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(54) Titlee METHOD AND APPARATUS FOR MULTILAYER OPTICAL ARTICLES

(57) Abstract: The present invention

100 provides a method and apparatus for a

_ multilayer optical articles. A method

\\\\\\\\\\\\ comprises forming a first multilayer article

Z/ / / / / / / ﬂ 1 04 with a first substrate (104), first adherent

I \ \\\\\ 110 (110), and second substrate (106) using a first

\ 106 holder (100) and a second holder (102). The

- method further comprises forming a second

108 multilayer article with the first multilayer

112 article, a second adherent (112), and a third

/////////7l substrate (114) using the first holder (100)
102
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and second holder (102) to grasp the second
multilayer article. After removal of the first

(100) and second (102) holders, the first (110)

and second (102) adherent maintains the second multilayer article in a posture at which the second multilayer article was held by
the first (100) and second (102) holders, wherein the first (110) and second (112) adherent comprise a photopolymer such that the
article is capable of storing data in a reflective holographic data storage system.
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METHOD AND APPARATUS FOR MULTILAYER OPTICAL ARTICLES

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Application No.
60/314,320, entitled “Optically Flat, Multilayer Articles” filed August 22, 2001

which is incorporated by reference herein in its entirety.
TECHNICAL FIELD

The present invention relates to the general field of optical articles. More
specifically the invention relates to forming multilayer optical articles with

improved optical properties.

BACKGROUND

Many optical systems require devices having specific optical properties, in
particular, surface flatness, thickness uniformity, and/or bow. Surface flatness of
an article is determined by measuring the variation of the article’s surface from a
specified surface profile (the profile, for example, may have a certain bow). The
thickness um'formitly is measured by the article’s variation from a specified
thickness or profile (e.g., parallel or wedge-shaped). Both of these parameters are
typically measured in units of optical waves of variation from the specified profile
per transverse distance, e.g., waves/cm, where the wave is a specified wavelength,
e.g., of the particular light being used for measurement or for the ultimate use.
When used herein, units of waves/cm indicate an average measurement over the
area of the article intended to have the desired optical characteristics. Bow is a
physical measurement, determined as shown by FIG. 1. The distance B from the
center of an article to a line drawn between two contact points where a plane
meets the article is divided by half of the distance Y of that line. The units (e.g.,
B cm/(Y/2) cm) divide out to give a unitless value. Methods for forming optical
articles are discussed in U.S. Patent 5,932,045, entitled “Methods for Fabricating
a Multilayer Optical Article,” and U.S. Patent 6,156,415 entitled “Method for
Fabricating a Multilayer Optical Article and a System Having a Multilayer
Optical Article”, both of which are incorporated by reference.
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For optics applications, where one is concerned with the effect of an article on
light passing through that article, physical thickness uniformity is typically not
relied upon. Instead, a transmission flatness is determined by measuring the
deviation of the optical path length (discussed below) from the preselected profile,
and FIG. 2 shows this measurement for a configuration desired to have a uniform
thickness (i.e., parallel surfaces). Transmission flatness is also presented in
waves/cm, and, as known to those in the art, transmission flatness may also be
expressed in rms (root mean squared) waves/cm or by the Strehl value, as
discussed in J. W. Goodman, Introduction to Fourier Optics, McGraw-Hill, 1968.
FIG. 2 shows two paths through a multilayer article, the paths located a distance z
from each other transversely across the article. The physical path length
difference across distance z is |I” - 1], and the variation from exact thickness
uniformity is |1” - 1| /z, which is typically measured in micrometers/cm. The
physical path length is not affected by, nor does it take into account, the refractive
indices of the individual layers 10, 12, and 14, or the wavelength of the light being

used.

Optical path length (OPL) is the relevant parameter for transmission flatness and

is represented by the following formula:

where
OPL =Y njLj,
i

1 is the refractive index of layer j and
L; is the physical path length through layer j.

In contrast to physical path length, the OPL depends on the refractive index. For
example, in a multilayer article such as that of FIG. 2, the OPL depends on the
refractive indices of layers 10, 12, and 14. Speciﬁcally, the OPL difference
(AOPL) across the article of FIG. 2 is equal to:

|(m1oL10 + n12L12 + 014L14) - (010110 + n12L712 + 11417 14))|
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This equation shows that where the goal is a small OPL difference, if the
substrates have relatively large individual thickness variations, but the overall
thickness variation is relatively small, it is useful for the refractive indices of the
substrates to be close. As reflected in FIG. 2, the transmission flatness, assuming
a parallel configuration is desired, is therefore AOPL/z. For optics applications, it
is clear that the variation from a selected profile in OPL is more meaningful than

the change in physical path length per transverse unit.

Transmission and surface flatness values are presented in waves/cm, where the

value given is for a specified wavelength. Use of such waves/cm herein indicates
that the value is for the optical f)ath length as opposed to the physical path length.
For purposes of the present application, values in waves/cm are useful at least for
wayelengths ranging from about 0.3 to about 0.9 micrometers, but the concept of

the invention extends beyond this range.

For substrates typically used in optics applications, there are three basic types of
thickness variations that affect surface and transmission flatness. The first type is
a linear thickness change from low to high over the surface of the substrate,
whereby the substrate essentially takes the form of a wedge. The thickness
variation of such a substrate per unit length is relatively constant. The second
type of a variation is a gradual, wavy, or random, variation, where the thickness
varies, for example, from low to high to low to high gradually across the width of
the substrate. The thickness variation of such a substrate per unit length is
relatively constant, but the substrate does not take the form of a wedge. The third
type of variation is localized, sharp divots or peaks. Such divots or peaks
typically cause rapid variations in thickness measurements taken at different
locations along a substrate and may therefore skew an rms measurement.
Structures having this third type of variation are typically measured in terms of
scratch and dig, as known in the art. Clearly, these characteristics often cause
numerous difficulties when attempting to form structures with combinations of
low surface smoothness variations, low thickness uniformity variations, and/or

low bow.
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Articles used in precise applications desirably have a surface and transmission
flatness of 0.1 waves/cm or better. Articles for transmission applications where
parallel surfaces are desired desirably have a bow of 107 or less (less meaning
numerically smaller), and articles for reflection applications where parallel
surfaces are desired desirably have a bow of 10 or less. Itis difficult to prepare
or obtain substrates or multilayer articles having such properties. High quality
glass intended for flat panel displays (referred to herein as display glass), for
example, will have surface and transmission flatness values ranging from about
0.25 to about 4 waves/cm. To obtain better, and more consistent flatness values, it
is necessary to obtain a thick piece of glass and polish the glass to a desired
flatness. Such chemical/mechanical polishing, however, is expensive and time-
consﬁming, and may still bé inadequate for preparing substrates and articles
having the above properties. Easier and less expensive methods for improving the
optical flatness of substrates and for forming optical articles, e.g., articles, having
certain bow, thickness uniformity, and surface flatness, are desired, particularly
for optical articles which have already been previously formed with inadequate

surface flatness, thickness uniformity, or bow.

It is also possible for cells made according to the invention to be used for
holographic storage. Memory cells for holographic data storage systems are
discussed, for example, in H.-Y. Li et al., “Three-dimensional holographic disks,”
Appl. Opt., 33, pp. 3764-3774 (1994), and A. Pu et al., “A new method for
holographic data storage in photopolymer films,” Proceedings from IEEE/IEOS
1994 Symposium, pp. 433-435, the disclosures of which are hereby incorporated
by reference. Itis desirable for the cells to have a surface and transmission
flatness of about 0.25 waves/cm or better and a bow of about 107 or less.
Conventional methods of disposing photopolymers between substrates do not
provide these properties. Thus, there has been a need for holographic memory
cells that have these properties. In addition, there has been a need for memory

cells for holographic data storage systems with increased storage capacity.
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SUMMARY OF THE INVENTION

The present invention provides a solution to the needs described above through a

method and apparatus for a multilayer holographic memory cell.

