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ilicon-based nanomaterials have great
potential for a wide variety of applica-
tions due to silicon's abundance and
implicit compatibility with current semi-
conductor processing technologies. Struc-
tures based on silicon have been widely
adapted as photonic crystals,' ® solar
cells,” "2 sensors,”>'* and thermoelectric
devices.”>% In particular, non-close-packed
silicon nanostructures are highly desirable
for their wide photonic band gap and may
be beneficial for other surface-enhanced
properties.>%21-28
Non-close-packed silicon nanostructures
based on sacrificial inverse opal templates
have been demonstrated, but only in the
amorphous phase (a-Si).>° While a myriad of
methods to obtain crystalline silicon (c-Si)
nanostructures exist, including, for example,
slow heating of a-5i**'%?? and magnesium
reduction of silica®3°~32 (SiOy) into c-Si at
600—675 °C, these thermal crystallization
techniques in the solid phase require sev-
eral hours at elevated temperatures in an
inert environment. The stoichiometric yields
of ¢-Si from magnesium reduction of SiO,
are also relatively low (34.9 vol %).3° An
alternative approach is using pulsed lasers
to induce an extremely short transient melt-
crystallization conversion of a-Si precursors
into c-Si, enabling thermal processing on
many different substrates such as glass and
polyimide.3*3* Pulsed laser irradiation has
been coupled to nanoimprinting,3>3¢ nano-
sphere lithography,®’3? and block copoly-
mer-directed templating®® to obtain Si
nano-gratings, pillars, and porous thin films.
To the best of our knowledge, however, it
has not been applied to rapid transforma-
tions of colloidal crystal templates into non-
close-packed c-Si structures.
In this work, we demonstrate a facile, rapid,
and versatile method to fabricate non-close-
packed c-Si colloidal nanostructures using a
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ABSTRACT This report describes an ultrafast, large-area, and highly flexible method to construct
complex two- and three-dimensional silicon nanostructures with deterministic non-close-packed
symmetry. Pulsed excimer laser irradiation is used to induce a transient melt transformation of
amorphous silicon filled in a colloidal self-assembly-directed inverse opal template, resulting in a
nanostructured crystalline phase. The pattern transfer yields are high, and long-range order is
maintained. This technique represents a potential route to obtain silicon nanostructures of various
symmetries and associated unique properties for advanced applications such as energy storage and
generation.

KEYWORDS: self-assembly - pulsed laser irradiation - colloidal crystals - silicon -
crystalline - non-close-packed

laser-induced transient melt process. We em-
ployed a hexagonally arranged close-packed
(hep) sacrificial colloidal crystal template to
define and construct two-dimensional (2D)
hexagonal-non-close-packed (hncp) c-Si ar-
rays and 3D ordered macroporous hncp ¢-Si
nanostructures. The crystallinity and non-
close-packed symmetry of such highly or-
dered silicon 2D nanoarrays and 3D intercon-
necting pore network nanostructures are
known to enhance electrical conductivity,
photonic, and other surface properties signif-
icantly and could improve device perfor-
mance, for example, in optoelectronics,
photovoltaics, and thermoelectrics.>>62°

RESULTS AND DISCUSSION

Scheme 1 illustrates the experimental pro-
cesses. Polystyrene (PS) colloids (0.5 wt %) with
diameters of either 530 or 350 nm were mixed
with deionized water and hydrolyzed tetra-

ethylorthosilicate (TEOS) solution.>? A mono-
* Address correspondence to

layer colloidal crystal of PS spheres surrounded
by TEOS-derived SiO, was formed using the
flow-controlled vertical deposition (FCVD)
method.*'~*® The resulting latex beads were
slowly calcined in air at 500 °C, leaving behind
a highly ordered hcp SiO, inverse monolayer
colloidal crystal. This inorganic template was
subsequently filled with a ~100 nm thick a-Si
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Scheme 1. Schematic illustration of hncp c-Si nanostructure generation. (a) The PS monolayer colloidal crystal surrounded by
a Si0, matrix is grown using a one-step flow-controlled vertical deposition method on Si substrates. (b) PS beads are removed
by slow calcination at 500 °C. a-Si is deposited as an overlayer on the hcp SiO, inverse colloidal crystal template and irradiated
by a pulsed excimer laser. (c) The template is dissolved in HF, revealing the 2D hncp c¢-Si nanostructured arrays on the Si
substrate
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Figure 1. Plan view and cross-sectional (insets) SEM micrographs of the sputter-deposited and processed sample. (a) hcp PS
monolayer colloidal crystal using 530 nm diameter beads surrounded by the SiO, matrix. (b) hcp SiO, inverse monolayer
colloidal crystal template after calcination. (c) a-Si overlayer backfilled by top-down sputter deposition. (d) hncp ¢-Si
nanostructures after HF etching.

