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ABSTRACT: While three-dimensional (3D) configurable
hierarchical nanostructures have wide ranging applications
in electronics, biology, and optics, finding scalable
approaches remains a challenge. We report a robust and
general strategy called multiple-patterning nanosphere
lithography (MP-NSL) for the fabrication of periodic 3D
hierarchical nanostructures in a highly scalable and tunable
manner. This nanofabrication technique exploits the
selected and repeated etching of polymer nanospheres
that serve as resists and that can be shaped in parallel for
each processing step. The application of MP-NSL enables
the fabrication of periodic, vertically aligned Si nanotubes at
the wafer scale with nanometer-scale control in three

dimensions including outer/inner diameters, heights/hole-depths, and pitches. The MP-NSL method was utilized to
construct 3D periodic hierarchical hybrid nanostructures such as multilevel solid/hollow nanotowers where the height and
diameter of each level of each structure can be configured precisely as well as 3D concentric plasmonic nanodisk/nanorings

with tunable optical properties on a variety of substrates.
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nanosphere lithography

holes, wires, pillars, tubes, and cones are increasingly
applied in the design of solar cells, biosensors,
biomaterials, and drug delivery systems due to their superior

P eriodic semiconductor nanostructures, such as pyramids,

optical/electrical properties, biocompatibility, and mechanical
properties." ™" In particular, periodic single-crystalline silicon
(Si) nanotubes'" assembled via electron-beam lithography and
nanoimprint lithography demonstrate better light conversion
efficiency than other structures in hybrid solar cells, while their
biocompatibility'> and tubular structures also suggest their
tantalizing potential as tools to enable improved studies of
cellular mechexnics,l3_15 circulating tumor cell capture/
release,'® and intracellular biochemical delivery.'”'®
despite this interest and their broad applicability, the deploy-
ment of periodic Si-nanotube-based devices with controlled
dimensions has been limited by the lack of simple and scalable
fabrication approaches for these structures.

However,
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Current strategies for the fabrication of periodic Si
nanostructures, including nanopillars, nanocones, and nano-
holes, involve nanosphere lithography,lg_25 because of its low
cost, simplicity, and high throughput compared to conventional
nanolithographic methods including electron-beam lithography
and focused ion-beam milling. Nanosphere lithography
employs periodic arrays of self-assembled close-packed
mono/bilayer nanospheres (e.g., polystyrene, SiO,, and others)
as masks to pattern underlying substrate materials,"”” However,
the fabrication of periodic Si nanotubes with precise dimen-
sional control over large areas remains challenging due
primarily to the nanosphere template being used only once
during processing. This “one-time use” approach restricts
traditional nanosphere lithography techniques in that only the
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Figure 1. Self-aligned multiple-patterning nanosphere lithography (MP-NSL) for Si nanotube arrays. (A) A schematic illustration of the
process. Step 1: A monolayer of close-packed polystyrene (PS) nanospheres is formed at a water/air interface, then transferred onto a Si
wafer. The size of the nanospheres defines the ultimate pitches (p) of the Si nanotubes. Step 2: Oxygen plasma RIE reduces the sphere size
and defines the outer diameters (d,) of Si nanotubes. Step 3: Deep reactive ion etching (DRIE) etches Si into nanopillars by using the
nanospheres as masks. The outer heights (h,) of Si nanotubes are controlled by the etch time. Step 4: A second oxygen plasma RIE further
reduces the sizes of polymer nanoparticles and defines the inner diameters (d;) of Si nanotubes. Step 5: Ni is deposited to form Ni nanorings
on the Si nanopillars, and it functions as a DRIE mask. Step 6: Polystyrene nanoparticles are removed by 10 min oxygen plasma etching to
expose the center part of the Si nanopillars. Step 7: DRIE is performed again to etch holes and to define the hole depth (k;). Step 8: Ni is
removed by HCl, and pristine Si nanotube arrays are obtained. Scanning electron microscope (SEM) images of key intermediates: (B)
monolayer of closed-packed polystyrene nanospheres (diameter: 1 gm) formed on a Si wafer; (C) polystyrene nanoparticles on Si wafer after
first size reduction; (D) polystyrene nanoparticles on top of periodic Si nanopillar arrays; (E) second size reduction of polystyrene
nanoparticles by oxygen plasma (step 4); and (F) Ni nanorings on top of Si nanopillars. The region displayed as dark is Si and the region
displayed as bright is Ni. (G) Etching of the inner regions by DRIE to form Si nanotubes (step 7). Images (D, E, G) were taken at a tilt of 30°.
Scale bars: 1 gm.

