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Figure 2
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Figure 3 SOF Flowchart
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Figure 4 SOF Flowchart
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Figure 5
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Figure 7
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Figurc 8
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METHOD TO CREATE ARBITRARY
SIDEWALL GEOMETRIES IN 3-DIMENSIONS
USING LIGA WITH A STOCHASTIC
OPTIMIZATION FRAMEWORK

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority from Provisional Applica-
tion Ser. No. 61/072,499 filed Mar. 31, 2008.

STATEMENT OF GOVERNMENT INTEREST

The invention described hereunder was made in the per-
formance of work under a NASA contract, and is subject to
the provisions of Public Law #96-517 (35 U.S.C. 202) in
which the Contractor has elected not to retain title.

BACKGROUND OF THE INVENTION

The present invention generally relates to a method of
contacting a relatively thick substrate (i.e., having a thickness
of greater than or equal to about 0.1 mm) with an energy
source wherein the substrate is manipulated in three dimen-
sions translationally (i.e., along an x-, y-, and/or z-axis) and/
or rotationally about an x-, y-, and z-axis according to a
manipulation movement algorithm such that a complex shape
is defined by means of the energy source interacting with the
substrate material, wherein the manipulation movement algo-
rithm is determined using a stochastic optimization frame-
work. In an embodiment, the instant invention may create a
three dimensional object which can be used as is or as a mold
in a substrate using an electromagnetic radiation source, par-
ticle beam radiation, a fluid beam, an ionic beam, abrasion,
and/or the like in combination with stochastic optimization
computations. In particular, the present invention relates to a
method of producing molds for micro machines on the order
of 0.1 to 10 mm in one or more dimensions using LiGA
(Lithographic (lithography), Galvanoformung (electroplat-
ing), Abformung (mold-forming)) in combination with a sto-
chastic optimization framework.

The instant disclosure is relative to the micro scale between
0.1 and about 10 mm, up to a very large scale on the order of
meters or more, and may be used on biological systems, as
well as to produce micro-machine components.

Micro-Electro-Mechanical =~ Systems (MEMS), also
referred to herein as micromachines and/or micromachine
systems, comprise a plurality of micro-fabricated compo-
nents. Micro-fabrication technologies fall into 3 main catego-
ries: surface micromachining, bulk micromachining, and
micromolding.

Surface micromachining technologies include the pattern-
ing of thin films that are deposited on substrates, typically
silicon. The devices that are fabricated in this manner are
made up of elements that have arbitrary shapes along the
plane of the substrate, but have straight sidewalls and are
typically on the order of 1 micron thick. The most successful
devices fabricated in this manner are made up of 2 or 3 layers
and have 1 to about 5 moving parts. This method has not been
shown to be able to produce a wide range of devices or
systems. The finished devices are part of a substrate and are
normally not separated from the substrate, which limits the
complexity attainable for micromachine systems fabricated
in this manner.

Bulk micromachining techniques entail the patterning of
substrates, again mostly silicon, by removing material with a
variety of etching methods, e.g. ‘wet’ etching using potas-
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sium hydroxide (KOH), tetramethyl ammonium hydroxide
(TMAH), ethylenediamine pyrocatechol (EDP), and the like,
and/or ‘dry’ etching using reactive ion etch (RIE) plasmas or
gases such as XeF,. These methods produce a range of
devices including those that work by means of membranes
that deform, cantilevered beams that bend, and recently have
been used on SOI wafers to create parts that resemble one-
layer surface micromachined devices, but which are much
thicker and so function better when the driving force is elec-
trostatic attraction, such as stepper motors. The finished
devices also usually remain attached to the substrate and are
not normally separated from it, again limiting the complexity
and range of systems able to be fabricated with these meth-
ods.

Micromolding technologies entail methods of creating pat-
terned voids in various materials that are used as ‘molds’ that
are subsequently used to fabricate a micromachine part either
by electroplating (e.g., LiGA, Su-8 and the like) or by various
injection molding techniques. These technologies are capable
of creating parts an order of magnitude or more larger than
either surface or bulk technologies, and are independent of
substrates allowing the parts to be assembled into arbitrarily
complex, truly 3-dimensional structures. These techniques
are not capable, however, of creating miniature parts of arbi-
trary geometries, because the “z” or ‘thickness’ dimension,
which is the dimension perpendicular to the plane of the
substrate, has always been a straight sidewall as a necessary
artifact of the technology. Thus, such micromachine parts
such as gears can be produced using micromolding, but not
spheres, or other parts having a non-linear z-axis or having
reentrant angles (e.g., an hour-glass shape) from a single
photoresist.

U.S. Pat. Nos. 5,378,583 and 5,496,668 are generally
directed to the formation of microstructures, a preformed
sheet of photoresist, such as polymethylmethacrylate
(PMMA), which is strain free, may be milled down before or
after adherence to a substrate to a desired thickness. The
photoresist is patterned by exposure through a mask to radia-
tion, such as X-rays, and developed using a developer to
remove the photoresist material which has been rendered
susceptible to the developer. Micrometal structures may be
formed by electroplating metal into the areas from which the
photoresist has been removed. The photoresist itself may
form useful microstructures, and can be removed from the
substrate by utilizing a release layer between the substrate
and the preformed sheet which can be removed by a remover
which does not affect the photoresist. Multiple layers of pat-
terned photoresist can be built up to allow complex three
dimensional microstructures to be formed.

Likewise, U.S. Pat. No. 5,908,719 is generally directed to
a procedure for achieving accurate alignment between an
X-ray mask and a device substrate for the fabrication of
multi-layer microstructures. A first photoresist layer on the
substrate is patterned by a first X-ray mask to include first
alignment holes along with a first layer microstructure pat-
tern. Mask photoresist layers are attached to second and sub-
sequent masks that are used to pattern additional photoresist
layers attached to the microstructure device substrate. The
mask photoresist layers are patterned to include mask align-
ment holes that correspond in geometry to the first alignment
holes in the first photoresist layer on the device substrate.
Alignment between a second mask and the first photoresist
layer is achieved by assembly of the second mask onto the
first photoresist layer using alignment posts placed in the first
alignment holes in the first photoresist layer that penetrate
into the mask alignment holes in the mask photoresist layers.
The alignment procedure is particularly applicable to the
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fabrication of multi-layer metal microstructures using deep
X-ray lithography and electroplating. The alignment proce-
dure may be extended to multiple photoresist layers and
larger device heights using spacer photoresist sheets between
subsequent masks and the first photoresist layer that are
joined together using alignment posts.

