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ABSTRACT: Three-dimensional (3D) periodic ordering of silicon
(Si), an inorganic semiconductor, on the mesoscale was achieved by
combining block copolymer (BCP) self-assembly (SA) based
mesoporous alternating gyroidal network formation with non-
equilibrium transient laser heating. 3D continuous and periodically

ordered alternating gyroidal mesoporous carbon thin-film networks T3
were prepared from spin coating, SA under solvent vapor annealing e
(SVA), and thermal processing of mixtures of a triblock terpolymer
with resorcinol resols. The resulting mesoporous thin films, acting as
structure-directing templates, were backfilled with amorphous silicon
(a-Si). Nanosecond excimer laser heating led to transient Si melts
conformally filling the template pores and subsequent Si crystal-
lization. The ordered mesostructure of the organic polymer-derived
templates was kept intact, despite being thermally unstable at the high
temperatures around the Si melting point (MP), leading to high pattern transfer fidelity. As evidenced by a combination of
grazing incidence small-angle X-ray scattering (GISAXS) and scanning electron microscopy (SEM), after template removal,
the crystalline Si (c-Si) inherited the inverse network topology of the 3D mesoporous thin-film templates, but with reduced
F222 space group symmetry (D, point group symmetry) from compression of the cubic alternating gyroid lattice. Structures
with this reduced symmetry have been proposed as photonic and phononic materials exhibiting topologically protected Weyl
points, adding to the emerging field of BCP SA-directed quantum materials promising advanced physics and materials
properties.
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he adoption of molds to produce objects with well-

I defined structures has been an integral part of the
development of human civilization. Today, injection
molding of polymers is ubiquitous, e.g, in auto parts
manufacturing and the packaging industry. With the advent
of nanoscience and nanotechnology, our ability to make even
more intricate structures has been advanced by the design of
“nanomolds”, with lithography being the most widely used
technology in this regard." Such top-down approaches usually
produce two-dimensional (2D) patterns in a single fabrication
cycle. More complex molds (or templates), particularly those
with periodic three-dimensional (3D) connectivity, necessitate
multistep fabrication processes. On the other hand, feature
sizes of 3D templates from one-step bottom-up strategies such
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as colloidal self-assembly (SA) are typically restricted to over
100 nm. >’

Block copolymer (BCP) SA offers an alternative pathway
toward realizing 3D nanomolds by forming structures such as
hexagonal or 3D cocontinuous gyroidal mesophases with a
mesoscale periodicity (tens of nanometers).” ® By adding
nanoparticles or other organic or inorganic precursors that
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preferentially swell specific blocks and are small enough,” the
resulting hybrids of BCPs and nanoparticles/additives undergo
microphase segregation together (or coassemble) to form a
variety of BCP SA-directed mesophases, including 3D
cocontinuous network morphologies.” '’ Mesoporous nano-
molds with feature sizes or periodicities typically below 100 nm
are finally obtained after selective degradation of block
domains in the case of all-organic hybrid materials or high
temperature processing in the case of inorganic additives.'' ™'
There have previously been attempts to incorporate BCPs in
one-step nanofabrication approaches to 3D mesostructures.
The resulting nanomolds are not comprised of intrinsically 3D
interconnecting networks, however, but rather exhibit stackings
of mesostructures of lower dimensions'>'® and require
additional complex fabrication steps such as chemical or
topographic patterning of the substrates.'>"”

Bulk mesoporous structures with either double or alternating
gyroidal morphologies of polymer resin-based carbons have
been demonstrated from selectively mixing phenol or
resorcinol resols with the poly(ethylene oxide) (PEO) blocks
of the triblock terpolymer (TTP) poly(isoprene-b-styrene-b-
ethylene oxide) (PI-b-PS-b-PEOQ, referred to as ISO hereafter),
followed by cross-linking and carbonization."®'* The resistance
of the resulting amorphous carbons to electrochemical
corrosion and silica etching agents, as well as their removal
by simple oxidation,'* establishes them as a robust and
convenient mesoporous scaffold for templating of other
materials.”*"

Although mesoporous materials derived from BCP SA allow
for backfilling with other materials, this is challenging to
achieve in bulk monoliths with thicknesses beyond tens of
micrometers. This is true even for periodically ordered
cocontinuous network gyroidal structures, due to limited
diffusivity in the tortuous passageways deep inside.””* Thin
films below approximately 1 ym thickness are therefore the
preferred sample geometry. While it is possible to cut bulk
materials into such thin pieces using a microtome, the
constraint on the area of the thin sections (limited by the
original bulk cross-section) renders this approach unscalable
and time-consuming. Furthermore, unless macroscopic single
crystalline BCP samples are used, the orientation of the
mesostructure with respect to the substrate is often random
and difficult to control.”**

We have recently shown that large-area, periodically ordered
resin/carbon thin films with 3D double or alternating gyroid
network structures and well-defined orientations can be
prepared via solvent vapor annealing (SVA) and subsequent
pyrolysis of ISO—resols composite films directly spin-coated
on unpatterned substrates.”® With their large and accessible
pores, a wide range of materials such as metals and
semiconductors can be backfilled into the void network,
which intertwines with the gyroidal carbon network, by well-
established thin-film deposition techniques. Furthermore, we
developed a method by which these thin films can be
transferred to any arbitrary substrate.”® These strategies can
potentially usher in advanced structural designs based on BCP
SA for inorganic materials, which alone cannot access desirable
periodically ordered 3D continuous structures on the
mesoscale.””**