d, =1290
h,,=2800
d, = 1050

w =120
P = 2000

Figure 2. (A—H) Scanning electron micrographs of representative periodic Si nanotube arrays with different parameters in nm: pitch (p),
outer diameter (d,), inner diameter (d;), sidewall thickness (w = (d, — d;)/2), and outer height (h,). Images were recorded at a tilt of 30°.
(Units: nm).
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outer diameter of Si nanotubes can be defined fully. For
example, previous attempts to generate nanoring-like masks for
Si nanotube fabrication lacked suitable control over dimensions
(such as tube thickness), quality, and reproducibility.

In this work, we propose and demonstrate a nanosphere
lithography strategy named multiple-patterning nanosphere
lithography (MP-NSL), which circumvents the limitations of
traditional one-time use methods by adopting a multiple use
template concept. The MP-NSL method achieves wafer-scale
fabrication of periodic Si nanotubes while enabling independent
control over all structural dimensions during fabrication
including inner/outer tube diameters, heights, hole-depths,
and pitches. To our knowledge, this degree of versatility and
precision has not previously been reported for structures
prepared via nanosphere lithography. Moreover, our MP-NSL
technique represents a powerful three-dimensional (3D)
nanolithographic tool for high-throughput fabrication of
periodic hierarchical nanoarchitectures, enabling the assembly
of multilevel solid/hollow Si nanotowers and 3D concentric
plasmonic nanodisk/nanorings.

RESULTS AND DISCUSSION

The process for fabricating periodic Si nanotubes by MP-NSL
is illustrated schematically in Figure 1A with associated
scanning electron microscopy (SEM) images of the products
from key steps shown in Figure 1B—G. We fabricated a variety
of Si nanotube arrays with different parameters: pitches (400
nm to 2 ym), outer heights (100 nm to 6 ym), inner heights
(100 nm to 2 um), outer diameters (220 nm to 1.3 ym), inner
diameters (130 to 1050 nm), and tube thicknesses (sub-50 to
500 nm). Representative SEM images of a selection of Si
nanotubes are depicted in Figure 2. In addition, SEM images of
large area, well-ordered nanosphere templates and Si nanotube
arrays with the corresponding Fourier transform patterns are
shown in Figures S1 and S2.

The template for MP-NSL consists of a monolayer of
polystyrene nanospheres, which is assembled by slowly
distributing an aqueous dispersion of the nanospheres drop
cast onto a tilted glass slide, as reported elsewhere.”’ The
monolayer is then transferred to a 2 cm X 2 cm Si substrate
underneath the water/air interface by gently removing the
liquid. Note that the pitch of the final Si nanotube arrays is
determined by the original diameters of the polystyrene
nanosphere template, which can be tailored from several
hundred nanometers to several microns depending on their
original size. Here, we specifically chose polystyrene nano-
spheres with diameters of 400 nm, 600 nm, 900 nm, 1 ym, and
2 pm as examples. The assembly of the nanosphere template is
highly scalable such that one can easily reach the wafer scale
manually and can conceivably reach the square meter scale
using automated nanosphere dispensing systems.”®

Next, the diameters of the polystyrene nanospheres are
configured via oxygen plasma reactive ion etching (RIE) to
define the outer diameter (d,) of the Si nanotubes. By
controlling the oxygen plasma RIE time, one can tailor the
nanosphere diameter precisely without changing the pitch. For
instance, a 4 min oxygen plasma RIE can uniformly and
precisely etch close-packed polystyrene spheres of 1 um
diameter into ~820 nm diameter nanospheres with identical
spacings of ~180 nm, Figure 1C. As illustrated in Figure 2D
and Table 1, the oxygen plasma RIE time and the diameters of
polystyrene nanospheres correlate closely, and the results are
highly reproducible. The diameters of the nanospheres notably

Table 1. Controlling Size Reduction of Polystyrene
Nanospheres by Oxygen Plasma RIE

pitch = 1 ym pitch = 2 ym
etch time d, etch time d,
2.5 min 910 + 4 nm 4 min 1860 + 9 nm
3 min 900 + 4 nm 7 min 1630 + 8 nm
3.5 min 860 + 6 nm 10 min 1350 + 10 nm
4 min 820 + S nm 13 min 1160 + 9 nm
S min 760 + 7 nm 1S min 800 + 10 nm
6 min 610 + 7 nm 16 min 740 + 8 nm
7 min 480 + S nm
8 min 330 + 6 nm

decrease faster with increasing oxygen plasma RIE time due to
the polymer nanoparticles becoming flatter with a more oblate
ellipsoid shape (Figure S4).”

