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DROP PATTERN GENERATION WITH EDGE WEIGHTING

PRIORITY AND RELATED APPLICATION

[0001] The present application claims priority to and is related to U.S.
Provisional Application Serial Number 61/107,105 filed on October 21, 2008 and
U.S. Application Serial Number 12/580,813 filed October 16, 2009; both of which

are incorporated by reference herein for all that they teach and disclose.

BACKGROUND

[0002] Nano-fabrication includes the fabrication of very small structures
that have features on the order of 100 nanometers or smaller. One application in
which nano-fabrication has had a sizeable impact is in the processing of integrated
circuits. The semiconductor processing industry continues to strive for larger
production yields while increasing the circuits per unit area formed on a substrate,
therefore nano-fabrication becomes increasingly important. Nano-fabrication
provides greater process control while allowing continued reduction of the
minimum feature dimensions of the structures formed. Other areas of
development in which nano-fabrication has been employed include biotechnology,
optical technology, mechanical systems, and the like.

[0003] An exemplary nano-fabrication technique in use today is commonly
referred to as imprint lithography. Exemplary imprint lithography processes are

described in detail in numerous publications, such as U.S. Patent Publication No.
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2004/0065976; U.S. Patent Application Publication No. 2004/0065252; and U.S.
Patent No. 6,936,194, entitled “Functional Patterning Material for Imprint
Lithography Processes,” all of which are hereby incorporated by reference.

[0004] An imprint lithography technique disclosed in each of the
aforementioned U.S. patent publications and patent, includes formation of a relief
pattern in a polymerizable layer and transferring a pattern corresponding to the
relief pattern into an underlying substrate. The substrate may be coupled to a
motion stage to obtain a desired positioning to facilitate the patterning process.
The patterning process uses a template spaced-apart from the substrate and a
formable liquid applied between the template and the substrate. The formable
liquid is solidified to form a rigid layer that has a pattern conforming to a shape of
the surface of the template that contacts the formable liquid. After solidification,
the template is separated from the rigid layer such that the template and the
substrate are spaced-apart. The substrate and the solidified layer are then
subjected to additional processes to transfer a relief image into the substrate that

corresponds to the pattern in the solidified layer.

BRIEF DESCRIPTION OF THE DRAWINGS
[0005] FIG. 1 is a simplified side view of a lithographic system having a
mold spaced-apart from a substrate.
[0006] FIG. 2 1s a side view of the substrate shown in FIG. 1, having a

patterned layer thereon.
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[0007] FIG. 3 a flow chart showing a process for replicating an imprinting
surface in an imprint lithography process.

[0008] FIG. 4 is a flow chart that depicts generating a fluid map.

[0009] FIG. 5 1s a flow chart that depicts generating a fluid drop pattern

from a fluid map.

[0010] FIG. 6A shows a fluid map and initial drop locations for a patterned
surface.

[0011] FIG. 6B shows optimized drop locations for the patterned surface in
FIG. 6A.

[0012] FIG. 6C shows shifted single drop patterns created from the single

drop pattern in FIG. 6B and superimposed to form a multiple drop pattern.

[0013] FIG. 6D shows the multiple drop pattern in FIG. 6C after undergoing
an optimization process.

[0014] FIG. 7 shows a single drop pattern for a complex patterned region
generated by a centroidal Voronoi tessellation (CVT) process.

[0015] FIG. 8 is a flow chart showing a process for placing fluid drops on
features of interest in a complex patterned region.

[0016] FIG. 9A depicts drop locations in Voronoti regions calculated for a
patterned surface without volume transition weighting.

[0017] FIG. 9B depicts drop locations in Voronoi regions calculated for a

patterned surface with volume transition weighting.
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DETAILED DESCRIPTION

[0018] Referring to the figures, and particularly to FIG. 1, illustrated therein
is a lithographic system 10 used to form a relief pattern on a substrate 12.
Substrate 12 may be coupled to substrate chuck 14. As illustrated, substrate chuck
14 1s a vacuum chuck. Substrate chuck 14, however, may be any chuck including,
but not limited to, vacuum, pin-type, groove-type, electromagnetic, and/or the like.
Exemplary chucks are described in U.S. Patent No. 6,873,087, which is hereby
incorporated by reference.

[0019] Substrate 12 and substrate chuck 14 may be further supported by
stage 16. Stage 16 may provide motion along the x-, y-, and z-axes. Stage 10,
substrate 12, and substrate chuck 14 may also be positioned on a base (not shown).
[0020] Spaced-apart from substrate 12 is a template 18. Template 18
generally includes a mesa 20 extending therefrom towards substrate 12, mesa 20
having a patterning surface 22 thereon. Further, mesa 20 may be referred to as
mold 20. Template 18 and/or mold 20 may be formed from such materials
including, but not limited to, fused-silica, quartz, silicon, organic polymers,
siloxane polymers, borosilicate glass, fluorocarbon polymers, metal, hardened
sapphire, and/or the like. As illustrated, patterning surface 22 comprises features
defined by a plurality of spaced-apart recesses 24 and/or protrusions 26, though
embodirﬁents of the present invention are not limited to such configurations.
Patterning surface 22 may define any original pattern that forms the basis of a

pattern to be formed on substrate 12.
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[0021] Template 18 may be coupled to template chuck 28. Template chuck
28 may be configured as, but not limited to, vacuum, pin-type, groove-type,
electromagnetic, and/or other similar chuck types. Exemplary chucks are further
described in U.S. Patent No. 6,873,087, which is hereby incorporated by reference.
Further, template chuck 28 may be coupled to imprint head 30 such that template
chuck 28 and/or imprint head 30 may be configured to facilitate movement of
template 18.