Accordingly, the method by which complex three-dimen-
sional components may be fabricated involves building up
various layers of a mold to produce the desired structure.
However, this approach is not only time consuming, but also
requires each of the sidewalls to be linear along the z-axis,
thus the shape of the wall along the z-axis will be a stepped
approximation having a resolution equal to the thickness of
the layers, and will not be a true continuous curve.

None of the technologies known in the art are capable of
fabricating micromachine parts of arbitrary shape in all
dimensions from a single photoresist. As such, the vision of
creating true micromachines with many moving parts and a
high level of complexity has not been realized. Accordingly,
there exists a need for a method of producing micromachine
molds and by extension micromachine parts having a con-
tinuous non-linear z-axis, preferably from a single layer of a
photoresist.

SUMMARY OF THE INVENTION

In one aspect of the present invention, a method of expos-
ing a substrate in a three dimensional pattern comprises the
steps of:

providing a substrate for exposure; exposing the substrate
in an exposing step, the exposing step comprising contacting
aportion of the substrate with an energy source for a period of
time sufficient to render the portion of the substrate suscep-
tible to a developer to produce a modified substrate wherein
the energy source has a fixed position, and wherein during the
exposing step, the substrate is manipulated according to a
manipulation algorithm in one or more translational dimen-
sions and/or rotational dimensions relative to the energy
source; and wherein the manipulation algorithm is deter-
mined using stochastic optimization computations.

In another aspect of the present invention, a method of
making a three dimensional mold comprises the steps of:

A method of making a three dimensional mold comprising
the steps of:

providing a mold substrate;

exposing the substrate in an exposing step, the exposing
step comprising contacting a portion of the mold substrate
with an electromagnetic radiation source, a particle beam, or
a combination thereof, for a period of time sufficient to render
the portion of the mold substrate susceptible to a developer to
produce a modified mold substrate; and
developing the modified mold substrate in a developing step
comprising contacting the modified mold substrate with one
or more developing reagents to remove the portion of the
mold substrate rendered susceptible to the developer from the
mold substrate to produce the mold having a desired mold
shape, wherein the electromagnetic radiation source and/or
the particle beam has a fixed position, and wherein during the
exposing step, the mold substrate is manipulated according to
a manipulation algorithm in one or more translational dimen-
sions and/or rotational dimensions relative to the electromag-
netic radiation source and/or to the particle beam; and
wherein the manipulation algorithm is determined using sto-
chastic optimization computations.

In still another aspect of the present invention an apparatus
to expose a substrate in a three dimensional pattern com-
prises: a movable platform which has 6 degrees of freedom in

20

25

40

45

60

65

4

communication with an energy source, wherein a substrate
attached to the movable platform is exposed in an exposing
step, the exposing step comprising contacting a portion of the
substrate with the energy source for a period of time sufficient
to render the portion of the substrate susceptible to a devel-
oper to produce a modified substrate wherein the energy
source has a fixed position, and wherein during the exposing
step, the substrate is manipulated according to a manipulation
algorithm in one or more translational dimensions and/or
rotational dimensions relative to the energy source; and
wherein the manipulation algorithm is determined using sto-
chastic optimization computations.

The foregoing has outlined rather broadly the features and
technical advantages of the present invention in order that the
detailed description of the invention that follows may be
better understood. Additional features and advantages of the
invention will be described hereinafter which form the sub-
ject of the claims of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, and the advantages thereof, reference is now made to the
following descriptions taken in conjunction with the accom-
panying drawings, in which:

FIG. 1 is a block diagram showing the steps of the stochas-
tic optimization framework of the instant disclosure;

FIG. 2 is a block diagram showing the steps of an embodi-
ment of the stochastic optimization framework of the instant
disclosure;

FIG. 3 is a block diagram showing the steps of an alterna-
tive embodiment of the stochastic optimization framework of
the instant disclosure;

FIG. 4 is a block diagram showing the steps of an alterna-
tive embodiment of the stochastic optimization framework of
the instant disclosure;

FIG. 5 is an iteration of a graphical representation of a
LiGA simulation using a Stochastic Optimization Frame-
work according to the instant disclosure;

FIG. 6 is an iteration of a graphical representation of a
LiGA simulation using a Stochastic Optimization Frame-
work according to the instant disclosure;

FIG. 7 is an iteration of a graphical representation of a
LiGA simulation using a Stochastic Optimization Frame-
work according to the instant disclosure;

FIG. 8 is an iteration of a graphical representation of a
LiGA simulation using a Stochastic Optimization Frame-
work according to the instant disclosure; and

FIG. 9 is an iteration of a graphical representation of a
LiGA simulation using a Stochastic Optimization Frame-
work according to the instant disclosure.

DETAILED DESCRIPTION OF THE INVENTION

The following detailed description is of the best currently
contemplated modes of carrying out the invention. The
description is not to be taken in a limiting sense, but is made
merely for the purpose of illustrating the general principles of
the invention, since the scope of the invention is best defined
by the appended claims.

In the following description, numerous specific details are
set forth to provide a thorough understanding of the present
invention. However, it will be obvious to those skilled in the
art that the present invention may be practiced without such
specific details. In other instances, well-known devices have
been shown in block diagram form in order not to obscure the
present invention in unnecessary detail. For the most part,
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details unnecessary to obtain a complete understanding of the
present invention have been omitted in as much as such
details are within the skills of persons of ordinary skill in the
relevant art.

The instant disclosure provides a method of exposing a
substrate in a three dimensional pattern comprising the steps
of: providing a substrate or exposure; exposing the substrate
in an exposing step, the exposing step comprising contacting
aportion of the substrate with an energy source for a period of
time sufficient to render the portion of the substrate suscep-
tible to a developer to produce a modified substrate wherein
the energy source has a fixed position, and wherein during the
exposing step, the substrate is manipulated according to a
manipulation algorithm in one or more dimensions relative to
the energy source; and/or wherein the energy source is
manipulated according to a manipulation algorithm in one or
more dimensions relative to the substrate; and wherein the
manipulation algorithm is determined using stochastic opti-
mization computations.

