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ABSTRACT: This report describes the generation of three-dimensional
(3D) crystalline silicon continuous network nanostructures by coupling
all-organic block copolymer self-assembly-directed resin templates with
low-temperature silicon chemical vapor deposition and pulsed excimer
laser annealing. Organic 3D mesoporous continuous-network resin
templates were synthesized from the all-organic self-assembly of an ABC
triblock terpolymer and resorcinol−formaldehyde resols. Nanosecond
pulsed excimer laser irradiation induced the transient melt trans-
formation of amorphous silicon precursors backfilled in the organic
template into complementary 3D mesoporous crystalline silicon
nanostructures with high pattern fidelity. Mechanistic studies on laser-
induced crystalline silicon nanostructure formation revealed that the
resin template was carbonized during transient laser-induced heating on
the milli- to nanosecond timescales, thereby imparting enhanced
thermal and structural stability to support the silicon melt−crystallization process at temperatures above 1250 °C.
Photoablation of the resin material under pulsed excimer laser irradiation was mitigated by depositing an amorphous silicon
overlayer on the resin template. This approach represents a potential pathway from organic block copolymer self-assembly to
alternative functional hard materials with well-ordered 3D morphologies for potential hybrid photovoltaics, photonic, and
energy storage applications.
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■ INTRODUCTION

Casting is one of the most ubiquitous and oldest processes in
the world to shape materials, appearing as early as the Bronze
Age. For instance, the earliest work discovered is that of a
copper frog casted around 3200 B.C. in the ancient
Mesopotamia region.1 Today, casting processes continue to
dominate manufacturing industries that fabricate complex
shapes of metals, ceramics, and polymeric materials for various
applications, ranging from automotive and plumbing to engine
components. Typically, during casting, the casted material is
melted and filled into arbitrarily shaped cavities in the mold,
followed by solidification and removal of the mold. As a
prerequisite, the mold material has to be physically and
chemically stable under the processing conditions of the casted
melt and therefore typically possesses a higher melting
temperature and enhanced corrosion resistance.
Today, even at the smallest length scales, casting provides

viable pathways to fabricate periodically ordered three-

dimensional (3D) nano- to mesostructured materials, such as
photonic crystals or metamaterials,2−7 for use in current and
emerging applications,1,8−10 including catalysis11,12 and energy
conversion and storage.13−17 In particular, block copolymer
(BCP) self-assembly-directed templating enables formation of
well-defined complex morphologies, such as the periodically
ordered 3D continuous gyroidal mesostructures.9,10 In the
“soft” templating approach, structure-directing BCPs can be
combined with organic/inorganic additives or nanoparticles to
form periodically ordered porous structures with mesoscopic
(2−50 nm) and larger length scale features.16−25 The porous
organic/inorganic BCP structure can be further utilized as a
“hard” template for backfilling with an alternative material,
followed by etching, to yield functional structures with the
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inverse morphology.7,11,13,24,26−29 Mesoporous 3D continuous
network morphologies are of particular interest for their high
surface area, connectivity, pore accessibility, and mechanical
stability and have been realized from silicates, transition-metal
oxides, carbons, metals, and most recently, even from
superconducting nitrides.16,23,29−36 Such nanostructured ma-
terials often find their way into advanced applications. For
example, BCP-directed bicontinuous gyroidal crystalline titania
electrodes facilitate backfilling of the hole transport material
through the interconnected pore network and enable
continuous connectivity of the titania struts for enhanced
electron collection and transport in dye-sensitized solar cells.13