Figure 2. Plan view and cross-sectional (insets) SEM micrographs of samples formed and processed with PECVD a-Si deposition. (a)
hcp PS monolayer colloidal crystal using 350 nm diameter beads surrounded by the SiO, matrix. (b) hcp SiO, inverse monolayer
colloidal crystal after calcination. (c) a-Si overlayer deposited by PECVD. (d) hncp ¢-Si nanostructures after HF etching.
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Figure 3. 3D AFM height profile images and corresponding Voronoi tessellation constructions of (a, ¢) the 350 nm hcp SiO,
inverse monolayer colloidal crystal template and (b, d) the final hncp c-Si nanostructures of the PECVD sample. The vertical
height axes range from (a) =200 nm for the template and (b) +-50 nm for the c-Si nanostructures. The scan area for the AFM
images and Voronoi analysis is 10 x 10 zm?, and the color bar indicates the number of sides of the calculated polygon. The
vast majority of the scan areas show 6-fold neighbors with only isolated defect regions.

overlayer by sputter deposition or plasma-enhanced
chemical vapor deposition (PECVD) and irradiated with
a 40 ns full-width-half-maximum pulsed XeCl excimer
laser (308 nm wavelength) in air to induce the melt
conversion of a-Si to the crystalline phase. The entire
duration of laser-induced melt and solidification was
approximately 20—100 ns. Finally, the SiO, template
was removed in concentrated hydrofluoric (HF) acid
solution, leaving the hncp Si nanostructured array
seen in Scheme 1c.

Scanning electron microscopy (SEM) images in Fig-
ure 1 show the various stages of the process. A hcp SiO,
inverse template (530 nm pore size, Figure 1b) ob-
tained from PS monolayer colloidal crystal surrounded
by a SiO, matrix (Figure 1a) was filled with ~100 nm of
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a-Si by top-down sputter deposition (Figure 1¢). Melt of
the a-Si overlayer was induced by a single 308 nm laser
pulse at the single-crystal Si melt threshold of 600 mJ/
cm? and rapidly solidified after 30 ns.*® The SiO,
template is transparent at this wavelength, and
the laser irradiation energy is absorbed solely by
Si. ¢-Si is formed when a-Si melts and solidifies as
confirmed by characteristic time-resolved reflec-
tance measurements (Figure S2 in the Supporting
Information).>>*%444> From Figure 1d the long-range
hexagonal order of the resulting ncp c-Si nanostruc-
tured arrays was largely preserved after removing the
template in an HF acid solution.

We postulate the c¢-Si nanostructure assumed the
observed teardrop shape due to a combination of
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Figure 4. Cross-sectional and plan view (insets) SEM micrographs of (a) hncp SiO,/a-Si core—shell composite inverse opal and
(b) laser-induced hncp c-Si inverse opal nanostructures with four-monolayer periodicity after HF etching. Cross-sectional SEM
images of (c) HF-etched a-Si inverse opal and (d) HF-etched laser-induced c-Si inverse opal nanostructures in high
magnifications. The white-dotted region lines in part d highlight the quasi-cylindrical air channels connected to the quasi-
spherical c-Si shells. (e) Cross-sectional SEM micrograph of laser-induced hncp c¢-Si inverse opal nanostructures with six-

monolayer periodicity after HF etching.

template dewetting®®*” and the rapid solidification

process. Upon irradiation, a-Si in the SiO, pore melts
and diffuses radially to the center driven by template
dewetting. The molten Si would attempt to form a
hemispherical shape to minimize the surface tension.*®
However, during this extremely short melt duration,
the liquid Si (density of 2.53 g/cm®) expands upon
solidification (density of 2.30 g/cm®) and perturbs the
adjacent liquid Si, creating capillary waves.>**° These
molten capillary waves are confined between coales-
cing solid grain boundaries from all directions and
frozen into protruding ridge and hillock features with
a teardrop shape as a result of heterogeneous nuclea-
tion and growth mechanism.3**° We also observe
interconnected nanostructures (e.g., see lower left
corner in Figure 1d) that may be attributed to insuffi-
cient driving force and the ultrashort time scale for the
liquid Si to dewet completely into the pores. From SEM
data, the c¢-Si nanostructures are smaller than the
pores, with an average width and height of around
410 and 300 nm, respectively, consistent with other
experimental observations.*®