In an embodiment, the substrate may be a living biological
tissue, wherein a portion of the tissue (e.g., a tumor) may be
exposed by an energy source such as electromagnetic radia-
tion (e.g., X-rays) to render the tumor inactive. In another
embodiment, the substrate may be a polymeric material suit-
able for producing micromachine components.

The instant disclosure further provides a solution to creat-
ing micromachine components having an arbitrary geometry
(e.g., athickness dimension oflinear and/or non-linear shape)
utilizing micromolding. In an embodiment, the micromolds
may be produced by exposing a mold substrate to an electro-
magnetic radiation source to produce a component from a
modified mold substrate, wherein a portion of the mold sub-
strate which is contacted with the electromagnetic radiation is
rendered susceptible to a developing system. Upon contact-
ing this modified mold substrate with the developing system,
the portion of the mold substrate contacted with the radiation
source can be physically removed from the mold substrate to
produce a mold disposed within and/or around the mold sub-
strate. The mold may be a “negative” or a cavity which after
being subsequently filled with a material produces a micro-
machine component, and/or the mold may be a “positive”
formation, which may be subsequently used to produce a
negative mold in another substrate utilizing a variety of tech-
niques known in the art. In an embodiment, a LiGA process
may be utilized to produce the mold.

The term “LiGA” is an acronym taken from the first letters
of'the German words for lithography, electroplating and mold
making. LiGA is a form of deep X-ray lithography, which
typically involves a substrate which is covered by a thick
photoresist (i.e., the mold substrate.) The term “photoresist”
refers to a light -sensitive material used to form a patterned
coating on a surface, and is used interchangeably with the
term “mold substrate.” Photoresists suitable for use herein
include positive resists, wherein the portion of the photoresist
that is exposed above its critical exposure limit by the energy
source (e.g., an electromagnetic radiation source, a particle
beam source, a fluidized jet, and/or the like) becomes soluble
to the photoresist developer system such that the portion of
the photoresist that is under exposed remains insoluble to the
photoresist developer. A photoresist may also be a negative
resist, wherein the portion of the photoresist that is exposed to
the radiation source becomes relatively insoluble to the pho-
toresist developer, such that the unexposed portion of the
photoresist is dissolved away from the photoresist developer.

In an embodiment, the photoresist of the instant disclosure
may be on the order of several hundred microns, up to several
millimeters in thickness. However, the instant process is not
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limited to the micro to millimeter scale. The application of a
stochastic optimization framework to determine a manipula-
tion algorithm to contact a substrate having an arbitrary
geometry with an energy source is limited only by the avail-
able energy source and the ability to move the substrate itself.
Accordingly, the instant application may apply to the micro-
machine scale of 0.1 to about 10 mm, all the way up to meters
or even tens of meters for use in forming molds and/or meth-
ods of treatment in biological systems wherein a source of
energy is contacted with a substrate to remove and/or inca-
pacitate a portion of the substrate (e.g., a tumor) having an
arbitrary geometry.

In an embodiment, the molds of the instant invention com-

prise one or more axis in the x-dimension, the y-dimension,
and the z-dimension (the thickness) of greater than or equal to
about 0.1 mm, preferably greater than or equal to about 0.5
mm, preferably greater than or equal to about 1 mm, prefer-
ably greater than or equal to about 1 mm, preferably greater
than or equal to about 2 mm, preferably greater than or equal
to about 3 mm, preferably greater than or equal to about 4
mm, preferably greater than or equal to about 5 mm, prefer-
ably greater than or equal to about 6 mm, preferably greater
than or equal to about 7 mm, preferably greater than or equal
to about 8 mm, preferably greater than or equal to about 9
mm, preferably greater than or equal to about 10 mm, pref-
erably greater than or equal to about 20 mm, preferably
greater than or equal to about 30 mm, preferably greater than
or equal to about 40 mm, preferably greater than or equal to
about 50 mm, preferably greater than or equal to about 60
mm, preferably greater than or equal to about 70 mm, pref-
erably greater than or equal to about 80 mm, preferably
greater than or equal to about 90 mm, preferably greater than
or equal to about 100 mm, preferably greater than or equal to
about 200 mm, preferably greater than or equal to about 400
mm, preferably greater than or equal to about 500 mm, pref-
erably greater than or equal to about 600 mm, preferably
greater than or equal to about 700 mm, preferably greater than
or equal to about 800 mm, preferably greater than or equal to
about 900 mm, preferably greater than or equal to about 1000
mm.
In addition, the molds of the instant invention may com-
prise one or more axis in the x-dimension, the y-dimension,
and the z-dimension less than or equal to about 1000 mm,
preferably less than or equal to about 900 mm, preferably less
than or equal to about 800 mm, preferably less than or equal
to about 700 mm, preferably less than or equal to about 600
mm, preferably less than or equal to about 500 mm, prefer-
ably less than or equal to about 400 mm, preferably less than
or equal to about 300 mm, preferably less than or equal to
about 200 mm, preferably less than or equal to about 100 mm,
preferably less than or equal to about 90 mm, preferably less
than or equal to about 80 mm, preferably less than or equal to
about 70 mm, preferably less than or equal to about 60 mm,
preferably less than or equal to about 50 mm, preferably less
than or equal to about 40 mm, preferably less than or equal to
about 30 mm, preferably less than or equal to about 20 mm,
preferably less than or equal to about 10 mm, preferably less
than or equal to about 9 mm, preferably less than or equal to
about 8 mm, preferably less than or equal to about 7 mm,
preferably less than or equal to about 6 mm, preferably less
than or equal to about 5 mm, preferably less than or equal to
about 4 mm, preferably less than or equal to about 3 mm,
preferably less than or equal to about 2 mm, preferably less
than or equal to about 1 mm, preferably less than or equal to
about 0.5 mm.

In another embodiment, the arbitrary geometry desired to
be contacted within a substrate comprises one or more axis in
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the x-dimension, the y-dimension, and the z-dimension (the
thickness) of greater than or equal to about 1 cm up to 10 m or
more.

