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(57) ABSTRACT

Techniques relate to forming a sorting device. A mesh is
formed on top of a substrate. Metal assisted chemical
etching is performed to remove substrate material of the
substrate at locations of the mesh. Pillars are formed in the
substrate by removal of the substrate material. The mesh is
removed to leave the pillars in a nanopillar array. The pillars
in the nanopillar array are designed with a spacing to sort
particles of different sizes such that the particles at or above
a predetermined dimension are sorted in a first direction and
the particles below the predetermined dimension are sorted
in a second direction.
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METAL ASSISTED CHEMICAL ETCHING
FOR FABRICATING HIGH ASPECT RATIO
AND STRAIGHT SILICON NANOPILLAR
ARRAYS FOR SORTING APPLICATIONS

DOMESTIC PRIORITY

[0001] This application is a divisional of U.S. patent
application Ser. No. 15/139,951, filed Apr. 27, 2016, the
disclosure of which is incorporated by reference herein in its
entirety.

BACKGROUND

[0002] The present invention relates to a pillar array
structure, and more specifically, to metal-assisted chemical
etching for fabricating high aspect ratio and straight silicon
nanopillar arrays for sorting applications.

[0003] The separation and sorting of biological entities,
such as cells, proteins, deoxyribonucleic acid (DNA), ribo-
nucleic acid (RNA), etc., are important to a vast number of
biomedical applications including diagnostics, therapeutics,
cell biology, and proteomics.

[0004] Protein and DNA/RNA separation for analytical
purposes is traditionally done by gel electrophoresis, where
a protein mix is subjected to a strong electric field (typically
30 volts per centimeter (V/cm)). Proteins or DNA/RNA
move through the gel at a rate that depends on their size and
surface charge. The gels are prepared from agarose or
acrylamide polymers that are known to be toxic. The out-
come of the electrophoresis experiment is revealed optically
from staining the proteins with dye, or staining the DNA/
RNA with ethydium bromide which is extremely carcino-
genic. Gels require sufficient quantities of material for the
outcome of the electrophoresis to be detectable, but bad
cross-linking in the gel matrix often leads to inconclusive
results and the complete loss of the samples. If the gel matrix
size is not adapted to the sample molecule size or if the
electrophoresis is left to run for too long, the sample is also
lost.

[0005] In comparison with traditional techniques, silicon
(Si) nanofabrication technology offers much more precise
and accurate control in nano-structural dimensions and
positioning of the same, and thus can lead to reliable sorting
of particles based on their sizes. To date, Si-based Lab-on-
a-Chip approaches using Si pillars arrays have shown prom-
ise.

SUMMARY

[0006] According to one or more embodiments, a method
of forming a sorting device is provided. The method
includes forming a mesh on top of a substrate, and perform-
ing metal assisted chemical etching to remove substrate
material of the substrate at locations of the mesh. Pillars are
formed in the substrate by removal of the substrate material.
Also, the method includes removing the mesh to leave the
pillars in a nanopillar array, where the pillars in the nano-
pillar array are designed with a spacing to sort particles of
different sizes such that the particles at or above a prede-
termined dimension are sorted in a first direction and the
particles below the predetermined dimension are sorted in a
second direction.

[0007] According to one or more embodiments, a method
of forming a sorting device is provided. The method
includes performing metal assisted chemical etching to
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remove substrate material of a substrate at locations of a
mesh, where pillars are formed in the substrate by removal
of'the substrate material, and removing the mesh to leave the
pillars in a nanopillar array, where the pillars in the nano-
pillar array are designed with a spacing to sort particles of
different sizes. Also, the method includes providing at least
one or more inlets configured to receive a fluid and the
particles to be sorted through the nanopillar array, and
providing at least two or more outlets configured to output
the particles having been sorted.

[0008] According to one or more embodiments, a fluidic
sorting device is provided. The sorting device includes
pillars in a nanopillar array, where the pillars in the nano-
pillar array are designed with a spacing to sort particles of
different sizes, and where the pillars have an aspect ratio
greater than 5. Also, the sorting device includes at least one
or more inlets configured to receive a fluid and the particles
to be sorted through the nanopillar array, and at least two or
more outlets configured to output the particles having been
sorted.