A prerequisite of utilizing molds is their structural stability
under the processing conditions of the templated materials. In
air, carbon resin templates derived from BCP SA cannot
withstand high temperatures commonly encountered in

inorganic materials processing. If the backfilled inorganic
materials are amorphous, effective annealing processes in order
to obtain fully crystalline phases conformally filling the carbon
templates vig, e.g., furnace annealing or rapid thermal annealing
typically leads to template decomposition or collapse during
long (at least seconds or longer) annealing times at
temperatures approaching the melting point (MP) of many
inorganics (often easily exceeding 1000 °C).

While the equilibrium thermodynamics governing BCP SA
during SVA offers pathways to periodically ordered meso-
structures for the templates, a key to exploring such
unconventional nanomolds for inorganic materials fabrication
may lie in nonequilibrium processing. The decomposition of
organic materials is enormously suppressed as the heating
duration is scaled down from seconds to micro- and
nanoseconds.””* As energy-intensive tools, lasers are able to
deliver the required amounts of energy for materials trans-
formations within such extremely short time frames.”*” If the
materials systems are pushed far away from equilibrium, so that
the transformations are faster than the oxidation kinetics of the
organic (e.g., resin/carbon network) structures, organic
material-based templates can be maintained far beyond their
regular temperature stability limits. Previous efforts at
employing such transient laser annealing techniques in air
yielded epitaxially grown single-crystal inorganic materials like
Si (a semiconductor) or NiSi (a metal) confined in
mesoporous metal oxide templates derived from BCP SA.*!
In these experiments, the thin-film oxides were kinetically
trapped in disordered mesostructures that could not be further
annealed after spin-coating as a result of the irreversible
condensation of the metal oxide precursors during the sol—gel
process. This limitation could be overcome by moving to BCP
SA-directed resols-derived mesostructures, which allow SVA
before pore formation.”*** However, these studies employed
cryo-microtomed thin film sections of bulk samples deposited
on single crystal substrates (vide supra) and did not include
detailed crystallographic analysis of the resulting structures.

Here, we report the application of transient laser annealing
on Si backfilled into large-area, thin-film carbon templates, with
ordered 3D alternating gyroid network structures derived from
BCP SA and SVA. This combines previous work on preparing
spin-coated BCP SA-directed resin/carbon thin film templates
with periodically ordered 3D mesostructures through SVA in a
scalable and facile manner with nonequilibrium nanosecond
laser heating of such templates backfilled with amorphous Si
(a-Si). To the best of our knowledge, this combination has not
been achieved before, but is of substantial interest as it enables
the translation of periodic BCP SA derived thin film structures
into 3D periodic inorganic materials, including but not limited
to semiconductors, using the standard processing methodology
of the semiconductor industry. Si was chosen as the model
backfilling material not only for its technological significance as
a semiconducting inorganic material but also for its high
processing temperature. This will help with demonstration and
understanding of the effects and limitations of nonequilibrium
processing on the formation of mesostructured materials
confined and crystallized in templates with 3D network
topology. Crucially, detailed examination of the symmetry of
the resulting ordered mesostructures as a function of thin film
processing, as revealed by a combination of grazing incidence
small-angle X-ray scattering (GISAXS) and scanning electron
microscopy (SEM), suggests that the final composite and
templated Si mesostructures are consistent with the space
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Figure 1. Schematic of the fabrication process. (a) ISO and resorcinol resols hybrid solution, with the chemical structures of ISO and resols
shown in different colors corresponding to microphase-segregated domains after self-assembly. (b) ISO—resols hybrid thin film on a silicon
substrate after spin-coating and solvent vapor annealing (SVA). (c) Mesoporous resin/carbon thin-film network after cross-linking and
carbonizing ISO—resols hybrids in nitrogen at temperatures between 450 and 600 °C. (d) Amorphous silicon (a-Si) backfilled into the
template through low pressure chemical vapor deposition (LPCVD), with an overlayer of a-Si on top. (e) a-Si is melted by transient excimer
laser heating and crystallized in the template. (f) Mesostructured crystalline silicon (c-Si) with the inverse structure of the resin/carbon
template after template removal by reactive ion etching (RIE) and piranha etching.