It is important to note that enhancing the adhesion between
the polystyrene nanospheres and the underlying Si substrate
before dry etching helps to prevent the random tilting of the
etched polymer nanoparticles, which could lead to asymmetries
in the final pillar/nanotube arrays (Figure SS). The nano-
spheres were coupled to the Si substrate after the initial oxygen
RIE step by heating briefly to 120 °C for ~30 s. This treatment
does not result in noticeable lateral deformation, but appears to
fix the etched polymer nanoparticles to prevent moving or
tilting during the subsequent processes.

Methods for etching Si involve either wet-etching strategies
such as metal-assisted chemical etching” or dry-etching
approaches such as RIE.” Here, we chose a dry etching
technique, specifically deep reactive ion etching (DRIE), due to
its capability for anisotropic etching, high reproducibility, and
nontoxicity. The outer heights (h,) and inner hole-depths (h;)
of the Si nanotubes are controlled by the DRIE time.
Specifically, DRIE via the Bosch process, which consists of
multiple cycles of passivation and etching, was applied to
achieve high-aspect-ratio nanopillars. The alternating cycles of
passivation and etching in the Bosch process protect the
sidewalls of nanostructures from being etched laterally over
large depths. Figure 1D illustrates a typical array of high-aspect-
ratio Si nanopillars produced via MP-NSL with polystyrene
nanoparticles sitting on their tops (h, = 2000 nm). The Bosch
process typically results in periodic “ripples” on the sidewalls as
shown in Figure 2, which is called the “scalloping effect”. As
shown in the high-resolution SEM image in Figure S6, the
thickness of the “ripple” is typically ~25 nm. Note that the top
surfaces of the silicon nanopillars remain smooth, as they were
protected by the PS bead template during etching. However,
the “scalloping effect” can be minimized and/or eliminated in
MP-NSL by using an optimized Bosch process29 or cryogenic-
DRIE to generate Si nanostructures with smooth sidewalls. In
the present study, low-aspect-ratio Si nanostructures with
smooth sidewalls were achieved straightforwardly via single-
step DRIE, which uses C,Fg and SF4 simultaneously as the
etching and passivation gases (Figures 2G,H and S7).

After the fabrication of Si nanopillars, a second oxygen
plasma RIE was applied to reduce the size of the polystyrene
nanoparticles sitting on top of the pillars (Figure 1D). The
smaller nanospheres remain centered on the pillars and serve as
templates for subsequent etching treatments to obtain
nanotubes. Next, a thin layer of nickel (Ni) was deposited via
electron-beam evaporation along the exposed Si at the tops of
the nanopillars to avoid undesired etching. Nickel was selected
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Figure 3. (A) Schematic illustration of tuning the outer and inner diameters (d, and d,, respectively) of Si nanotubes. (B) Top-view SEM
images of Si nanotubes fabricated from 1 gm polystyrene nanospheres with d, = 730 + 7 nm, and sidewall width (w = (d, — d;)/2) from 105 +
S nm to 290 + 7 nm (scale bar: 400 nm). (C) Top-view SEM images of Si nanotubes fabricated from 2 ym polystyrene (PS) nanospheres with
d, = 1340 + 12 nm, and w from 120 + 12 nm to 420 + 8 nm (scale bar: 400 nm). (D) Oxygen plasma reactive ion etching (RIE) time-
dependent size reduction of polystyrene nanoparticles. (E) Oxygen plasma RIE time dependent w corresponding to (B,C) with d, = 1340 +
12 nm. (F) Schematic illustrations of independent control of h, and h;. From left to right, h, > h;, h, = h;, and h, < h;. Bottom: SEM images of
corresponding Si nanotube cross sections prepared by focused ion-beam milling with Pt (white part) as protection layer (scale bar: 500 nm).
(G) Plot of DRIE time dependence of h, and h;. Si etch rates were 0.66 gm/min for h, and 0.50 gm/min (0—3 min)/ 0.18 gm/min (3—8 min)

for h,, respectively.

as the masking material as it is highly resistant to Si dry etching
processes. The thin Ni layer, typically 20 nm, forms Ni
nanorings at the top of the nanopillars and also covers the
bottom surface of the Si substrate, Figure 1E. The polymer
nanoparticles are subsequently removed with tape to expose the
centers of the Si pillars for etching Figure 1F. The inner
diameters of the Ni nanorings define the inner diameter (d;)
and sidewall thickness (w = d, — d;) of nanotubes generated
after a second round of DRIE. The Ni is then removed via a
chemical etch treatment (5% HCI) to obtain the final Si
nanotube arrays (Figure 1G).