[0009] According to one or more embodiments, a fluidic
sorting device is provided. The fluidic sorting device
includes pillars in a nanopillar array, where the pillars in the
nanopillar array are configured with a spacing to sort par-
ticles of different sizes, and where the pillars have an aspect
ratio greater than 10. The fluidic sorting device includes at
least one or more inlets configured to receive a fluid and the
particles to be sorted through the nanopillar array, and at
least two or more outlets configured to output the particles
having been sorted.

[0010] According to one or more embodiments, a method
of forming a sorting device is provided. The method
includes performing metal assisted chemical etching to
remove substrate material of a substrate at locations of a
mesh, where pillars are formed in the substrate by removal
of the substrate material. The method includes removing the
mesh to leave the pillars in a nanopillar array, where the
pillars in the nanopillar array are designed with a spacing to
sort particles of different sizes. Also, the method includes
providing at least one or more inlets configured to receive a
fluid and the particles to be sorted through the nanopillar
array, and providing at least two or more outlets configured
to output the particles having been sorted, where the spacing
is configured to sort first particles toward one outlet and sort
second particles toward another outlet.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a scanning electron microscope image of
a nanopillar array formed with reactive ion etching.

[0012] FIG. 2 is a cross-sectional view of a structure
according to one or more embodiments.

[0013] FIG. 3 is a cross-sectional view of the structure
depicting deposition of a resist material according to one or
more embodiments.

[0014] FIG. 4 is a cross-sectional view of the structure
depicting patterning of the resist according to one or more
embodiments.

[0015] FIG. 5 is a cross-sectional view of the structure
depicting deposition of a metal layer according to one or
more embodiments.

[0016] FIG. 6 is a cross-sectional view of the structure
depicting formation of a nanoscale mesh according to one or
more embodiments.
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[0017] FIG. 7A is a top-down view of the structure depict-
ing the mesh layout according to one or more embodiments.
[0018] FIG. 7B is a top-down view of the structure depict-
ing the mesh layout according to one or more embodiments.
[0019] FIG. 8 is a cross-sectional view of the structure
depicting formation of pillars in the substrate according to
one or more embodiments.

[0020] FIG. 9 is a cross-sectional view of the structure
depicting pillars of a nanopillar array according to one or
more embodiments.

[0021] FIG. 10A is a scanning electron microscope image
of a nanopillar array for a sorting device according to one or
more embodiments.

[0022] FIG. 10B is an enlarged view of the scanning
electron microscope image of the nanopillar array for the
sorting device according to one or more embodiments.
[0023] FIG. 10C is a further enlarged view of the scanning
electron microscope image of the nanopillar array for the
sorting device according to one or more embodiments.
[0024] FIG. 11 is a schematic of a sorting device having a
nanopillar array according to one or more embodiments.
[0025] FIG. 12 is a flow chart of a method of forming a
sorting device according to one or more embodiments.
[0026] FIG. 13 is a flow chart of a method of forming a
sorting device according to one or more embodiments.

DETAILED DESCRIPTION

[0027] Various embodiments are described herein with
reference to the related drawings. Alternative embodiments
may be devised without departing from the scope of this
document. It is noted that various connections and positional
relationships (e.g., over, below, adjacent, etc.) are set forth
between elements in the following description and in the
drawings. These connections and/or positional relationships,
unless specified otherwise, may be direct or indirect, and are
not intended to be limiting in this respect. Accordingly, a
coupling of entities may refer to either a direct or an indirect
coupling, and a positional relationship between entities may
be a direct or indirect positional relationship. As an example
of an indirect positional relationship, references to forming
layer “A” over layer “B” include situations in which one or
more intermediate layers (e.g., layer “C”) is between layer
“A” and layer “B” as long as the relevant characteristics and
functionalities of layer “A” and layer “B” are not substan-
tially changed by the intermediate layer(s).

[0028] Having a high aspect ratio and straight silicon
nanopillars is a valuable component in separating biomol-
ecules according to one or more embodiments. However, the
current method of fabricating silicon nanopillars, which uses
reactive ion etching (RIE), suffers from two disadvantages in
the state-of-the-art, and FIG. 1 is a cross-sectional view of
a scanning electron microscope (SEM) image of a nanopillar
array in the state-of-the-art. First, RIE does not fabricate
silicon nanopillars with large depth, and this limits the
throughput of the sorting device. Second, the silicon nano-
pillars fabricated by ME are not straight, resulting into
non-uniform gaps between pillars, and the non-uniform gaps
deteriorate the efficiency of sorting.