Moreover, it is desirable to construct a mesoporous BCP
gyroid structure with high refractive index contrast to harness
photonic properties of the chiral continuous network, for
example, a single gyroidal mesoporous silicon (Si) nanostruc-
ture.3 Such Si network structures with 3D connectivity and
high surface area may also be of interest for energy storage,14

hybrid photovoltaics,37 and sensing applications.38

We have previously demonstrated the generation of single-
crystal Si (semiconductor) and NiSi (metal) nanostructures
connected epitaxially to the Si substrate by combining BCP-
directed aluminosilicate/niobia hard templating, backfilling
these mesoporous templates with amorphous precursors, and
pulsed excimer laser annealing.26 The critical step to achieve
single-crystal epitaxy was to ensure a clean interface between
the amorphous precursors and the Si substrate. However, in
this early work, we have not yet been able to identify an ideal
template material. (1) BCP-directed inorganic hybrid thin
films are typically kinetically trapped in nonequilibrium-type
morphologies after spin-coating because of rapid sol−gel
condensation reactions, enhanced solvent evaporation during
spin-coating, and interfacial energy contributions.26,39 (2)
Chemical inertness or highly selective etch resistance relative
to SiO2 is required for complete native oxide removal on the
single-crystal Si substrate. (3) Excellent template stability is
necessary during the transient melt−crystallization process for
high pattern transfer fidelity.26 Recently, we have demonstrated
that a mesoporous all-organic BCP-directed hybrid system may
be able to fulfill all of the above requirements.27 First, BCP thin
films with well-ordered periodic morphologies can be obtained
by post-spin-coating treatments, including solvent or thermal
annealing.36,39−41 Second, many organic systems have high
resistance to SiO2 etchants (e.g., hydrofluoric (HF) acid).
Third, the thermal stability of polymers is greatly enhanced
during submillisecond CO2 transient laser heating up to 1000
°C.27,42 However, the formation mechanism of self-assembled
organic-template-derived crystalline Si nanostructures via
nanosecond laser annealing remains elusive.
Here, we report a mechanistic study to establish the

transient laser heating process−structure−property correla-
tions of the generation of laser-induced crystalline Si (c-Si)
network nanostructures via mesoporous all-organic BCP-
directed template formation, backfilling with amorphous Si
(a-Si), and nanosecond pulsed excimer laser annealing. We
found that the organic mesoporous resin template materials
properties were significantly enhanced as the laser-induced
heating durations were reduced to the milli- to nanosecond
timescales. Notably, the resin film network morphology
remained stable up to the melting temperature of single-crystal
Si at 1414 °C during submillisecond CO2 laser heating in air. A
dense a-Si overlayer on the resin template was essential to
prevent excimer-laser-induced ablation effects. We further

employed grazing incidence small-angle X-ray scattering
(GISAXS), coupled with scanning electron microscopy
(SEM), to confirm good pattern transfer fidelity from the
mesoporous organic template to inverse laser-induced c-Si
nanostructures.

■ EXPERIMENTAL SECTION

Mesoporous BCP-Directed Resin Template Synthesis. ISO−
resol solutions (4, 6, and 8 wt %) were prepared by dissolving
polyisoprene-block-polystyrene-block-poly(ethylene oxide) triblock
terpolymer (PI-b-PS-b-PEO, ISO, Mn = 68.9 kg mol−1, with a
polydispersity index of 1.04 containing 29.6 wt % PI, 64.8 wt % PS,
and 5.6 wt % PEO) with resorcinol−formaldehyde resols (ISO/resols
= 2.4:1, w/w) in anhydrous tetrahydrofuran (inhibitor-free, Sigma
Aldrich) and stirred for 1 h. ISO terpolymer and resorcinol−
formaldehyde resols were synthesized according to protocols
described elsewhere.23 All-organic hybrid thin films with a disordered
network morphology were spin-coated on Si substrates (0.01−0.02 Ω

cm, boron-doped, WRS Materials) at 2000 rpm (45 s) in a nitrogen
dry box, followed by curing at 100 °C in a vacuum oven overnight
(>12 h). The ISO−resol hybrid bulk samples with alternating gyroid
morphology (ISO/resols = 3.125:1, w/w) were prepared by
evaporation-induced self-assembly as reported elsewhere.23 The
gyroidal hybrid samples were sectioned with a Leica Ultracut UC7
cryoultramicrotome at −60 °C into thin films, which were collected
on a water/dimethyl sulfoxide (6:4, v/v) solution surface and
transferred to Si substrates. Mesoporous resin thin films were finally
formed by heating the hybrid samples in a tube furnace at 450 °C (1
h) under nitrogen with a ramp rate of 1 °C min−1. For Raman
spectroscopy measurements, mesoporous resin samples were heated
in a tube furnace at 600 °C (3 h) under nitrogen with a ramp rate of 1
°C min−1 for carbonization.23