SEM results from a smaller, 350 nm PS colloidal
template (Figure 2a) are shown in Figure 2. A ~100 nm
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thick a-Si film was deposited into the smaller SiO, inverse
monolayer colloidal crystal template (Figure 2b) using
PECVD. Figure 2c depicts hydrogenated a-Si deposited
conformally within the pores and on the walls of the SiO,
template. Due to the presence of hydrogen in PECVD a-Si
films, microscopic blistering of the surface is observed for
films irradiated at high fluences due to the explosive
release of the trapped gas upon melting.3*°%>"
Alternatively, the hydrogenated a-Si films were irra-
diated with four sequential laser pulses at 500—700
mJ/cm?, generating a more controlled and stepwise
heating and release of hydrogen. The resulting hncp
c-Si nanostructures imaged in Figures 2d with SEM and
3b with atomic force microscopy (AFM) exhibit an
average width of around 170 nm and height of
60—70 nm.

Figure 3 shows the AFM height profile images and
corresponding Voronoi tessellation constructions of
both the hcp SiO, template and hncp ¢-Si nanostruc-
tured arrays resulting from the laser-induced melting
and solidification process. An n-sided polygon repre-
sents a SiO, template pore or c-Si nanostructure at the
center having an equivalent n number of nearest
neighbors.**>%3 The majority green-colored hexagon
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(6-fold) spatial areas in the Voronoi diagrams con-
tain a total of 577 six-coordinated template pores
(Figure 3c) and 571 six-coordinated c-Si nanostructures
(Figure 3d) over a scan area of 10 x 10 um?. Both the
AFM results and Voronoi diagrams affirm quantita-
tively the hexagonal pattern transfer from the cp SiO,
inverse colloidal template to the ncp c-Si nanostruc-
tures with almost 100% fidelity.

Beyond two dimensions, we applied the laser-in-
duced transient melt process to obtain 3D ordered
macroporous (3DOM) c-Si inverse opals with hncp
symmetry based on micromolding in inverse silica
opals (MISO).> We began with a multilayered SiO,
inverse opal prepared by the FCVD method with
350 nm PS beads. Figure 4a shows the uniform deposi-
tion of hydrogenated a-Si by PECVD on the inner walls
of the SiO, interconnected spherical cavities, yielding
an hncp SiO,/a-Si core—shell inverse colloidal crystal.
The SiO,/a-Si composite material was subsequently
irradiated with a total of 43 sequential laser pulses at
fluences from 5—550 mJ/cm?. The low-energy fluences
allowed for a slow and controlled release of hydrogen,
while higher energies induced melt and converted the
a-Si into ¢-Si, retaining the inverse opal morphology.
The open structure and SiO, template walls reduced
the melt threshold from 600 to 550 mJ/cm?. Selective
HF etching of the SiO, template results in an all c-Si
single network of hncp inverse opal morphology seen
with four- and six-monolayer periodicities in Figure 4b
and e, respectively. Energy dispersive X-ray (EDX)
analysis indicates that the resulting laser-induced c-Si
3DOM material consists almost entirely of silicon (<9%
residual oxygen content, data not shown).

Figure 4c and d display high-magnification SEM
micrographs of a-Si and c-Si inverse opals after HF
etching, respectively. The darker contrast of the inter-
stitial sites between three interconnecting quasi-sphe-
rical shells in both images suggests the placement of
air voids that were formed after the removal of SiO,
template and explicitly confirmed in the interior view
of the a-Si inverse opal (Figure 4c). The white-dotted
regions in Figure 4d highlight the quasi-cylindrical air
channels connected to the quasi-spherical c-Si shells, a
distinctive feature of hncp inverse opals.>®2> From the

METHODS

Colloidal Crystal Template Synthesis. PS colloids with diameters
of 530 and 350 nm from Interfacial Dynamics and PolySciences,
respectively, were used as received. Colloidal suspensions of 0.5
wt % were mixed in deionized water and hydrolyzed TEOS
solution (TEOS/0.1 M HCI/EtOH, 1:1:1.5 by weight) as described
elsewhere3? Si substrates used were cleaned with piranha
solution (H,S04/H,0,, 3:1 by volume) and rinsed profusely with
deionized water before use. The PS colloidal crystal and sur-
rounding SiO, matrix were grown on these substrates using the
FCVD method.*'~* The PS beads were removed by slow
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SEM data, the quasi-spherical pore size in the laser-
induced c-Si inverse opal material was reduced up to
40%, which can be attributed to the shrinkage of the
Si0, template during calcination®® and the thicker Si
walls. This shrinkage is crucial to obtain the ncp
symmetry. An interesting feature in the 3DOM nanos-
tructures is the absence of dewetting of the molten Si
from the SiO, pore walls. In contrast to the 2D nanoar-
rays, the absence of a clearly preferable single-crystal Si
substrate could have resulted in the uniform a-Si
melting within the porous structure.