[0022] System 10 may further comprise a fluid dispense system 32. Fluid
dispense system 32 may be used to deposit polymerizable material 34 on substrate
12. Polymerizable material 34 may be positioned upon substrate 12 using
techniques such as drop dispense, spin-coating, dip coating, chemical vapor
deposition (CVD), physical vapor deposition (PVD), thin film deposition, thick
film deposition, and/or the like. Polymerizable material 34 may be disposed upon
substrate 12 before and/or after a desired volume is defined between mold 22 and
substrate 12 depending on design considerations. Polymerizable material 34 may
comprise a monomer mixture as described in U.S. Patent No. 7,157,036 and U.S.
Patent Publication No. 2005/0187339, all of which are hereby incorporated by
reference.

[0023] Referring to FIGS. 1 and 2, system 10 may further comprise an
energy source 38 coupled to direct energy 40 along path 42. Imprint head 30 and
stage 16 may be configured to position template 18 and substrate 12 in

superimposition with path 42. System 10 may be regulated by a processor 54 in

-5-
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communication with stage 16, imprint head 30, fluid dispense system 32, and/or
source 38, and may operate on a computer readable program stored in memory 56.
[0024] Either imprint head 30, stage 16, or both may vary a distance
between mold 20 and substrate 12 to define a desired volume therebetween that is
filled by polymerizable material 34. For example, imprint head 30 may apply a
force to template 18 such that mold 20 contacts polymerizable material 34. After
the desired volume is filled with polymerizable material 34, source 38 produces
energy 40, e.g., broadband ultraviolet radiation, causing polymerizable material 34
to solidify and/or cross-link conforming to shape of a surface 44 of substrate 12
and patterning surface 22, defining a patterned layer 46 on substrate 12. Patterned
layer 46 may comprise a residual layer 48 and a plurality of features shown as
protrusions 50 and recessions 52, with protrusions 50 having thickness t1 and
residual layer having a thickness t2.

[0025] The above-mentioned system and process may be further employed
in 1mprint lithography processes and systems referred to in U.S. Patent No.
6,932,934, U.S. Patent Publication No. 2004/0124566, U.S. Patent Publication No.
2004/0188381, and U.S. Patent Publication No. 2004/0211754, each of which is
hereby incorporated by reference.

[0026] One manner in which to locate the polymerizable material 34
between template 18 and substrate 12 may be by depositing a plurality of droplets
of polymerizable material 34 on the surface 44 of substrate 12. Thereafter,

polymerizable material 34 may be concurrently contacted by both template 18 and

-6-
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substrate 12, spreading polymerizable material 34 on the surface of substrate 12.
During this process, orientation of template 18 to substrate 12 may become a
factor. |

[0027] In a further embodiment, the above-mentioned may be employed in
any known technique, e.g., photolithography (various wavelengths including G
line, I line, 248 nm, 193 nm, 157 nm, and 13.2-13.4 nm), contact lithography, e-
beam lithography, x-ray lithography, ion-beam lithography and atomic beam
lithography.

[0028] Current imprint lithography systems and methods, as described in
United States Patent Application Publication No. 2005/0270312, filed as United
States Patent Application Serial No. 11/143,092 entitled "Fluid Dispensing and
Drop-On-Demand Dispensing for Nano-Scale Manufacturing” and United States
Patent Application Publication No. 2005/0106321, filed as United States Patent
Application Serial No. 10/714,088 entitled "Dispense Geometry to Achieve High-
Speed Filling and Throughput," both of which are incorporated by reference
herein, use drop-on-demand technology to place drops of polymerizable material
on a substrate before imprinting. The fluid dispenser dispenses fluid in discrete
volumes and at discrete locations. This method is useful for any imprint system
using drop-on-demand application with these constraints.

[0029] U.S. Patent Application Publication No. 2007/0141271, which is
hereby incorporated by reference herein, describes a method of controlling the

distribution of fluid on a body. The method includes generating a sequence of

_7-
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patterns of liquid upon a substrate, each sequence including a plurality of spaced-
apart liquid regions, with voids defined between adjacent liquid regions. A second
of the patterns of liquid of the sequence is arranged so that the liquid regions
associated therewith are in superimposition with the voids of a first of the patterns
of liquid of the sequence.

[0030] As described herein, a fluid drop pattern can be generated for use
with an imprinting (e.g., patterning) surface in an imprint lithography process.
When polymerizable material is applied to the substrate according to the drop
pattern, the polymerizable material substantially completely fills features of the
imprinting surface during the imprinting process. After polymerization, the
imprinting surface is successfully replicated in the patterned layer (e.g., the size
and shape of the protrusions in the patterned layer substantially match the size and
shape of the corresponding recesses in the imprinting surface, if present) and the
residual layer is of a desired, substantially uniform thickness.