Native SiO2 Layer Removal and a-Si Chemical Vapor
Deposition (CVD). The mesoporous resin samples were first
immersed in a 0.5% hydrofluoric (HF) acid solution for ∼2 min,
blown dry with nitrogen, and immediately loaded into the CVD
chamber under ambient conditions before chamber evacuation for a-
Si deposition (∼10−5 Torr). A static CVD system was used to deposit
a-Si into the mesoporous resin template with disilane as the precursor
at 350 °C (3 h).4

CO2 Laser (10.6 μm) Transient Heating. The CO2 laser-
induced transient heating setup used in the experiments is described
elsewhere.42,43 The laser was focused to a line with a beam profile full
width at half-maximum (FWHM) of 90 μm by 600 μm. For transient
heating, this line beam was scanned across the sample surface at
velocities of 45−1800 mm s−1, resulting in 600 μm FWHM scan lines
with dwells of 0.05−2 ms. Mesoporous resin thin films with ∼200 nm
thickness were scanned with a single CO2 laser irradiation at 28−92
W and dwells of 0.05, 0.2, 0.5, and 2 ms.

Pulsed Excimer Laser (308 nm) Annealing. The 40 ns pulsed
XeCl excimer laser setup used here with some modifications is
described elsewhere.26,27 All samples were held in a small vacuum
chamber holder (<1 Torr) with a quartz window for excimer laser
irradiation. Mesoporous resin thin film samples were irradiated with a
single pulse at fluences of 100 to 800 mJ cm−2. The resin/a-Si
composite samples with a disordered network morphology were
irradiated with a single pulse at 700 mJ cm−2. The gyroidal resin/a-Si
composite samples were irradiated with a single pulse at fluences of
500 to 650 mJ cm−2.

Resin Template Removal. The excimer-laser-irradiated samples
were sequentially treated in CF4 reactive ion etching (RIE) plasma for
10−20 s (30 sccm, 40 mTorr, 150 W) to remove the Si overlayer
using an Oxford PlasmaLab 80+ RIE system, hot piranha solution
(97% H2SO4/30% H2O2 = 3:1, v/v) held at 75 °C for 3 h to remove
the template, and 49% HF for 10−30 s to remove the chemical SiO2

layer.
Characterization. SEM images were acquired on Au−Pd-coated

mesoporous resin samples and uncoated Si nanostructures using a
LEO 1550 SEM equipped with an in-lens detector. Thin film
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thicknesses were determined from the SEM images (taking from N =
8−60 cross section measurements) and a Tencor P-10 profilometer
(number of measurements, N ≥ 3). Pore size and strut width of the
mesoporous resin films, as well as laser-induced c-Si network strut
width, were determined from SEM images (taking from N = 79−200
plan-view measurements). Raman spectroscopy measurements were
conducted using a Renishaw InVia confocal Raman microscope with
488 and 785 nm excitation laser sources. Two-dimensional (2D) X-
ray diffraction (XRD) measurements were performed on a Bruker
general area detector diffraction system (GADDS) equipped with a
Bruker HI-STAR area detector using Cu Kα radiation. GISAXS was
measured at the G1 beamline of the Cornell High Energy
Synchrotron Source. The G1 beamline setup consists of a multilayer
monochromator of wavelength λ = 1.18 Å with a Dectris Pilatus 200k
area detector mounted vertically at a distance of ∼2.6 m from the
sample. The resolution of the area detector was 487 × 407 pixels with
a 172 μm pixel size. The incident angle of the beam was varied
between 0.1 and 0.3° with typical exposure times of <2 s. GISAXS
patterns were analyzed with the FIT2D program.44 Baseline removal
was performed on the integrated intensity data using a smoothing
spline fitting operation to data outside the peak region using the
GenPlot software.