As illustrated in Figure 3A, altering the time of the second
oxygen plasma RIE step enables the inner diameter d; and thus
the sidewall thickness w of the Si nanotubes to be tuned
precisely. As a proof of concept, we fabricated a series of Si
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nanotubes by using 1 and 2 pgm polystyrene spheres as masks
for MP-NSL. We first fabricated Si nanopillars with diameters
of 730 + 7 nm and 1340 + 12 nm using the 1 and 2 um
polystyrene spheres masks, respectively. Then, we varied the
second oxygen plasma RIE time to control the diameter of the
polystyrene nanoparticles on top of the Si nanopillars and
applied a second DRIE treatment as described above to
generate ordered Si nanotubes with different sidewall
thicknesses. As shown in the Tables 1 and 2: For Si nanopillars
with d, = 720 nm, a second oxygen plasma RIE time of 3, 3.25,
3.5, 4, and 4.5 min, resulted in sidewall thicknesses of 105 + S,
120 + 4, 150 + S, 200 =+ S, and 290 + 7 nm, respectively, while
for 1340 + 12 nm diameter Si nanopillars, oxygen plasma RIE
times of 3—7 min resulted sidewall thicknesses ranging from
120 + 12 to 420 + 8 nm. Even smaller sidewall thickness, such
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Table 2. Controlling Sidewall Thicknesses (w) of Si
Nanotubes by Varying the Etch Time Difference between
Two Oxygen Plasma RIE

pitch = 1 ym pitch = 2 ym

etch time w etch time w

3 min 10S + S nm 3 min 120 + 12 nm

3.25 min 120 + S nm 4 min 180 + 7 nm

3.5 min 150 + S nm S min 250 + 8 nm

4 min 200 = 9 nm 5.5 min 300 + 8 nm

4.5 min 290 + 7 nm 6 min 340 + 9 nm
7 min 420 £ 8 nm

as 45 + 2, 80 = 2, 100 + 3 nm, can be achieved by further
decreasing the RIE time difference, see Figure 2F—H. Such high
accuracy control over the nanosphere size is comparable to
many electron- or ion-beam-based nanolithographies.

The outer height (h,) and inner hole-depth (h;) of the Si
nanotubes can be controlled independently by varying their
respective DRIE times. The SEM cross-sectional images shown
in Figure 3F illustrate three representative Si nanotube arrays
with different h,/h; ratios, where from left to the right, h, > h,
h, = h; (center), and h, < h,. The DRIE etching rates used for
each h, and h; are shown in Figure 3G and Table 3. Specifically,

Table 3. Tuning the Outer/Inner Heights (h,/h;) of Si
Nanotubes by Controlling the Duration of Deep Reactive
Ion Etching

etch time h, etch time h;
1 min 700 + 25 nm 2 min 1100 + 20 nm
3 min 2000 + 28 nm 3 min 1500 + 25 nm
4 min 2800 + 32 nm 4 min 1700 + 30 nm
6 min 4000 + 38 nm 6 min 2000 + 20 nm
8 min 5200 + SO nm 8 min 2410 + 28 nm

an etch rate of 0.66 ym/min was used for h,, while rates of 0.50
um/min (0—3 min) and 0.18 ym/min (3—8 min) were used
for h;. A slower etch rate is observed for h;, which is known as
“RIE lag”, that is, the etching rate is related to the feature size,
and the smaller the feature size, the lower the etching rate.”"

The robust and rapid fabrication of periodic 3D hierarchical
nanostructures is highly desirable for applications in nano-
photonics, metamaterials, and biotechnology.32 Direct writing
fabrication strategies based on two—photon,3‘ focused ion-beam,
or electron-beam®® techniques have been developed to
assemble 3D hierarchical micro/nanostructures serially, but
their widespread use within these areas has been precluded by
low fabrication throughputs and a limited selection of
compatible materials.