[0031] As used herein, “drop location™ is an x,y coordinate in a Cartesian
plane R%. The set of available locations G is determined by the dispense hardware
and the dispensing strategy. The dispensing strategy encompasses the number of
physical dispensers, or heads, in the system and the number of stage passes
allowed.

[0032] A fluid map M comprises a three-dimensional (3D) grid of voxels or
volumetric pixels. Each element of the grid represents a two-dimensional location

along the x,y coordinates as well as the fluid volume requirement for that grid
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location. Each dispenser has an ideal volume vi4,, however the effective
dispensed volume may be different. The variations are due to assembly and
machining variations in the dispenser itself and evaporation of the fluid after it has
been dispensed. The amount of evaporation, or volume loss, is related to the
chemical composition of the fluid, localized air velocities, and the spatial
distribution of the fluid on the wafer. These effects can be modeled and corrected
for by applying a volume transformation function f to the fluid map. In some
cases, this function is an identity transform. In a simple transform, f applies a
scalar correction to requested volume.

[0033] Given a fluid map M, a drop volume function f, and a set of possible

drop locations G, a goal is to identify the places P, where P C G, which should be

used to place the drops to match the spatial volume distribution specified in M.

More formally, P is a solution to the following optimization problem.

minimize Y ||p; — =il (1)
i=1

subject to Z f (M) =Vigeal (2)
ke
p:;CG (3)

where The convex set of voxels allocated to drop zis Q;

The (z, y) location of voxel kis z,

M)z
The volume weighted centroid of dropiis z; = Lwea, f M)z
Zkeﬂ‘ f(Mk)

[0034] As shown by Aurenhammer et al. in “Minkowski-type theorems and
least-squares partitioning” Proc. 8" ACM Symp. Computational Geometry (1992),
350-357, which is hereby incorporated by reference herein, this problem, which is

commonly known as a least-squares assignment problem, can be solved by finding
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the optimal power diagram. Solving this problem may comprise the following

steps:

1. Determine the number of drops n needed to satisfy M

where n = — Z?E?f(ﬂf[,z’,j)

Videal

2. Select a starting subset Py of G such that n=| PR,

3. Set ! = 0 then repeat until converged
1. Compute power diagram of P, given map M
2. Set Pi’+1 to the volume weighted centroid of each region
3. Set P4 to the snapped P£’+1 locations of G
4. Increment {.
[0035] Steps 1 and 3 above solve a relaxed version of the optimization

problem by analyzing the problem in the continuous domain. Step 3 discretizes
the continuous solution P' and generates a physically realizable solution P by
enforcing the second constraint as shown in equation (3) above.

[0036] The progression of the solution can be monitored by tracking the
value of the objective function and by tracking the distribution of volumes. The
criteria for convergence may be based on elapsed time, the value of the objective
function, the value of the constraints exceeding a threshold, etc. The final solution
P is considered to be optimal for residual layer thickness uniformity because the
volume requirements described in M are substantially met.

[0037] The procedure to build a power diagram is similar to the procedure
to build a Voronoi diagram. A Voronoi diagram is a decomposition of a metric
space which is determined by distances to a specified discrete set of objects in the

space. One difference between the power diagram and the Voronoi diagram is that

- 10-
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in the power diagram each generator location has an associated weight \. At the
start of the procedure the weights are initialized to 0.0 and are then updated

according to equation (4) below:

(4)

Zkem,s f(My) _ 1>

Alpri=ALita
Videal

The scaling factor of « is used to give the weights a value which is similar to the
typical inter-drop distance.

[0038] When building a Voronoi diagram, the voxels in M are partitioned
into the regions Q; based on equation (5) where the voxel is assigned to the closest

generator in P:

1pi - x4l (5)
but with the power diagram the voxels are assigned to closest weighted generator

as shown in equation (6).

lp: - xilla + N (6)
[0039] FIG. 3 i1s a flow chart showing a process 300 of replicating an
imprinting surface in imprint lithography. Block 302 generates a fluid map.
Block 304 generates a fluid drop pattern. Generating the fluid drop pattern
includes starting with an initial set of drop locations, factoring in considerations
described above (e.g., drop dispenser locations), and adjusting theoretical drop
locations to be compatible with this and other equipment constraints and to

minimize template effects such as surfactant buildup. Block 306 applies fluid to a

-1l -
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substrate according to the fluid drop pattern. Block 307 contacts the fluid with a
template to spread the fluid 308. Block 308 solidifies the fluid to form a patterned
layer on the substrate. The fluid may be, for example, a polymerizable material
which solidifies upon application of ultraviolet light.