■ RESULTS AND DISCUSSION

Transient Nanosecond Pulsed XeCl Excimer-Laser-
Annealing-Induced c-Si Nanostructure Formation. The
transient laser-annealing-induced c-Si nanostructure formation
process used here is shown schematically in Figure 1a−c. All-
organic hybrid thin films were spin-coated on a single-crystal Si
substrate employing an ISO triblock terpolymer to structure-
direct resorcinol−formaldehyde resol additives.23 The resol
oligomers were selectively attracted to the PEO block by
hydrogen bonding. The all-organic hybrid thin films self-
assembled into a disordered network morphology, as expected
from the rapid solvent evaporation during the spin-coating
process. After curing at 100 °C, the hybrid samples were
pyrolyzed at 450 °C for 1 h under nitrogen. During pyrolysis,
the cured resols cross-linked into phenolic resin, whereas the
ISO terpolymer decomposed, yielding mesoporous BCP-
directed resin thin films with a continuous network structure
(Figure 1a).22,23 Mesoporous resin films of varying thickness
were obtained by tailoring the ISO−resol solution concen-
tration as shown via the SEM images in Figure 1d,g,j. After

Figure 1. (a−c) Schematic illustration of steps in the transient pulsed XeCl excimer-laser-annealing-induced c-Si nanostructure formation process.
(d−l) Cross-sectional and plan-view (insets) SEM micrographs of films at each stage of the process: (d, g, j) mesoporous BCP-directed resin
templates with varying thickness after pyrolysis; (e, h, k) a-Si deposition into organic templates by CVD; (f, i, l) final inverse c-Si nanostructures
after pulsed excimer laser irradiation and template removal.
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immersing the mesoporous resin films in 0.5% HF acid
solution for ∼2 min to remove native oxide on the Si substrate,
samples were immediately loaded into a static CVD chamber
for a-Si deposition at 350 °C (see schematic in Figure 1b).4

SEM micrographs in Figure 1e,h,k show the near-complete
backfilling of a-Si into the mesoporous resin templates with a
60−90 nm thick dense Si overlayer. The resin/a-Si composite
films were then irradiated with a single 40 ns FWHM laser
pulse at a 308 nm wavelength from a pulsed XeCl excimer laser
at a 700 mJ cm−2

fluence. The a-Si precursor absorbed most of
the ultraviolet photons, melted, and subsequently solidified
into c-Si within 50 ns, as confirmed by characteristic time-
resolved reflectance measurements26,45,46 (Figure S1a, Sup-
porting Information). Finally, porous inverse c-Si nanostruc-
tures were obtained after template removal by CF4 RIE and
wet acid etching treatments as schematically depicted in Figure
1c and evidenced by SEM images shown in Figure 1f,i,l and
Figure S2 (Supporting Information).
Plan-view and cross-sectional SEM micrographs in Figure

1d,g,j show mesoporous resin films with disordered continuous
network structures of ∼100, 200, and 400 nm thickness after
pyrolysis, respectively, with interconnected pores both in-plane
and out-of-plane. From SEM, the average pore diameter is 39
± 9 nm. GISAXS of the ∼400 nm thick film shows two
diffraction peaks at qxy = ±0.144 nm−1, corresponding to a
macroscopically homogeneous d spacing of 2π/qxy = 43.6 nm

in the in-plane direction (Figure 2a),15,47,48 with q
4 sin

=

π θ

λ
,

where θ is half of the total scattering angle and λ is the X-ray
wavelength (1.18 Å). The highly cross-linked resin exhibited
remarkable materials properties throughout the hard templat-
ing and transient laser annealing processes. First, the
chemically inert organic template remained highly stable
during the ∼2 min immersion in 0.5% HF acid solution with
no observable film delamination. We further note that the a-Si
CVD was performed directly on the thermally stable organic
template at 350 °C without requiring an additional inorganic