In an embodiment, the mold substrate of the instant inven-
tion is attached to a separate base substrate during the expos-
ing step. In another embodiment of the instant invention, the
mold substrate of the instant invention is not attached to a
separate base substrate during the exposing step.

In an embodiment, the mold substrate comprises polym-
ethylmethacrylate (PMMA), an epoxy-based photoresists
e.g., KMPR (Microchem, MA, USA), SU-8 (Microchem,
MA, USA), Foturan (mikroglas technik AG, Germany),
photo-patternable silicon, and/or combinations thereof. In a
preferred embodiment, the mold substrate comprises polym-
ethylmethacrylate having a density of about 1.18 kg/m® or
greater, more preferably having a density of about 1.18 to
about 1.19 kg/m°.

In another embodiment, the substrate is a biological sys-
tem.

The energy source used to contact the substrate may
include an electromagnetic radiation energy source (e.g.,
light, x-rays, and the like), a particle beam energy source
(e.g., a proton beam, fast atom bombardment energy beam,
electron beam, and/or the like), and/or a fluid energy beam,
(e.g., awater jet, ajet of abrasive material, a plasma jet, and/or
the like), and/or the energy may be in the form of an abrasive
member including a grinding wheel, rotating cutter, abrasive
probe and/or the like. Unless otherwise specified, the term
electromagnetic radiation is used as a representative energy
source. However, it is to be understood that any energy source
capable of contacting a substrate such that a modified sub-
strate is produced is applicable to the disclosure herein.

When the instant method uses LiGA, x-rays are preferred.
Since X-ray photons are much more energetic than optical
photons, X-ray photons are preferably utilized during expo-
sure of the instant mold substrates (photoresists.) Further-
more, since X-ray photons are short wavelength particles,
diffraction effects which typically limit device dimensions to
two or three wavelengths of the exposing radiation are absent
for mask dimensions above 0.1 micron. If one adds to this the
fact that X-ray photons are absorbed by atomic processes,
standing wave problems, which typically limit exposures of
thick photoresists by optical means, become a nonissue for
X-ray exposures.

In an embodiment, the electromagnetic radiation source is
preferably X-rays produced using a synchrotron, which
yields high flux densities—several watts per square centime-
ter—combined with excellent collimation to produce thick
photoresist exposures without any horizontal runout. As such,
locally exposed patterns are produced which have a very high
selectivity between exposed and unexposed photoresist.

In an embodiment, and in a typical LiGA process, the mold
substrate is preferably polymethylmethacrylate (PMMA),
which is preferably utilized with a developing system. It has
been observed that a megasonic bath (i.e., having a frequency
of'about 1 to about 10 MHz) is useful in removing the exposed
mold substrate from the mold when the geometries of the
mold are complex. In a LiGA process, this “deep X-ray
lithography” may be combined with electroplating to form
high aspect ratio structures. To do so requires that the sub-
strate be furnished with a suitable plating base prior to pho-
toresist application and/or after the mold substrate has been
modified. Commonly, this involves a sputtered film of adhe-
sive metal, such as chromium or titanium, which is followed
by a thin film of metal which is suitable for electroplating the
metal to be plated. In appropriate cases, the use of an initial
layer of adhesive metal is not necessary. Exposure through a
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suitable mask and development are followed by electroplat-
ing. In an embodiment, the mask shape may change over time,
wherein the mask shape is determined using a stochastic
optimization framework (e.g., a motor driven iris.)

In another embodiment, (known in the art as the “Eyre
Process™), a mold is produced within a mold substrate without
a base substrate attached. The modified mold substrate is then
attached to a base substrate which is subsequently utilized in
an electroplating or other process to produce a positive com-
ponent having the mold shape. This process results, after
cleanup, in metal structures with very high aspect ratios. For
a more in-depth description of the LiGA process, attention. is
directed to U.S. Pat. Nos. 6,607,305; 5,908,719; 5,866,281,
5,808,384; 5,718,618; 5,679,502; 5,644,177, 5,576,147,
5,496,668, 5,378,583; 5,357,807, 5,327,033; 5,206,983;
5,190,637, and 5,189,777, and the references cited therein, all
of which are incorporated by reference.

However, it has been discovered that the mold substrate
does not need to be attached to a base, thus the micromachine
components produced according to the instant invention are
not necessarily attached to a substrate. Furthermore, the
instant invention allows for non-linear shapes along the z-axis
of'the mold (referred to herein as the “thickness’), which may
be accomplished by moving of the mold substrate in one or
more translational dimensions (i.e., along an x-axis, a y-axis
and/or a z-axis) and/or one or more rotational axis along an
X-axis, a y-axis and/or a z-axis relative to the radiation source
(which is preferably fixed in space) while the mold substrate
is being exposed by the radiation source; and/or by moving
the mold substrate relative to a fixed radiation source in com-
bination with a “mask™ or pattern located in-between the
mold substrate and the radiation source; and/or moving the
mold substrate and a mask, either independently or in unison
relative to the radiation source while the mold substrate is
being exposed by the radiation source; and/or moving or
re-directing the radiation source relative to the mold substrate
and/or a mask while the mold substrate is being exposed by
the radiation source; and/or any combination thereof.

Inan embodiment, a method of making a three dimensional
mold comprises the steps of

1) providing a mold substrate;

2) exposing the substrate in an exposing step, the exposing
step comprising contacting a portion of the mold substrate
with an electromagnetic radiation source either directly or
through a mask .disposed between the mold substrate and the
electromagnetic radiation source for a period of time suffi-
cient to render the portion of the mold substrate susceptible to
a developer to produce a modified mold substrate; and

3) developing the modified mold substrate in a developing
step comprising contacting the modified mold substrate with
one or more developing reagents to remove the portion of the
mold substrate rendered susceptible to the developer from the
mold substrate to produce the mold having a desired mold
shape, wherein at least one of the mold substrate, the electro-
magnetic radiation source and/or the mask is moved relative
to the other components during the exposing step.

