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ABSTRACT: The advent of metasurfaces has revolutionized
the design of optical instruments, and recent advancements in
fabrication techniques are further accelerating their practical
applications. However, conventional top-down fabrication of
intricate nanostructures proves to be expensive and time-
consuming, posing challenges for large-scale production. Here,
we propose a cost-effective bottom-up approach to create
nanostructure arrays with arbitrarily complex meta-atoms
displaying single nanoparticle lateral resolution over sub-
millimeter areas, minimizing the need for advanced and high-
cost nanofabrication equipment. By utilizing air/water interface
assembly, we transfer nanoparticles onto templated polydime-
thylsiloxane (PDMS) irrespective of nanopattern density, shape, or size. We demonstrate the robust assembly of nanocubes
into meta-atoms with diverse configurations generally unachievable by conventional methods, including U, L, cross, S, T,
gammadion, split-ring resonators, and Pancharatnam−Berry metasurfaces with designer optical functionalities. We also show
nanocube epitaxy at near ambient temperature to transform the meta-atoms into complex continuous nanostructures that can
be swiftly transferred from PDMS to various substrates via contact printing. Our approach potentially offers a large-scale
manufacturing alternative to top-down fabrication for metal nanostructuring, unlocking possibilities in the realm of
nanophotonics.
KEYWORDS: nanoparticles assembly, directed-assembly, plasmonic nanoparticles, monolayer, Langmuir−Blodgett, metasurface,
nanocubes

INTRODUCTION
The development of metasurfaces has sparked considerable
interest across multiple fields, such as chemo- and photo-
sensing,1−3 metalens,4,5 holography,4,6 catalysis,7 and light
emitters.8 Despite these exciting prospects, a critical challenge
persists: the development of a low-cost, facile, yet versatile
technique for nanostructuring materials with intricate arbitrary
geometries and nanometer resolution. Conventionally, top-
down electron beam lithography (EBL) has been employed for
creating complex nanostructures with resolutions smaller than
10 nm.9 However, the high costs and lengthy processing times
associated with EBL render large-scale production unfavorable.
Additionally, the subsequent utilization of physical vapor
deposition lacks control over crystallinity,10 and etching
processes introduce surface roughness and defects.11 These
factors significantly impact the bulk and surface quality of the
material, which are critical for minimizing losses and improving
the spectral response of such nanopatterns.12 Deep-UV

immersion lithography, another top-down method, recently
employed for large volume manufacturing of metasurfaces, also
limits the choice of available building blocks and substrates to
those compatible with CMOS processes.13−15

An alternative approach is nanoimprint lithography (NIL),
in which an elastomeric stamp such as PDMS is molded from a
high-resolution master template fabricated via EBL. The mold
is then used to mechanically imprint the nanopattern into a
thermo- or UV-curable resin, which can be polymeric or a sol−
gel-based compound.16,17 A key advantage of this approach is
its nondestructive nature toward the master pattern, enabling
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the creation of virtually unlimited replica at an affordable cost.
While NIL offers scalability and high throughput, it suffers
from nanostructures shrinkage, residual layers and limitations
in material selectionespecially metals, which are of high
interest for plasmonic applications.18 To circumvent this,
strategies like the use of metal−organic inks as resists have
been proposed, followed by heat treatment.19 However, these
approaches often yield nanostructures with undesirable defects,
such as rough surfaces, cracks and grain boundaries.20
Bottom-up self-assembly, utilizes chemically synthesized

nanoparticles as building blocks to create ordered architectures
driven by chemical interactions.21 This method offers distinct
advantages, such as low cost, fine control over size, shape,
atomic-level compositions, and the unmatched material quality
of monocrystalline colloidal building blocks. However,
thermodynamics restricts the viable geometries of the resulting
architectures and their organization on a surface.21,22
To address these challenges, directed assembly (templated

assembly), emerged as an encouraging solution.10,23,24 This
approach integrates top-down fabricated templates with
bottom-up synthesized building blocks. In a similar manner
to NIL, directed assembly also uses a mold replicated from
EBL master. The features on the template then direct
nanoparticles into spatially defined positions driven by external

forces such as mechanical, capillary, or electrophoretic forces,
each method with its own set of advantages and limitations.
For example, nanoparticle imprint lithography offers the
advantage of one-step printing and the capability to fabricate
complex geometries over a large area.11,25,26 However, precise
colloidal concentration is crucial; insufficient quantities result
in suboptimal filling, whereas an excess leaves nanoparticle
residue on the substrate, deteriorating the resulting nano-
pattern.11 This is problematic because concentration opti-
mization is necessary for distinct pattern types and densities,
making assembly on templates with nonuniform pattern
distributions challenging. In addition, nanoimprinting directly
prints the assembly into the target substrate rather than onto
the PDMS mold. This could impede subsequent chemical or
thermal post-treatments if the target substrate is delicate.
Finally, nanoparticle imprint lithography typically relies on
specialized nanoimprint equipment that is costly and might not
be accessible to many. Another method, capillary assembly
utilizes capillary forces at the receding meniscus to position
individual nanoparticles onto a topographically patterned
substrate.27−32 This technique achieves assembly configura-
tions that elude traditional self-assembly, particularly excelling
in arranging low-density individual nanoparticles or 1D arrays.
However, the challenge remains in realizing within a single step