In an embodiment of the invention, a method for fabricating a multilayer optical
article is presented comprising the steps of providing a first substrate with a first
surface and a second surface, providing a second substrate with a first surface and
a second surface, and providing a third substrate with a first surface and a second
surface. The first surface of the first substrate is grasped with a first holder, where
the first surface of the first substrate is held to an inner surface of the first holder.
The first surface of the second substrate is grasped with a second holder, where
the first surface of the second substrate is held to an inner surface of the second
‘holder. The inner surfaces of the first and second holders are arranged to face one
another in a selected angular relationship. A first adherent is disposed on one or
more surfaces selected from a second surface of the first substrate and a second
surface of the second substrate. The first adherent is at least partially cured while
the first and second holders maintain their grasp and while the inner surfaces of
the first and second holders are in a selected distance relationship and the selected

angular relationship to form a first multilayer article.

The first holder from the first multilayer article is released and a first surface of
the third substrate is grasped with the released first holder, whereby the first
surface of the third substrate is held to an inner surface of the first holder. A
second adherent is disposed on one or more surfaces selected from a second
surface of the third substrate and the first surface of the first substrate of the
formed multilayer article. The second adherent is then at least partially cured
while the first and second holders maintain their grasp and while the inner
surfaces of the first and second holders are in a selected distance relationship and
angular relationship to form a second multilayer article. After removal of the first
and second holders the at least partially cured first and second adherent maintains
the second multilayer article in a posture at which the second multilayer article
was held by the first and second holders, wherein the first and second adherent

comprise a photopolymer such that the article is capable of storing data in a
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holographic data storage system, and wherein at least one of the inner surface of
the first holder and the inner surface of the second holder has a surface flatness of

about 0.05 to about 1 waves/cm for wavelengths of about 0.3 to about 1.60 pm.

An embodiment of the invention presents a multilayer optical article comprising a
first substrate, a second substrate, and a third substrate. A first layer of partially
cured adherent is disposed between the first surface of the first substrate and the
second substrate and a second layer of partially cured adherent is disposed
between the second surface of the first substrate and the third substrate. The first
and second adherent comprise a photopolymer such that the article is capable of
storing data in a holographic data storage system. The multilayer optical article
has a surface flatness of about 0.05 waves/cm to about 1 wave/cm at wavelengths
of about 300 nanometers to 1600 nanometers, and a first layer bounded by a first
surface of the first substrate and a first surface of the second substrate and a
second layer bounded by a first surface of the first substrate and a first layer of the
third substrate each have a transmission flatness of about 0.05 waves/cm to about

1 wave/cm at wavelengths of about 300 nanometers to 1600 nanometers.

An embodiment of the invention provides a method for fabricating a multilayer
reflective holographic memory cell. A first embodiment comprises grasping a
first surface of a first substrate with a first holder, whereby the first surface of the
first substrate is held to an inner éurface of the first holder. The first surface of the
first substrate is coated with an optically reflective material. A first surface of a
second substrate is grasped with a second holder, whereby the first surface of the
second substrate is held to an inner surface of the second holder. The inner
surfaces of the first and second holders are arranged to face one another in a
selected angular relationship. An adherent is disposed on one or more surfaces
selected from a second surface of the first substrate and a second surface of the
second substrate. The first adherent is at least partially cured while the first and
second holders maintain their grasp and while the inner surfaces of the first and
second holders are in a selected distance relationship and the selected angular
relationship to form a first multilayer article. The first multilayer article is
released from the first holder. The first surface of the third substrate is then
grasped with the released first holder, whereby the first surface of the third
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substrate is held to an inner surface of the first holder. A second adherent is then .
disposed on one or more surfaces selected from a second surface of the third
substrate and the reflective first surface of the first substrate of the formed first
multilayer article. The second adherent is then at least partially cured while the
first and second holders maintain their grasp and while the inner surfaces of the
first and second holders are in a selected distance relationship and angular
relationship to form a second multilayer article. After removal of the first and
second holders the at least partially cured first and second adherent maintains the
second multilayer article in a posture at which the second multilayer article was
held by the first and second holders, wherein the first and second adherent
comprise a photopolymer such that the article is capable of storing datain a
reflective holographic data storage system, and wherein ét least one of the inner
surface of the first holder and the inner surface of the second holder has a surface
flatness of about 0.05 to about 1 waves/cm for wavelengths of about 0.3 to about
1.6 um. In a further embodiment of the invention, the optically reflective layer is
deposited on the outer surface of the first substrate of the first multilayer article

after the first multilayer article is formed.

A further embodiment of the invention presents a multilayer reflective
holographic storage system comprising a first substrate with an optically reflective
surface, a second substrate, and a third substrate. A first layer of partially cured
adhereﬁt is disposed between the first surface of the first substrate and the second
substrate. ‘A second layer of partially cured adherent is disposed between the
second surface of the first substrate and the third substrate. The first and second
layers of adherent are a photopolymer material such that the article is capable of
storing data in a reflective holographic data storage system. The article has a
surface flatness of about 0.05 waves/cm to about 1 wave/cm at wavelengths of
about 300 nanometers to 1600 nanometers, and the force exerted by the adherents
on the first, second, and third substrates maintains the surface flatness. A
multilayer bounded by the first surface of the first substrate and the first surface of
the second substrate and a multilayer bounded by the first surface of the first

substrate and the first surface of the third substrate each have a transmission
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flatness of 0.05 waves/cm to about 1 wave/cm at wavelengths of about 300

nanometers to 1600 nanometers.

Still other embodiments of the present invention will become apparent to those
skilled in the art from the following detailed description, wherein is shown and
described only the embodiments of the invention by way of illustration of the best
modes contemplated for carrying out the invention. As will be realized, the
invention is capable of modification in various obvious aspects, all without
departing from the spirit and scope of the present invention. Accordingly, the
drawings and detailed description are to be regarded as illustrative in nature and

not restrictive.
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DESCRIPTION OF THE DRAWINGS

The features and advantages of the system and method of the present invention

will be apparent from the following description in which:

FIG. 1 illustrates bow in an article.

FIG. 2 illustrates physical and optical path length through a multilayer article.
FIG. 3a shows the inner surface of a holder of one embodiment of the invention.

FIG. 3b shows a cross-sectional side view, along line a-a’, of the holder of

FIG. 3a.

FIG. 4a shows the inner surface of a holder of another embodiment of the

invention.

FIG. 4b shows a cross-sectional side view, along line b-b’, of the holder of

FIG. 4a.

FIGS. 5a and 5b illustrate an embodiment of a reflective multilayer holographic

memory cell.
FIGS. 6a-6f show steps in a further embodiment of the method of the invention.

FIGS. 7 and 8 illustrate the forces required to maintain the optical characteristics

of articles made according to the invention.

FIG. 9 shows an interferogram of a multilayer holographic memory cell of the

present invention.
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DETAILED DESCRIPTION

The invention relates to multilayer optical articles and methods for fabricating
multilayer optical articles. In one embodiment, the method comprises the steps
oft

providing a first substrate with a first surface and a second surface;

providing a second substrate with a first surface and a second surface;

providing a third substrate with an first surface and a second surface;

grasping the first surface of the first substrate with a first holder, whereby
the first surface of the first substrate is held to an inner surface of the first holder,

the grasping performed by application of a vacuum,;

grasping an first surface of the second substrate with a second holder,
whereby the first surface of the second substrate is held to an inner surface of the

second holder, the grasping performed by application of a vacuum,;

arranging the inner surfaces of the first and second holders to face one

another in a selected angular relationship;

disposing a first adherent on one or more surfaces selected from a second

surface of the first substrate and a second surface of the second substrate;

at least partially curing the first adherent while the first and second holders
maintain their grasp and while the inner surfaces of the first and second holders
are in a selected distance relationship and the selected angular relationship to form

a first multilayer article;

releasing the first holder from the first multilayer article;

10
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grasping a first surface of the third substrate with the released first holder,
whereby the first surface of the third substrate is held to an inner surface of the

first holder, the grasping performed by application of a vacuum;

disposing a second adherent on one or more surfaces selected from an
second surface of the third substrate and the reflective first surface of the first

substrate of the formed multilayer article;

at least partially curing the second adherent while the first and second
holders maintain their grasp and while the inner surfaces of the first and second
holders are in a selected distance relationship and the selected angular relationship

to form a second multilayer article;

wherein after removal of the first and second holders the at least partially
cured first and second adherent maintains the second multilayer article in a
posture at which the second multilayer article was held by the first and second
holders, wherein the first and second adherent comprise a photopolymer such that
the article is capable of storing data in a reflective holographic data storage
system, and wherein at least one of the inner surface of the first holder and the
inner surface of the second holder has a surface flatness of about 0.05 to about 1

waves/cm for wavelengths of about 0.1 to about 1.6 um.