coating (e.g., SiO2 or Al2O3) for stabilization.4 After pulsed
excimer laser irradiation and template removal, SEM micro-
graphs in Figure 1f,i,l (see also Figure S2) show that the final
porous inverse c-Si network nanostructures were ∼100 to 400
nm thick, that is, they had roughly the same thickness as the
initial resin network structures. Closer examination at higher
magnifications revealed characteristic features on mesoscopic
length scales of the interconnected c-Si struts and pores. Figure
2b shows the GISAXS profile of a 350−400 nm thick inverse c-
Si network structure film with two diffuse diffraction peaks at
approximately qxy = ±0.134 nm−1 corresponding to a
macroscopically homogeneous d spacing of 2π/qxy = 46.9 nm
in the in-plane direction. From the integrated GISAXS
intensity plots in Figure 2c, the close proximity of the
scattering peaks (q = 0.144 versus 0.134 nm−1) suggests a good
degree of pattern transfer fidelity from the mesoporous resin
template to the laser-induced inverse c-Si nanostructure. We
note that the minor difference in the respective GISAXS peak
position (∼7%) may be attributed to structural relaxation at
high temperatures during the laser-induced silicon melt−
solidification process. A slight expansion of the mesoporous
template by inclusion of a-Si into the resin material during the
CVD process cannot be excluded either. Importantly, the
results of GISAXS measurements, with a millimeter-scale X-ray
footprint coupled with local SEM characterization, suggest that
the organic template retained its structural integrity during the
transient melt−recrystallization of a-Si at temperatures >1250
°C.45 In turn, this suggests that nanosecond-timeframe excimer
laser heating suppresses oxidation reactions in ambient
environments (in air), enabling organic systems to reach
temperatures way beyond their conventional stability.
We conducted XRD using GADDS area scans to determine

the crystal orientation texture of the excimer-laser-induced c-Si
nanostructures as a function of 2θ scattering angle (radial
distance) and azimuthal angle χ (angular distance) displayed in
Figure S1b (Supporting Information). Despite immersing the
organic template in 0.5% HF acid solution for ∼2 min before
a-Si CVD, the presence of scattering rings in the 2D GADDS
profile (Figure S1b) indicates that the resulting excimer-laser-
induced Si network nanostructures were polycrystalline. That
is, the laser-induced nanostructured Si crystal orientation was
not directed epitaxially by the substrate during the transient
melt−solidification process.26 The exact cause is currently
unknown. As the CVD chamber lacked a load-lock mechanism,
we speculate that a new native SiO2 layer may have grown on
the Si substrate after the 0.5% HF treatment but before high
vacuum was achieved in the deposition chamber.4 Raman
spectroscopy (Figure S1c) and characteristic laser-induced
“protruding and hillock” surface features49−51 on the resultant
mesoporous c-Si structures (see Figure 1f,i,j and Figure S2)
further indicate complete melt−crystallization conversion of a-
Si precursors into c-Si. The Scherrer formula, applied to the
scattering peaks of the GADDS integrated intensity plot in
Figure 2d, gives an estimated average Si crystallite size of 11
nm. From SEM, the average laser-induced c-Si strut width is 32
± 9 nm, suggesting that an average c-Si strut is spanned by ∼3
crystallite domains.