Figure 2. Plan-view scanning electron microscopy (SEM) images of (a) a mesoporous carbon network thin film after cross-linking and
carbonizing ISO—resols hybrid in nitrogen and (b) final mesostructured crystalline silicon (c-Si) with the inverse structure of the template
after its removal. A 45° oblique view of the final mesostructured c-Si is shown in (c). Insets in (a) and (b) show expected structures along
(110) from level set calculations (see also Figure S1) consistent with observations.

group F222. As we have shown earlier in a theoretical study,’”
this reduced symmetry, equivalent to D, point group symmetry
resulting from deformation of the cubic alternating gyroid
lattice upon processing, could enable the construction of BCP
SA-based photonic and phononic quantum metamaterials with
topologically protected Weyl points. The study therefore
points in the direction of the emerging field of BCP SA-based
quantum materials, promising advanced physics and unusual
materials properties..33

RESULTS AND DISCUSSIONS

Template Formation, a-Si Backfilling, and Transient
Laser Annealing. In our work, BCP SA-directed network
mesophase formation is the basis for creating 3D periodically
ordered mesostructures, which after SVA and thermal
processing act as templates (molds) for backfilling with
inorganic materials. Transient laser heating-induced melting
and conformal backfilling of the mold, followed by template
removal, results in the desired inorganic mesostructures. Figure
1 provides a schematic illustration of the processing workflow
followed in this study, while experimental details for each step
are described in the Methods section. The TTP ISO (Figure
1a) has been thoroughly characterized,”* and its phase diagram

shows several network structures that are stable over a wider
range of compositions (~10—14%) as compared to diblock
copolymers (~2—49%).**® Nanoparticles or other organic or
inorganic material precursors can selectively swell only one of
the BCP blocks, thereby giving rise to self-assembled
mesostructures of various other materials that lack SA abilities.
This BCP-nanoparticle/additive coassembly strategy confers
materials diversity and advanced functionalities to otherwise
purely organic soft BCP materials and has been pursued and
realized in a number of systems, ranging from binary,"*
ternary,”” and quaternary’’ oxides or nitrides, through
metals,*’ carbides,*' and carbons,"? all the way to
semiconductors and superconductors.*®

Upon careful mixing in tetrahydrofuran (THF) to ensure the
appropriate block volume ratios, oligomeric carbon precursors,
resols, form hydrogen bonds with the PEO block of ISO
(Figure 1a) and produce two types of cubic network
mesophases after spin coating and SVA in THF (see
Methods): the core—shell double gyroid (G, space group
Ia3d, referred to as Q**°) and the chiral alternating gyroid (G*,
space group 4,32, referred to as Q*'*), which on the length
scale of a local grain is a chiral structure.'” After the resols are
cross-linked at moderate temperatures of around 120 °C in the

. 40
ceramics,
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presence of the ISO, heat treatment in the inert atmosphere
such as nitrogen at higher temperatures (around 450 °C) will
decompose the ISO and further cross-link and carbonize the
resols, introducing mesoporosity to the now highly cross-
linked but still polymer—organic gyroids.”*** Further heat
treatments in the inert atmosphere at temperatures of 600 °C
or beyond will finally lead to inorganic turbostratic glassy
carbons.'” Since in a gyroid each block domain constitutes a
3D continuous network, the mesopores therefore form a 3D
continuous void network, allowing uninterrupted passageways
throughout an entire macroscopic monolith. Such ordered
mesoporous networks are promising candidates for use as
nanomolds to direct 3D continuous structures of backfilled
materials with a resolution that is as yet beyond what can be
accomplished today by other means such as 3D printing.*”

We first synthesized an ISO with 30.6 vol % PI, 60.8 vol %
PS, and 8.6 vol % PEO that would structure-direct resorcinol
resols to generate G* hybrids (Figure la,b). The G*
morphology was preferred over the GP structures due to the
smaller volume fraction of the PEO + resols domain, leading to
larger, more accessible mesopores after thermal processing. As
alluded to previously, we worked with spin-coated thin films
rather than bulk materials, as the former are better suited for
complete backfilling. SVA was performed to improve long-
range periodic ordering in the thin-film structure (Figure 1b),
as rapid solvent evaporation during spin-coating typically
freezes metastable structures on their way to equilibrium. Plan-
view SEM images (Figure 2a) of the mesoporous network after
cross-linking and further heat treatment at up to 600 °C
(Figure 1c) showed highly regular mesoporosity. The self-
assembled thin films were also highly textured, with the {110}
planes parallel to the surface. This was corroborated by
simulated G* networks from level set calculations (Figure 2a,
inset). The internal network struts gradually faded out of the
depth of field of the electron microscope, denoting 3D
continuity. The mesopore diameter was around 45 nm, as
measured from the area enclosed by the carbon strut loops on
the surface. The thermal processing temperature should be
high enough to decompose the ISO for creating mesoporosity
at a minimum of around 450 °C. While the cross-linked resols
could undergo more complete carbonization into graphitic
carbons at even higher temperatures, samples were treated at
600 °C to reduce the processing time, while still maintaining
structural integrity during the following steps, including low
pressure chemical vapor deposition (LPCVD) at 570 °C
(Figure 1d, see Methods). During pyrolysis, the film thickness
as estimated from SEM images of film cross sections decreased
from around 450 nm to around 200 nm (data not shown) as
the ISO—resols hybrid was gradually carbonized starting at 600
°C, consistent with earlier observations of such BCP—additive
hybrids.”>* It should be emphasized that all explored heat
treatments took place at temperatures considerably lower than
the MP of 1410 °C for crystalline Si (c-Si).