To maintain the surface flatness, transmission flatness, and/or bow, the inner
surface of the holder or holders must comprise a continuous surface portion to
which at least a portion of the substrate substantially conforms. As used herein,
the term holder is intended to define an article comprising, among other things,
such a continuous surface portion. The continuous surface portion does not have
a discontinuity that would allow for non-conformance of the substrate. (It is

possible for the continuous surface portion to have relatively small discontinuities,

11
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e.g., small holes, as long as the discontinuities do not allow for such non-
conformance.) It is possible for the continuous surface portion to be bounded by
an area where a grasping force is applied, e.g., a vacuum groove (such as in FIGS.
3a and 3b), or for the grasping force to be applied at more than one area around
and/or within the continuous surface portion, e.g., several vacuum grooves (such
as in FIGS. 4a and 4b) or several vacuum holes. It is also possible for the
grasping force to be applied through the entire continuous surface portion, e.g., by
an electromagnetic material. It is over this continuous surface portion that the

flatness and/or bow is maintained.

FIGS. 3a and 3b show a holder 60 suitable for use in the invention that contains
such a continuous surface portion. (FIG. 3b is a cross-sectional side view along
line a-a’ of FIG. 3a.) The holder 60 contains a single vacuum groove 62 that is
attached to a vacuum (not shown). The vacuum groove 62 bounds a continuous
surface 64 to which a substrate will substant'ially conform upon application of the
vacuum. Surface 66 of the holder 60 is outside the vacuum groove 62, and is not
part of a continuous surface portion. A substrate would not be forced to

substantially comply with the surface 66 upon application of a vacuum.

FIGS. 4a and 4b show another holder 70 suitable for use in the invention. (FIG.
4b is a cross-sectional side view along line b-b’ of FIG. 4a.) The holder 70
contains two vacuum grooves-an outer vacuum groove 72 and an inner vacuum
groove 74. A continuous surface 76 lies between groove 72 and groove 74.
Surface 78 (lying outside the outer vacuum groove 72) is not part of a continuous
surface portion. Also, as shown in FIGS. 4a and 4b, it is possible for holder 70 to
have a hole located at the area of surface 80, in which case surface 80 is also not

part of a continuous surface portion.

In a case where the holder uses electromagnetic force to grasp a substrate, it is
possible for the continuous surface portion to apply-the force over its entirety, or
for the continuous surface portion to have a particular area around its periphery,
e.g., in the shape of a ring or a square, in which the force is applied. In the latter
embodiment, the posture of the substrate will be maintained over and within the

ring or square in which the force is applied.

12



WO 03/018309 PCT/US02/26528

In contrast to the holder embodiments above, a vacuum ring does not constitute a
holder in accordance with the invention, because the vacuum groove of the ring
does not bound a continuous surface portion-the gap in the middle of the ring

provides a discontinuity that allows non-conformance of a substrate.

The inner surfaces of the holders of the invention have an optically desirable
shape and/or surface. Advantageously, the inner surface of a holder has a surface
flatness of about 0.05 to about 1 waves/cm. Also advantageously, the inner
surface of a holder has a bow of about 107 or better, particularly for articles
intended for transmission applications, whereas a bow of about 107 or better is
advantageous for articles intended for reflective applications. It is possible for the
steps of these embodiments to be performed in an order other than the order

presented above.

Advantageously, the multilayer articles of the invention have surface flatness and
transmission flatness values of about 0.05 to about 1 waves/cm, these numbers
useful for at least wavelengths of about 0.3 to about 1.6 pm, although the concept
of the invention extends beyond this range. Also advantageously, the articles
have a bow of about 107 or less, and more advantageously, about 107 or less

(particularly for reflective applications).

It is advantageous for the selected angular relationship between the inner surfaces
of the holders to be a parallel felationship, meaning that the distance between the
continuous surface portions of the inner surfaces of the two holders (optionally the
whole of the inner surfaces) does not vary by more than about 1 wave/cm. A
multilayer article having parallel substrates advantageously has surface flatness
and transmission flatness values of about 0.05 to about 1 waves/cm, a Strehl value
of 0.5 or greater (more advantageously 0.9 or greater) and a bow of about 1072 or

less.

The adherent is advantageously disposed in a continuous layer. The improved
flatness and/or bow of the substrate or multilayer article is primarily attained in
the area where the adherent contacts a substrate or substrates. The area of the
adherent is typically within the area of the continuous surface portion of the

holder or holders. Portions of the substrate or substrates that extend past the area

13



WO 03/018309 PCT/US02/26528

of the adherent, and especially past the area of the continuous surface portion tend
to return to their initial state after the holder or holders are removed. When
flatness, Stréhl value, and bow of a substrate or an article are discussed herein, the
flatness, Strehl value, or bow referred to is of this area where the adherent
maintains the flatness and/or bow of a substrate or the flatness and/or bow of a

multilayer article.

A present ‘embodiment of the invention relates to a system, e.g., an optical system,
containing a multilayer article that comprises two substrates and a third substrate
with a reflective surface and layers of at least partially cured adherent adhered to
the substrate or substrates, wherein the article has surface flatness and
transmission flatness values of about 0.05 to about 1 waves/cm, preferably, 0.05
to about 0.5 waves/cm, and wherein the force exerted by the adherents on the
substrates maintains this flatness. The article also has a bow of about 107 or less
(advantageously about 107 or less for reﬂectivé applications), and, in such
applications, the force exerted by the adherents on the substrates maintains the
bow as well. It is possible for the system to be a holographic storage system, in
particular, a digital holographic data storage system. The elements of holographic
storage systems are discussed, for example, in the articles cited above, as well as
S. Pappu, “Holographic memories; a critical review,” Int. J. Optoelect., 5, pp.
251-292 (1990); L. Hesselink et al., “Optical memories implemented with
photorefractive media,” Opt. Quant. Elect., 25, §§ 611-661 (1993); and D. Psaltis
et al., “Holographic Memories,” Scientific American, November 1995, the

disclosures of which are hereby incorporated by reference.

In accordance with an embodiment of the invention, a reflective multilayer
holographic memory cell is shown in Figure 5a. The reflective multilayer
holographic memory cell comprises outer substrates 504 and 514 and an inner
substrate 506. Inner substrate 506 has a reflective surface 508 on one side of the
substrate. In alternative embodiments, inner substrate 506 does not have
reflective surface 508. The reflective multilayer holographic memory cell has two
layers of adherent. Adherent 510 is located between substrate 504 and

substrate 506. Adherent 512 is located between substrate 514 and substrate 506.
Layers of adherent 510 and 512 are photopolymers capable of storing data in a

14
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holographic data storage system after a cure. The holographic memory cell
utilizing substrate 506 with reflective material layer 508 allows for independent

holographic data storage in layers of adherent 510 and 512.

In alternative embodiments, outer substrates 504 and 514 and inner substrate 506,
can be coated with a combination of transparent, partially transparent, partially
reflective, and reflective materials or coated with such materials in a patterned

fashion.

Referring to Figure 5a recording of holograms in adherent layers 510 and 512 is
shown. A signal beam 518 interferes with a reference beam 516 in the
photopolymer adherent 510 to form a holo gram. Signal beam 518 and reference
beam 516 enter adherent 510 from the same side and reflect off of the reflective
material 508 of substrate 506 thereby preventing the signal and reference beam
from interacting with adherent 512 . A hologram can be recorded in adherent 512
by the intersection of signal beam 522 with reference beam 520. Signal beam 522
and reference beam 520 reflect off of reflective material 508 of substrate 506
thereby preventing signal beam 522 and reference beam 520 from entering
adherent 510 .