[0029] Embodiments demonstrate a new method of fabri-
cating high aspect ratio and straight silicon nanopillars for
sorting biomolecules, thereby providing nanopillar arrays
with high throughput, thereby being highly efficient sorting
devices. Separating biomolecules is recognized as an impor-
tant step in biomedical analysis and diagnosis. Achieving
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separation function is indispensable in realizing lab-on-a-
chip (LOC). Deterministic lateral displacement (DLD) is an
approach discussed for sorting microscale/nanoscale targets
based on their sizes using a pillar array. DLD has success-
fully been used for separating blood cells, tumor cells,
leukocytes, etc.

[0030] Most of the DLD work uses micrometer scale pillar
array for separating micrometer scale targets such as cells.
The state-of-the-art has a nanometer scale silicon pillar
array, where the silicon nanopillar array was defined by
electron beam lithography and etched into silicon by reac-
tive ion etching (RIE). However, ME is isotropic and can
only fabricate limited aspect ratio nanopillars, and the pillar
is not straight as shown in FIG. 1. The limited aspect ratio
restricts the throughput of the sorting device while the
non-straightness of pillars in the array reduces the sorting
efficiency.

[0031] To solve these two issues, embodiments use metal-
assisted chemical etching (MacEtch) to fabricate straight
silicon nanopillars in an array with a high aspect ratio.
Metal-assisted chemical etching (MacEtch) uses noble met-
als such as Au, Ag, and Pt as a catalyst to induce local
etching of silicon where the noble metal contacts silicon. In
order to fabricate a silicon nanopillar array, Au nanoscale
meshes are fabricated. As one example, electron beam
(e-beam) lithography may be utilized to first pattern poly
(Methyl MethAcrylate) (PMMA) nanodots on a substrate,
evaporation is used to deposit a thin film of Au on top of the
PMMA and substrate, and then lift off is performed to
remove the PMMA in order to fabricate Au meshes. Addi-
tionally, the sample is dipped into an etching solution, which
is a mixture of hydrofluoric acid, isopropyl alcohol, and
hydrogen peroxide. MacEtch has not been used for fabri-
cating a sorting device having silicon nanopillars.

[0032] Embodiments utilize metal assisted chemical etch-
ing (MacEtch) for fabricating high aspect ratio and straight
vertical silicon nanopillars for sorting applications. MacEtch
can fabricate high aspect ratio and straight silicon nanopil-
lars compared with state-of-the-art method of reactive ion
etching (RIE). Moreover, in accordance with embodiments,
MacEtch can be integrated into the fabrication process since
it is a wet etching process employing commonly used
chemicals such as hydrofluoric acid, isopropyl alcohol, and
hydrogen peroxide.

[0033] FIGS. 2-9 illustrate fabrication techniques for
building a fluidic sorting device with a nanopillar array
according to one or more embodiments. FIG. 2 is a cross-
sectional view of a structure 200 according to one or more
embodiments. The structure 200 includes a substrate 205.
The substrate 205 may be silicon. In one implementation,
the substrate 205 may be a silicon wafer. It should be
appreciated that other materials may be utilized for the
substrate 205.

[0034] FIG. 3 is a cross-sectional view of the structure 200
depicting deposition of a resist material according to one or
more embodiments. A resist 305 is formed on top of the
substrate 205. The resist 305 may be a photoresist material
designed to be patterned.

[0035] FIG. 4is a cross-sectional view of the structure 200
depicting patterning of the resist 305 according to one or
more embodiments. The resist 305 may be etched into a
pattern using standard lithography processes. The pattern of
the resist 305 has trenches 405. The trenches 405 extend
both in a z-axis and an x-axis (not shown in the cross-
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sectional view) in order to form a nanoscale mesh. Trenches
405 are formed down to the substrate 205 such that the
substrate 205 is exposed.

[0036] In one implementation, the resist 305 may be
patterned using electron beam (e-beam) lithography, and the
resist 305 may be PMMA. For example, the patterned resist
305 may be formed into patterned PMMA nanodots using
e-beam lithography.

[0037] FIG. 5 is a cross-sectional view of the structure 200
depicting deposition of a metal layer according to one or
more embodiments. The patterned resist 305 is utilized to
cover certain portions of the substrate 205, while other
portions are exposed.

[0038] The metal layer 510 may be deposited on top of the
patterned resist 305 and the exposed substrate 205 in the
trenches 405. Deposition of the metal layer 510 results in
portions of the metal layer 510 on top of the resist 305 and
portions on top of the substrate 205. The metal layer 510
may be deposited using evaporation as the thin-film depo-
sition technique.

