thus, the optical systems utilized
for recording in CD and MO devices can be readily
applied to 3D optical memory recording.

3.2. Single-Beam, Two-Photon Recording

One reason two-photon excitation is preferable for
recording in 3D optical memory systems is because
crosstalk between two adjacent layers is much re-
duced with this method. Another advantage of two-
photon excitation is that it reduces multiple scatter-
ing. This reduction occurs because the illumination
beam that is utilized has an infrared wavelength.

A typical optical recording system for single-beam,
two-photon recording is similar to the one-photon
recording system shown in Figure 5, except that it
uses a different light source. In the system shown in
Figure 5, a Ti:sapphire laser was used as the light
source because this laser can provide the high peak-
power light which the cooperative nature of the two-
photon excitation requires to produce efficient exci-
tation.'832 Other systems have been developed using
a mode-locked Ti:sapphire laser,'6334%42 3 mode-
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Figure 15. Experimental setup for recording and reading
information using two beams.*? The resulting two-dimen-
sional image is stored in the plane where the plane-
addressing beam and information beam intersect.

locked dye laser,'® and a mode-locked YAG laser.1743
Continuous-wave light also has been investigated as
a means of producing the two-photon process.**4> A
high numerical-aperture lens is required to achieve
separation of the layers, since this allows focusing
on a well-confirmed spot at a point in a thick medium.

The disadvantage of ultrashort-pulse lasers is that
they increase the cost of the recording device and
make it difficult to produce a compact system.
Recently, a compact ultrashort-pulse laser in which
an Er-doped fiber was used as the resonator was
developed.#6~4° Semiconductor lasers operated in
mode-lock are also under investigation.>°~52 Thus, the
cost and the size of ultrashort-pulse lasers will
decrease soon.

3.3. Right-Angle, Two-Beam, Two-Photon
Recording

Rentzepis et al. have demonstrated a 3D memory
device which uses two right-angle beams to access a
point in a volumetric medium as shown in Figure
3.17.2143 While this system clearly demonstrated that
bit-oriented 3D memory storage can be achieved in
this manner, its disadvantages are that the two
beams are difficult to align such that they intersect
at the same point and that the working distance of
the objective lenses are limited. Higher density
storage was achieved using high NA objective lenses;
however, the small working distances of the lenses
still made it difficult to achieve the necessary right-
angle configuration.

To solve these problems, Rentzepis et al. proposed
to use one beam as a plane addressing beam. Figures
15 and 16 show the experimental system for writing
and reading data in 3D using this technique and its
result, respectively. The SHG light of a YAG laser
was used for the addressing beam, while 1.06 um
wavelength light was used to carry the data. In this
manner, they succeeded in recording 100 layers with
intervals of 30 um per layer and of 80 um between
layers.

3.4. Confocal Phase-Contrast Microscope

As described in section 2.1, the detection of refrac-
tive-index changes between two isomers in a photo-

Kawata and Kawata

Figure 16. One of the 100 data images stored as the result
of right-angle, two-beam, two-photon recording. The inter-
val between neighboring bits is 30 um per layer and
between layers is 80 um.?!
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Figure 17. Confocal phase-contrast microscope for 3D
memory.

chromic material is the most promising technique for
nondestructive data readout in these systems.'* This
requires that a readout system that is sensitive to
refractive-index distribution should be developed.
Several applicable systems, including as a phase-
contrast microscope, a differential phase-contrast
microscope, and a reflection confocal microscope have
been proposed.

Figure 17 shows a laser-scanning confocal micro-
scope for phase-contrast imaging. lllumination by a
point light source reduces the occurrence of unneces-
sary scattered light. The confocal microscope’s point
detector detects the light intensity from only a
specific point of interest in the thick sample. Thus,
it reads only the light intensity associated with the
conjugate pair at the point of interest in the thick
volume (or the focused point of the laser beam in the
volume). The scattered light produced by other non-
focused points does not contribute to the detected
signal. Hence, the signal contrast obtained for the



Three-Dimensional Optical Data Storage

a

MM&DQACCWO -
m FYTYYFY R RN P S
s sb6 b pasiss B ﬁg
 \AA‘ Ad ADSsAS 0. :
ol Mess shah

i;_,am s 2022

2180
— 160

T LS

0 10 20 30
C 200

e LALLM

o 100
96

T T T T

0 10 20 30

Figure 18. (a) Readout data obtained using a confocal
phase-contrast microscope and (b) its cross section. (c) Cross
section of the same area read using a conventional phase-
contrast microscope.
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images is excellent and the crosstalk between planes
is negligible compared with those obtained using a
nonconfocal microscope. Better spatial resolution also
is obtained when using the confocal microscope
because of its nonlinear spatial response (which is
the product of illumination point-spread functions
and the detection amplitude point-spread
function).53-5%5