[0040] FIG. 4 is a flow chart showing the process 302 of generating the
fluid map in additional detail. Block 400 assesses the feature geometry of the
imprinting surface. Block 402 determines the desired residual layer thickness 402.
Block 404 determines the local fluid volume needed to fill the assessed features of
the imprinting surface and to form a residual layer of the desired thickness. Block
405 assesses properties of the fluid (e.g., shrinkage of polymerizable material), the
substrate (e.g., surface energy), the fluid applicator (e.g., calibration parameters,
drop volumes, drop placement, etc.), other process parameters, and any
combination thereof, and incorporating this information into the formation of a
fluid distribution map. Block 406 forms a map of the fluid distribution (e.g., a
fluid map representing local fluid volume needed) that will allow successful
replication of the imprinting surface in an imprint lithography process. Properties
of the fluid (e.g., evaporation, shrinkage of polymerizable material), the substrate
(e.g., surface energy), and the fluid applicator (e.g., calibration parameters, drop
volumes, dispenser loqations, etc.), may be used in generating the fluid map.
[0041] FIG. 5 is a flow chart depicting the process 304 of generating a fluid
drop pattern from a fluid map for a selected imprint area. Block 500 places a

multiplicity of drops across the fluid map. In some cases, no two drop locations

- 12-
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map to the same fluid map cell. Block 502 selects a fixed drop volume. The fixed
drop volume may be determined by the drop applicator. The fixed drop volume
and number of drops are selected such that the sum of drop volumes of the
multiplicity of drops is substantially equal to the sum of the cell volumes in the
fluid map. In some cases, generating a fluid drop pattern is expedited by selecting
an initial drop pattern that at least roughly corresponds to the fluid distribution in
the fluid map.

[0042] When the fluid map represents a substantially uniform volume
distnibution (e.g., the imprinting surface is substantially “unpatterned,” or without
intentional protrusions and recesses), the fluid volume associated with each fluid
map cell can be substantially the same. When the fluid map represents a non-
uniform volume distribution (e.g., the imprinting surface is “patterned,” or with
intentional protrusions and recesses), however, fluid volume associated with a
fluid map cell may vary based upon the features of the imprinting surface
associated with the cell. In this case, the volume of the theoretical drop chosen to
fill the fluid map cell may vary based upon the features of the imprinting surface
associated with the cell and the size of the cell.

[0043] To allow for a substantially uniform drop volume in the fluid drop
pattern, as required by some fluid applicators, while achieving the desired non-
uniform volume distribution in the imprinting area, block 504 may perform a
series of modified Lloyd’s method iterations. Lloyd's method is described in

"Random Marks on Paper, Non-Photorealistic Rendering with Small Primitives,"

- 13-
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Adrian Secord, Master's Thesis, The University of British Columbia, Oct. 2002,
which is incorporated by reference herein. This method includes computing the
Voronoi diagram of the generating points in the imprinting area, computing the
centroid of each Voronoi region in the diagram, and moving each generating point
to its centroid.

[0044] The modified Lloyd's method iterations used herein involve
computing the Voronoi tessellation of the drop pattern (that is, breaking it into
regions that are closer to that drop than any other). Then, instead of moving the
drop to the center of mass of its Voronoi region as with Lloyd's method, the drop
is moved to a location that coincides with a weighted mean of all of the Voronoi
region centers of mass. Each center of mass is weighted based on its volume
deficit and the distance between the centers of mass of the Voronoi regions of the
two drops. This modification to Lloyd's method allows the drop locations to
converge to a result in which drop densities approximate the fluid density in the
underlying fluid map. Without this modification to Lloyd's method, drops
converge to a solution that is well-spaced, but that does not necessarily fit the
underlying fluid density changes.

[0045] The modified Lloyd’s method iterations transform the drop
distribution based on fluid map cells to a distribution based on an approximate
centroidal Voronoi tessellation in which the volume of the modified fluid map
cells (now Voronoi regions) associated with a drop location is close to a fixed

volume. Iterations may continue until a user intervenes, a convergence criterion is

- ]4-



10

15

20

WO 2010/047766 PCT/US2009/005688

met, or a pre-determined length of time has elapsed. Block 506 generates a single
fluid drop pattern following convergence of the optimization method.

[0046] If the starting set Py is generated deterministically, then there will be
a single unique solution. However if the starting point Py is determined randomly,
then the solutions will be similar but different. In this way, the inability of the
procedure to find the global optimum can be exploited to generate a set of drop
patterns with similar qualities that use different subsets of G.

[0047] The single drop pattern generated in the centroidal Voronoi
tessellation (CVT) process may be used to form additional drop patterns, each of
which may be used independently (e.g., in a random or selected order during
successive fabrication steps) to provide desired coverage of an imprinting surface.
For example, a single drop pattern may be duplicated and translated a distance a
first direction.  Block 508 shifts the single fluid drop pattern to form a set of
shifted single drop patterns. Multiple shifted drop patterns can be formed by
duplicating and translating the single drop pattern in one or more additional
directions (e.g., a second, third, or fourth direction). The shifted drop patterns
may then be superimposed to form a multiple drop pattern 510, retaining the
association of each drop with the drop pattern from which it originated.

[0048] Block 510 may superimpose the shifted fluid drop pattern to form a
multiple drop pattern. Block 512 may then perform a second optimization, or

round of modified Lloyd's method iterations in a dual CVT process. This second
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optimization causes the shifted drop locations to spread to a uniform distance,
approximating the initial fluid map.