Table 1. State of the Art for Assembly of Sub-100 nm Nanoparticles into Meta-Atom Arraysa

techniques materials assembly geometry substrate printability scalability
complex metasurface

device comments

capillary
assembly27−31,33

Au, Ag, Pt
spheres, cubes,
rods, prisms

0D, 1D, clusters arranged as lines and grids nanopatterned Si or
PDMS

yes yes yes, surface lattice res-
onance37

difficulty for as-
sembly of dense
array and com-
plex 2D geome-
try, sensitive to
defects and many
parameters

DNA-mediated as-
sembly35,36

Au cubes, octa-
hedral, decahe-
dral, cubocta-
hedral, concave
dodecahedral

0D, 2D (S-shape composed of 4-unit blocks) Au film coated with
nanopatterned
PMMA and func-
tionalized with
DNA

not shown no yes, anomalous reflec-
tor36

the use of EBL for
sacrificial tem-
plate increases
complexity, time,
and cost. Extra
steps on the
DNA-functionali-
zation of nano-
particles and
substrate.

nanoparticle imprint
lithography11,25,26,41

Ag, Au, Pd
cubes, sphere,
SiO2 spheres

0D, 1D, 2D (rings and grids), clusters arranged as
grids, rings, and lines

Si, glass, gold, TiO2,
naphthalenediimide-
based polymer

not shown yes yes, modification of
lasing emission
angle41

optimization is
necessary for dif-
ferent pattern
density, limita-
tion in transfer-
ability as well as
chemical and
thermal post-
treatment

surface templated
electrophoretic
deposition21,34,43

Au rods, cubes,
spheres, Fe3O4
spheres, poly-
mer coated-
quantum dots
clusters, organ-
ic nanopar-
ticles

0D nanopatterned
PMMA coated ITO
or gold

not shown yes not shown limited to conduc-
tive substrates

interfacial assem-
bly39,44−49

Au spheres, bi-
nary superlatti-
ces (FeOx and
Au spheres),
γ-Fe2O3spheres

0D, clusters, arranged as lines, squares, triangles,
spirals, and spheres

micropatterned
PDMS

yes yes yes, surface lattice res-
onance48

lack of assembly
into sub-100 nm
complex
meta-atoms

this work Ag cubes, Au
cubes, icosahe-
dra

1D, 2D
(single nanoparticle lateral resolution (40 nm),
various shapes with up to ≈27-unit building
blocks face-to-face, see Figures 2 and 3)

nanopatterned PDMS yes yes yes,
Pancharatnam−Berry
phase

2D complex geo-
metries, highly
versatile

a“0D”, “1D’ and ‘2D” refer to the meta-atom geometry, denoting respectively individual nanoparticle assembly, one-dimensional linear formations,
and assembly into two-dimensional planar geometry.
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densely packed and intricate continuous nanoscale geo-
metries33 that often necessitate repeated assembly processes.31
Surface-templated electrophoretic deposition is yet another
method that leverages electrostatic interactions between
nanoparticles and a nanopatterned substrate under the
influence of an applied electric field.21 This method offers
speed and scalability, yet its use is confined to conductive
substrates, thereby limiting its applicability for transfer onto
different substrates. It is worth noting that this limitation is not
absolute, as modifications to thin insulating substrates can
expand its applicability.34 While it excels in creating arrays of
individual nanoparticles, its potential to obtain arbitrarily
complex meta-atoms remains largely unexplored. Another
elegant method worth mentioning is the template-assisted
DNA-mediated assembly, which offers precise control over the
positioning of nanoparticles across large areas. However, the
necessity of using electron beam lithography to create a
sacrificial template renders repeated fabrication expensive.35,36
These state of the art strategies to assemble nanoparticles into
predefined patterns are summarized in Table 1. Overall, the
current techniques for template-directed nanoparticle assembly
in metasurfaces with sub-100 nm features are predominantly
categorized into three types, based on the arrangement of
nanoparticles in the constituent building-blocks (meta-atoms):
(1) isolated nanoparticles (0D meta-atoms);27−29,35,37−39 (2)
nanoparticles arranged adjacent to one another in a linear
fashion, forming lines with lateral resolution of one or more
nanoparticles (1D meta-atoms);25,32 and (3) meta-atoms
formed by aggregates or clusters of small nanoparticles
(typically much smaller than the meta-atom feature dictated
by the template).26,40−42 However, a more precise assembly in

which individual nanoparticles are arranged adjacent to one
another to construct complex geometric meta-atoms at the
resolution of single nanoparticles remains challenging. To date,
to the best of our knowldedge, the only two examples existing
in literature of 2D meta-atoms with a single nanoparticle lateral
resolution (<100 nm) are S-shaped and ring-shaped obtained
with DNA-mediated assembly and nanoparticle imprint
lithography, respectively.11,36
Herein, we introduce an approach for the fabrication of