Transient Submillisecond Continuous-Wave (CW)
CO2 Laser-Annealing-Induced Behavior of Organic
Templates. To understand and correlate the thermal behavior
of the organic template during short, rapid high-temperature
exposures (e.g., transient heating during nanosecond pulsed
excimer laser irradiation), we investigated the thermal stability

Figure 2. GISAXS profiles of (a) mesoporous resin template and
corresponding (b) excimer-laser-induced c-Si nanostructure at
incidence angles of 0.12 and 0.15°. (c) Azimuthally integrated
intensity plots of corresponding GISAXS patterns. (d) GADDS
integrated intensity plot of the excimer-laser-induced c-Si nanostruc-
ture after template removal. The peak markings and relative intensities
for the expected crystalline Si (PDF 01-071-3899) are shown at the
bottom.
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of the mesoporous resin thin films on submillisecond time
frames using a CW 10.6 μm wavelength CO2 laser.42,43 The
mesoporous resin film does not strongly interact with the far-
infrared photons, but the highly boron-doped Si substrate does
absorb the laser energy, thereby heating the film, which
subsequently cools by thermal conduction on the millisecond
time frames.42,43 The transient temperature of the Si substrate
during laser irradiation was determined from laser power and
dwell times as described elsewhere.42,43 Figure 3a (and Figure
S3a, Supporting Information) shows the thickness of
mesoporous resin thin films that remained after a single CO2

laser irradiation as a function of temperature (and laser power)
for 0.05, 0.2, 0.5, and 2 ms dwells. The mesoporous resin
samples survive the laser powers beyond the threshold for
melting of the single-crystal Si substrate, that is, beyond
temperatures of 1414 °C. Temperatures for such high laser

powers were approximated from empirical curves fitted to the
laser power−temperature calibration data for different
dwells.42,43 From Figure 3a, it is clear that the thermal stability
of the mesoporous resin samples increased substantially as the
heating dwell time was reduced from 2 to 0.05 ms. Notably,
the organic film thickness remained unchanged up to ∼1320
°C for the 0.05 ms dwell. Near the melting temperature of
single-crystal Si at 1414 °C, the film thickness decreased by
∼20% for 0.2 ms, ∼40% for 0.5 ms, and ∼90% for 2 ms dwells.
Despite the loss of film thickness at increasing dwells,
representative SEM images of films after laser heating with
0.2 and 2 ms dwells at very high laser powers in Figure 3b
confirmed that the CO2 laser-irradiated samples retained their
mesoporous network film morphology. From SEM, the original
resin network strut width (9.1 ± 1.7 nm) after heating to the Si

Figure 3. (a) Film thickness of mesoporous resin films versus transient laser heating temperature as obtained by a single CO2 laser irradiation of
0.05, 0.2, 0.5, and 2 ms dwells. (b) Plan-view (first and third rows) and cross-sectional (second and fourth rows) SEM micrographs of mesoporous
resin structures after CO2 laser-induced transient heating under conditions as indicated. (c) Film thickness of mesoporous resin films remaining
after a single 40 ns pulsed XeCl excimer laser irradiation at fluences between 100 and 800 mJ cm−2. Inset shows a plan-view SEM of a mesoporous
resin structure after laser irradiation at the highest fluence of 800 mJ cm−2.

Figure 4. Raman spectra (785 nm excitation) of resin samples irradiated by CO2 laser transient heating at (a) 0.2 and (b) 2 ms dwells. The red
curves in the Raman spectra are from a mesoporous carbon sample carbonized in a tube furnace at 600 °C for 3 h under nitrogen as a reference.
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melt temperature decreased by ∼10 and 14% under 0.2 and 2
ms dwells, respectively.
We performed Raman spectroscopy on CO2 laser-irradiated

samples of 0.2 and 2 ms dwells to investigate the associated
chemical changes during milli- to submillisecond laser heating
as shown in Figure 4. Before CO2 laser irradiation (0 W),
broad D and G bands around 1340 and 1560 cm−1,
respectively, were detected for mesoporous resin samples
pyrolyzed at 450 °C. The bands shifted and became narrower
as the laser power increased, suggesting that the transient laser
heating induced carbonization of the phenolic resin into
disordered carbon.22,23 The Raman spectra of samples
irradiated at 75 W of 0.2 ms dwell (T > 1414 °C) and 40
W of 2 ms dwell (T ≈ 1000 °C) in Figure 4a,b, respectively,
are essentially identical to the Raman spectrum of a
mesoporous disordered carbon film furnace carbonized at
600 °C for 3 h under nitrogen. As expected from the results in
Figure 3a, the longer the dwell time, the lower the threshold
laser power, beyond which the film degrades. Moving beyond
40 W for the 2 ms dwell, for example, 48 W of 2 ms dwell (T >
1414 °C), thermal decomposition resulted in a significant film
thickness loss (Figure 3a) and diminished Raman spectrum
intensities (Figure 4b). Putting it in a different way, Raman
results in Figure 4 demonstrate that the shorter the dwell time,
the higher temperature processing these resin films can
tolerate.
The behavior from submillisecond transient laser heating