[0039] The metal layer 510 may be noble metals. Particu-
larly, the metal layer may be Au, Ag, and/or Pt. In one
implementation, Au may be better for etching a silicon
substrate.

[0040] FIG. 6 is a cross-sectional view of the structure 200
depicting formation of a nanoscale mesh according to one or
more embodiments. To form the mesh 605 of the metal layer
510, the patterned resist 305 is lifted off, thereby removing
the portions of the metal layer 510 on top of the resist 305.
The resist 305 may be lifted off using, for example, acetone.
[0041] After removal of the resist 305, the metal layer 510
that was previously on the exposed substrate 205 in the
trenches 405 still remains as metal lines/strips 610. The
mesh 605 is a network of the connected metal lines 610
running in both the x-axis and z-axis. The mesh 605 may be
similar to a web or a net in that it has many attached strands
of metal lines 610. The mesh 605 is directly on top of the
substrate 205.

[0042] It is appreciated that other techniques may be
utilized to deposit the metal layer 510 and form the mesh
605 of metal lines 610. In one case, the metal layer 510 may
be deposited directly on top of the substrate 205 without
using the resist 305. The metal layer 510 may be etched
using lithography into the mesh 605 of metal lines 610. In
another case, once the metal layer 510 is deposited on top of
the substrate 205, a resist may be formed on top of the metal
layer 510 and patterned into a pattern such that the desired
metal lines 610 are covered by the resist. Accordingly, the
exposed portions of the metal layer 510 are removed along
with the resist, such that the mesh 605 remains.

[0043] FIG. 7A is a top-down view of the structure 200
depicting the mesh 605 according to one or more embodi-
ments. As can be seen, the mesh 605 includes connected
metal lines 610. In between the connected metal lines 610
are exposed portions of the substrate 205. These exposed
portions of the substrate 205 are the locations for which
pillars are to be formed and also correspond to areas where
the patterned resist 305 has been lifted off.

[0044] FIG. 7B is a top-down view of the structure 200
depicting the mesh 605 according to one or more embodi-
ments. FIG. 7B also illustrates connected metal lines 610
that form the mesh 605. In FIG. 7B, exposed portions of the
substrate 205 may be more circular as compared to FIG. 7A
because of the nanodots of exposed substrate 205 are
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circular. As noted above, these exposed portions of the
substrate 205 are the locations for which pillars are to be
formed and also correspond to areas where the patterned
resist 305 has been removed.

[0045] FIG. 8is a cross-sectional view of the structure 200
depicting formation of pillars in the substrate according to
one or more embodiments. The substrate 205 may be etched
according to the pattern of the mesh 605. Trenches 805 are
formed in the substrate 205 following the pattern of the mesh
605. Accordingly, the trenches 805 mirror the connected
network of the metal lines 610.

[0046] The trenches 805 are etched into the substrate 205
using metal assisted chemical etching (MacEtch). In one
implementation, the MacEtch may use a mixture of hydro-
fluoric (HF) acid, isopropyl alcohol, and hydrogen peroxide
as an etchant to etch silicon.

[0047] Metal assisted chemical etching is also abbreviated
as MaCE or MCE. MacEtch is a wet but directional etch
technique. MacEtch uses noble metals to induce local oxi-
dation and reduction reactions under open circuit. Metal
such as Au, Pt and Ag, deposited on the surface of a
semiconductor (e.g., Si) serves as a local cathode to catalyze
the reduction of oxidants (e.g., H,O,) producing holes (h+).
The holes (h+) are then injected into the valence band of the
semiconductor to oxidize and form the ionic form that is
soluble in an acidic solution (e.g., HF). This results in the
removal of semiconductor materials without net consump-
tion of the metal. Under controlled etching conditions,
MacEtch reactions occur only at the interface between metal
and the semiconductor. As a result, metal descends into the
semiconductor as the semiconductor is being etched right
underneath, acting as a negative resist etch mask. When the
catalyst metal is patterned in any shape and dimension, the
pattern can be engraved into the semiconductor to produce
microstructures and nanostructures including arrays of pil-
lars.