Referring to Figure 5b retrieval of holograms stored in the reflective multilayer
holographic memory cell is shown. A holograph recorded in adherent 510 'is
retrieved by projecting a probe beam 524 into the adherent 510 from the same side
and at the same angle at which the holograph was recorded. The reconstructed
hologram is reflected off the reflective layer 508 of substrate 506 resulting in a
reconstruction beam 526. Similarly, a hologram is read from adherent 512 via a
probe beam 524 producing a reconstruction beam 526 reflected off the reflective

material 508 of substrate 506.

Utilizing an embodiment of the method of the present invention, the reflective
layer 508 of substrate 506 has a surface flatness of about 0.05 to about 1
waves/cm, more advantageously, about 0.05 to about 0.5 waves/cm. In addition,
the inner layers also have a transmission flatness of 0.05 waves/cm to about 1
wave/cm at wavelengths of about 300 nanometers to 1600 nanometers. Referring

to Figure 5b, one multilayer bounded by a surface 528 of the inner substrate 506
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and outer surface 530 of substrate 504 has a transmission flatness of 0.05
waves/cm to about 1 wave/cm at wavelengths of about 300 nanometers to 1600
nanometers. A multilayer bounded by a surface 528 of the inner substrate 506 and
outer surface 532 of outer substrate 532 has a transmission flatness of 0.05
waves/cm to about 1 wave/cm at wavelengths of about 300 nanometers to 1600
nanometers. This surface and transmission flatness prevents the probe and
reconstructed beam 524 and 526 from being distorted when entered the medium
and reconstructing the hologram, allowing detection for more accurate imaging

and detection of reconstruction beam 526 by a detector array (not shown).

In forming a multilayer reflective holo gfaphic memory cell, three substrates are
advantageously used, and are advantageously the same material. The substrates
are advantageously selected from glass, sapphire, polycarbonate, and quartz. Any
other material that is transparent to the wavelength being used in the holographic
storage system, and which has adequate mechanical properties for a memory cell,
may also be used as a substrate. The substrates are advantageously about 0.1 to
about 1 mm thick. An initial substrate will typically have surface flatness and
transmission flatness values of about 0.1 to about 10 waves/cm, and a bow of
about 0.1 or less. Commercially available display glass exhibits these properties,
and is typically free from significant divots and peaks, meaning scratch and dig of
40/100 or better. Alternatively, substrates made from materials such as
polycarbonate, polymethyl methacrylate, polyolefins, or other common plastic
materials may also be used. Such glass and plastic substrates are suitable for
fabrication of a memory cell. The reflective material formed on the substrate
between the two layers of adherent may be wavelength dependent, reflecting
certain wavelengths of laser light while transmitting others. The reflective layer
may be aluminum, gold, copper, or any other suitable material. The reflective
material may be deposited on the substrate through vacuum evaporation, vacuum

deposition, physical vapor deposition, or other suitable technique.

As discussed above, having an adherent with a refractive index close to that of the
substrates is advantageous because a near-uniform refractive index throughout a
multilayer article will reduce variations in OPL. In fabricating a holographic

memory cell for digital holography, it is advantageous for the refractive index of
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the first substrate to be equivalent to two decimal places to the refractive index of
the second substrate, and for the refractive index of the adherent to be equivalent
to two decimal places to the average of the refractive indices of the first and

second substrates.

1t is also advantageous for the adherent in a holographic cell to be applied in a
continuous layer, and for the adherent to be a photopolymer, i.e., capable of
storing data in a holographic data storage system after a cure. Photopolymers
such as those discussed above have been found to be useful adherents for
holographic memory cells made according to the invention because these
materials function both as adherents and as photosensitive recording media. After
the cure, the thickness of the adherent in a memory cell is advantageously about
0.2 to about 2 mm. The post-cure memory cell advantageously has surface
flatness and transmission flatness values of about 0.05 to about 1 waves/cm, more
advantageously, about 0.05 to about 0.25 waves/cm, and a bow of about 107 or
less. The memory cell also advantageously has a Strehl value of about 0.9 or
greater. As discussed above, these properties refer to the area of the multilayer
article within the area of the continuous surface portions of the inner surfaces of
the holders, and primarily where the adherent contacts the substrates. The areas
of the substrates extending past the adherent-contact area typically will not exhibit

these properties.

A useful quality factor, or Q, for evaluating the properties of a memory cell made
according to the method of the present invention is the Strehl value divided by the
waves/cm rms transmission flatness, as measured over a predetermined area, such
as a 50 mm diameter circle. Advantageously, memory cells made according to
the method of the present invention have a Q greater than 1, and more
advantageously, greater than 4. As a comparison, display glass typically has a Q
of about 0.5, window glass a Q of about 0.05. In the absence of the invention’s
steps of grasping substrates such that they substantially comply with at least the
continuous surface portions of the inner surfaces of the holders, cells consisting of
two substrates with adherent disposed in between would have a Q of about 0.08,
primarily due to the initial Strehl of the glass, holder distortions, and shrinkage of
the adherent.
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In accordance with an embodiment of the invention forming a reflective
multilayer holographic memory cell as shown in FIGS. 6a-6f, two holders 100,
102 having inner surfaces with relatively low bow are brought into a selected
angular relationship (in this embodiment, a parallel relationship). For simplicity,
the continuous surface portions of the inner surfaces of holders 100, 102 are not
shown. Itis possible, for example, for holder 100, 102 to have the configuration
of FIGS. 3a and 3b or FIGS. 4a and 4b. In this embodiment, the two holders 100,
102 are arranged to allow them to be manipulated into a parallel relationship and
moved toward each other. For example, it is possible for holder 102 to be
attached to gimbals that rotate in pitch and yaw (i.e., about its x- and y-axés), and

" holder 100 to be attached to an apparatus above holder 102 such that holder 100 is

| fixed in the pitch-yaw (i.e., X-y) plane but is capable of movement along the z-
axis. It is possible to use a Fizeau interferometric method such as discussed in E.
Hecht, Optics, Addisoﬁ-Wesley Publishing, 1987, or a similar method known in
the art, to measure the parallelism of the inner surfaces of the holders 100, 102
and allow for appropriate corrections. Such methods are also capable of

measuring any selected angular relationships between holders.

Once the holders 100, 102 are arranged in the parallel relationship, substrates 104,
106 are placed onto the holders 100, 102, which hold the outer surfaces of the
substrates 104, 106 by one of several methods discussed below. In a reflective
multilayer holographic memory cell application, substrate 106 has a layer of
reflective material 108 on its outer surface. (In other embodiments of the
invention, it is possible for the inner surfaces of the holders to be brought into a
parallel relationship at later stages in the process, e.g., after the substrates 104,

106 are placed onto the holders 100, 102.) FIG. 6a shows the holders 100, 102 and
substrates 104, 106 before the substrates 104, 106 are held to the surfaces of the
holders 100, 102. Substrate 104 is shown with gradual, wavy thickness variations,

and substrate 100 is shown with a wedge type variation.

As shown in FIG. 6b, a force or attraction causes the outer surfaces of the
substrates 104, 106 to substantially comply to the continuous surface portions (not
shown) of the holders 100, 102. It is possible for the outer surfaces of the
substrates 104, 106 to be held by vacuum, by electrostatic or magnetic attraction,
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or by a temporary chemical bond such as an adhesive. In certain cases where a
temporary bond or electrostatic attraction are used, such as where thin, flexible
substrates are used, the substrates 104, 106 will have to be pressed upon the
holders 100, 102 in a manner that provides compliance to the surfaces of the
holders 100, 102. One such manner is the use of a roller. Once the outer surfaces
of the substrates 104, 106 are held onto the inner surfaces of holders 100, 102, the
Fizeau or similar method is able to confirm the parallelism of the inner surfaces of
the holders 100, 102, if the substrates 104, 106 are of a transparent material that
allows use of the method. For example, if the substrates 104, 106 are transparent
and have an anti-reflective coating on the side contacting the holder, it is possible
for a Fizeau method to be used successfully. As discussed above, the inner

surfaces of holders 100, 102 contain a continuous surface portion.