[0049] Block 514 generates a multiple fluid drop pattern following the
second iteration and convergence of the modified Lloyd’s method. The multiple
fluid drop pattern may then be deconstructed such that each drop location is
associated with the shifted pattern from which it originated. This process yields,
for example, four adjusted shifted patterns that can be implemented successively
or in any desired order. To reduce effects such as non-uniformity and surfactant
buildup during successive imprints, the shifted patterns can be combined with
(e.g., alternated with) individual iterations on each drop pattern, and appropriate
weighting factors can be applied to each type of iteration. Use of a set of adjusted
single drop patterns can also promote more complete expelling of gases from
interstitial regions between drops during repeated imprinting.

[0050] When a multiple drop pattern is not advantageous, a single drop
pattern may be used, and the formation of shifted drop patterns is not necessary.
Whether one drop pattern or multiple drop patterns are used, after iterations are
complete, fluid 1s applied to a substrate 306 according to the selected fluid drop
pattern, with each drop matched to an available (e.g., the nearest available) fluid
dispenser location, as determined during the iterative optimization process. The
fluid, deposited according to the fluid drop pattern, is then contacted with an
imprinting surface and polymerized 308 to form a polymerized layer on a

substrate.

- 16-
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[0051] FIG. 6A shows a representation of a fluid map 600. Within fluid
map 600 are several regions: region 602 having a substantially uniform depth,
region 604 which is recessed with respect to region 602, region 606 which is more
deeply recessed with respect to region 602, and region 608 which protrudes with
respect to region 602. Initial drop locations 610 are evenly spaced. Optimization,
or application of the modified Lloyd’s method, yields optimized drop locations as
shown in FIG. 6B below at 612, with an increased drop density in regions 604 and
606 and a reduced drop density in region 608 compared to the drop density in
region 602.

[0052] A multiple drop pattern may be formed from any number of
superimposed single drop patterns (e.g., four). Referring to FIG. 6C, drops 612
are duplicated and shifted in four different directions to form four single drop
patterns represented by drop locations 612, 614, 616, and 618. Multiple drop
pattern 620 is formed by superimposing the four single drop patterns. A second
consecutive iterative process (dual CVT) is applied to multiple drop pattern 620 to
optimize drop locations in the shifted single drop patterns 612, 614, 616, and 618
with respect to each other to form adjusted shifted single drop patterns 612', 614',
616', and 618, respectively, shown in FIG. 6D. This optimization can be used to
adjust relative positioning of the drop locations in the shifted single drop patterns
to reduce undesirable template effects such as surfactant buildup from successive
imprinting with overlapping drob locations. Optimization may also include a step

to “snap” a calculated drop location to a fluid dispenser location.
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[0053] The adjusted single drop patterns 612', 614', 616', and 618' may be
used individually in any order, along with any desired variations of the adjusted
single drop patterns, to apply fluid to a substrate for successive imprinting during
fabrication. For example, a first subset (e.g., one-fourth) of the drops depicted in
FIG. 6D may be applied to a substrate during fabrication. In subsequent
processes, a second subset of the drops depicted in FIG. 6D may be applied to
another substrate during fabrication, and so forth, such that different dispenser
locations are used in a random or rotating sequence of the four adjusted single
drop patterns.

[0054] The efficacy of a drop pattern can be quantified by the distribution
of fluid volumes in Voronoi regions. Convergence criteria may take the form of
maximum Voronoi region volume or standard deviation of Voronoi region
volumes. This may also be used to quantify error induced by producing shifted
drop patterns and by matching (or “snapping”) theoretical drop locations in a drop
pattern to fluid dispenser or applicator locations.

[0055] FIG. 7 shows fluid map 700, with a single drop pattern 702
generated by a CVT process. Fluid map 700 includes nine substantially similar
cells, with shaded regions indicating features 704 in the imprinting surface. Other
regions of the fluid map correspond to substantially unpatterned regions of the
imprinting surface, and require an effective amount of fluid to form the desired

residual layer. Drop locations 706 are shown in Voronoi regions 708. As
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indicated in FIG. 7, drop density is higher proximate féatures 704 of the fluid map
700 (i.e., proximate regions with features in the imprinting surface).

[0056] As seen in FIG. 7, Voronoi regions 708 are not always centered on
features 704 of the fluid map 702. In particular, drops that are primarily allocated
to features 704 may not line up along Cartesian directions of the features. In some
cases, features in a fluid map may be identified and drop patterns generated such
that drop locations are substantially aligned with the features, allowing more rapid
filling of features for higher throughput in the imprint lithography process.