[0048] FIG. 9is a cross-sectional view of the structure 200
depicting pillars 905 in a nanopillar array 910 of a sorting
device according to one or more embodiments. The metal
lines 610 are removed from the trenches 805 resulting in
pillars 905 of the nanopillar array 910. It should be appre-
ciated that the nanopillar array 910 may have numerous
rows and columns of pillars 905. There may be tens,
hundreds, or thousands of pillars 905. Each of the pillars 905
are separated from one another by trenches 805 running in
both the x-axis and y-axis. The spacing is designed to
separate particles of different sizes as discussed further
herein.

[0049] FIG. 10A is a scanning microscope image of pillars
in a nanopillar array of a sorting device according to one or
more embodiments. FIG. 10B is an enlarged view of the
pillars in the nanopillar array of the sorting device according
to one or more embodiments. FIG. 10C is a further enlarged
view of the pillars in the nanopillar array of the sorting
device according to one or more embodiments. FIGS. 10A,
10B, 10C are silicon nanopillars in the sorting array formed
using MacEtch as discussed herein. It should be appreciated
that no oxide or other material needs to be formed on and
around the pillars to make the pillars vertically straight.

[0050] In FIGS. 10A, 10B, 10C, the pillars (e.g., pillars
905) are illustrated with a top diameter of about 224 nm, a
bottom diameter of about 226 nm, a height of about 728 nm,
and a tapered angle of about 90°. Also, the pillars may have
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an aspect ratio of about 3.25, where the aspect ratio is
height/diameter (e.g., 728/224=3.25).

[0051] The pillars 905 in the nanopillar array 910 may
have an aspect ratio of about 5 or greater. In one implemen-
tation, the pillars 905 in the nanopillar array 910 may have
an aspect ratio up to or through about 100. In another
implementation, the pillars 905 in the nanopillar array 910
may have an aspect ratio up to or through about 200. In one
particular implementation, the pillars 905 may have an
aspect ratio of about 10-100. The fluidic sorting device (e.g.,
sorting device 1100) discussed herein is designed to have
such high aspect ratios because the pillars 905 are straight
(in the vertical direction in the y-axis), the pillars 905 have
substantially a uniform diameter/width from top to bottom,
and the pillars 905 have substantially uniform spacing
between one another. Having vertically straight pillars 905
provides a greater throughput which means that more par-
ticles can simultaneously be sorted. Having a uniform diam-
eter and uniform spacing provides consistent sorting (i.e.,
fewer errors) such that particles of different sizes are sorted
in the respective directions through the nanopillar array 910.
[0052] In contrast, nanopillar arrays in sorting devices of
the state-of-the-art have pillars that are bowed in as shown
in FIG. 1. Accordingly, the silicon material of the pillars 905
do not form a uniform diameter/width from top to bottom,
and do not have uniform spacing between the pillars. There-
fore, the sorting devices in the state-of-the-art have a smaller
throughput thereby limiting the particles can simultaneously
be sorted because of the non-uniform spacing between
pillars. Additionally, pillars in sorting device of the state-
of-the-art have a low aspect ratio which is normally 1 and is
less than 3.

[0053] FIG. 11 is a schematic of a sorting device 1100
having the nanopillar array 910 according to one or more
embodiments. The sorting device 1100 is a fluidic device
designed to pass fluid. The fluidic sorting device 1100
separates particles based on a predetermined critical dimen-
sion that the nanopillar array 910 is designed to accommo-
date for separating particles. The predetermined critical
dimension is based on the gap between the pillars 905,
where the gap is the uniform spacing between the pillars
905. The particles may be biological entities, such as cells,
proteins, deoxyribonucleic acid (DNA), ribonucleic acid
(RNA), etc.

[0054] The sorting device 1100 has an inlet 1105 to
receive fluid containing the different sized particles (i.e.,
biological entities) to be sorted. For example, there may be
large/larger particles that need to be separated from small/
smaller particles. Although one inlet 1105 is shown, the
sorting device 1100 may include one inlet for inputting the
particles and another inlet for inputting the fluid.

[0055] The inlet 1105 may be an opening or hole in the
walls around the nanopillar array 910 or may span the width
of the nanopillar array 910 through which fluid (e.g., water,
electrolyte solutions, organic solvents, etc.) and particles
(e.g., biological entities) can flow. Particles having a size
greater than the predetermined critical dimension are
bumped (i.e., bumped mode) through the nanopillar array
910 in the direction of the predetermined critical angle o to
be collected at outlet 1140, and the particles smaller than the
critical dimension are collected at outlet 1145.