Figure 18a presents an example of bit data read
using a confocal microscope. A He—Ne laser (632.8
nm) was used in this system, together with a phase-
contrast objective and an annular pupil for phase-
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Figure 19. Typical optical setup for a reflection confocal
microscope.

contrast (dark field) imaging. Figure 18b shows a
partial cross-section of the readout data. For com-
parison, the same segment of the data was read using
a conventional microscope with the same objective
lens (Figure 18c). The results clearly demonstrate the
advantages of confocal microscopy for high-contrast
and high-resolution imaging within these 3D struc-
tures.

3.5. Differential Phase-Contrast Microscope with
a Split Detector

A scanning differential phase-contrast microscope
with a split detector, as shown in Figure 4, provides
an alternative readout system. The optical configu-
ration of this system is compact and easy to align.
The memory medium containing recorded data bits
is located at the focus of an objective lens. The band
limit of the optical transfer function (OTF) was found
to be the same as that of a conventional microscope
with incoherent illumination,% while the resolution,
especially the axial resolution of the phase-contrast
microscope, was similar to that obtained by Zernike’s
phase-contrast microscope. However, the contrast of
the image was much improved over that obtained
with Zernike’'s phase-contrast microscope, because
the nondiffracted components were completely elimi-
nated through subtraction of the signals between the
two detectors. This readout system was therefore
sensitive to small phase changes.

3.6. Reflection Confocal Reading

The reflection confocal microscope (RCM) provides
another type of readout system for multilayered
optical memories. This system is attractive because
it has an extremely high axial resolution and its
configuration is much simpler than these of the
transmission confocal microscopes. A typical RCM
system is shown in Figure 19.

One disadvantage of the transmission confocal
microscopes that are equipped with phase-reading
systems is that their focus deviates from the pinhole
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due to the inhomogeneity of the refractive index, the
thickness of the memory medium and substrate, or
both. As a result, the detected signal has a back-
ground which arises from local inhomogeneities in
the medium and the substrate.

The use of an RCM system alleviates this problem
because the beam that is reflected at the data bit
arrives at the pinhole even in the presence of inho-
mogeneity. RCMs, however, have not been used for
reading 3D-stored data, mainly because their reading
optics’ 3D spatial-frequency band does not necessarily
match the writing optics’ 3D band.

When the appropriate optical parameters are cho-
sen, including the NAs of the objective lenses and the
wavelengths of the writing and reading lights, a
common spatial band results for both writing and
reading in three dimensions. Figure 20a,b shows data
readouts obtained with an RCM and a transmission
phase-contrast microscope, respectively. The bit-data
image obtained with the reflection readout system
clearly is much better than that obtained with the
transmission readout system.

Figure 21 shows the spatial-frequency band of a
written bit in relation to the transfer function band
of the reading system.>’~%0 This figure shows a
vertical slice of the 3D band residing in the 3D band
of the transfer function (k-vector) space that includes
the axial frequency (1/z). 1/r is the transaxial spatial
frequency of the polar coordinate r = /(X2 + y?),
where x and y are the two-dimensional coordinates
of the transaxial plane. The shaded regions represent
the spatial-frequency components of the two-photon
writing optics and the 3D Fourier transform of a bit
profile formed using the two-photon process with
focused optics. The ellipse in Figure 21 is a vertical
slice of a bun-shaped band that exists in three
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Figure 20. Comparison of data read using (a) a RCM and (b) a transmission microscope.
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Figure 21. Writing optics band for a two-photon process,
and the reading optics band for RCM.

dimensions. This band is obtained by 3D autocorre-
lation of a doughnut-shaped band that represents a
3D spatial-frequency band arising from the single-
photon-focused optics. The NAs of the objective lenses
used in writing and reading are given by n sin ay
and n sin a,, respectively, where n is the refractive
index of the recording material and a,, and a, are the
maximum semiangles of the objectives. 1, and A, are
the wavelengths used for writing and reading, re-
spectively. The 3D spatial-frequency band expands
when A,, decreases or n sin oy, increases. The parabo-
las (one of which is concave up and one of which is
concave down) shown in Figure 21 are vertical slices
of the reading optics band of the RCM. These
parabolas are semicylindrical in 3D space. The read-
ing optics band is also given by the NA of the
objective lens and the wavelength A,. The written
data can be read when there is a common area
(actually a common volume) in the 3D frequency
bands for both writing and reading. Appropriate
values of n sin ay, N sin ay, 4w, and A, can be selected
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Figure 22. Mechanism for the generation of anisotropy
during the photoisomerization of the urethane—urea co-
polymer.