[0057] Drop patterns with drop locations substantially aligned with the
features may be calculated by methods including power centroidal Voronoi
tessellation (PCVT). FIG. 8 is a flow chart of the process of PCVT 800. Block
802 locates features in a fluid map. Block 804 theoretically places, or otherwise
simulates, drops on features. Block 806 optimizes drop placement. In one
implementation, blocks 802-806 may execute the following sequence:

1. Generate a list L, of all discrete features in M
2. Apply a first rule set r; to target a subset of import features
L= ri(Lan)
3. Apply a second rule set 7, to identify non-convex features
Lye=ruc(Ly
such that
Li=Le ULy
4, For each non-convex feature in L,
1. Try to split the feature into convex sub-features

L= ncut(L,.)

il.  Applyr; to L to find Ly,

_]9-
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L= ri(Lsu)
iii.  Apply r. again to identify non-convex features. Repeat steps i. and
ii. until all features are convex
iv.  Append the new set of convex sub-features to set of all convex
features
Le=Lc U L,
5. Set F'={} then for each feature in L,
1. Apply a third rule set r; to split the feature into a regular grid of sub-
features
ii.  Place at drop d on the centroid of each sub-feature
iii.  Append the drop location to the set of feature drops
F'=F'Ud
6. Set F to the snapped drop locations £’ of G
7. Calculate the number of additional drops m needed to satisfy the volume
requirements of M

1 R C
3% Cronin-Irk

Videal

m=

8. Select a starting subset Ry of G such that m = ”RO“O
9. Po=F|JRo

10. Set / = 0 then repeat until converged
i.  Compute the power diagram of the given map M with generators P,
1.  Set R’ to the volume weighted centroid of each region for the drops
in Ry
1ii.  Set Ry, to the snapped R+, locations of G
iv.  Pra=FJRi+

V. Increment /.

[0058] In block 802, “features” may be considered regions of local

similarity. Therefore finding features in the fluid map may be framed as an
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unsupervised clustering problem. There are numerous clustering methods such as
spectral clustering, k-means clustering, and so forth. One method of clustering
which may be applied is described below:

Inputs:
A pixel neighborhood function 2.
Default is North, South, East, West
A fluid map M with n=r Xc¢ voxels
A volume change threshold ¢
Qutput:
A kxn matrix with n non-zero values where the sum of each
column is 1. The voxels assigned to the k' feature have 1’s on
the k" row.

Procedure:

1. Build an affinity matrix A from A/
A is nXn in size

where
2
_|M,- - ‘”J’l
OQ .
€ JEQ,;

0 otherwise

A=

2. Perform a depth first traversal of A for each i,j. If A;;>0.5
then A; ; is assigned to the kth cluster. Once an A; ; has been
assigned it can not be re-assigned. Increment Ak after each
traversal terminates.

[0059] To reduce the memory requirements, an affinity matrix may be built
on the fly during a depth first traversal. The output assignment matrix may be
stored in a sparse matrix data structure.

[0060] Extensions to the basic procedure are possible. The clustering

behavior can be modified, for example, by changing the affinity function and
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changing the neighborhood function. In some cases, it is useful to relax the
neighborhood function to allow for voxel skipping. This provides a degree of
localized clustering for those cases where there are several small disconnected
features which form a larger meta feature.

[0061] The affinity function may be changed so that a function g can be

applied to the fluid map.

-|geariy— g(.wj)|2>
)

.42':]':6(

[0062] One currently available g function averages over a region around the
voxel of interest. Another implemented function applies a volume threshold
thereby converting the fluid map into a binary image.

[0063] In placing the drops on features 804, statistics such as total voxel
area, bounding box area, total volume, aspect ratio, etc. can be calculated for each
feature. Rules can refer to these statistics of the feature. The user may then
exclude or identify different features by writing a set of rules which are processed
against each feature.

[0064] As described above, the first rule set r; i1s used to identify features, or
conversely to discard unwanted features. Features that are likely'to be discarded
may include those that are too small and may be safely ignored, or those that are

too large and may be best handled by the standard optimization routine.

_22.
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[0065] The second rule set r,. encodes a heuristic to determine non-convex
features. This is typically done by comparing the number of voxels with volume to
the total number of voxels in the bounding area of the feature. If a feature is
deemed non-concave then it is recursively segmented using a normalized cut
version of spectral clustering until all segments or sub-features are concave.
Spectral clustering is described by Ng et al. in “On Spectral Clustering: Analysis
and Algorithm,” Advances in Neural Information Processing Systems 14: 2001,
and von Luxburg in “A tutorial on Spectral Clustering,” Statistics and Computing,
17 (4) 2007, both of which are hereby incorporated by reference herein.

[0066] In some cases, one or more drop locations may be pre-determined.
These pre-determined drop locations may be selected based, for example, on
defect inspection or on analysis of the imprinting surface. In some cases, defect
inspection may be used to find areas that have not filled sufficiently. These results
may be used to define pre-determined drop locations to fill the areas as needed, for
example, by post-processing or clustering the defect data to find more general
areas that have insufficient fluid volumes, and then placing drops at those
locations.

[0067] In some cases, the distance (norm) function of the optimization
routine may be modified to take into account template features. This covers the
rotated elliptical Voronoi regions and the volume transition weighting. Other
analysis methods (e.g. spectral clustering), may also be used to find features of

interest in the fluid map and then have those other algorithms assess where to

_23-
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place drops to fill those features. The optimization routine may then be used to
optimize the locations of the remaining drops around those specified locations. In
addition, existing semiconductor metrology information (e.g. defect inspection
data) may be used to find areas which are not filling properly, assign drops to
those areas, and then let the optimization routine optimize the remaining drop
locations.