nanostructure arrays with arbitrary 2D meta-atoms with single
nanoparticle lateral resolution. This is achieved with a
homemade setup, in which a monolayer of nanoparticles
densely assembled on an air/water interface is subsequently
transferred to a nanopatterned PDMS substrate. The air/water
interface assembly is recognized as a versatile method to
assemble large varieties of nanoparticles in terms of
compositions, morphologies, and sizes over a large area. This
capability is largely attributed to water’s high surface tension,
which effectively supports a dense layer of otherwise
nonbuoyant nanoparticles at the interface.50 There are various
ways to transfer this floating monolayer of nanoparticles into a
substrate including Langmuir−Blodgett and Langmuir−
Schaefer techniques. Earlier works have reported these
techniques to fabricate arbitrary arrangement of individual
nanoparticles,39 micropatterned lines,44,45 dots,47 spirals,
triangles, or squares46 containing clusters of nanoparticles.
However, to the best of our knowledge, the assembly of
nanoparticles on a pattern of arbitrarily complex geometries
with a single nanoparticle lateral resolution has not widely
explored. Leveraging this method, each nanoparticle serves as a
foundational building block unit, facilitating the assembly into

Figure 1. Diagram of nanopattern fabrication from nanocubes. The process involves: (a) nanocubes dispersion at the air/water interface, (b)
nanocubes directed assembly, (c) excess nanocubes removal. Subsequent pathways include: (d) transfer printing of assembled nanocubes
onto target substrate, or (e) welding of nanocubes to form continuous nanostructures, followed by (f) transfer printing onto target substrate.
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intricate nanopatterns, including but not limited to arrays of U-
shaped, L-shaped, cross-shaped, S-shaped, and T-shaped,
polygonal-shaped, gammadion, split-ring resonators, and
spatially varying Pancharatnam−Berry metasurfaces. Such
intricate designs have proven elusive with traditional assembly
techniques. Given their optimal properties as building blocks
for monocrystalline nanostructures,32,51 we primarily focus on
nanocubes. Nonetheless, our technique’s versatility is further
underscored by the assembly of other nanoparticles, such as
gold icosahedra and gold nanocubes of different sizes. Next,

exploring the potential for optoelectronic applications, we
investigated the optical properties of nanocube assemblies into
Pancharatnam−Berry metasurface, and compared them to
finite-difference time-domain (FDTD) simulations. Finally, we
show the possibility to make continuous nanostructures via
nanocube chemical welding at near ambient temperature. We
first use nanocubes as a nanoscale building block to first access
complex shapes and then welding them together to get
continuous planar structures. This two-step process provides a
bottom-up pathway for crafting intricate nanostructures, which

Figure 2. Assembly of 55 nm AgNCs on different basic meta-atoms with their corresponding measured dark-field scattering and dark-field
images. (a) Split-ring resonator. (b) L-shape. (c) T-shape. (d) Cross-shape. (e) Diamond-shape.
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Figure 3. Assembly of 55 nm AgNCs on nanopatterns of (a) C-shape, (b) S-shape, (c, d) composed meta-atoms representing the CNRS
letters (small and large respectively), (e) small polygonal shape, (f) larger polygonal shape, and (g) chiral gammadion. (h) Assembly of 40
nm AgNCs on 80 nm width split-ring pattern.
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are challenging, if not impossible to produce through
conventional chemical synthesis alone. This approach enables
the synthesis of nanostructures with truly arbitrary geometries
beyond that of conventional Platonic solids. Such capability
holds significant value for the design of plasmonic metasurfaces
in the visible range, as their performance is intricately linked to
the geometric attributes of their constituent meta-atoms.

RESULTS AND DISCUSSION
Nanopatterning from Nanocubes at the Air/Water

Interface Assembly. As depicted in Figure 1, the fabrication
process begins by assembling nanocubes into a high-density
monolayer at the air−water interface (Figure 1a). This
monolayer is then transferred onto a prepatterned PDMS
substrate via nanocubes deposition (Figure 1b), achieved by
simply bringing the two into contact. Any excess nanocubes
lying outside the intended nanopatterned trenches are
subsequently removed via selective contact printing (excess
nanocubes removal, Figure 1c). This step ensures that only
nanocubes conforming to the desired nanopattern are retained
within the trenches. Following this, two alternative pathways
are available: the remaining nanocubes can either be directly
transferred onto a target substrate through transfer printing
(Figure 1d) or subjected to a welding process on the PDMS
mold to create a continuous nanostructure (Figure 1e). The
latter can then also be transferred to the target substrate using
the same transfer printing technique (Figure 1f).
Here, we used 55 nm silver nanocubes (AgNCs). As