In accordance with this embodiment of the invention, with the substrates 104, 106
held in compliance with the flat surfaces of the holders 100, 102, an adherent 110
is applied to an inner surface of substrate 106. It is also possible to apply the
adherent at an earlier stage in the process. Holders 100 and 102 are positioned in
a selected distance relationship. Holder 100 brings the inner surface of substrate
104 into contact with the adherent 110 while the inner surfaces of the holders 100,
102 (and thus the outer surfaces of the first and second substrates 104, 106) are
kept in the parallel relationship, as shown in FIG. 6¢. The holders 100, 102
should press the substrates 104, 106 together with enough force to obtain a desired
spread of adherent 110 between the substrates 104, 106 and/or obtain a desired
level of contact between the adherent 110 and substrates 104, 106. It is useful to
perform the Fizeau or similar method to confirm parallelism while the holders
100, 102 are grasping the substrates 104, 106 and pressing the substrates 104, 106
together with the adherent 110, and before curing the adherent 110.

The adherent 110 is then at least partially cured such that when the holders 100,
102 are removed, the rigidity or force exerted on the inner surfaces of the
substrates 104, 106 by the adherent 110 maintains the substantially parallel
relationship (i.e., the low bow) and the surface and flatness imparted to the outer
surfaces of the substrates 104, 106. The bow and flatness are maintained within

the area of the continuous surface portions of the holders 100, 102, and primarily
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in the area contacted by the adherent 110, as discussed above. The forces

involved in maintaining this relationship are discussed below.

As shown in Figure 6d holder 102 is then released from the reflective surface 108
of substrate 106. The surface flatness imparted to the outer surface 108 is
maintained by the partially cured adherent 110. As shown in Figure 6e, a third
substrate 114 is then inserted between holder 102 and substrate 106. A force or
attraction causes the outer surface of substrate 114 to substantially comply with
the continuous surface portions (not shown) of the holder 102. The force or
attraction may be caused by a vacuum, by electrostatic or magnetic attraction or
by a temporary chemical bond such as an adhesive. Once the outer surface of the
substrate 114 is held onto the inner surface of holder 102, the fizeau or similar
method is able to confirm the parallelism of the inner surfaces of the holders 100,
102, if the substrate 104, 114 are of a transparent material that allows use of the
method. In accordance with an embodiment of the invention with the substrate
114 held in compliance with the flat surface.of holder 102, an adherent 112 is
applied to the inner surface of substrate 114. Holder 102 brings the inner surface
of substrate 114 into contact with the adherent 112 while the inner surfaces of 100
and 102 (and thus the outer surfaces of substrate 104 and 114 and surface 108 of
substrate 106) are kept in the parallel relationship as shown in Figure 6f. The
holders 100 and 102 should press the substrate 114 and the outer surface 108 of
substrate 106 together with enough force to obtain a desired spread of adherent
112 between the substrate 114 and the substrate 106. The adherent 112 is then at
least partially cured such that when the holders 100 and 102 are removed the
rigidity or force exerted on the inner surfaces of the substrate 114 and the surface
108 of substrate 106 by the adherent 112 maintains the substantially parallel
relationship and the surface flatness imparted to the outer surfaces of the substrate

104 and substrate 114 as shown in Figure 6F.

For ease of discussion, the holders 100, 102 are described in this embodiment as
separate holders. It is possible, however, for the holders to be two pieces of a
single part. In an alternative embodiment, substrate 106 does not have a layer of
predeposited reflective material. Rather, the reflective material is deposited on

the outer surface of one of the substrates of a two substrate multilayer article after
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the two substrate article is formed. A third substrate and second layer of adherent

are then added using the above described process.

The method of the present invention is advantageously performed in a clean room
environment. Among other things, a clean room helps prevent contaminants such
as dust particles from lodging between the holders, substrates, and/or adherent.
With thickness variations measured in wavelengths, it is apparent that even a
single dust particle (typically having a diameter of 1 to 10 wavelengths) affects
the flatness of the overall article.

The adherent is disposed onto the substrate or substrates by any suitable method,
and is used in liquid or solid form. The adherent compﬁses any material that
sufficiently adheres and/or provides rigidity to the substréte or substrates such that
the upon removal of the holders the substrate or multilayer article is maintained in

a posture at which it was held by the holder or holders.

While not limiting the invention to any particular model or theory, it is believed
that the force required for maintenance of the posture can be represented by the
following simplistic model, for both a single substrate and for two substrates. See
also L. D. Landau et al., Theory of Elasticity, Pergamon Press, Oxford, 3d English
Ed., 1986, particularly page 44. For the equations below, the substrates are
circular and initially have spherical bow, and the goal is to achieve a bow of zero.
For a single substrate 50, as reflected in FIG. 7, the pressure difference across the

substrate, P, necessary to produce compliance (i.e., reducing the bow to zero) is

given by:
P [256j bn’ E
3 N\ d* \(1-o)5+0)
where:

h = substrate thickness

b = height of substrate bow in center

d = diameter of substrate
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P1 = air pressure on free surface of substrate

P2 = air pressure on vacuum flat surface of substrate
P =P1 - P2 = pressure difference across substrate

o‘ = Poisson’s ratio of substrate

E = Young’s modulus of substrate

In the three-layer article of FIG. 8, there will exist a residual bow height, b’, as the
substrates 52, 54 (each having an initial bow height, b, as above) attempt to return
to their original form and thereby push against the adherent layer 56. Additional

parameters for this model are:

b’ = residual bow height in three-layer article
t = bonding layer thickness (t >>1b")

c'= Poisson’§ ratio of adherent layer

E’ = Young’s modulus of adherent layer

For this simplified model, the ratio of the final cell surface bow height to the cell

diameter is given by:

- )

The adhesive strength between the adherent layer and the substrates thus needs to

exceed the pressure differential P that is required to displace either substrate by an
amount equal to (b - b”). For example, for b’ < 0.1 micrometers (approximately
0.2 wavelengths), d equal to 50 mm, t equal to 1 mm, E/E’ equal to 2, ¢* equal to
approximately 0.25, ¢* equal to approximately zero, and h equal to 1 mm, the

limit for initial substrate bow (2b/d) is less than 1/4.
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It is possible for the adherent to be photocurable or otherwise curable, e.g., heat or
chemical curable. It is also possible for the adherent to be a material that
undergoes a phase transformation, e.g., liquid to solid, to attain a required
adherence. As used herein, the terms cure and curable are intended to encompass
materials that gel or solidify by any such methods. Photocurable adherents
include materials that cure upon exposure to any of a variety of wavelengths,
including visible light, UV light, and x-rays. It is also possible to use adherents
that are curable by electron or particle beams. Useful adherents include
photocurable adherents that are photosensitive (referred to as photopolymers), the
term photosensitive meaning a material that changes its physical and/or chemical
characteristics in response to exposure to a light source (e.g., selective, localized
exposure). Such photosensitive adherents include but are not limited to certain
photosensitized acrylates and vinyl monomers. Photosensitive adherents are
useful because they act as both an adherent and a recording media. Adherents
such as those based on epoxides are also useful. One example of a useful
photopolymer is a isobornyl acrylate-polytetrahydrofuran diurethane diacrylate

matrix with n-vinylcarbazole dispersed therein (referred to herein as NVC).

It is possible for the adherent to comprise additives such as adherence-promoters,
photoinitiators, or absorptive materials. The thickness of the post-cure adherent
will vary depending on several factors, including the adherent used, the method of
application, the amount of adherent applied, and force exerted on the adherent by
the substrates. Different thicknesses will be desired for different applications.
The level of cure needed is determined by the particular adherent used and by the
force required to maintain a substrate or multilayer article in the position imparted
by the holder or holders. For materials that are photocurable, heat curable, or
chemically curable, it is possible for suitable cures to range from a few percent to
100%. For materials that undergo a complete phase transformation, e.g., liquid to
solid, to attain the needed adherence, a complete phase transformation is

considered to be a complete cure for the purposes of this application.