[0068] Next, third rule set r; may be applied to the remaining features to
determine the segmentation grid for the feature. The rules can be used to
determine the grid that should be mapped onto the feature. A single drop is
allocated to each grid location and is initially placed on the volume weighted
centroid for that segment. This location is then snapped to a valid location in G
and then added to the set of feature drops F.

[0069] Block 806 may have generation of the power diagram remain
unchanged. However, due to the presence of the feature drops F which cannot
move, the nature of the optimization routine is now changed. A minimum energy
configuration of the drops is no longer possible and as such two modifications
need to be made to the basic procedure described earlier.

[0070] The first change is to impose upper and lower limits as shown in

equation (8) below on the weight updates shown in equation (4).

)\min S)\{.i £>\max (8)

The lower limit is particularly important as it inhibits the maximum diameter of a

Voronoi region from exceeding a reasonable limit. Without this limit some

- 24 -
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regions may become elliptically shaped hulls with the generator centroid at an
extrema.

[0071] The second modification is related to convergence and selection of
the optimal pattern. As a function of time, with limits in place on the generator
weights, the system will minimize the sum squared error, which results in the
distribution of region sizes being minimized. However this minimization will
occur at the expense of the range of region sizes, for which there is no explicit
constraint. In many cases this is not necessarily the desired solution since fluid
filling 1s typically limited by the slowesf to fill region, typically the drop with the
largest volume allocation.

[0072] In some cases, additional logic can be placed in the iteration routine
to keep a copy of the pareto optimal solution that has been encountered. This
pattern minimizes the range of region sizes as well as the variation of region sizes.

The objective function in (1) is then effectively:

minimize ||p,~——z,-||§+ma.x Z f(My) | — min Z F(My) ). (9)
i=1 ke ke
[0073] The presence of strong directionally dominant features on the

template can affect the flow of the liquid. As described above, the fluid flow was
considered to be symmetric, i.e. to flow radially outward from the generator

location in all directions equally, appearing as a growing disc. from a top view. In

- 25-
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some cases, however, template features inhibit symmetrical flow. For example,
long narrow gratings, such as those used in crossbar type memories, can create
virtual nanochannels where much more fluid flows in the direction of the grating
rather than perpendicularly to them. To incorporate this phenomena into the
synthesis flow, the definition of the Voronoi region can be extended to include

ellipsoids of arbitrary rotation.

2 2
W y-

w?

To realize this, the norm function of equation (5) is modified to include a

coordinate system rotation R and an axis weighing W.

| (zk — pi ) R:Wi ]|, (11)

The rotation matrix R is the standard coordinate system where the rotation angle is
determined by analyzing the template design (e.g. a “Graphic Data System II” or
“GDSII” formatted file) to determine the primary direction of the features in each
Voronoi region. Similarly the weighting matrix W, for each Voronoi region is
generated through analysis of the template design, or by utilizing a physical
model, to determine where the fluid will likely flow for each drop or generator

location.
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[0074] This formulation can be extended to the power diagram updates, to
enforce the volume constraints, by extending the ellipse to the 3™ dimension, i.e.

making it a cone, and then assuming evaluation at a fixed z of 1.

(12)

Using equation (12), the matrices used in the norm shown in equation (11) look

like the following,

sin(#;)  cos(#;)

R-VV'—(CC)S(Q[.') —Sill( i ) w; 0
W, = o 0, .

where 8;, w;, and /; are determined from the layout.

[0075] In some embodiments, a drop pattern may be calculated to include
the effect of discrete changes in pattern density (e.g., a change in depth of a feature
to be filled with a polymerizable material) to allow rapid, even filling of features.
To include the effect of discrete changes in pattern density in a fluid map, the
edges in the fluid map are located and an edge map is formed. Thresholds are
applied to the edge map. A volume weight is calculated between each generator
location and voxel. Calculating the volume weight includes initializing a scale
factor (e.g., to 1.0). A line scan is performed from the generator coordinate to the

fluid map voxel coordinate. When an edge in the edge map is crossed, the

-27-
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transition type (e.g., lower density to higher density, higher density to lower
density) is assessed, and the scale factor is multiplied by a weight associated with
the transition type to yield an adjusted scale factor. This may be considered edge
weighting. The distance from the generator to the voxel is calculated, and the
distance is multiplied by the adjusted scale factor to yield a corrected distance.
The corrected distance is used in building the Voronot diagram or power diagram.
[0076] FIG. 9A shows a drop pattern (black dots) and corresponding
Voronoi regions (white lines) calculated without volume weighting for a patterned
surface. The darker areas of the patterned surface indicate regions of higher
density. For example, the dark gray region requires more fluid per unit area to fill
the features completely than the lighter gray regions. FIG. 9B shows a drop
pattern and corresponding Voronoi regions calculated with volume transition
weighting for the same patterned surface.