mentioned previously, following the nanocubes deposition
process (Figure 1b), it is evident that, although some
nanocubes were confined within the trenches, the majority
remained as residuals deposited outside these features (Figure
4a bottom inset images and Supplementary Figures S7 and
S8). To address this, we conducted the critical step of
removing excess nanocubes (Figure 1c). This was carried out
by putting the silver nanocubes deposited on PDMS in contact
with a clean silicon wafer using the homemade setup shown in
Figure S10. Silicon’s higher surface energy and atomically flat
surface facilitate the transfer of nanocubes that come into
contact with it. Nanocubes outside the trenches are more likely
to contact the silicon wafer due to their positioning, resulting
in their transfer while leaving behind the nanocubes within the
trenches. Before making contact, we added a small droplet of
PVP/Ethanol solution onto the silicon wafer (see Methods for
details). As reported previously, PVP reduces van der Waals
interactions between the nanocubes and the substrate,
promoting the mobility of the nanocubes.26 After achieving
conformal contact, we heated the setup to approximately 40 °C
to evaporate the solvent before retraction. As depicted in
Figure 2a, our technique effectively eliminates most extraneous
nanocubes while preserving those situated in the trenches. In
our best samples, the removal process was highly effective
across thousands of square micrometers, as evidenced by
Supplementary Figure S11. It is worth emphasizing that the
removal of nanocubes is a delicate and nuanced process due to
the nature of selective transfer, requiring careful control of the
critical parameters (detailed experimental procedures are
provided in the Supporting Information). In our experience,
a trench depth larger than the nanocube size yields better
results for nanocube removal. For all masters used, the depth is
greater than the nanocube dimension (80−93 nm). When the
depth is equivalent to the nanocube dimension, although

deposition into the trench appears to work, the removal step is
less reproducible.
To investigate the capability of our technique in assembling

nanocubes into a diverse array of geometric configurations, first
we performed experiments featuring a range of fundamental
meta-atoms with single nanocube lateral resolution. In fact, we
argue that the realization of a truly arbitrary pattern requires
the capability to accomplish five elemental meta-atoms. This
includes arcs in addition to the four possible combinations
where, for a given nanocube, any of the four neighboring
positions is occupied by another nanocube. This yields straight
lines, 90° angles, T-intersections and cross-intersections.
Figure 2 showcases the results, including structures with
curved elements highlighted in yellow, like split-rings (Figure
2a), as well as those featuring multiple junctions including L-
shaped geometries with two junctions in blue (Figure 2b), T-
shaped forms with three junctions in green (Figure 2c), and
cross-shaped configurations with four indicated by red color
(Figure 2d). Figure 2e further demonstrates that our method
enables the assembly of diamond-like configurations, consist-
ing of 2 × 2 nanocubes in a face-to-face orientation,
represented in purple. The transmission spectra of the arrays
of Figure 2 are shown in Figure S23. In addition, our technique
allows for the assembly of nanocubes in a linear arrangement,
as displayed in Figure 5b. Given the successful assembly of
these foundational shapes, which include straight lines, curves,
and intersections, we believe the technique holds promise in
facilitating the fabrication of an extensive range of complex
nanostructures that incorporate these elements.
Expanding on these findings, Figure 3 showcases how we

extended the technique’s capabilities to assemble more
complex designs, encompassing a variety of foundational
geometries. The varied configurations include C-shaped
patterns that pair two L-shaped geometries with their junctions
oriented in the same direction (Figure 3a), as well as S-shaped
designs featuring opposite-facing L-shaped configurations
(Figure 3b). More intricate structures also can be obtained,
such as the CNRS letters at varying scales, built from multiple
L-shaped elements (Figure 3c,d), polygonal patterns featuring
both T- and L-junctions (Figure 3e,f), gammadion shapes that
integrate cross and L geometries (Figure 3g) displaying
circular dichroism (Figure S24), and split-ring patterns with
a lateral thickness equivalent to two nanocubes (Figure 3h).
The insets color-code the fundamental geometric shapes that
comprise each complex design, enhancing visual clarity. It is
worth noticing that arrays encompassing multiple meta-atoms
in their basic repeating unit can be obtained, as shown in
Figure 3c,d), where four different meta-atoms next to each
other are realized. While some of these designs hold relevance
for plasmonics, certain configurations depicted in Figures 2d
and 3e,f are also promising for transparent electrodes through
pattern interconnection. To demonstrate the versatility of this
technique, we successfully extended our exploration to the
assembly of various other materials, including 40 nm silver
nanocubes, 32 nm rounded gold nanocubes, 43 nm gold
icosahedra, and 48 nm gold nanocubes See Supplementary
Figures S12−S20). Additionally, as shown in Supplementary
Figure S22, although this is not our primary focus, we also
demonstrate the possibility of obtaining single-particle
assemblies.
Having successfully demonstrated the assembly of diverse

nanocube configurations, our next objective is to validate their
transfer onto functional substrates through transfer printing.
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This step represents a vital proof-of-concept for practical
applications. In this context, we leveraged the low surface
energy of PDMS substrates to facilitate the transfer across a
wide variety of substrates. During the transfer, we applied a
force ranging from 65 to 75 N at 75 °C, which assured a
conformal contact between the nanocubes and the target
substrate. Prior studies underscored the benefit of elevated
temperature in reducing adhesion between nanocubes and
PDMS, thereby enhancing their contact with the substrate and
increasing the overall transfer yield.52,53 We validated the
versatility of our approach by successfully transferring
nanocubes to both silicon wafers and glass, as detailed in
Supplementary Figures S25 and S26.
Nanocubes Assembly Mechanism. To understand the