Prior to depositing a-Si into the mesoporous template, the
resin/carbon thin-film networks were cleaned by aqueous
hydrochloric acid (HCl) and hydrogen peroxide (H,0,)
according to standard wafer cleaning protocols (see
Methods).** Organic residues and particles remaining after
template fabrication in general lab environments were removed
for the cleanroom operation in LPCVD furnaces. A hydro-
fluoric acid (HF) dip was carried out to create a clean oxide-
free substrate surface for a-Si deposition (e.g., areas on the Si
substrate not covered by the mesoporous template). The 10-

min dip of the HF protocol did not lead to delamination of the
film from the Si substrate. Although efforts were made to
minimize the time between taking the samples out of the HF
bath and loading them into the LPCVD furnace, native oxide
likely regrew during procedures including rinsing with
deionized (DI) water, blow-drying, the sample tray moving
into the furnace, and pumping the chamber down. During
deposition, a-Si entered the 3D mesoporous void space (Figure
1d). Despite overgrowing the template, the resulting a-Si
surface was reminiscent of the carbon template (Figure S2), as
the a-Si grew in mounds emanating from the pores. The 50 to
100 nm thick a-Si overlayer on top of the template film
encapsulated the underlying template (Figure S3); this
overlayer was found to be important for protecting the
template during the harsh transient laser annealing conditions
against oxidation, structural collapse, and/or photoablation.*®
Higher magnification SEM images of a-Si grown on bare Si
wafers (without a template) under the same conditions
revealed feature sizes drastically different from the length
scale of the gyroidal templates (Figure S4), offering proof that
the mesoporous template network was instrumental in shaping
the mesostructures of Si.

After a-Si deposition, transient laser heating was accom-
plished using a 35 ns fwhm, 308 nm wavelength, XeCl excimer
laser incident perpendicularly to the thin film surface at a
fluence sufficient to melt c-Si as described earlier (Figure
le).”*’! Subsequent template removal (Figure 1f) was
completed via a combination of dry etch and wet etch
methods. CF, plasma etching removed the Si overlayer, and
subsequent O, plasma etching followed by HF dips exposed
the carbon template for oxidative etching in a piranha solution.
Figure 2b presents an SEM plan-view image of the resulting
mesostructured Si, where channels left behind by the template
were imprinted in the laser-annealed Si. The Si mesostructures,
which took on the structural inverse of the carbon template,
had much smaller pore sizes than the template itself. This is
due to the low spatial occupancy (but large pores) of the
alternating gyroid network, derived from the minority block of
PEO plus resols (24 vol % in the hybrid before pyrolysis).
Level set simulations predicted a similar top surface of
semiconnected channels running through Si (Figure 2b,
inset), further confirming excellent pattern transfer fidelity.
The sharp edges in the simulated image come from spatial
definition along {110} planes in the calculation setting and
likely are blunted during the etching processes. The
appearance of {110} planes varied at different vertical positions
of the film. The top view displayed in Figure 2b is close to the
plane that had the largest areal fraction of the now voided
network domains (Figure S1). It best illustrates the 3D
interweaving of Si with the carbon template as well as the
footprint of the template on the mesostructured Si after
template removal. The small spacing between neighboring
planes with the same Miller index required stringent control
over the multistep etching process, for a slight shift of the final
etch front would produce a vastly different surface morphology
(Figure S1). Mesoscale ordering could also be confirmed from
the 45° oblique view of the edge of a cleaved sample (Figure
2¢). On average about 2 to 3 repeating units across the film
normal could be observed. It is interesting to note that the
resulting mesostructured Si films were thinner than the
template after pyrolysis. We attribute this observation to the
disruption of the top network structure during a-Si deposition
and laser annealing (vide infra), as well as the etching process
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Figure 3. Grazing incidence small-angle X-ray scattering (GISAXS) patterns at different fabrication stages of mesostructured thin films. (a)
Mesoporous carbon thin film after thermal processing; (b) amorphous silicon (a-Si) backfilled into the carbon template; (c) a-Si melted and
crystallized in the template after transient laser annealing; and (d) final mesostructured crystalline silicon (c-Si) after template removal.
White squares and red dots are the expected peak positions through reflection and transmission channels, respectively, in GISAXS, as
calculated by the distorted wave Born approximation theory using the GIXSGUI package (see Methods). Rows of peaks move along the q,
axis as a result of X-rays incident at different angles on samples with different refractive indices. Expected peaks are shown on only the left
half of each GISAXS pattern for easier comparison with experimental peak positions on the right half.

to reveal this specific surface morphology. Oxide formation
during transient laser heating is negligible due to the extremely
short time scales involved.*® It is expected, however, that a thin
(around 1 nm) oxide layer is present on the surfaces of such
large surface area nanostructured Si films, especially when left
in the ambient environment. Such oxide layers, with a
thickness insignificant relative to the Si strut size around 45
nm, can be etched away, e.g,, with HF.