It is advantageous for the adherent to have, after the at least partial cure, a
refractive index close to that of the substrate. Having a multilayer article with a

near-uniform refractive index is advantageous because, as shown in the discussion
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of OPL above, a near-uniform refractive index through certain areas in an article
will reduce the change in OPL in those areas. In other words, thickness variations
in a substrate will not have a large effect on the AOPL if the adherent that fills or
compensates for such variations has a refractive index close to the index of the
substrate itself. For example, where two substrates each have a thickness
variation of 5 waves/cm (i.e., total of 10 waves/cm), the refractive index is
desirably within 1% (0.01) of the average of the refractive indices of the
substrates in order to maintain a transmission flatness of 0.1 waves/cm. Where
two substrates are used, the substrates advantageously have refractive indices that
are equivalent to two decimal places, and the refractive index of the adherent is
advantageously equivalent to two decimal places to the average of the refractive
indices of the first and second substrates. In some applications, it is advantageous
for the adherent to be of high optical quality, e.g., homogeneous, bubble-free, and

low scattering.

The hélders have a continuous surface portion on their inner surfaces to which the
substrate or substrates substantially comply, as discussed above. The holders are
advantageously vacuum chucks, meaning a flat surface in which the inner surfaces
of the holders have one or more grooves, where a grasping force is created by
application of a vacuum to the substrate through the groove or grooves.
Alternatively, the grasping steps are performed by use of electrostatic or magnetic
attraction, or by temporary chemical bonding (e.g., adhesive). The grasping or
temporary bonding force holds the substrate against the inner surface of the
holder, attaining substantial compliance, particularly over the continuous surface
portion of the inner surface, as discussed above. The required force will vary
depending on the parameters of the particular substrates used, e.g., composition,
thickness, initial flatness, flexibility. In an embodiment using two holders, the
holders are arranged in any way that allows the attainment of the selected angular

relationship, such as the arrangement given in the embodiment above.

It is advantageous in a two-holder configuration for at least one holder to be
attached to a mechanism that allows the holder to move along its z-axis with very
little resistance during the curing step. (The x- and y-axes define the plane on

which the adherent is disposed, and the z-axis is the remaining axis.) For example,
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the holder could be attached to a piston mechanism that equalizes the downward
pressure caused by the weight of the holder and substrate, thereby allowing the
holder to almost float along the z-axis while remaining fixed in pitch and yaw.
Providing such a mechanism is advantageous because some adherents will
contract during curing, and, if both holders were immovably fixed during the cure,
it is possible for such contraction to detrimentally affect both the adhesion
between the adherent and the substrates and the angular relationship between the
holders.

It is possible for the holders to be made from any material that maintains a flat
surface and is able to apply a grasping force to the substrates or adequately
maintain a temporary chemical bond. In the case of a photocurable adherent, as
discussed above, the holders are advantageously glass or another material that
allows enough light transmission to obtain an adequate cure, and allows use of a
Fizeau or similar method to confirm parallelism of the holders are advantageous.
In the case of adherents that do not require light to cure, it is possible to use non-
transparent materials, but other methods for confirming the angular relationship of
such materials must be used. The material selected for the holder also depends on
the type of grasping force or temporary bond utilized, e.g., adhesive bond or
magnetic attraction, and on the intended use of the multilayer article or substrate

being fabricated.

The substrates are of the same or different materials and are formed from
ceramics (including glasses), metals, or plastics, depending on the intended use of
the article or substrate being formed. Also, as discussed above in relation to the
holders, it is possible for the substrates to be two pieces of a single part. The
substrates are of any required shape. The substrates advantageously do not have
flatness variations at such a high level that application of the grasping force could
not attain substantial compliance with a holder surface without damaging the
substrates. In addition to self-supporting substrates such as glass plates, it is
possible for the substrates to be a polymeric material that is sprayed onto a holder,
a thin polymer film such as Mylar Registered TM , or a polymer sheet such as
polycarbonate. It is also possible for a polymeric material or film to be combined

with a self-supporting material such as a glass plate to form a single substrate.
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The materials or films of such two-layer substrates may be photosensitive
material, and the method of the invention is useful in improving the optical

properties of such substrates.

It is important to design the Fizeau method to confirm parallelism and quality of
the outer surfaces of the substrates. For example, it is advantageous to use plane
wave illumination and wedged holders that are optically flat on both sides. In
addition, antireflective (AR) coatings on substrates are advantageous for several
reasons. Without an AR coating, no interface reflection exists between the
substrate surface and the surface of the holder, making it difficult to utilize an
interferometric method for determining the selected angular relationship. In
addition, van der Waals and residual vacuum forces between the substrate and
holder make separation of the substrate from the holder difficult, and

- antireflective coatings reduce such forces. Also, antireflective coatings enhance
light throughput and reduce internal reflections within a multilayer substrate.
Advantageously, only the side of the substrate that contacts the holder is given an
AR coating. It is possible for AR coating on the side of a substrate on which the
adherent is disposed to induce poor adhesion and/or cause unwanted additional
reflections between the adherent and the substrate. In some configurations,
however, other coatings, such as adhesion-promoters, are advantageously
disposed on the side of the substrate on which the adherent is disposed. Such
coatings are advantageously no thicker than 500 Angstroms.

The invention makes it possible to compensate for wedge type thickness
variations, because the inner surfaces of the holders impart a selected angular
relationship to the outer surfaces of the substrates, and wedge type variations in
the substrates are translated to the interior of the article, where the adherent
compensates for the variation while the angular relationship is maintained. The
adherent similarly compensates for sharp or gradual wavy variations on the inner
surfaces of the substrates by fg in such variations. It is possible to compensate for
gradual, wavy variations on the side of the substrate on which no adherent has
been disposed if (a) the method is performed such that at least some of the gradual
wavy variations on the side of the substrate that complies with the holder are

transmitted to the opposing side of the substrate, and (b) the adherent fills in or
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overlays the transmitted variations on that opposing side of the substrate. In
addition, if the adherent in such a multilayer article has a post-cure refractive
index close to the refractive index of the substrate, a near-uniform refractive index
will be achieved in areas containing the adherent, and the change in optical path

- length across these areas of the article will therefore be reduced.

In addition to holographic memory cells, the method of the invention is useful for
forming a variety of other types of articles, particularly for use in optical systems,
including high quality mirrors, flats, windows, prisms, beam splitters, filters, and

lenses.

Experimental Results

A multilayer optical article was made using 3” square glass substrates. Two 10
cm diameter, about 1.9 cm thick glass flats having a surface flatness of 0.005 |

| waves/cm were obtained, and into each was carved a circular vacuum-accessible
groove about 3.2 mm wide by about 1.6 mm deep, the groove having an inner
diameter of about 6.4 cm. The hoiders were cleaned by a drop and drag method
using acetone and then methanol. The square glass substrates of display glass,
having an antireflective coating on one side, measuring 75 mm by 75 mm by
about 1.1 mm, and having surface flatness and transmission flatness values of
about 1 wave/cm, were similarly cleaned. The holders were mounted into an
apparatus such that they were located one over the other, and their vacuum
grooves were attached to a house vacuum at approximately 0.1 atmosphere. The
holders were arranged such that the bottom holder could be rotated in pitch and
yaw, but did not move along the z-axis, whereas the top holder was fixed in pitch
and yaw but moved vertically along the z-axis. To measure the parallelism of the
holders, an expanded, collimated HeNe laser beam was directed at the central
portion of the holders from above, at a slight angle. The reflection from the two
inner surfaces of the holders when the holders were brought nearly into contact
indicated the degree of parallelism of the holders. The bottom holder was adjusted
until the interference reflection showed a bulls-eye pattern, which indicated a

parallel relationship to within 0.05 waves/cm.
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Once the parallelism was established, the top holder was moved up, the vacuum
pump was started, and two of the substrates were placed onto the inner surfaces of
the holders such that the side of the substrates having the antireflective coating
contacted the holders. The force of the vacuum (approximately 0.1 atmosphere)
caused substantial compliance of the substrates with the surface of the holders,
primarily over the area surrounded by and including the vacuum grooves. About
0.4 mL of photopolymer used in holographic recording was introduced on the
inner surface of the bottom substrate with a syringe and hypodermic needle until
the photopolymer formed a small pool of liquid. (The amount of adherent liquid
required to form a 65 mm diameter pool is approximately 1 mL per 250 pm of
layer thickness.) The upper substrate was brought down into contact with the
photopolymer, and the force between the substrates caused the adherent to spread

across the inner surfaces of the substrates in a circular pattern.