mechanism of nanocubes assembly into the trenches, we chose
55 nm monodisperse silver nanocubes and a PDMS mold with
a split-ring array as our model system. The split-ring trenches
are approximately 80 nm deep and have widths ranging around
55−60 nm (Supplementary Figure S4b). We employed a
Langmuir trough (KSV NIMA) to assemble nanocubes on the

air/water interface, which allows adjustments to the surface
tension and facilitates monitoring through isotherms (see
Figure 4c and Supplementary Figure S5), thereby providing
insights into the density of nanocubes on the water surface.54
Here we introduce the term “split-ring filling fraction”,
representing the assembly yield, as a quantitative metric to
assess the number of nanocubes deposited within each split-
ring. A filling fraction of one indicates complete filling of a
split-ring with 27 nanocubes, while a filling fraction of zero
denotes an empty split-ring (see Supplementary Figure S6). As
evident in Figure 4a, a direct relationship emerges between
surface tension (and consequently nanocube density) and the
likelihood of nanocubes filling the trenches. Specifically, a
higher surface tensionleading to increased nanocube
densityimproves the filling fraction (see Supplementary
Figure S6 for details on filling fraction calculation). To offer
context, for this specific pattern, 28 nanoparticles (NPs)/μm2

would be needed to perfectly fill the split-ring if deposition
would take place inside the trenches only. This is a direct
consequence of the split-ring area and periodicity. The optimal

Figure 4. Nanocubes assembly using air/water interface assembly technique. (a) Filling fractions of nanocubes inside split-ring nanopattern
at different surface tension deposited using a Langmuir trough at 0° dipping angle (blue) vs using PTFE well by hand (red). The color code
of the box plot is the same as that used for (c and d). Top insets depict nanocubes density in relation to surface tension on a flat PDMS
surface, while bottom insets show density with respect to nanopatterned PDMS surfaces. Scale bars are 1 μm in length. (b) Nanocubes
assembly at different dipping angles at 16.7 mN/m. Insets depict the orientations of nanopatterned PDMS substrate (orange) during
nanocubes deposition: horizontal alignment at 0° and vertical alignment at 90°. Center line: Median. Diamond: Average. Box: Interquartile
range. Whiskers: Maximum and minimum. Crosses: Outliers. N = 42−63 samples. (c) Nanocubes assembly using Langmuir trough with
automated deposition. (d) Nanocubes assembly using PTFE well with manual deposition by hand. (e) Proposed mechanism of nanocubes
filling. Light blue color indicates water subphase, orange color indicates nanopatterned PDMS substrate, dark blue arrows indicate water
flux, and red arrows indicate attractive capillary forces.
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filling fraction is achieved at a density of approximately 227
NPs/μm2, resulting in an average filling fraction of about 0.90.
Interestingly, even at a reduced density of 52 NPs/μm2less
than a quarter of the optimum densitythe average filling
fraction remains notably high at around 0.66. This finding
raises questions about the mechanism behind the concen-
tration of nanoparticles in the trenches. Are the positions of
nanoparticles floating on the air/water interface fixed upon
contact with the PDMS substrate (Figure 1b), or do they move
to occupy the trenches? Our hypothesis posits that if the
nanocubes were homogeneously distributed at the air−water
interface and were spatially immobilized upon deposition onto
the patterned PDMS substrate, a density of 52 NPs/μm2

would theoretically result in a significantly lower filling fraction
of about 0.14substantially lower than our experimental
findings by 5-fold. Additional evidence from Supplementary
Figures S7 and S8 suggests that although a monolayer forms
on the air−water interface, the trench regions are partially
covered with a second layer of nanocubes after deposition.
This observation refutes the idea that they are fixed upon
contact, thus suggesting that nanocubes remain mobile during
or after contact with the PDMS substrate. To investigate it, we
assembled low-density nanocubes on water and then deposited
them onto two PDMS substrates, one UV/Ozone-treated to
enhance interaction with nanocubes and the other left
untreated. Supplementary Figure S9 shows that nanocubes
tend to assemble individually on the treated (hydrophilic)
substrate, whereas they form compact face-to-face alignment,
particularly within trenches, on the untreated substrate. This
further confirms the presence of mobility upon transfer to the
substrate, and lateral capillary forces, influenced by surface
perturbations at the air−water interface, could be a
contributing factor.55
Two hypotheses were considered. Our first hypothesis is

that, before complete drying, the remaining water layer forms a
meniscus around the nanoparticles and leads to attractive long-
range immersion capillary forces. These forces might
concentrate nearby nanoparticles into the trenches due to
local pinning at the edges of topographic features during
evaporation. Further bolstering this effect are van der Waals
interactions among nanocubes and between the inner surfaces
of the trenches.56 However, this mechanism is expected to take
place on substrates with a macroscopic contact angle between
10° and 30°.56 By contrast, our PDMS substrate exhibits a
much larger contact angle of approximately 105°.
The second hypothesis involves long-range attractive

capillary forces due to the formation of capillary multipoles.
The capping molecule of nanoparticles used in this study is
PVP, an amphiphilic compound. This degree of hydrophilicity
causes nanoparticles to be partially immersed in the water
phase.57 Anisotropic nanoparticles with characteristics like
angular or irregular shapes, surface roughness, or chemical
inhomogeneity can cause undulations at the nanoparticle
surface’s contact line. These undulations, in turn, lead to
perturbation in the surrounding liquid interface, and the
overlap of these distortions creates an attractive force between
nanoparticles.55,58,59 When the nanopatterned PDMS substrate
contacts the assembly, an instantaneous water flux fills the
trenches with some nanoparticles acting as initial seeds that
attract more nanoparticles via the long-range forces mentioned
above. This mechanism of nanoparticle concentration in the
trenches is illustrated in Figure 4e.