Thin Film Structure Characterization by X-ray
Scattering. While electron microscopy provides real space
and local characterization, X-ray scattering yields structural
information averaged over macroscopic volumes of carbon
templates and Si mesostructures. GISAXS is well-suited to
characterize such thin films with mesoscale ordering by
illuminating the sample at incident angles close to the critical
angles of total external reflection for the substrate and the
supported thin-film materials, thus only probing surface
structures. 2D scattering patterns of the thin films at various
stages during the fabrication process are shown in Figure 3, fit
with expected peak positions calculated according to allowed
Bragg diffractions for specific space group symmetries. Earlier
analysis had revealed that bulk ISO—resols samples with
similar compositions self-assembled into G* structures
belonging to the space group I4,32."” Although the same
cubic I4,32 symmetry matched the structure of ISO—resols
hybrid thin films in the swollen state during SVA,** rapid
purging with dry argon to freeze the mesostructure led to
dramatic reductions in the film thickness. Consequently, the
quenched structure after SVA could only be described, at best,
as a compressed G*. Indeed, compressed unit cell parameters
(a, b, ¢, and «, B, y) optimized for best fitting of GISAXS
patterns deviated substantially from the requirement of a = b =
cand @ = = y = 90° for a cubic unit cell.*®

Within the analysis framework of “compressed G*”
structures, the carbon thin-film templates were oriented with
their {110} planes parallel to the substrate.”® Although there
was a “cubic” 14,32 symmetry with altered lattice parameters of
a,=b;,=470nm < ¢, =71.0 nm and a; = f; = 90° < y, =
158° and this orientation could be invoked to index the 2D
GISAXS patterns shown in Figure 3, the congruity between

calculated peak positions using the GIXSGUI package and
experimental data deteriorated for structures in later stages of
the processing flow. Notably, the peaks at g, = +0.18 nm™' in
the first-order reflection and transmission channels were
missing in the calculated results (Figure 3b—d, Figure S5).

A search for a more accurate description of the actual
mesostructural symmetry was therefore warranted, in particular
considering that knowledge about the exact symmetry
evolution in such thin films may have important consequences
in understanding precise structure—property relationships. It is
possible to convert a body-centered cubic lattice, to which
I4,32 belongs, into a face-centered orthorhombic lattice with
{010} planes parallel to the substrate (Figure S6) via uniaxial
compression along (110) (very notably the direction
perpendicular to the substrate). Among the five space groups
that have face-centered orthorhombic lattices,*” F222 (space
group number 22, hereafter referred to as O, with point
group D, in the Schoenflies notation) is best suited to
characterize the symmetry of the structure after film thickness
shrinkage. The other four space groups with face-centered
orthorhombic lattices can be ruled out as follows. The peaks at
g, = £0.18 nm™', unassigned in the cubic lattice (vide supra),
were found to be (002) and (002) peaks in the orthorhombic
lattice (see Figure S7 for complete peak indexing with
corresponding Miller indices), which do not meet the
reflection conditions imposed by the d glide planes in two
other space groups with face-centered lattices, Fdd2 and Fddd
(also referred to in the literature as O”°). This is further
supported by the absence of d glide planes in the original Q*'*
symmetry. The lack of evenness or oddness of the parent
(uncompressed) level set equations™ and the lack of mirror
planes in the original Q*!* symmetry preclude the presence of
any mirror planes, which is supported by observations of the
network structure simulated by level set calculations (Figure
S8). Compression of body-centered cubic lattices of packed
micelles yielded face-centered orthorhombic lattices containing
mirror planes,” since the structure-building blocks were
spherical micelles and mirror planes could be drawn before
compression (Figure S6). This was not the case with
compressed gyroid networks due to their unique connectivity
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in 3D space. Therefore, from the remaining space groups with
face-centered lattices, Fmm2 and Fmmm, are also inconsistent
with the identified symmetry, leaving space group F222 as the
only possible solution.

After this symmetry deduction, the optimized set of
orthorhombic lattice parameters was found to be a, = 92.3
nm, b, = 17.9 nm, ¢, = 70.0 nm, and a, = B, = y, = 90°. These
lattice parameters closely matched values from ay, by, ¢, and a;,
B, v, after simple trigonometric transformation from the
compressed cubic notation (Figure S6) and exhibited an
excellent level of conformity to each measured 2D GISAXS
pattern (Figure 3a—d, Figure S9). The (002) and (002) peaks
emerged as the 4, screw axis in the I4,32 space group was
broken by dramatic film thickness shrinkage at the end of SVA
and during the subsequent heat treatment (4, screw axes only
exist in cubic or tetragonal lattices; see Figure S10 for the
GISAXS pattern after SVA but before high temperature heat
treatment). We note that similar symmetry breaking from
cubic gyroid structures was observed before.””’

This X-ray scattering analysis stands as further testimony to
recent identification of structural imperfections in BCP self-
assembled mesophases down to the unit cell level by
transmission electron microtomography (TEMT)’' and
focused ion beam scanning electron microscopy (FIB-
SEM).>” It is worth noting that our space group assignment
does not negate the previous use of “gyroids” to describe these
network structures, as the network connectivity/topology was
preserved under these deformations (Figure S8). Rather, this
work serves as an elucidation of the symmetry details and
structural complexities associated with BCP SA structure
formation and evolution under nonequilibrium processing
conditions.