Accordingly, the instant invention differs in at least one
respect from a typical LiGA process in that the substrate
and/or a mask may be moved in all three translational direc-
tions and/or rotational directions relative to the radiation
source. It has been unexpectedly discovered that manipula-
tion of the mold substrate relative to the radiation beam is
required to produce the desired mold and/or other effect
within the designated area. Accumulating low doses inside
the mold material or other substrate is central to the idea. The
radiation beam changes the mold material everywhere it
strikes. If the beam were powerful enough or the exposure
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long enough all of the material on the beam-path would be
critically dosed and removed during development. Using less
powerful beams or shorter exposure times, only that part of
the mold material where several beam-paths converge
becomes developable. Thus, summing the dose past the criti-
cal exposure level at that point, one can dictate which parts of
the mold are able to be developed. Accordingly, the mask
and/or the substrate must be moved during the exposing step.
Also, a plurality of mask may be needed to achieve any single
developable shape, as may conditioning of the substrate (e.g.,
water content, temperature, and the like.) In an embodiment,
the shape of the mask may also change during the exposing
step, wherein the shape of the mask is determined using a
stochastic optimization framework.

In an embodiment, the mold substrate to be fabricated is
mounted on a scanner, which will move the substrate up,
down, and sideways (i.e., in all three dimensions) and/or
rotation about all three axis, in the synchrotron beam. Unlike
conventional LiGA, however, the instant mold substrate need
not always be essentially perpendicular to the path of the
radiation beam, which in the case of a synchrotron beam is
typically shaped like a rectangle on the order of 10 cm long
and 1 mm wide.

This process is referred to herein simply as the 3D LiGA
Inverse Tomographic Process. In an embodiment, such a pro-
cess may be accomplished by mounting the mold substrate
onto a movable platform which has 6 degrees of freedom
(three translational and three rotational.)

However, the path in which a mold substrate must be
moved involves a plurality of factors. This is a highly complex
process in that there is a problem in deciding what path along
which the substrate has to travel in the beam in order to create
the ‘void’ pattern desired (and/or the positive hardened patter
in the case of a negative photoresist), given all the various
parameters involving the beam, substrate, dose accumulation,
and constraints of the hardware moving the substrate. This
path of travel is referred to herein as the manipulation algo-
rithm.

Tomography is the technique of creating 3-dimensional
images by combining information contained in 2-dimen-
sional images. LiGA Inverse Tomography is the technique of
using the information in a 3-dimensional map to create a setof
2-dimensional image “exposures” that will describe the posi-
tions and motions of a 6 degree-of-freedom scanner.

In other words: using an inherently 2-dimensional pattern-
ing process, and realizing that patterns may be created in the
3rd dimension by moving that substrate appropriately, the
instant disclosure is able to produce micromachine compo-
nents once the proper path of movement (the proper manipu-
lation algorithm) including both translations and rotations,
for the substrate to travel has been calculated.

In an embodiment a substrate is mounted on a computer
controlled scanner capable of Movement along arbitrary
paths, including rotations (akin to a computer numerical con-
trolled (CNC) machine.)

To calculate manipulation algorithm it has been found
necessary to integrate a variety of considerations including:

1) deterministic algorithms; such as the implementation of
Lambert-Beer’s law for the modeling and calculation of the
dosage accumulation within the substrate due to its exposure
to the synchrotron beam;

2) stochastic/evolutionary computational optimization
techniques, which may include Simulated Annealing and/or
Genetic Algorithms, which provide for the inverse tomo-
graphic generation and optimization of the exposure history/
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plan of the substrate (the manipulation algorithm), as well as
for the design and optimization of the gold mask shape for the
synchrotron beam; and

3) various output modules such as one for the graphical
display of the current exposure profile, as well as an exposure
protocol that can be interfaced with the computer-control-
lable/programmable scanner.

In an embodiment, software operates on a 3-dimensional,
user-definable grid, which has a spatial resolution that is user
adjustable to at or below the spatial resolution required for the
patterning. The core of the software package is the applica-
tion of stochastic optimization computations, also referred to
as stochastic/evolutionary computational optimization tech-
niques and/or a stochastic optimization framework.

In an embodiment, the term stochastic optimization com-
putations includes operation with an adequately formulated
objective function which compares a current and/or simulated
shape of an exposed substrate with a predetermined and/or
desired target shape and then calculates the difference or the
“fit” between the two. The return-value of this objective func-
tion drives the evolutionary optimization process that gener-
ates the list of timed (responsible for exposure depth) trans-
lational and rotational movements of the substrate mounted to
the scanner, and/or the shape of a mask which obscures some
of the radiation beam, which ultimately yields the desired
target shape of the exposed substrate, within previously deter-
mined user-definable tolerances.

As used herein, the term Stochastic Optimization (SO), is
interchangeable with the term Stochastic Optimization
Framework (SOF), which is also interchangeable with the
term Stochastic Optimization Computations, which includes
optimization algorithms which incorporate probabilistic
(random and/or guided random) elements, point mutations,
and the like applied to the choice of parameter values.

Stochastic Optimization Computations contrast with so-
called “deterministic” optimization methods. Stochastic
Optimization is a forward type progression, wherein the start-
ing points (initial values of parameters) may be totally ran-
dom or may be a best guess, and are modified using values
selected from a valid range and/or an infinite range until an
acceptable fitis obtained. For more information see “Stochas-
tic Optimization Framework (SOF) for Computer-Optimized
Design, Engineering, and Performance of Multi-Dimen-
sional Systems and Processes”, Wolfgang Fink, California
Institute of Technology, which is hereby incorporated by
reference in its entirety.)

Stochastic Optimization differs from a “reverse engineer-
ing” approach wherein the starting point of the reverse engi-
neering approach is the desired outcome and selections are
made to achieve the underlying parameter values that would
yield that desired outcome. In general, the geometries are too
complex to be solved by a reverse engineering “down hill”
approach. Stochastic Optimization Computations suitable for
use herein may include stochastic approximation methods,
wherein a family of iterative stochastic optimization algo-
rithms are used to find zeroes or extrema of functions which
cannot be computed directly, but only estimated via noisy
observations. Examples include the Monte Carlo optimiza-
tion methods, which are a class of computational algorithms
that rely on repeated random sampling to compute their
results. Monte Carlo methods are often used when simulating
physical and mathematical systems. Because of their reliance
on repeated computation and random or pseudo-random
numbers, Monte Carlo methods are most suited to calculation
by a computer. Monte Carlo methods tend to be used when it
is infeasible or impossible to compute an exact result with a
deterministic algorithm. Other examples include:
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the “Metropolis” optimization methods (see N. Metropolis,
A.W.Rosenbluth, M. N. Rosenbluth, A .H. Teller, E. Teller,
Equation of State Calculation by Fast Computing
Machines, J. of Chem. Phys., 21, 1087-1091, 1953),