Utilizing the Langmuir trough, we also investigated the
impact of the dipping angle on the filling fraction at a fixed NP
density. Specifically, we found that tilting the substrate at
angles of 0°, 20°, 45°, and 70° maintained an average filling
fraction above 0.82, as shown in Figure 4b. These angles
correspond to the ratios of projected assembly areas of
1:0.94:0.71:0.34, respectively. By assuming a nanoparticle
density of 245 NPs/μm2 at 0°, we determined that the
densities at 20°, 45°, and 70° correspond to roughly 230, 173,
and 84 NPs/μm2, respectively. This observation aligns well
with the data presented in Figure 4a. However, the deposition
at 90° appears to be less effective, likely because the projection
of the PDMS substrate toward the assembly of the nanocube
monolayer is theoretically zero at this angle. Additionally, the
low surface energy of PDMS contributes to a decreased
interaction with the assembly. There may still be some transfer
into the trenches, possibly because of a degree of wetting.
From these experiments, we found that having nanocube
density above a certain threshold is a crucial requirement for
successful nanocube filling into a nanopattern. Conversely, the
slight tilting of the PDMS substrate during deposition seems to
be of lesser importance.
Following the insights gained from our previous experi-

ments, we achieved significant assembly efficiency with a
simple homemade PTFE well, taking advantage of the fact that
the assembly yield is almost independent of the dipping angle.
As shown in Figure 4a, this method yielded filling fractions
comparable to those obtained using the Langmuir trough, as
long as sufficient nanocube density was maintained. This
procedure took under than 20 min to complete, significantly
faster than the Langmuir method, whose extended duration
resulted from factors like dust removal in noncleanroom
conditions and equilibration time, especially when compared
to samples prepared at 70°. Additionally, we found that with
the same amount of nanocube solution we could prepare 3× to
4× more samples, as a result of the Langmuir trough design
that impeded to efficiently transfer the entire monolayer.
Overall, this was more efficient in terms of both time and
material usage. These efficiencies, however, may vary based on
the customized nanopattern area, surface area of the well, and
Langmuir trough size.

Nanocubes Assembly into Pancharatnam−Berry (PB)
Phase Metasurface. Traditional optical components like
lenses and waveplates modulate wavefront in the process of
light propagation. However, they are bulky, hindering
miniaturization and integration.60 In contrast, metasurfaces
consist of subwavelength arrangement of nanostructures, on a
single flat surface, whose carefully designed properties allow
controlling the light and achieving similar functionalities.61 A
specific example of metasurfaces is the Pancharatnam−Berry
(PB) metasurface, designed to manipulate the wavefront of
circularly polarized (CP) light.62 PB metasurfaces rely on the
introduction of geometrical phase shifts induced by the
interaction of CP light with an array of identical, but spatially
rotated, meta-atoms. To achieve such behavior, the meta-
atoms should exhibit anisotropic behavior, i.e., a difference of
response between the two eigen-polarization axes.
If we now consider interfaces decorated with a distribution

of building blocks with linearly varying rotation, the trans-
mitted wavefront on the crossed polarization is linearly
modulated in phase. Note that because of the superperiodicity
induced by the repetition of the rotation (for every π full
rotation of the nanorod), both transmitted and converted
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beams are diffracted. In other words, the metasurface acts as a
normal grating for the transmitted beam and acts as a blazed
grating for the converted beam, resulting in an asymmetric
deflection pattern. Such PB metasurfaces could be realized
using array of metallic nanorod supporting anisotropic
plasmonic resonances.63,64
Herein, we introduce a PB metasurface deflector constructed

via a bottom-up approach, utilizing an array of silver
nanocubes, each approximately 40 nm in size, assembled on
a pattern of six nanorods trenches in a PDMS substrate. These
nanorod trenches house 3−4 nanocubes each, organized with a
linearly varying orientation along the x-axis and rotated at
incremental angles of π/6, as depicted in Figure 5g, effectively
yielding to a 2π phase control. The nanocubes are separated by
an estimated 1−2 nm gap due to their PVP capping. We set
the center-to-center distance between the nanorods at roughly
210 nm in both x and y directions. Figure 5b shows an electron
microscope image of the metasurface, illustrating the fidelity of

nanocube assembly. The photograph of the PB metasurface
corresponding to the green rectangular area in the inset of
Figure 5b, shows its macroscopic scale, limited only by the size
of the nanopatterned area of the Si master employed.
Next, we performed optical characterization to assess the

metasurface performance in terms of beam steering. Our tests
ranged the incident light’s wavelength from 500 to 700 nm and
examined its deflection in transmission on both right circularly
polarized (RCP) and left circularly polarized (LCP) light. We
emphasize that this particular design is optimized to efficiently
convert polarization at the PB half waveplate design, and this is
numerically expected to occur around 600 nm (Figures 5d and
S28), in agreement with experimentally observed conversion
efficiency data in Figure 5c. Note that we are characterizing the
metasurface over a relatively broadband spectral region, and
the nanostructure spectral response have to be considered to
correctly interpret the experimental results. As Figure 5c
illustrates, the far-field intensity presents an asymmetrical