Each GISAXS pattern at different stages of the fabrication
process satisfied the O** space group symmetry with the same
set of lattice parameters, confirming the preservation of the
highly ordered network structure. However, some structural
evolutions could be inferred from subtle changes in the
GISAXS patterns. First, the intensities of the (002) and (002)
peaks (as aforementioned a differentiating feature of O** versus
Q214) grew stronger after each processing step (see the
transmission mode around g, = 0 in Figure 3). This can be
explained as a result of the changing electron density (and
hence scattering length) contrast: the contrast in the
mesoporous carbon films (Figure 3a, carbon against air) was
less than that in Sifilled templates (Figure 3b,c, Si against
carbon), which itself was again less than that in mesostructured
Si after template removal (Figure 3d, Si against air). Second,
we noted that a series of oscillating ripples in the shape of arcs
appeared along the g, direction after a-Si deposition (Figure
3b). From SEM observations the thin films were not perfectly
flat (Figure S11), and it is likely that the a-Si overlayer
roughness caused the X-rays to spread out as arcs. The
appearance of the arcs may also be a result of incomplete pore
filling before laser annealing, where void space was less
completely filled closer to the substrate. This effectively would
translate into another interfacial roughness between filled
upper parts and less filled lower parts in the mesoporous
template, which also would contribute to the emergence of
oscillating ripples. In the experiments, the oscillations became
muted after laser heating (Figure 3c), an indication that
interface roughness was alleviated when either the molten Si
more conformally filled the entire void space, or the surface
became flatter, or both. The oscillating ripples disappeared

after template removal (Figure 3d), resulting in well-oriented
structures, another piece of evidence that they originated from
the rough interfaces that disappeared upon processing. Lastly,
higher order reflections diminished along ¢, beyond the
Yoneda band™ for structures in later stages (Figure 3b—d). As
the films became thinner after etching, coherent scattering
along the film normal was weaker. This rendered higher-order
out-of-plane reflections less pronounced and blurred the in-
plane reflections to morph into Bragg rods, which might signify
a small loss of 3D periodicity. Nonetheless, laser annealed
mesostructured Si in network templates maintained an
exceptional O** ordering over a large area after multiple
processing steps.

Transient Si Melts in BCP Templates as Evidenced by
Reflectance. Thermal compatibility of the template and
backfilled materials is essential if such nanomolds are to be
used to direct the structures of various different classes of
materials. Si, an inorganic material, was introduced into the
template in the form of a-Si decomposed from SiH,.
Polycrystalline Si (poly-Si) annealed from LPCVD-derived a-
Si was shown to have superior crystal quality as compared to
as-deposited poly-Si.>* In order to accomplish conformal pore
filling and a crystallized state, a-Si had to be melted and
solidified at temperatures between the a-Si MP around 1250
°C and the c-Si MP of 1410 °C.” By conventional wisdom, a
resin or even carbon-based template cannot endure such high
temperatures, barring the creation of an oxygen-free environ-
ment (our transient laser annealing experiments were
performed in air). It has been quantitatively shown that
organic polymeric materials can be thermally stabilized by
about 400 °C after scaling down the heating duration by 5
orders of magnitude from tens of seconds to microseconds.”
From our experiments here as well as earlier work, an excimer
laser operating with pulse durations as short as ~40 ns
extended the thermal stability of pyrolyzed BCP SA-derived
resin mesostructures up to the Si MP.>*** Here we employed a
similar strategy working with as-made BCP—resols hybrid thin
films first cross-linked at 120 °C and then pyrolyzed at 450 or
600 °C before deposition of a-Si at 570 °C through LPCVD at
low pressure (see Methods). Although porous nanostructures
composed of materials more resistant to high temperatures are
in principle available for transient laser heating experiments,”’
the all-organic materials-derived carbon thin-film templates
used here (only heat treated up to 600 °C, i.e., below the onset
of significant graphitic carbon formation) seem promising for
producing the high-quality, long-range mesostructural 3D
periodic order as showcased in the resulting c-Si structures.
The high degree of ordering is enabled by the application of
SVA of the all-organic thin films, an approach well-established
for the processing of, in particular, BCP thin films.

Details of the melting and recrystallization of Si during
transient laser annealing could be obtained from in situ laser
reflectance measurements (see Methods). Shortly after the
onset of excimer laser irradiation at time t = 0 (Figure 4a), the
reflectance recorded by the diode laser (Figure 4b) spiked as
the surface a-Si melted into the metallic liquid phase (1-Si),
which has substantially higher reflectance than a-Si or -Si.>°
During the initial melt, thin film interference between the
various a-Si, c-Si, and 1-Si interfaces caused the reflectance to
dip slightly near t = 15 ns (Figure 4b) before reaching the
reflectance of an optically thick I-Si film by t = 25 ns. While the
initial melt dynamics may include self-propagating explosive
crystallization,”™*” the laser fluence was sufficiently high that
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Figure 4. (a) Excimer laser intensity (red curve) and schematic
estimate of the Si melt thickness (black dashed curve) as a
function of time. (b) Time-resolved reflectance of Si in the resin/
carbon template during transient excimer laser annealing with a
fluence of 630 mJ/cm?, as probed by a 650 nm diode laser. The
green and blue dashed lines represent the average reflectances
before and after melting, respectively.