[0056] The predetermined critical dimension is the size
(e.g., diameter) of a round shaped particle and/or persistence
length of a chain structure, such as DNA, that is too large to
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zigzag through the nanopillar array 910. Particles, having a
size smaller than the critical dimension, zigzag (i.e., zigzag
mode) through the nanopillar array 910 in the direction of
fluid flow, and the smaller particles are collected at the outlet
1145. The particles having the size smaller than the critical
dimension follow the direction of the fluid flow, and are
sorted through the outlet 1145.

[0057] The outlets 1140 and 1145 may be openings
through which the sorted particles can flow such that the
particles are collected in bins after sorting. The inlet 1105
and outlets 1140 and 1145 may be openings in the walls of
the substrate material of the substrate 205 that surrounds the
pillars 905. The sorting device 1100 is a fluidic device
designed to hold fluid and allow the fluid to flow in a fluid
flow direction, such that the both fluid and the particles to be
separated flow in the fluid flow direction toward outlets 1140
and 1145. In one implementation, the sorting device 1100
may be encased or partially encased in a plastic-like hous-
ing. The housing may contain one or more openings to
receive the fluid and particles at one side. Also, the housing
contains openings to output the fluid and separated particles
at an opposite side.

[0058] FIG. 12 is a flow chart of a method 1200 of forming

a sorting device 1100 according to one or more embodi-
ments. Reference can be made to FIGS. 2-11.

[0059] At block 1205, a mesh 605 is formed on top of a
substrate 205.
[0060] At block 1210, metal assisted chemical etching is

performed to remove substrate material of the substrate 205
at locations of the mesh 605, where pillars 905 are formed
in the substrate 205 by removal of the substrate material.

[0061] At block 1215, the mesh 605 is removed to leave
the pillars 905 in the nanopillar array 910, where the pillars
905 in the nanopillar array 910 are designed with a spacing
(i.e., gap) to sort particles of different sizes such that the
particles at or above a critical dimension are sorted in a first
direction (e.g., to outlet 1140) and particles below the critical
dimension are sorted in a second direction (e.g., to outlet
1145).

[0062] The pillars 905 are spaced from one another to
thereby form the nanopillar array 910. The mesh 605 is a
metal. The metal of the mesh 605 is a selection of noble
metals. The metal of the mesh 605 includes at least one of
Au, Ag, and Pt.

[0063] The substrate 205 is silicon. The pillars 905 are
straight in a vertical direction. The substrate material form-
ing a bottom, a middle, and a top of the pillars 905 has
substantially the same width/diameter. The substrate mate-
rial forming the pillars 905 is not bowed inward at a middle
of the pillars. The spacing (i.e., gap) between a bottom, a
middle, and a top of the pillars is substantially the same.

[0064] The pillars 905 have an aspect ratio greater than 5.
The pillars 905 have an aspect ratio of greater than 10. The
pillars 905 have an aspect ratio of about 10 to 100. The
pillars 905 have an aspect ratio up to 200.

[0065] FIG. 13 is a flow chart of a method 1300 of forming

a sorting device 1100 according to one or more embodi-
ments. Reference can be made to FIGS. 2-12.

[0066] At block 1305, metal assisted chemical etching is
performed to remove substrate material of a substrate 205 at
locations of a mesh 605, where pillars 905 are formed in the
substrate 205 by removal of the substrate material.
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[0067] At block 1310, the mesh 605 is removed to leave
the pillars 905 in the nanopillar array 910, where the pillars
in the nanopillar array are designed with a spacing to sort
particles of different sizes.

[0068] At block 1315, at least one or more inlets 1105 are
configured to receive a fluid and particles to be sorted
through the nanopillar array 910.

[0069] At block 1320, at least two or more outlets 1140,
1145 are configured to output the particles having been
sorted.

[0070] The pillars 905 may have an aspect ratio up to 100
or have an aspect ratio up to 200.

[0071] The spacing is designed to sort first particles (e.g.,
large particles) toward one outlet (e.g., such as outlet 1140)
and sort second particles (e.g., small particles below a
critical dimension) toward another outlet (e.g., outlet 1145).
[0072] Technical effects and benefits include improved
semiconductor devices, including, for example, improved
fluidic sorting devices. The sorting device includes a nano-
pillar array with straight pillars having a high aspect ratio.
The high aspect ratio allows greater throughput of particles
and greater sorting capability. The straight pillars in the
nanopillar array provide consistent sorting because the gap
(i.e., spacing) is consistent from top to bottom between
neighboring pillars.