Figure 5. Bottom-up Pancharatnam−Berry metasurface from nanocubes. (a) Illustration of wavelength-dependent light steering after RCP
light passes through the metasurface. (b) Photographic and SEM images of nanocubes assembly on nanopatterned PDMS after the excess
nanocubes removal. Scale bars are 200 nm in the inset and 2 μm in the main image. (c) Experimental results of steering angle on the
wavelength of incident RCP light. (d) FDTD simulation results of steering angle on the wavelength of incident RCP light. The intensities for
(c and d) are normalized relative to the peak intensity at each wavelength and are presented on a logarithmic scale (base 10). (e) Geometry
of simulated meta-atoms in a unit cell.
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behavior between the left and right deflected beams
demonstrating the functionality of the PB metasurface. A
more important portion of the incident RCP light was
deflected to the left at angles between −23° at 500 nm and
−34° at 700 nm. This angle shift as a function of the
wavelength is well-known65 and corresponds to the blazed
angle. On the other side, the right fainted deflected beam
corresponds to the superposition of the + first order of the
RCP light and the + second order LCP light whose amplitudes
depend on the quality of the blazed grating, i.e., linear phase
gradient, and the polarization conversion efficiency. Nearfield
effects between the PB antennas affect the polarization
conversion efficiency and may alter the phase gradient,
reducing the blazed grating efficiency. Conversely, LCP light
behaved in the opposite manner, as shown in Figure S27.
Besides, we observed that larger wavelengths of the incident
polarized light resulted in greater steering angles as it is
expected. Measurements for higher deflection angles at smaller
wavelengths were not undertaken experimentally, resulting in
their absence from the data set in Figure 5c. These
experimental results aligned well with FDTD simulations,
shown in Figures 5d, where the period between each
nanostructure forming the PB metasurface is given by the
master template at 210 nm (Figure 5e). We noticed slight
difference between simulation and experimental result
particularly near 700 nm of incident light which probably
due to fabrication defect.66 It is worth noticing that
measurements were performed with a collimated beam with
a spot size in the order of 100 μm, therefore probing over
121,000 meta-atoms; despite the unavoidable presence of
defects over such a large scale, the experimental data are still
close to simulations. This indicates that the assembly is
reasonably homogeneous at a relatively large scale.
Continuous Monocrystalline Meta-Atoms. We further

explored the possibility of creating continuous nanopatterns
through nanocube epitaxy. By integrating this assembly
technique with welding methods, we aim to establish an all-
bottom-up approach to fabricate intricate shapes at sub-100
nm scales with single nanoparticle lateral resolution. To date,
reports have only demonstrated the chemical welding of
linearly assembled nanocubes via capillary forces, resulting in
rod-like monocrystalline nanostructures either through over-
growth methods51 or oxidative etching and growth.32 Here, we
demonstrate that by combining this assembly strategy with

oxidative etching and growth that our group has previously
introduced for gold32 and adapted to silver, we can create more
complex monocrystalline nanostructures.
Commonly, nanoparticles like nanocubes are capped with

protective ligands to maintain their shape and inhibit
coalescence and Ostwald ripening.67 The first stage of the
process, therefore, entails the removal of these capping ligands.
In this work, sodium borohydride serves this function, as it
effectively eliminates ligands such as organothiols and
adsorbed substances like poly(N-vinylpyrrolidone) (PVP) in
this case.68 The welding process taking place in the 45−80 °C
temperature range and acidic pH, induces nanocube etching
and atomic diffusion, particularly from high-energy facets such
as corners and edges toward the flat surfaces of the nanocubes.
When the nanocubes are closely packed in a face-to-face
orientation, this facilitates their interconnection into a smooth
structure, that is monocrystalline given the identical crystal
orientation of adjacent nanocubes. As a bottom-up solution-
based methodology, chemical welding enables the formation of
continuous nanostructures at near-ambient temperature, as
demonstrated in Figure 6a,b for gold and silver nanocubes,
respectively. The welded nanostructures can then be trans-
ferred into a target substrate via transfer printing. Supple-
mentary Figure S26 illustrates the transfer of welded gold
nanocubes onto a glass substrate. Finally, it is worth
emphasizing that after nanocube epitaxy the optical response
does not change dramatically, as previously observed for Au
nanocubes.32 This can be appreciated in Figure S29 that shows
the deflection properties of a PB metasurface after welding.

CONCLUSIONS
In this study, we introduce a strategy for nanoparticle assembly
using an air/water interface to engineer intricate and densely
packed nanopatterns. Unlike conventional capillary assembly,
which relies on dynamic trapping of nanoparticles in trenches,
our method leverages a static process, in which the transfer of
nanocubes into the whole patterned area happens all at once
occurring in much shorter time range. This circumvents the
complications often associated with dynamic systems, such as
fluctuations in temperature, humidity, meniscus pinning, trap
defects, and densityfactors that can otherwise obstruct
effective assembly. We have shown an understanding of
substrate tilting and mainly nanocube density during
deposition is key to achieving optimal assembly conditions.