(CO2 laser) can be compared with that from nanosecond
heating (excimer laser). Figure 3c shows the evolution of the
thickness of the mesoporous resin template after a single 40 ns
pulsed excimer laser irradiation at fluences between 100 and
800 mJ cm−2 (no temperature calibration available). We
observed a rapid film thickness loss of over 60% from 100 to
300 mJ cm−2 and a more gradual decrease to almost 80% for
fluences between 300 and 800 mJ cm−2. We hypothesize that
the thickness loss is partially due to ablation of phenolic resin
that readily absorbs the ultraviolet excimer laser irradiation52,53

and is heated transiently to temperatures beyond the melting
point of Si. Raman spectroscopy indicated that the
mesoporous films were laser-carbonized along with a ∼30%
film thickness loss at 100 mJ cm−2 (Figure S3b). Whereas the
excimer-laser-irradiated resin films retained mesoporous
structural features for all laser fluences up to 800 mJ cm‑2

(see plan-view SEM inset in Figure 3c and Figure S3c−f),
Raman intensities in the spectra vanished for samples
irradiated with fluences from 200 mJ cm−2 onward possibly
because of substantially increased surface roughness (see cross-
sectional images in Figure S3g−j).
The dense a-Si overlayer observed in the images in Figure

1e,h,k plays a critical role in the successful 3D pattern transfer
from the mesoporous resin template to the excimer-laser-
induced c-Si nanostructures. Upon laser irradiation at 700 mJ
cm−2, most of the photons are absorbed by the a-Si overlayer
and converted into thermal energy to induce Si melting as
indicated by the sharp spike in time-resolved reflectance
measurements (Figure S1a).26,27,45,46 As the Si melt front
propagates through the a-Si into the substrate, the resin
scaffold is carbonized and acts as a “hard” support for liquid Si
that subsequently solidifies within 40−50 ns.54−56 In control
experiments, the a-Si overlayer was removed by CF4 RIE
before pulsed excimer laser annealing. Indeed, we observed no
mesoporous structural features after laser annealing and
template removal for control samples with little or no a-Si

overlayer, confirming the critical role of the dense a-Si
overlayer (Figure S4, Supporting Information). Some photons
(e.g., at the 700 mJ cm−2

fluence) may still be absorbed by the
resin material causing ablation near the top of the mesoporous
organic template. This results in the formation of asymmetric
laser-induced c-Si network nanostructures with graded nano-
porosity. In Figure 1f,i,l (and Figure S2), the largest pores are
observed at the air/Si interface and become increasingly
smaller toward the Si substrate interface, especially for the
thicker films (compare Figure 1f with Figure 1i,l).

Proof-of-Principle Experiments To Generate Periodi-
cally Ordered Laser-Induced c-Si Nanostructures. As
discussed in the Introduction, one of the advantages of
working with all-organic as compared to inorganic thin film
templates is the accessibility of well-ordered complex 3D BCP
template structures, which subsequently can be transferred into
the corresponding c-Si structures via pulsed excimer laser
annealing. To demonstrate the potential of this approach, we
performed proof-of-principle experiments to generate the first
periodically ordered laser-induced c-Si nanostructures by BCP-
directed organic templating.27 BCP gyroid structures usually
consist of two interpenetrating gyroidal subvolumes related by
an inversion operation. If these two subvolumes are constituted
by the same material (e.g., in AB di-BCPs), the structure is
referred to as a double gyroid (Ia3̅d).13,57 In the case where the
two subvolumes are made up of different materials (e.g., in
ABC triblock terpolymers), the structure is called the
alternating (or single) gyroid (I4132).