We find that MP-NSL can serve as a high-throughput 3D
nanolithographic tool to fabricate a variety of periodic 3D
hierarchical nanostructures. For example, as shown in Figure
4A, multilevel Si nanopillars or “nanotowers” with two, three,
and four levels were fabricated by reducing the polystyrene
nanosphere size twice, three, and four times, respectively, with
Si etching applied after each size reduction. A high-resolution
SEM image (Figure S6) of multilevel silicon nanotowers shows
all the levels have smooth surfaces. The smallest diameters at
the apex of the Si nanotowers achieved so far are ~100 nm
when using 900 nm nanospheres templates. The sidewall
thickness (w) and height (h) of each level were controlled
individually and precisely by varying the oxygen plasma RIE

and DRIE times during processing (Figure 4A). In principle,
there is no limitation to the complexity of the nanostructures
generated via MP-NSL. Potential applications for these
multilevel nanotowers include nanobarcodes™ and antire-
flective coatings.’® It is also possible to fabricate hollow Si
nanotowers by integrating the etching processes used to
generate Si nanotubes above. Moreover, we have applied MP-
NSL to pattern similar nanotowers with a wide range of
materials, including SiO,, and have used the nanostructures as a
mold for soft materials, such as polydimethylsiloxane (PDMS)
(Figure 4A).37—39

Plasmonic nanostructures have attracted broad interest,
including for potential applications ranging from biosensing
and surface-enhanced spectroscopy to optical trapping.**~*® So
far, most plasmonic nanostructures fabricated by nanolithog-
raphy have been largely two-dimensional. Our 3D nanostruc-
tures can further serve as templates for achieving periodic 3D
hierarchical plasmonic nanostructures, important for engineer-
ing nanophotonics in 3D."”~* Simply by evaporating a layer of
a plasmonic metal (e.g, gold, silver, aluminum), onto an array
of periodic Si/SiO,/PDMS nanotowers, we obtained periodic
3D plasmonic nanostructures (Figure 4A). After Au evapo-
ration, high-resolution SEM imaging reveals that each layer of
the nanotower structures is smooth (Figure S8). The
dimensions of these Au nanorings and Au nanodisks as well
as the relative vertical distances between them are fully tunable
with sub-20 nm-scale resolution, which presents the tantalizing
possibility to design and to manipulate the optical properties of
these periodic 3D plasmonic nanostructures. For example, we
evaporated 50 nm of Au on two slightly different two-level Si
nanotowers as shown in Figure 4B, and fully tunable 3D ring/
disk plasmonic nanocavities were thereby fabricated. As shown
in the reflection spectra of these vertically stacked plasmonic
nanostructures, multiple resonant peaks ranged from visible to
mid-IR were observed. The reflection spectra agree well with
finite-difference-time-domain (FDTD) simulations. The simu-
lation results indicate that multiple peaks and dips result from
multimodal plasmonic resonances through hybridization
between different plasmonic multipole modes of ring and
disk cavities vertically (FDTD simulations of the electric-field
and charge distributions are provided in Figure S9). Slight,
intentional geometry differences between the two plasmonic
nanostructures (sample i vs sample ii) result in shifts in the
reflection spectra due to changes of the resonance (Figure 4B).
Thus, MP-NSL is a tool to design and to fabricate optically
tunable 3D plasmonic nanostructures.

CONCLUSIONS AND PROSPECTS

Our results suggest that MP-NSL is a promising 3D
nanolithographic tool to achieve a variety of periodic 3D
hierarchical nanostructures that can be configured to enable
applications in nanophotonics, optoelectronics, electronics,
metamaterials, and biotechnology. This strategy is compatible
with and could be integrated into micro/nanoscale device
manufacturing to add components with functions enabled by
rationally designed 3D nanostructures. Additionally, by using
beads with different physicochemical properties and/or geo-
metries, even greater control can be achieved.

MATERIALS AND METHODS

Materials. Prime quality 4 in. Si (100) wafers (P/B, 1—10 ohm-cm
resistivity) were purchased from University Wafer Inc. (Boston, MA,
USA). All polystyrene spheres (1% solids, 400 nm to 2 ym) were
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Figure 4. (A) By using multiple-patterning nanosphere lithography, a variety of periodic hierarchical nanostructures have been designed and
fabricated: Si nanotowers with two levels, three levels, and four levels with tunable heights (including negative heights for selected levels) and
diameters for each level; configurable concentric plasmonic Au nanorings/nanodisk on Si substrates (solid/hollow two-level nanotowers),
$iO, nanostructures (two-level nanotowers), and flexible polydimethylsiloxane (PDMS) substrates (negatively replicated hollow nanotowers).
(B) Reflection visible-infrared spectra of Au/Si nanotowers with different dimensions. Solid lines are the experiment results, and dotted lines
are corresponding simulation results. (Sample sizes in nm, sample i: p = 900, d, = 530, h, = 300, d, = 320, h, = 230, and t,, = 50; Sample ii: p
=900, d, = 570, h, = 230, d, = 320, h, = 300, and t,, = 50). Note that the spectra (500 to 6000 nm) were collected using two different
spectrometers with different ranges (500—2500 nm and 2500—6000 nm, respectively) and stitched together at 2500 nm for comparison to

simulations (see detailed description in the Supporting Information).