[0073] It should be appreciated that the design for semi-
conductor devices may be included in or utilize features of
an integrated circuit layout. An integrated circuit (IC) layout
is also known as an IC layout, IC mask layout, or mask
design. The integrated circuit layout is the representation of
an integrated circuit in terms of planar geometric shapes
which correspond to the patterns of metal, oxide, semicon-
ductor layers, etc., that make up the components of the
integrated circuit. Such an integrated circuit layout, includ-
ing the layout of a semiconductor device, may be stored in
a computer readable medium in preparation for fabrication
as understood by one skilled in the art.

[0074] It will be noted that various microelectronic device
fabrication methods may be utilized to fabricate the com-
ponents/elements discussed herein as understood by one
skilled in the art. In semiconductor device fabrication, the
various processing steps fall into four general categories:
deposition, removal, patterning, and modification of electri-
cal properties.

[0075] Deposition is any process that grows, coats, or
otherwise transfers a material onto the wafer. Available
technologies include physical vapor deposition (PVD),
chemical vapor deposition (CVD), electrochemical deposi-
tion (ECD), molecular beam epitaxy (MBE) and more
recently, atomic layer deposition (ALD) among others.

[0076] Removal is any process that removes material from
the wafer: examples include etch processes (either wet or
dry), and chemical-mechanical planarization (CMP), etc.

[0077] Patterning is the shaping or altering of deposited
materials, and is generally referred to as lithography. For
example, in conventional lithography, the wafer is coated
with a chemical called a photoresist; then, a machine called
a stepper focuses, aligns, and moves a mask, exposing select
portions of the wafer below to short wavelength light; the
exposed regions are washed away by a developer solution.
After etching or other processing, the remaining photoresist
is removed. Patterning also includes electron-beam lithog-
raphy.
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[0078] Modification of electrical properties may include
doping, such as doping transistor sources and drains, gen-
erally by diffusion and/or by ion implantation. These doping
processes are followed by furnace annealing or by rapid
thermal annealing (RTA). Annealing serves to activate the
implanted dopants.

[0079] The present invention may be a system, a method,
and/or a computer program product. The computer program
product may include a computer readable storage medium
(or media) having computer readable program instructions
thereon for causing a processor to carry out aspects of the
present invention.

[0080] The computer readable storage medium can be a
tangible device that can retain and store instructions for use
by an instruction execution device. The computer readable
storage medium may be, for example, but is not limited to,
an electronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium includes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, a mechanically encoded device such as punch-
cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the fore-
going. A computer readable storage medium, as used herein,
is not to be construed as being transitory signals per se, such
as radio waves or other freely propagating electromagnetic
waves, electromagnetic waves propagating through a wave-
guide or other transmission media (e.g., light pulses passing
through a fiber-optic cable), or electrical signals transmitted
through a wire.

[0081] Computer readable program instructions described
herein can be downloaded to respective computing/process-
ing devices from a computer readable storage medium or to
an external computer or external storage device via a net-
work, for example, the Internet, a local area network, a wide
area network and/or a wireless network. The network may
comprise copper transmission cables, optical transmission
fibers, wireless transmission, routers, firewalls, switches,
gateway computers and/or edge servers. A network adapter
card or network interface in each computing/processing
device receives computer readable program instructions
from the network and forwards the computer readable
program instructions for storage in a computer readable
storage medium within the respective computing/processing
device.

[0082] Computer readable program instructions for carry-
ing out operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
machine instructions, machine dependent instructions,
microcode, firmware instructions, state-setting data, or
either source code or object code written in any combination
of one or more programming languages, including an object
oriented programming language such as Smalltalk, C++ or
the like, and conventional procedural programming lan-
guages, such as the “C” programming language or similar
programming languages. The computer readable program
instructions may execute entirely on the user’s computer,
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partly on the user’s computer, as a stand-alone software
package, partly on the user’s computer and partly on a
remote computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be
connected to the user’s computer through any type of
network, including a local area network (LAN) or a wide
area network (WAN), or the connection may be made to an
external computer (for example, through the Internet using
an Internet Service Provider). In some embodiments, elec-
tronic circuitry including, for example, programmable logic
circuitry, field-programmable gate arrays (FPGA), or pro-
grammable logic arrays (PLA) may execute the computer
readable program instructions by utilizing state information
of'the computer readable program instructions to personalize
the electronic circuitry, in order to perform aspects of the
present invention.