the Si throughout the mesoporous template was molten before
the final solidification of c-Si began. This ultrafast nanoscale
liquid—solid movement was facilitated by the large, open, and
3D interconnected mesopore structure filled originally with a-
Si. The Si melt reached its maximum around t = 30 ns near the
end of the primary excimer laser intensity peak (Figure 4a),
with the reflectance returning to the c-Si value near t = 65 ns as
the surface fully crystallized (Figure 4b). When first initiated,
the 1-Si melt temperature is at the MP of a-Si (1250 °C).
However, as the interface just begins to solidify to c-Si at the
maximum melt thickness (Figure 4a), the liquid temperature
will be the equilibrium melting point of ¢-Si (1410 °C).>* Our
results therefore show that, despite being under ambient
atmosphere (ie., in the presence of oxygen), the BCP directed
carbon networks can withstand temperatures above 1400 °C as
a result of the associated ultrashort time scales. We speculate
here that the high transient temperatures at the MP of c-Si are
responsible, at least in part, for the observed reduction of the
film thickness of the final Si nanostructure relative to the
original template after pyrolysis (vide supra). A boundary
between mesostructured Si and the supporting single-crystal Si
substrate could still be identified using high-resolution
transmission electron microscopy (TEM, Figure S12); this
suggests that the 630 mJ/cm? fluence did not melt sufficiently
deep into the substrate to allow for epitaxial growth through
the native oxide layer that would have formed after cleaning
but prior to the LPCVD deposition (vide supra). However, the
final reflectance after laser-induced melting was distinct from
the reflectance before irradiation (Figure 4b), indicating the
formation of c¢-Si within the carbon template. Subsequent
template removal yielded mesoporous c-Si with a void space
left behind from the template, all consistent with a 3D network
structure. The scattering work of the foregoing section
confirmed the generation of mesostructured c-Si directed by

the mesoporous network-type nanomolds with F222 symmetry
over extended areas upward of a millimeter squared.

CONCLUSIONS

We showed that periodically ordered mesoporous thin-film
templates derived from block copolymer self-assembly, in
combination with transient laser heating, enabled molding of
crystalline silicon via a liquid phase process at the nanoscale to
prepare 3D periodically ordered crystalline silicon (c-Si)
mesostructures with orthorhombic space group F222. The
thin-film templates with 3D continuous network structures
were derived from spin-coating block copolymer—additive
hybrid solutions and subsequent solvent vapor annealing-based
self-assembly. Mesoporous gyroidal templates from pyrolyzed
all-organic block copolymer—resols composites survived the
high processing temperatures exceeding 1410 °C as a result of
ultrashort (nanoseconds) melting durations, leading to
excellent pattern transfer fidelity from the block copolymer-
directed structure into c-Si. All processing steps utilized in our
experiments are compatible with present day semiconductor
nanofabrication. We therefore expect that our results are
relevant to industrial applications. Furthermore, since a range
of other materials including semiconductors and metals are
amenable to this type of processing as a result of similar or
lower melting temperatures, we expect this work to enable
access to a range of advanced thin film materials with
interesting electronic, photonic, and phononic proper-
ties.” """ The 3D network structure of templates and final
¢c-Si mesostructures resulted from uniaxial compression of the
alternating gyroid morphology during thin film processing.
Analysis of structural details of the template and resulting c-Si
mesostructures as revealed by grazing incidence small-angle
scattering experiments were consistent with reduced F222
symmetry. This structure identification has important ram-
ifications for structure—property correlations of the final
materials. In recent theoretical work this reduction in
symmetry from cubic gyroidal to the associated point group
symmetry D, reflects a symmetry constraint that leads to the
formation of self-assembled quantum materials in the form of
3D photonic or phononic materials with topologically
protected Weyl points.*” Following this theoretical study, our
work now presents an example that illustrates how to achieve
such symmetry constraints in an experimental system, thereby
taking a substantial step in the direction of the exciting
emerging field of block copolymer self-assembly directed

quantum materials.

METHODS

Fabrication of Periodically Ordered Mesoporous Thin-Film
Network Templates. The ISO triblock terpolymer (TTP) was
synthesized via sequential anionic polymerization, while resorcinol
resols, the carbon precursors, were synthesized by condensation
reaction between resorcinol and formaldehyde, both as described
elsewhere.'”®" A combination of proton nuclear magnetic resonance
("H NMR) and gel permeation chromatography (GPC) was used to
determine the ISO total number-average molar mass (M,) of 77.3 kg/
mol and a polydispersity index (PDI) of 1.04, with the volume
fractions of PI, PS, and PEO blocks being 30.6%, 60.8%, and 8.6%,
respectively. The densities used for calculating volume fractions of PI,
PS, and PEO blocks were 0.830 g/cm?, 0.969 g/cm? and 1.06 g/cm?,
respectively.

The procedure to prepare resin/carbon thin-film networks followed
what has been reported previously.% In short, a 5.0 wt % solution in
anhydrous tetrahydrofuran (THF) of ISO and resols (Figure la) was
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spin-coated on Si wafers with native oxide at 3000 rpm. The
combined volume of the PEO block and resols domain accounted for
24% of the ISO—resols hybrid (1.1 g/cm® was used as the density of
resols). The resulting polymeric thin films were subjected to SVA
using THF in a home-built apparatus.”® The films were first swollen
by 1.5 standard cubic feet per hour (SCFH) flow of argon through
THF (wet argon). The dry argon flow rate was then increased, while
the wet argon flow rate was decreased stepwise until a ratio of 0.4
SCFH (wet argon) to 1.0 SCFH (dry argon) was reached. Finally,
SVA was concluded by quenching the ordered structures in a copious
amount of dry argon (Figure 1b). After cross-linking the resols at 120
°C for 24 h, pyrolysis at 450 or 600 °C for 3 h under nitrogen flow in
a tube furnace yielded ordered mesoporous resin/carbon thin films
supported on Si wafers (Figure 1c).