For complete shape and structural control, we need
to either fully dehydrogenate the PECVD a-Si film,
deposit gas-free amorphous precursors, or irradiate
in situ after deposition to reduce the total number of
laser pulses and accumulated silicon melt duration. We
postulate the best method is to achieve homogeneous
nucleation and epitaxial growth of a single-crystal
silicon nanostructure from the substrate.**>*>* In par-
ticular, we expect an interconnected and epitaxial ncp
single-crystal 3D structure to facilitate optimal electri-
cal charge transport properties and impart improved
mechanical properties from the lack of grain boundaries.
In analogy to results on block copolymer templates, this
approach may be applied to form not only single-crystal
homoepitaxial but also heteroepitaxial ncp nanostruc-
tured arrays on Si, enabling new functionalities and the
engineering of novel device prototypes.*°

CONCLUSION

In conclusion, we have performed the first experi-
ments to demonstrate a highly rapid and versatile
method using colloidal crystal templates coupled with
pulsed excimer laser-induced melting to obtain ncp
c-Si arrays of varying scales at ambient conditions. The
resulting hncp ¢-Si nanostructured arrays maintain
uniform separations and excellent long-range order
as established by the hcp colloidal crystal template.
Our results suggest a general strategy coupling soft-
matter self-assembly with pulsed laser irradiation to
direct and design intricate complex nanopatterned
crystalline inorganic materials that could be used in
advanced applications such as sensors, catalysis, and
energy conversion.

calcination at 500 °C for 2 h at a ramp rate of 2 °C/min in air.
TEOS (98%, Sigma-Aldrich), HCl acid (37%, VWR), absolute EtOH
(Pharmco), H,S0, acid (97%, VWR), and H,0, (30%, VWR) were
used as received.

a-Si Deposition. a-Si was sputter-deposited into the 530 nm
SiO, monolayer inverse opal template using a rf magnetron
source with argon ions at a base pressure of 1.9 x 10° Torr and
deposition rate of 9.8 nm/min for 10 min. a-Si was deposited
into the 350 nm SiO, monolayer inverse opal template by
PECVD at 400 °C for 2.2 min with a deposition rate of 46 nm/
min. a-Si was deposited into the (350 nm) multilayered SiO,
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inverse opal template by PECVD at 400 °C for 3.3 min with a
deposition rate of 46 nm/min.

Excimer Laser Irradiation. The laser irradiation setup is de-
scribed elsewhere.*® Briefly, a 40 ns full-width-half-maximum
pulsed XeCl excimer laser (308 nm wavelength) was used to
melt the a-Si in the SiO, template. Reflectance of the sample
surface was monitored using a 650 nm diode laser. The laser-
irradiated area on the sample was 3.2 x 3.2 mm. A single laser
pulse of 600 mJ/cm? energy fluence was used to melt the
530 nm sputter-deposited a-Si monolayer sample. Four sequen-
tial laser pulses of 600, 700, 700, and 500 mJ/cm? energy
fluences were used to melt the 350 nm PECVD a-Si monolayer
sample. A total of 43 sequential laser pulses at fluences from 5 to
550 mJ/cm? were used to dehydrogenate and melt the 350 nm
PECVD a-Si multilayered sample.

Template Removal. The sputter-deposited samples were trea-
ted in 20% HF acid solution, and PECVD samples were treated in
49% HF acid solution for 3—5 min to completely dissolve the
SiO, templates.

Characterization. AFM images were obtained on a Veeco
Nanoscope Il in tapping mode with TappingMode Etched Si
probes (325 kHz resonance frequency, 27 N/m force constant,
10 nm tip radius of curvature; all other values nominal) at
ambient conditions. A LEO 1550 field emission SEM equipped
with an in-lens detector and an EDX spectrometer (Quantax
EDS, XFlash 3000 silicon drift detector, Bruker Nano GmbH) was
used to image and identify the EDX signals of the samples.
Voronoi tessellation diagrams were constructed using a self-
written algorithm.**>3
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