[0083] Aspects of the present invention are described
herein with reference to flowchart illustrations and/or block
diagrams of methods, apparatus (systems), and computer
program products according to embodiments of the inven-
tion. It will be understood that each block of the flowchart
illustrations and/or block diagrams, and combinations of
blocks in the flowchart illustrations and/or block diagrams,
can be implemented by computer readable program instruc-
tions.

[0084] These computer readable program instructions may
be provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function in a particular manner, such that
the computer readable storage medium having instructions
stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act
specified in the flowchart and/or block diagram block or
blocks.

[0085] The computer readable program instructions may
also be loaded onto a computer, other programmable data
processing apparatus, or other device to cause a series of
operational steps to be performed on the computer, other
programmable apparatus or other device to produce a com-
puter implemented process, such that the instructions which
execute on the computer, other programmable apparatus, or
other device implement the functions/acts specified in the
flowchart and/or block diagram block or blocks.

[0086] The flowchart and block diagrams in the Figures
illustrate the architecture, functionality, and operation of
possible implementations of systems, methods, and com-
puter program products according to various embodiments
of the present invention. In this regard, each block in the
flowchart or block diagrams may represent a module, seg-
ment, or portion of instructions, which comprises one or
more executable instructions for implementing the specified
logical function(s). In some alternative implementations, the
functions noted in the block may occur out of the order noted
in the figures. For example, two blocks shown in succession
may, in fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order,
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depending upon the functionality involved. It will also be
noted that each block of the block diagrams and/or flowchart
illustration, and combinations of blocks in the block dia-
grams and/or flowchart illustration, can be implemented by
special purpose hardware-based systems that perform the
specified functions or acts or carry out combinations of
special purpose hardware and computer instructions.
[0087] The descriptions of the various embodiments of the
present invention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the
art without departing from the scope and spirit of the
described embodiments. The terminology used herein was
chosen to best explain the principles of the embodiments, the
practical application or technical improvement over tech-
nologies found in the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments
disclosed herein.
What is claimed is:
1. A fluidic sorting device comprising:
pillars in a nanopillar array, wherein the pillars in the
nanopillar array are designed with a spacing to sort
particles of different sizes, and wherein the pillars have
an aspect ratio greater than 5;
at least one or more inlets configured to receive a fluid and
the particles to be sorted through the nanopillar array;
and
at least two or more outlets configured to output the
particles having been sorted.
2. The fluidic sorting device of claim 1, wherein the pillars
have the aspect ratio up to 100.
3. The fluidic sorting device of claim 1, wherein the pillars
have the aspect ratio up to 200.
4. The fluidic sorting device of claim 1, wherein the mesh
is a metal.
5. The fluidic sorting device of claim 4, wherein the metal
of the mesh is a selection of noble metals.
6. The fluidic sorting device of claim 4, wherein the metal
of the mesh includes Au.
7. The fluidic sorting device of claim 4, wherein the metal
of the mesh includes Ag.
8. The fluidic sorting device of claim 4, wherein the metal
of the mesh includes Pt.
9. The fluidic sorting device of claim 1, wherein the pillars
have an aspect ratio greater than 5.
10. The fluidic sorting device of claim 1, wherein the
pillars have an aspect ratio of about 10 to 100.
11. A fluidic sorting device comprising:
pillars in a nanopillar array, wherein the pillars in the
nanopillar array are configured with a spacing to sort
particles of different sizes, and wherein the pillars have
an aspect ratio greater than 10;
at least one or more inlets configured to receive a fluid and
the particles to be sorted through the nanopillar array;
and
at least two or more outlets configured to output the
particles having been sorted.
12. The fluidic sorting device of claim 11, wherein the
pillars have the aspect ratio up to 100.
13. The fluidic sorting device of claim 11, wherein the
pillars have the aspect ratio up to 200.
14. The fluidic sorting device of claim 11, wherein the
mesh is a metal.
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15. The fluidic sorting device of claim 14, wherein the
metal of the mesh is a selection of noble metals.

16. The fluidic sorting device of claim 14, wherein the
metal of the mesh includes Au.

17. The fluidic sorting device of claim 14, wherein the
metal of the mesh includes Ag.

18. The fluidic sorting device of claim 14, wherein the
metal of the mesh includes Pt.

19. The fluidic sorting device of claim 11, wherein the
pillars have an aspect ratio of about 10 to 100.

20. The fluidic sorting device of claim 11, wherein the
pillars are spaced from one another to thereby form the
nanopillar array.
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