Simulated Annealing (see S. Kirkpatrick, C. D. Gelat, M. P.
Vecchi, Optimization by Simulated Annealing, Science,
220, 671-680, 1983);

The “Holland” optimization method (see J. H. Holland,
Adaptation in Natural and Artificial Systems, The Univer-
sity of Michigan Press, Ann Arbor, Mich., 1975);

Genetic optimization methods (see D. E. Goldberg, Genetic
Algorithms in Search, Optimization and Machine Learn-
ing. Addison-Wesley, 1989); and/or

Genetic Programming optimization methods (see J. R. Koza,
Genetic Programming: On the Programming of Comput-
ers by Means of Natural Selection, Cambridge, Mass.: The
MIT Press, 1992), all of which are incorporated by refer-
ence herein for teachings directed to optimization meth-
ods.

Other optimization methods suitable for use herein include
Robbins-Monro and Kiefer-Wolfowitz algorithms.

In the Robbins-Monro algorithm, the function M(x) for
which one wishes to find the value of x, x,, satisfying
M(x,)=0.. However, what is observable is not M(x), but rather
a random variable N(x) such that E(N(x)Ix)=M(x). The algo-
rithm is then to construct a sequence which satisfies:

Frast Xy, (A=N(,)).

Wherein a,, a,, . . . is a sequence of positive step sizes.
Robbins and Monro proved that, if N(x) is uniformly
bounded, M(x) is nondecreasing, M'(X,) exists and is posi-
tive, and if a,, satisfies a set of bounds (fulfilled if one takes
a,=1/n), then x,, converges in L.? (and hence also in probabil-

ity) to X,

In the Kiefer-Wolfowitz algorithm, the maximum, x,, of
the unknown M(x) and constructs a sequence X, X, . . . such
that

Frast X [N, 46,)-Nx, =) )/,

Here, a,, a,, is a sequence of positive step sizes which serve
the same function as in the Robbins-Monro algorithm, and ¢, ,
C,, . . . 18 a sequence of positive step sizes which are used to
estimate, via finite differences, the derivative of M.

As shown in the Figures including FIG. 1, in an embodi-
ment, a Stochastic Optimization Framework (SOF) includes a
cycle comprising the steps of:

10 determining starting parameters, which initially may be
totally random or which may be “seeded” depending on the
specific conditions;

12 model the process system;

14 determining outcome performance relative to a prede-
termined goal;

16 changing components of the system to produce a new
set of starting parameters based on an optimization engine;
and then 18, repeating steps 12, 14, and 16 to determine if a
better fit (a better performance relative to a predetermined
goal) is obtained until an acceptable manipulation algorithm
is determined such that a particular component produced by a
mold is within the needed tolerances of that component for a
particular end-use application.

In particular, suitable stochastic optimization computa-
tions include a plurality of iterations wherein each of the
plurality of iterations includes the steps of

a) calculating a first manipulation algorithm comprising a
series of manipulations to expose the substrate to produce a
first mold shape;
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b) determining the first mold shape produced by the first
manipulation algorithm in the mold substrate to produce a
first mold shape;

¢) comparing the first mold shape to the desired mold shape
to produce a first mold shape fitness;

d) comparing the first mold shape fitness to a predeter-
mined mold shape fitness; and

e) incorporating at least a portion of the first manipulation
algorithm and/or a totally new manipulation algorithm based
on random selections into a subsequent manipulation algo-
rithm based on a stochastic optimization engine and repeating
steps a), b), ¢), and d) until the first mold shape fitness is
within a predetermined range of fitness compared to the
desired mold shape.

Similar to FIG. 1, FIG. 2 depicts an embodiment of the
instant disclosure, wherein the steps of defining the mask
parameters are determined using a stochastic optimization
framework. FIG. 3 depicts an embodiment of the instant
disclosure, wherein the steps of determining the Manipula-
tion algorithm for the mold substrate are determined using a
stochastic optimization framework. FIG. 4 depicts an
embodiment of the instant disclosure, wherein the steps of
defining both the mask parameters and the manipulation algo-
rithm of the mold substrate are determined using a stochastic
optimization framework.

Stochastic optimization computations thus allow for effi-
cient sampling of the entire model-intrinsic parameter space
by repeatedly running the respective model forward (e.g., on
a single, cluster, or parallel computer) and by comparing the
outcomes against the desired outcome, which results in a
fitness measure. The goal of the SOF is to optimize this
fitness. This approach is in sharp contrast to optimizing
around a point design, which is often the case in engineering.
Deterministic optimization techniques, such as gradient-
based steepest-descent methods, are powerful and efficient in
problems that exhibit only few local minima in the solution
space.

However, when dealing with multiple or infinite numbers
of local minima as is the case herein, optimization engines
utilizing heuristic stochastic optimization methods, such as
Simulated Annealing related algorithms, Genetic Algo-
rithms, other Evolutionary and/or Genetic Programming
Algorithms, are the preferred methods of choice in determin-
ing the manipulation algorithm in the instant invention
because of their capability to overcome local minima.

In an embodiment, the SOF utilizes one or more Simulated
Annealing algorithms as the optimization engine. As used
herein, Simulated Annealing (SA) refers to a generic proba-
bilistic metaheuristic for the global optimization problem of
applied mathematics, namely locating a good approximation
to the global minimum of a given function in an infinite or
finite search space. It may also be used when the search space
is discrete or continuous. It has been discovered that simu-
lated annealing is preferred herein since it is more effective
than exhaustive enumeration given that the goal is merely to
find an acceptably good solution in a fixed amount of time,
rather than the best possible solution.

In an embodiment of the instant invention, each step of the
SA algorithm replaces the current solution by a random,
probabilistically modified, and/or altered solution, chosen
with a probability that depends on the difference between the
corresponding function values and on a global parameter that
is gradually decreased during the process. The dependency is
such that the current solution changes almost randomly when
the parameter is large, but increasingly “downhill” as this
value goes to zero. The allowance for “uphill” moves has been
discovered to prevent this optimization engine from becom-
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ing stuck at a local minimum or local minima as do other
methods of optimization. Of course, an essentially infinite
number of algorithms exist within the bounds of the SA
algorithm.