The parallelism could be confirmed with the Fizeau method. The cell was
illuminated from above with a uniform intensity visible flood lamp for
approximately 90 seconds minutes to insure the curing of the photopolymer
material. The area of the finished cell where the adherent contacted the

* substrates, which was within the continuous surface portion defined by the
vacuum grooves of the holders, had rms surface and transmission flatness values
of better than 0.16 waves/cm, a Strehl value of 0.96. These parameters were

measured by a Zygo.RTM. Fizeau interferometer.

The vacuum on the top holder was then released and the third substrate was
placed onto the inner surface of the top holder such that the side of the third
substrate having the antireflective coating contacted the holder. The force of the
vacuum (approximately 0.1 atmosphere) caused substantial compliance of the
substrate with the surface of the holder, primarily over the area surrounded by and
including the vacuum grooves. About 0.4 mL of photopolymer used in
holographic recording was introduced on the exposed surface of the first
fabricated cell with a syringe and hypodermic needle until the photopolymer
formed a small pool of liquid. (The amount of adherent liquid required to form a
65 mm diameter pool is approximately 1 mL per 250 pum of layer thickness.) The

upper substrate was brought down into contact with the photopolymer, and the
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force between the substrates caused the adherent to spread across the inner

surfaces of the substrates in a circular pattern.

The parallelism could be confirmed with the Fizeau method. The cell was
illuminated from above with a uniform intensity visible flood lamp for
approximately 90 seconds minutes to insure the curing of the photopolymer
material. The area of the finished cell where the adherent contacted the
substrates, which was within the continuous surface portion defined by the
vacuum grooves of the holders, had an rms surface and transmission flatness
values of better than 0.16 waves/cm, a Strehl value of 0.9. These parameters were
measured by a Zygo.RTM. Fizeau interferometer. The interferogram is shown in
Figure 9 where the white circle marks the boundary of the region through which

the surface and transmission flatness and Strehl value were measured.
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CLAIMS

1. A method for fabricating a multilayer optical article, comprising the steps
of:

providing a first substrate with a first surface and a second surface;

providing a second substrate with a first surface and a second surface;
providing a third substrate with an first surface and a second surface;

grasping the first surface of the first substrate with a first holder, whereby
the first surface of the first substrate is held to an inner surface of thé first holder,

the grasping performed by application of a vacuum;

grasping an first surface of the second substrate with a second holder,
whereby the first surface of the second substrate is held to an inner surface of the

second holder, the grasping performed by application of a vacuum;

arranging the inner surfaces of the first and second holders to face one

another in a selected angular relationship;

disposing a first adherent on one or more surfaces selected from a second

surface of the first substrate and a second surface of the second substrate;

at least partially curing the first adherent while the first and second holders
maintain their grasp and while the inner surfaces of the first and second holders
are in a selected distance relationship and the selected angular relationship to form

a first multilayer article;
releasing the first holder from the first multilayer article;

grasping a first surface of the third substrate with the released first holder,
whereby the first surface of the third substrate is held to an inner surface of the

first holder, the grasping performed by application of a vacuum;
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disposing a second adherent on one or more surfaces selected from an
second surface of the third substrate and the first surface of the first substrate of

the formed multilayer article;

at least partially curing the second adherent while the first and second
holders maintain their grasp and while the inner surfaces of the first and second
holders are in a selected distance relationship and angular relationship to form a

second multilayer article;

wherein after removal of the first and second holders the at least partially
cured first and second adherent maintains the second multilayer article in a
posture at which the second multilayer article was held by the first and second
holders, wherein the first and second adherent comprise a photopolymer such that
the article is capable of storing data in a holographic data storage system, and
wherein at least one of the inner surface of the first holder and the inner surface of
the second holder has a surface flatness of about 0.05 to about 1 waves/cm for

wavelengths of about 0.3 to about 1.6um.

2. The method of claim 1, wherein the second multilayer article has a surface
flatness of about 0.05 waves/cm to about 1 wave/cm at wavelengths of about 300
nanometers to 1600 nanometers, and the force exerted by the adherents on the

first, second, and third substrates maintains the surface flatness.

3. The method of claim 1, wherein a multilayer bounded by the first surface
of the first substrate and the first surface of the second substrate and a multilayer
bounded by the first surface of the first substrate and the first layer of the third
substrate each have a transmission flatness of about 0.05 waves/cm to about 1

wave/cm at wavelengths of about 300 nanometers to 1600 nanometers.

4. The method of claim 1, wherein the first and second holders are glass

plates having at least one vacuum groove therein.

5. The method of claim 1, wherein the first and second multilayer article

have a Strehl value of 0.9 or greater.
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6. The method of claim 1, wherein the first and second multilayer article

have a bow of about 107 or less.

7. The method of claim 1, wherein the first, second, and third substrates are
transparent and are selected from glass, sapphire, polycarbonate, quartz,

polymethylmethacrylate, acrylic, polyolefin or any combination thereof.

8. The method of claim 1, wherein during the curing step at least one of the

first holder and the second holder is allowed to move along the z-axis.

9. The method of claim 1, wherein the selected angular relationship is a

parallel relationship.

- 10.  The method of claim 1, wherein an interferometric technique is performed
during arrangement of the inner surfaces of the holders in the selected angular

relationship.

11. A multilayer optical article comprising:
a first substrate;
a second substrate;
a third substrate;

a first layer of partially cured adherent, wherein the first layer of partially
cured adherent is disposed between the first surface of the first substrate and the

second substrate; and

a second layer of partially cured adherent, wherein the second layer of
partially cured adherent is disposed between the second surface of the first
substrate and the third substrate, wherein the first and second adherent comprise a
photopolymer such that the article is capable of storing data in a holographic data
storage system, and wherein the multilayer optical article has a surface flatness of
about 0.05 waves/cm to about 1 wave/cm at wavelengths of about 300 nanometers
to 1600 nanometers, wherein a first layer bounded by a first surface of the first

substrate and a first surface of the second substrate and a second layer bounded by
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a first surface of the first substrate and a first layer of the third substrate each have
a transmission flatness of about 0.05 waves/cm to about 1 wave/cm at

wavelengths of about 300 nanometers to 1600 nanometers.

12.  The multilayer article of claim 11, wherein the substrates are made from
glass, silicon, polycarbonate, polymethylmethacrylate, acrylic, polyolefin or any

combination thereof.

13.  The multilayer article of claim 11, wherein the substrates have at least one

hole for dispensing an adherent through the substrate.

14.  The multilayer article of claim 11, wherein the geometric form of the

substrates may be square, rectangular, circular, or oval.

15.  The multilayer article of claim 11, wherein the substrates are about 25

micrometers to about 3 millimeters in thickness.

16.  The multilayer article of claim 11, wherein the outer surface of the first or

second or third substrates contain surface relief patterns.

17.  The multilayer article of claim 11, wherein one or both of the surfaces of

the first or second or third substrate contain a surface relief pattern or a diffractive

grating.

18.  The multilayer article of claim 11, wherein the adherent is cured utilizing

thermal or radiation energy.