32,58

For our experiments, bulk ISO−resol hybrid samples with an
alternating gyroid morphology were first prepared by
evaporation-induced self-assembly.23 Subsequently, 700−900
nm-thick cryomicrotomed sections of the gyroidal all-organic
hybrid samples were collected on Si substrates. SEM images in
Figure 5a,b show a highly porous resin thin film with a
mesoscopic gyroidal network morphology obtained after
removing the ISO terpolymer by pyrolysis at 450 °C for 1 h
under nitrogen. Lower-magnification SEM images in Figure S5
(Supporting Information) demonstrate that the gyroidal
mesoporous resin thin film sections adhered smoothly on the
Si substrate, which we attributed to the “soft” nature of the all-
organic hybrid thin films. We note that GISAXS measurements
were not conducted for the mesoporous gyroidal resin
templates because of the nonuniform coverage of cryomicro-
tomed sections on the substrates. SEM images in Figure 5c,d,
as well as in Figure 6, demonstrate that periodically ordered
3D porous inverse c-Si nanostructures could be obtained after
a-Si CVD, a single pulsed excimer laser irradiation at fluences
of 500 to 650 mJ cm−2, and template removal.
Plan-view and cross-sectional SEM micrographs suggest that

the interconnected and periodic pores of the mesoporous
gyroidal resin template (Figure 5a,b) were conformally
backfilled during this process, resulting in excimer-laser-
induced c-Si nanostructures (Figure 5c,d). However, cross-
sectional SEM images of other laser annealed areas in Figure 6
reveal that the excimer-laser-induced melt−crystallization of Si
was incomplete as the bottom half to one third of the samples
show a dense a-Si layer. Despite only having more than half of
the backfilled a-Si transform into periodically ordered c-Si
nanostructures by laser-induced melt infiltration,59 these proof-
of-concept experiments demonstrate the possibility to generate
highly ordered and periodic c-Si nanostructures by combining
mesoporous all-organic BCP-directed templating with pulsed
excimer laser annealing.
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■ CONCLUSIONS

In summary, we have described the detailed investigation of
coupling mesoporous all-organic BCP-directed resin templat-
ing with a-Si CVD and transient excimer-laser-induced melt−
crystallization to generate 3D porous c-Si network nanostruc-
tures. A dense a-Si overlayer was critical to shield the
mesoporous resin template from strongly absorbing the 308
nm pulsed excimer laser irradiation to prevent template
ablation and structural collapse. To establish transient laser
heating process−structure−property correlations, mesoporous
resin templates were heated in air with a 10.6 μm CO2 laser on
milli- to submillisecond timescales and found to remain highly
stable up to the melting temperature of single-crystal Si (1414
°C). Raman spectroscopy revealed that the mesoporous resin
scaffold material was carbonized during transient heating in air,
thereby imparting enhanced thermal and structural stability to
support the excimer-laser-induced Si melt−crystallization to
form 3D porous c-Si nanostructures. Millimeter-scale GISAXS
coupled with local SEM affirmed that the excimer-laser-
induced nanopattern transfer yields were high. Besides
disordered network structures, we demonstrated that the
transition from BCP-directed inorganic to organic templating
enables the formation of periodically ordered c-Si nanostruc-
tures via pulsed laser annealing. We expect that the
methodology outlined here can be further enhanced, for
example, by directly achieving periodically ordered morphol-
ogies in ISO−resol hybrid thin films by thermal or solvent
annealing before mesoporous resin structure formation.36,39−41

Finally, by preventing the formation of any SiO2 on the Si
substrate before a-Si deposition, it should be possible to
generate mesoporous single-crystal epitaxial Si nanostruc-
tures26 with different periodically ordered morphologies that
may enable new functionalities and advanced applications.
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