purchased from Thermo Fisher Scientific Inc. (Fremont, CA, USA).
Sodium dodecyl sulfate (SDS, 98%) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Hydrochloric acid (36.5 to 38.0% w/w)
was purchased from Fisher Scientific Inc. (Fair Lawn, NJ, USA).
Evaporation materials including gold (99.99%) and nickel (99.995%)
were purchased from K. J. Lesker Company (Jefferson Hills, PA,
USA).

Morphology Characterization. The scanning electron micro-
graphs were taken by a Zeiss Supra 40VP scanning electron
microscope. Focused ion-beam samples were made and imaged
using the Nova 600 SEM/FIB system.

Polystyrene Sphere Monolayer Formation on Si Substrates.
The polystyrene nanospheres (1% solids) stock dispersion were
centrifuged and redispersed in water/ethanol mixture (1:1 ratio) with
2—4% solids. A 2 cm X 2 cm Si substrate and a 22 mm X 22 mm glass
coverslip were treated in an oxygen plasma (Harrick Plasma, Ithaca,
NY) for 1 min to generate hydrophilic surfaces. Next, the Si substrate
was put in a 2 in. Petri dish, ~4 mL water was added to immerse the Si
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substrate fully, and then ~50 yL 1 wt % SDS was added. The
polystyrene nanosphere dispersion in water/ethanol was slowly added
to the water/air interface through a tilted glass coverslip that was
placed against the edge of the Petri dish to form close-packed
monolayers. Then, the water was removed to transfer the polystyrene
nanosphere monolayers to the surface of Si substrate. Finally the Si
substrate was dried in a vacuum desiccator.

Oxygen Plasma RIE of Polystyrene Nanospheres. An Oxford
80 Plus system was used to tailor the size of polystyrene nanospheres.
A time-controlled etching process of the polystyrene nanospheres was
carried out under a gas mixture of O, (35 sccm) and Ar (10 sccm) at a
pressure of 60 mTorr and radio frequency power of 60 W. The
polystyrene-nanosphere-coated Si substrate was heated at 120 °C for
~30 s to fix nanospheres on the Si substrate.

Deep Reactive lon Etching of Silicon. (1) Bosch process: An
inductively coupled plasma reactive ion etcher (ICP-RIE, Plasma
Therm SLR700) was used. It involved alternate cycles of passivation
and etching steps. During the passivation step, a flow of 24 sccm C,Fyq
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and 12 sccm Ar was used at power of 825 W. During the etching step,
a flow of 30 sccm SFg and 12 sccm Ar was used at a power of 825 W.
(2) Single-step dry etching: The single-step RIE of silicon was
completed in a simultaneous flow of 24 sccm C,Fg, 21 sccm SFg, and S
sccm Ar at a pressure of 12 mTorr with ICP power of 650 W and
platen power of 9 W (STS Advanced Oxide Etcher) to achieve silicon
pillars/tubes with smooth sidewalls. For both processes, the etching
depth of Si was controlled by the etching time.

Fabrication of SiO, Hierarchical Nanostructures. SiO,/Si
(500-nm-thick SiO,) substrates with polystyrene nanoparticles as the
masks were etched by an Oxford 80 Plus using a gas mixture of CHF;
(25 scem) and Ar (25 scem) at 35 mTorr to generate the SiO,
hierarchical nanostructures.

Pattern Replication to PDMS Substrates. A 10:1 mass ratio of
Sylgard 184 elastomer silicone elastomer base and curing agent were
thoroughly mixed and then degassed in a vacuum desiccator. This
mixture was poured onto the Si mold with hierarchical nanostructures
and cured overnight at 65 °C. After curing, PDMS stamps were
carefully removed from the Si mold.

Metal Coating. Desirable substrates were loaded into the vacuum
chamber of an electron-beam metal evaporator (Kurt J. Lesker
Company, Jefferson Hills, PA) and held at a base pressure of 1 X 1077
Torr. Ni film was deposited at rate of ~1 A/s, and Au film was
deposited at rate of ~0.5 Ass.
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