19.  The multilayer article of claim 11, wherein the article has a Strehl value of
0.9 or greater.

20. A method for fabricating a multilayer reflective holographic storage

system, comprising the steps of:

providing a first substrate with a first surface and a second surface,

wherein the first surface is optically reflective;

providing a second substrate with a first surface and a second surface;
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providing a third substrate with an first surface and a second surface;

grasping the first surface of the first substrate with a first holder, whereby
the first surface of the first substrate is held to an inner surface of the first holder,

the grasping performed by application of a vacuum,;

grasping an first surface of the second substrate with a secand holder,
whereby the first surface of the second substrate is held to an inner surface of the

second holder, the grasping performed by application of a vacuum;

arranging the inner surfaces of the first and second holders to face one

another in a selected angular relationship;

disposing a first adherent on one or more surfaces selected from a second

surface of the first substrate and a second surface of the second substrate;

at least partially curing the first adherent while the first and second holders
maintain their grasp and while the inner surfaces of the first and second holders
are in a selected distance relationship and the selected angular relationship to form

a first multilayer article;
releasing the first holder from the first multilayer article;

grasping a first surface of the third substrate with the released first holder,
whereby the first surface of the third substrate is held to an inner surface of the

first holder, the grasping performed by application of a vacuum;

disposing a second adherent on one or more surfaces selected from an
second surface of the third substrate and the reflective first surface of the first

substrate of the formed multilayer article;

at least partially curing the second adherent while the first and second
holders maintain their grasp and while the inner surfaces of the first and second
holders are in a selected distance relationship and angular relationship to form a

second multilayer article;
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wherein after removal of the first and second holders the at least partially
cured first and second adherent maintains the second multilayer article in a
posture at which the second multilayer article was held by the first and second
holders, wherein the first and second adherent comprise a photopolymer such that
the article is capable of storing data in a reflective holographic data storage
system, and wherein at least one of the inner surface of the first holder and the
inner surface of the second holder has a surface flatness of about 0.05 to about 1

waves/cm for wavelengths of about 0.4 to about 0.7 pm.

21.  The method of claim 20, wherein the second multilayer article has a
surface flatness of about 0.05 waves/cm to about 1 wave/cm at wavelengths of
about 300 nanometers to 1600 nanometers, and the force exerted by the adherents

on the first, second, and third substrates maintains the surface flatness.

22.  The method of claim 20, wherein a multilayer bounded by the first surface
of the first substrate and the first surface of the second substrate and a multilayer
bounded by the first surface of the first substrate and the first layer of the third -
substrate each have a transmission flatness of about 0.05 waves/cm to about 1

wave/cm at wavelengths of about 300 nanometers to 1600 nanometers.

23.  The method of claim 20, wherein the first and second holders are glass

plates having at least one vacuum groove therein.

24.  The method of claim 20, wherein the first and second multilayer article
have a Strehl value of 0.9 or greater.

25.  The method of claim 20, wherein the first and second multilayer article

have a bow of about 107 or less.

26. The method of claim 20, wherein the first, second, and third substrates are
transparent and are selected from glass, sapphire, polycarbonate polymethyl
methacrylate, polyolefin, or quartz.

27.  The method of claim 20, wherein during the curing step at least one of the

first holder and the second holder is allowed to move along the z-axis.
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28.  The method of claim 20, wherein the selected angular relationship is a

parallel relationship.

29.  The method of claim 20, wherein an interferometric technique is
performed during arrangement of the inner surfaces of the holders in the selected

angular relationship.

30. A method for fabricating a multilayer reflective holographic storage

system, comprising the steps of:

grasping the outer surface of a first substrate with a first holder, whereby
the outer surface of the first substrate is held to'an inner surface of the first holder,

the grasping performed by application of a vacuum;

grasping an outer surface of a second substrate with a second holder,
whereby the outer surface of the second substrate is held to an inner surface of the

second holder, the grasping performed by application of a vacuum;

arranging the inner surfaces of the first and second holders to face one

another in a selected angular relationship;

disposing a first adherent on one or more surfaces selected from an inner

surface of the first substrate and an inner surface of the second substrate;

at least partially curing the first adherent while the first and second holders
maintain their grasp and while the inner surfaces of the first and second holders
are in a selected distance relationship and the selected angular relationship to form

a first multilayer article;

releasing the first holder and/or second holder from the first multilayer

article;

depositing or coating a reflective material on the outer surface of the first

substrate of the first multilayer article;
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grasping an outer surface of the third substrate with the released first
holder, whereby the outer surface of the third substrate is held to an inner surface

of the first holder, the grasping performed by application of a vacuum;

disposing a second adherent on one or more surfaces selected from an
inner surface of the third substrate and the reflective outer surface of the first

substrate of the formed multilayer article;

at least partially curing the second adherent while the first and second
holders maintain their grasp and while the inner surfaces of the first and second
holders are in a selected distance relationship and angﬁlar relationship to form a
second multilayer article; wherein after removal of the first and second holders the
at least partially cured first and second adherent maintains the second multilayer
article in a posture at which the second multilayer article was held by the first and
second holders, wherein the first and second adherent comprise a photopolymer
such that the article is capable of storing data in a reflective holographic data
storage system, and wherein at least one of the inner surface of the first holder and
the inner surface of the second holder has a surface flatness of about 0.05 to about

1 waves/cm for wavelengths of about 0.3 to about 01.6pm.

31.  The method of claim 30, wherein the second multilayer article has a
surface flatness of about 0.05 waves/cm to about 1 wave/cm at wavelengths of
about 300 nanometers to 1600 nanometers, and the force exerted by the adherents

on the first, second, and third substrates maintains the surface flatness.

32.  The method of claim 30, wherein a multilayer bounded by the first surface
of the first substrate and the first surface of the second substrate and a multilayer
bounded by the first surface of the first substrate and the first layer of the third
substrate each have a transmission flatness of about 0.05 waves/cm to about 1

wave/cm at Waveléhgfﬁs of about 300 nanometers to 1600 nanometers.

33.  The method of claim 30, wherein the first and second holders are glass

plates having at least one vacuum groove therein.
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34.  The method of claim 30, wherein the first and second multilayer article

have a Strehl value of 0.9 or greater.

35.  The method of claim 30, wherein the first and second multilayer article

have a bow of about 107 or less.

36. The method of claim 30, wherein the first, second, and third substrates are
transparent and are selected from glass, sapphire, polycarbonate,

polymethylmethacrylate, polyolefin, quartz.

37.  The method of claim 30, wherein during the curing step at least one of the

first holder and the second holder is allowed to move along the z-axis.

38.  The method of claim 30, wherein the selected angular relationship is a

parallel relationship.

39.  The method of claim 30, wherein an interferometric technique is
performed during arrangement of the inner surfaces of the holders in the selected

angular relationship.
40. A multilayer reflective holographic storage system comprising:

a first substrate with a first and second surface, wherein the first surface is

optically reflective
a second substrate;
a third substrate;

a first layer of partially cured adherent, wherein the first layer of partially
cured adherent is disposed between the first surface of the first substrate and the

second substrate; and

a second layer of partially cured adherent, wherein the second layer of
partially cured adherent is disposed between the second surface of the first

substrate and the third substrate,
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wherein the first and second adherent comprise a photopolymer such that
the article is capable of storing data in a reflective holographic data storage
system, and wherein the multilayer storage system has a surface flatness of about
0.05 waves/cm to about 1 wave/cm at wavelengths of about 300 nanometers to
1600 nanometers, wherein a multilayer bounded by the first surface of the first
substrate and the first surface of the second substrate and a multilayer bounded by
the first surface of the first substrate and the first layer of the third substrate each
have a transmission flatness of about 0.05 waves/cm to about 1 wave/cm at

wavelengths of about 300 nanometers to 1600 nanometers.

41.  The multilayer article of claim 40, wherein the substrates are made from
glass, silicon, polycarbonate, polymethylmethacrylate, acrylic, polyolefin or any

combination thereof.

42.  The multilayer article of claim 40, wherein the substrates have at least one

hole for dispensing an adherent through the substrate.

43.  The multilayer article of claim 40, wherein the geometric form of the

substrates may be square, rectangular, circular, or oval.

44,  The multilayer article of claim 40, wherein the substrates are about 25

micrometers to about 3 millimeters in thickness.

45.  The multilayer article of claim 40, wherein the outer surface of the first or

second or third substrates contain surface relief patterns.

46.  The multilayer article of claim 40, wherein the inner surface of the first or

second or third substrate contain a surface relief pattern or a diffractive grating.

47.  The multilayer article of claim 40, wherein the adherent is cured utilizing

thermal or radiation energy.

4A8. The multilayer article of claim 40, wherein the article has a Strehl value of
0.9 or greater.
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