In another embodiment, the optimization engine may
include a genetic algorithm (GA) which may be used within
the stochastic optimization computations to find exact or
approximate solutions to optimization and search problems.
Genetic algorithms useful herein include those categorized in
the art as global search heuristics. Genetic algorithms are a
particular class of evolutionary algorithms (also known in the
art as evolutionary computation) that use techniques inspired
by evolutionary biology such as inheritance, mutation, selec-
tion, and crossover (also called recombination).

Genetic algorithms and/or genetic programming algo-
rithms as utilized herein are preferably implemented as a
computer simulation in which a population of abstract repre-
sentations of candidate solutions to an optimization problem
evolves toward better solutions (i.e., a better fit between the
dimensions of the mold and the desired outcome.) In an
embodiment, the evolution may start from a population of
randomly generated values and happens in discrete genera-
tions (iterations.) In each generation, the fitness of every
individual in the population is evaluated, multiple individuals
are stochastically selected from the current population (based
on their fitness), and modified (recombined and possibly ran-
domly mutated) to form a new population. The new popula-
tion is then used in the next iteration of the algorithm. In an
embodiment, the algorithm terminates when a satisfactory
fitness level has been reached (e.g., a mold which produces a
component within the tolerances required by the end use of
that component.)

A suitable genetic algorithm may include:

1. a representation of the solution domain, which may be
the dimensions of the desired component, and

2. a fitness function to evaluate the solution domain, which
may include the tolerances of various aspects of the compo-
nent.

The fitness function (also referred to as the energy function
and/or the objective function) is a measure of the fit of the
representative to the desired outcome. Once the fitness func-
tion is defined, GA proceeds to initialize a population of
solutions randomly, then improve it through repetitive appli-
cation of mutation, crossover, inversion and selection opera-
tors. Initially, many individual solutions are randomly gener-
ated to form an initial population. The population size
depends on the nature of the problem, but typically contains
several hundreds or thousands of possible solutions. Tradi-
tionally, the population is generated randomly, covering the
entire range of possible solutions (the search space). In an
embodiment, the solutions may be “seeded” in areas where
optimal solutions are likely to be found.

In an embodiment, the optimization engine may include
various other evolutionary algorithms (EA). As used herein,
an EA is an optimization engine which uses some mecha-
nisms inspired by biological evolution: reproduction, muta-
tion, recombination, and selection. Candidate solutions to the
optimization problem play the role of individuals in a popu-
lation, and the fitness function determines the environment
within which the solutions “live”. Evolution of the population
then takes place after the repeated application of the above
operators. Artificial evolution (AE) describes a process
involving individual evolutionary algorithms; EAs are indi-
vidual components that participate in an AE. Evolutionary
algorithms perform well approximating solutions to all types
of'problems because they ideally do not make any assumption
about the underlying fitness landscape.
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Other optimization engines useful within the SOF of the
instant invention utilized herein include:

differential evolution algorithms, which are based on vec-
tor differences; and/or

particle swarm optimizations, which are based on the ideas
of animal flocking behavior; and/or

ant colony optimizations, which are based on the ideas of
ant foraging by pheromone communication to form path;
and/or

invasive weed optimization algorithms, which are based on
the ideas of weed colony behavior in searching and finding a
suitable place for growth and reproduction; and/or

harmony search algorithms, which are based on the ideas
of musicians behavior in searching for better harmonies; and/
or

genetic programming algorithms, which are an evolution-
ary algorithm-based methodology inspired by biological evo-
Iution to find computer programs that perform a user-defined
task. It is a specialization of genetic algorithms where each
individual is a computer program. Therefore it is a machine
learning technique used to optimize a population of computer
programs according to a fitness landscape determined by a
program’s ability to perform a given computational task;
and/or Gaussian adaptation algorithms, which are based on
information theory, and/or the like. All of which are readily
known to one of skill in the art.

In an embodiment, the stochastic optimization engine is
selected from the group consisting of a simulated annealing
algorithm, a genetic algorithm, an evolutionary algorithm, a
differential evolution algorithm, a particle swarm optimiza-
tion algorithm, an ant colony optimization algorithm, an inva-
sive weed optimization algorithm, a harmony search algo-
rithm, genetic programming algorithms, a Gaussian
adaptation algorithm, a derivative thereof, or a combination
thereof.

Examples

To demonstrate the utility of the instant invention, a sto-
chastic optimization framework was applied to a target mold
design to be produced using LiGA. Using the standard “C”
programming language, a software package was created that
reads an external file describing the designed/desired target
mold as a 3D point grid/cloud. Using a SOF with SA as the
optimization engine, a pre-initialized discretized rectangular
block (i.e., 3D point grid/cloud), representing the unexposed
mold substrate, was exposed to point-shaped simulated syn-
chrotron X-ray beams. Hereby the x/y-location where the
X-ray beam is hitting the substrate is determined via the SOF
as well as the exposure time for each beam. The dose accu-
mulation is calculated by assuming a simple 1/(z"2) intensity-
decay law, with z being the penetration depth. In this simula-
tion all X-ray beams hit the substrate ata 90 degree angle (i.e.,
perpendicular to the substrate surface and parallel to the
z-axis, which is the direction of the X-ray beam). No other
exposure angles were included in this initial proof-of-concept
simulation. At this point, no rotation of the mold substrate via
SOF was performed, only x- and y-translations. No modifi-
cation of the mask shape via SOF was performed. The mask
shape was a pinhole in this particular simulation and kept
fixed throughout the entire simulation. A X-ray beam expo-
sure was accepted if the substrate damage depth was smaller
or equal to the desired depth that was given by the designed/
desired target mold. It was rejected otherwise. Once the sub-
strate has been exposed sufficiently to approximate the
designed/desired target mold shape within user-defined accu-
racy, the simulation stopped. While the simulation was ongo-
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ing, snapshots in time of the currently achieved mold-shape
(after an assumed etching process, respectively) were graphi-
cally displayed. FIGS. 5, 6, 7, 8, and 9 show snapshots of the
resultant exposure process wherein the design surface (de-
sign.sfc) is approximated by the target surface (target.sfc) in
a LiGA simulation using a stochastic optimization frame-
work. FIG. 5 represents the starting approximation, FIGS. 6,
7, and 8 are various iterations, and FIG. 9 represents the final
or acceptable solution.