to make the bun and the crescents overlap. Objective
lenses with very high NAs must be chosen in order
to create an overlap between the bands of both the
writing and reading optical systems. For example,
when NA = 1.4 is used for writing, a NA higher than
1.2 is required for reading (Aw = 760 nm and A, =
633 nm).

3.7. Polarization Reading

It is well-known that upon irradiation with linearly
polarized blue or green light, the azo-dye chro-
mophores can undergo trans—cis photoisomerization
to induce an anisotropic or uniaxial orientation of
polymer side groups.®* Figure 22 shows a schematic

Polarization of recording beam b

" = /S

o

>

Polarization of reading beam
SN
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diagram of the polarized light-induced photoisomer-
ization of an azo dye attached to a urethane—urea
copolymer (Figure 11a). The trans state of the azo
dye, which is shown in Figure 22a, absorbs light that
is polarized parallel to its dipole moment. This causes
it to flip-flop to the cis isomer, which is shown in
Figure 22b. The cis isomer also absorbs blue and
green light and photoisomerizes back to the trans
isomer. There are two possible outcomes from the
cis— trans photoisomerization: one is the regenera-
tion of the state which existed prior to the illumina-
tion, and the other is the generation of an inverted
trans state where the axis of the isomer is rotated
90° from its initial state, as shown in Figure 22¢.6263
This trans isomer absorbs less light than the trans
isomer shown in Figure 22a because the direction of
the trans isomer shown in Figure 22c is nearly
perpendicular to the polarization of the illuminating
light. The trans and cis chromophores interconvert
in a manner which results in the number of trans
states (a) decreasing and the number of trans states
(c) increasing during their continued exposure to the
linearly polarized light. It is this increase in the
number of azo dyes whose axes are perpendicular to
the direction of the illuminated polarization that
generates the optical anisotropic refractive-index
distribution.5465

Figure 23a shows the readout results for bit data
that were recorded on the azo-dye material using
with a polarization angle of from 0° to 180° and a
pitch of 15°. The two vertical dots were recorded
using identical polarization states, while the data
were read out using four polarization states. An Ar*
laser (514.5 nm) was used during recording, and
readout was carried out using white light. It was
noted that the reading intensity was highest when
the polarization angles of the recording and reading
beams were perpendicular. This confirmed that the
azo-dye molecules were oriented perpendicular to the
polarization of the Ar™ laser light.

Figure 23b shows the polarization-multiplexed
recorded data “X”, “Y”, and “Z” at the respective
recording polarization angles of 0°, 60°, and 120°.
Each pattern was recorded using the same exposure
time. The lateral distance between bits in the plane
was 3 um, and the expected refractive-index change
was estimated to be about 0.01.

(b) ()

Figure 23. Writing and reading with various light polarization directions: (a) the readout results for data that were
recorded with polarization angles from 0° to 180° and a pitch of 15°. The data were read using four polarization states. (b)
The readout results from polarization-multiplex-recorded data at recording polarization angles of 0°, 60°, and 120°,
respectively.
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4. Concluding Remarks

Various optical systems for reading and writing 3D
memories using photochromic materials were pre-
sented. The use of photochromic materials in 3D
memory system is desirable because they present
several major advantages over current optical sys-
tems, including their erasable/rewritable capability,
high resolution, and high sensitivity. Several photo-
chromic materials having adequate properties as 3D
memory recording media were described. The 3D
recording techniques which were described compli-
ment, rather than conflict with, other techniques for
achieving high-density memory storage, such as
wavelength multiplexing, polarization multiplexing,
and wavelength shortening. Combining these tech-
niques results in increased storage density. Utilizing
two-photon excitation is key to achieving effective 3D
memory systems. Thus, photochromic materials with
large two-photon absorption coefficients must be
developed.® The multilayered memory which defines
3D memory systems is just an extension of conven-
tional optical memories into the z-direction, so the
scanning, tracking, and auto-focusing techniques
used in conventional memory systems can be adapted
to work with 3D systems as well.
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