Amorphous Si Deposition. The mesoporous thin films were first
cleaned by immersing them in a bath prepared from deionized (DI)
water, 37% to 38% hydrochloric acid (HCI), and 30% hydrogen
peroxide (H,0,) in a volumetric ratio of 6:1:1 (6:1:1, v/v/v), for 10
min at 72 °C. After rinsing with DI water, the films were dipped in
49% hydrofluoric acid (HF) diluted by DI water (1:20, v/v) for 10
min at room temperature (Caution: exercise extreme care when
handling HF and follow appropriate standard operating procedures).
After rinsing with DI water and dry blowing with nitrogen, the carbon
thin films were immediately loaded into a quartz furnace for low
pressure chemical vapor deposition (LPCVD) of amorphous silicon
(a-Si) from the SiH, silane precursor. LPCVD took place at 570 °C
for 25 min, with the chamber pressure at 150 mTorr and silane flow
rate of 150 standard cubic centimeters per minute (SCCM). In
addition to entering the mesoporous network pores, a-Si also formed
an excess overlayer on the top surface of the films (Figure 1d). During
this processing step all films were exposed to almost 600 °C for
extended periods of time. As a result, in the main text we refer to
these films after the a-Si deposition as carbon rather than resin films.

Transient Excimer Laser Annealing. The description of the
excimer laser system was detailed previously.”**' A 308 nm
wavelength, 35 ns fwhm, XeCl excimer laser beam was used to
irradiate the thin films at normal incidence after a-Si deposition. A
fluence of 630 mJ/cm? above the single crystal Si melt threshold of
600 m_]/cmz, was used to induce a total melt duration of
approximately SO ns (c-Si, Figure le). The area of each laser spot
was approximately 3 mm X 3 mm, and the surface reflectance at the
center of the irradiated area was recorded using a 650 nm diode laser
incident at 40° with respect to the film normal.

Removal of Template. After transient laser annealing, the
remaining Si overlayer on top of the carbon and c-Si composite thin
films was removed by reactive ion etching (RIE) for 45 s with CF,
followed by S min with O, at 150 W employing an Oxford PlasmaLab
80+ etcher. After a 2 min dip in 49% HF to remove silicon oxide
generated in the last step, the wafers were cleaved into small pieces to
expose the underlying carbon and c¢-Si networks. To reveal the pure c-
Si networks, the carbon template was etched away for 6 to 10 h at 75
°C by piranha solution freshly prepared by adding concentrated
sulfuric acid (H,SO,) to 30% H,0, (3:1, v/v) (Caution: exercise
extra care when adding H,SO, to H,0,, minimize amount of piranha
used, and avoid contact with organic substances).

Structure Characterization. Scanning electron microscopy
(SEM) images were captured with an in-beam secondary electron
detector using a Tescan Mira3 field emission scanning electron
microscope (FESEM) operating at a S kV accelerating voltage (Figure
2a,b) or with an inlens EsB detector using a Zeiss GeminiSEM 500
operating at a S kV (Figure 2c) accelerating voltage.

High-resolution transmission electron microscopy (TEM) images
of thin film cross sections (Figure S12) were captured with an FEI
Tecnai F20 TEM operating at 200 keV. The sample section was
prepared using a Thermo Fisher Helios G4 UX focused-ion beam
(FIB) instrument.

Level set calculations were performed using MATLAB with
additional coordinate transformations in order to compare exper-
imental SEM-based surface morphologies with expectations from
different Miller planes.*®

2D grazing incidence small-angle X-ray scattering (GISAXS) data
were recorded using a Pilatus 200k pixel array detector at the D1
beam station at the Cornell High Energy Synchrotron Source
(CHESS, for Figure 3a—c) or using a Pilatus 1 M pixel array detector
at the 12-ID Soft Matter Interfaces (SMI) beamline at the National
Synchrotron Light Source II (NSLS I, for Figure 3d). The incident
X-ray energies were 10.7 keV at CHESS and 16.1 keV at NSLS II, and
the sample to detector distances (SDD) were 1.86 m at CHESS and
7.49 m at NSLS II. Incident angles ranged between 0.1° and 0.2° and
were chosen in order to maximize signal-to-noise for each sample.

2D GISAXS data were processed and plotted using the MATLAB-
based software GIXSGUI (version 1.7.1)°* to have g, on the
horizontal axis and g, on the vertical axis. g, and g, were the
components of the scattering vector, ¢ = 4z sin 6/4, along the
directions parallel and perpendicular to the film surface, respectively.
20 is the scattering angle, and /4 is the wavelength of the X-rays. The
expected peak positions for peak indexing were calculated based on
the distorted-wave Born approximation (DWBA).
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