It should be understood, of course, that the foregoing
relates to preferred embodiments of the invention and that
modifications may be made without departing from the spirit
and scope of the invention as set forth in the following claims.

We claim:

1. A method of exposing a substrate in a three dimensional
pattern comprising the steps of:

providing a substrate for exposure;
exposing the substrate in an exposing step, the exposing step
comprising contacting a portion of the substrate with an
energy source for a period of time sufficient to render the
portion of the substrate susceptible to a developer to produce
a modified substrate wherein the energy source has a fixed
position, and wherein during the exposing step, the substrate
is manipulated according to a manipulation algorithm in one
or more translational dimensions and/or rotational dimen-
sions relative to the energy source; and wherein the manipu-
lation algorithm is determined using stochastic optimization
computations.

2. The method of claim 1, wherein the substrate is a poly-
meric mold substrate.

3. The method of claim 1, wherein the energy source com-
prises an electromagnetic radiation energy source, a particle
beam energy source, or a combination thereof.

4. A method of making a three dimensional mold compris-
ing the steps of

providing a mold substrate;

exposing the substrate in an exposing step, the exposing

step comprising contacting a portion of the mold sub-
strate with an electromagnetic radiation source, a par-
ticle beam, or a combination thereof, for a period of time
sufficient to render the portion of the mold substrate
susceptible to a developer to produce a modified mold
substrate; and
developing the modified mold substrate in a developing step
comprising contacting the modified mold substrate with one
or more developing reagents to remove the portion of the
mold substrate rendered susceptible to the developer from the
mold substrate to produce the mold having a desired mold
shape, wherein the electromagnetic radiation source and/or
the particle beam has a fixed position, and wherein during the
exposing step, the mold substrate is manipulated according to
a manipulation algorithm in one or more translational dimen-
sions and/or rotational dimensions relative to the electromag-
netic radiation source and/or to the particle beam; and
wherein the manipulation algorithm is determined using sto-
chastic optimization computations.

5. The method of claim 4, wherein at least one developing
mask is placed between the electromagnetic radiation source
and the mold substrate during the exposing step, and wherein
the shape of the at least one developing mask is determined
using stochastic optimization computations.

6. The method of claim 4, wherein the substrate is a poly-
meric mold substrate.

7. The method of claim 5, wherein the at least one devel-
oping mask is manipulated separately from the mold sub-
strate, in tandem with the mold substrate, or a combination
thereof, in at least one translational dimension and/or rota-
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tional dimension relative to the electromagnetic radiation
source and/or the particle beam during the exposing step.

8. The method of claim 5, wherein the stochastic optimi-
zation computations include a plurality of iterations wherein
each of the plurality of iterations includes the steps of:

a) calculating a first manipulation algorithm comprising a
series of manipulations to expose the substrate to pro-
duce a first mold shape;

b) determining the first mold shape produced by the first
manipulation algorithm in the mold substrate to produce
a first mold shape;

¢) comparing the first mold shape to the desired mold shape
to produce a first mold shape fitness;

d) comparing the first mold shape fitness to a predeter-
mined mold shape fitness; and

e) incorporating at least a portion of the first manipulation
algorithm, or a new manipulation algorithm into a sub-
sequent manipulation algorithm based on a stochastic
optimization engine and repeating steps a), b), ¢), and d)
until the first mold shape fitness is within a predeter-
mined range of fitness compared to the desired mold
shape.

9. The method of claim 8, wherein the first mold shape
determined in step b) is simulated using computational mod-
els, and wherein the simulated first mold shape is compared to
the desired mold shape using computational models.

10. The method of claim 8, wherein the stochastic optimi-
zation engine is selected from the group consisting of a simu-
lated annealing algorithm, a genetic algorithm, an evolution-
ary algorithm, a differential evolution algorithm, a particle
swarm optimization algorithm, an ant colony optimization
algorithm, an invasive weed optimization algorithm, a har-
mony search algorithm, genetic programming, a Gaussian
adaptation algorithm, a derivative thereof, or a combination
thereof.

11. The method of claim 4, wherein the electromagnetic
radiation source is produced using a synchrotron beam.

12. The method of claim 4, wherein the mold substrate
comprises poly methyl methacrylate.

13. The method of claim 4, wherein the mold has an x-di-
mension of about 0.1 to about 100 mm, a y-dimension per-
pendicular to the x-dimension of about 0.1 to about 100 mm,
and a thickness z-dimension perpendicular to a plane formed
by the x-dimension and the y-dimension of about 0.1 to about
100 mm, wherein at least a portion of the z-dimension of the
mold shape was formed in the thickness of the mold substrate
during the exposing step.

14. The method of claim 13, wherein the mold has a con-
tinuous non-linear surface in the thickness z-dimension.

15. The method of claim 4, wherein the mold is comprised
from a single mold substrate.

16. The method of claim 4, wherein the mold substrate is
not attached to a base substrate during the exposing step.

17. The method of claim 4, wherein a plurality of masks are
utilized during the exposing step.

18. The method of claim 4, wherein at least one mask is
utilized during the exposing step, and wherein the at least one
mask shape changes over time.

19. The method of claim 18, wherein the at least one mask
shape is determined using a stochastic optimization frame-
work.

20. An apparatus to expose a substrate in a three dimen-
sional pattern comprising:

a movable platform which has 6 degrees of freedom in
communication with an energy source, wherein a sub-
strate attached to the movable platform is exposed in an
exposing step, the exposing step comprising contacting
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a portion of the substrate with the energy source for a
period of time sufficient to render the portion of the
substrate susceptible to a developer to produce a modi-
fied substrate wherein the energy source has a fixed
position, and wherein during the exposing step, the sub-
strate is manipulated according to a manipulation algo-

18

rithm in one or more translational dimensions and/or
rotational dimensions relative to the energy source; and
wherein the manipulation algorithm is determined using
stochastic optimization computations.
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