[0077] The embodiments of the present invention described above are
exemplary. Many changes and modiﬁca'tions may be made to the disclosure
recited above, while remaining within the scope of the invention. Therefore, the
scope of the invention should not be limited by the above description, but instead
should be determined with reference to the appended claims along with their full

scope of equivalents.
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WHAT IS CLAIMED IS:

1. A method of generating a fluid drop pattern, the method comprising:
selecting a fluid dispense system for dispensing a plurality of drops of a
fluid on a substrate;
selecting an imprinting surface comprising features having a volume; and
generating an optimized fluid drop pattern of the plurality of drops on the
substrate, such that the plurality of drops of the fluid are distributed to locations on

the substrate based on a modified Voronoi diagram.

2. The method of claim 1 wherein the modified Voronoi diagram comprises a

weight associated with each generator location in the Voronoi diagram.

3. The method according to any one of claims 1 or 2 further comprising

dispensing the fluid in accordance with the optimized fluid drop patterns

4. The method of claim 3 wherein the dispensing comprises delivering from
the fluid dispense system a multiplicity of drops of substantially equal volume to

the substrate.

5. The method according to any one of claims 1-4 wherein generating the

optimized fluid drop pattern comprises:

-29.
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locating edges in a fluid map corresponding the imprinting surface to
form an edge map;
applying a threshold to the edge map;
computing a volume weight between a generator point and a
5 volumetric pixel;
initializing a scaling factor;
performing a line scan from a generator point to the fluid map
volumetric pixel;
determining a transition type when an edge is crossed;
10 multiplying the scaling factor by a weight associated with the
transition type;
calculating a distance from the generator point to the volumetric
pixel,
multiplying the distance by a scale factor to yield a corrected
15 distance; and
building a modified Voronoi diagram based on the corrected

distance.

6. The method of claim S, wherein the scaling factor is initialized to about 1.0.

20

-30-
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7. The method according to any one of claims 1-7 wherein the optimized fluid
drop pattern comprises adjusting drop location based at least in part on a volume

of the features.

8. The method according to any one of claims 1-7 further comprising
replicating the imprinting surface by substantially filling the features of the

imprinting surface with polymerizable material.

9. The method according to any one of claims 1-8 further comprising

translating the fluid drop pattern to form a set of shifted fluid drop patterns.

10.  The method of claim 9, further comprising superimposing the shifted fluid

drop patterns to form a superimposed drop pattern.

11.  One or more computer-readable storage media storing instructions for
imprint lithography that, when executed by a processor cause the processor to
perform acts comprising:

generating an imprint lithography fluid map with a modified Lloyd’s
method;

generating a fluid drop pattern corresponding to the fluid map; and

generating instructions to configure a fluid dispensing device to apply fluid

according to the fluid drop pattern.

-3/ -
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12.  The computer-readable storage media of claim 11 further comprising

merging a plurality of fluid drop patterns to form a multiple drop pattern.

13.  The computer-readable storage media according to any one of claims 11-12
further comprising adjusting relative positioning of fluid drop locations in the
multiple drop pattern to reduce template effects from successive imprinting of

overlapping drop locations.

14.  The computer-readable storage media according to any one of claims 11-13
wherein the generating the fluid map further comprises:

assessing a feature geometry of the imprinting surface;

determining a desired residual layer thickness;

calculating a local fluid volume to fill the feature geometry and form a
residual layer with the desired residual layer thickness;

adjusting the calculated local fluid volume to account for material and
process parameters; and

forming a map of the fluid distribution comprising volumetric pixels.

15.  The computer-readable storage media of claim 14, wherein the process

parameters include evaporation rate of the fluid, shrinkage of the fluid upon
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polymerization, surface energy of the substrate, and calibration parameters of the

fluid dispensing device.

16.  The computer-readable storage according to any one of claims 11-15
wherein the generating the fluid map further comprises:

simulating placement of a multiplicity of drops across the fluid map;

selecting a drop volume;

performing a series of modified Lloyd’s method iterations on the simulated
placement;

generating a single fluid drop pattern from the iterated simulated placement
using centroidal Voronoi tessellation;

shifting the single fluid drop pattern to form a set of shifted single drop
patterns;

superimposing the shifted fluid drop patterns to form a multiple drop
pattern,;

performing a series of modified Lloyd’s method iterations on the multiple
drop pattern; and

generating a set of single drop patterns from the iterated multiple drop

pattern using centroidal Voronoi tessellation.

17.  The computer-readable storage media of claim 16, wherein centroidal

Voronoi tessellation comprises Lloyd’s method modified to move a drop to a

-33-
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location coinciding with a weighted mean of all the Voronoi region centers-of-

mass.

18.  The computer-readable storage media of claim 17, wherein each center-of-
mass is weighted based on a volume deficit and the distance between the centers-

of-mass of the Voronoi regions of a plurality of drops.

19. A system of imprint lithography, the system comprising:

a fluid dispensing control system comprising a processor coupled to a
memory; and

a fluid map generator coupled to the fluid dispensing control system and
configured to generate an optimized fluid drop pattern based on an approximate
centroidal Voronoi tessellation to substantially fill volumes of imprint features

with a fluid when dispensed.

20.  The system of claim 19 wherein the fluid map generator is configured to
alter a location of a fluid drop to a modified location coinciding with a weighted
mean of Voronoi region centers-of-mass associated with a plurality of droplet

locations.

-34-
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