Figure 6. Continuous monocrystalline nanostructures via chemical welding for (a) gold and (b) silver. Scale bar is 100 nm in length.
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Notably, our approach transfers nanocubes into the trap as a
dense monolayer, which remains largely uninfluenced by
variables that commonly affect capillary assembly leading to
contact line instability. It is noteworthy to emphasize that the
assembly and removal procedures are entirely independent of
the nanopattern density and meta-atoms geometry.
It is important to acknowledge that while our method offers

a high degree of flexibility, regardless of pattern geometry and
density, further optimization is needed to achieve flawless
assembly at a larger scale. Improving the monodispersity of the
nanocubes and refining the fidelity of geometric patterns on
the Si-master, could lead to improvements. Furthermore, the
nanocube removal yield varies from sample to sample and can
be improved with more sophisticated equipment enabling to
finely control the contact conformality and the approach-
retraction speed, that is known to greatly influence the transfer
of nanocubes, specifically due to changes in adhesion at the
PDMS/nanocubes interface.69,70 Or by advanced selective
functionalization approaches to introduce an adhesion
asymmetry between nanocube outside and inside the trenches.
However, this goes beyond the purview of this study. In
summary, this study establishes a foundational framework for
employing a bottom-up approach to fabricate metasurfaces,
nanostructured metal transparent electrodes, and complex-
shaped nanoparticleschallenges that conventional chemical
synthesis still struggle to achieve. We contend that the
methodologies and understandings shared here significantly
enhance and broaden the existing methodologies for nano-
particle assembly, widening the opportunities for the
integration of inexpensive bottom-up nanostructures in
optoelectronic and nanoelectronic devices.

METHODS
Chemicals and Materials. 55 nm silver nanocubes, PVP,

NanoXact was purchased from nanoComposix, (7−8% vinyl-
methylsiloxane)-dimethylsiloxane copolymer (trimethylsiloxy termi-
nated, MW 30,000, viscosity 800−1200 cSt.), platinum-divinyltetra-
methyldisiloxane complex in xylene, 1,3,5,7-tetravinyl-1,3,5,7-tetrame-
thylcyclotetrasiloxane (97%), (25−35% methylhydrosiloxane)-
dimethylsiloxane copolymer (viscosity 25−35 cSt.), and
1H,1H,2H,2H-perfluorooctyltriethoxysilane (97%) were purchased
from ABCR. Ethanol, acetone, 2-isopropanol, sodium hydrosulfide
(NaHS), silver trifluoroacetate (CF3COOAg), hydrochloric acid
(HCl), polyvinylpyrrolidone (PVP) (MW 55,000), ethylene glycol
(EG), acetic acid, tetrachloroauric(III) acid trihydrate (HAuCl4·
3H2O), L-ascorbic acid, hexadecyltrimethylammonium bromide
(CTAB), hexadecyltrimethylammonium chloride (CTAC), sodium
borohydride (NaBH4), and sodium bromide (NaBr) were purchased
from Sigma-Aldrich. The water used in the experiment is typically
Milli-Q water (Resistivity = 18.2 MΩ·cm, Total Organic Carbon
(TOC) = ≤5 ppb) unless stated otherwise.
Synthesis of 40 nm Silver Nanocubes by Polyol Synthesis.

40 nm silver nanocubes were synthesized following the protocol
reported by Zhang et al.71 This procedure was designed to produce
Ag nanocubes with edges ranging from 30 to 70 nm. The synthesis
involved the use of NaHS in conjunction with CF3COOAg, a
precursor to elemental silver, to control the formation of single-crystal
seeds. Additionally, HCl was employed as an oxidative etching agent,
and PVP served as a capping agent.

Silver nanocubes are synthesized in a round-bottom flask (ACE
Glass) with a glass lid. In this process, 25 mL of EG was added to the
flask, with temperature set at 155 °C and a stirring speed of 300 rpm.
Once the solution reached the target temperature, 300 μL of 3 mM
NaHS was added. After 2 min, 2.5 mL of 3 mM HCl (37% by weight)
was quickly added, followed by the immediate addition of 6.25 mL of

PVP (20 mg/mL). Subsequently, 2 mL of CF3COOAg 282 mM was
added to the mixture after an additional 2 min.

During this process, the color of the solution changed from
transparent to slightly yellow as the Ag seeds formed. Throughout the
reaction period, three distinct color stages were visible: dark red,
followed by reddish-gray, and finally the growth of Ag nanocube edges
in a brown solution. After 1.15 h of reaction time, the reaction was
stopped by placing the flask into an ice water bath. The residual
precursor, EG, and excess PVP were removed from the Ag nanocubes
through rinsing with acetone and water after centrifugation.

UV−vis spectra of Ag nanocubes with 40 nm edge length were
obtained from the syntheses as shown in Figure S1a. The main LSPR
peaks of the 40 nm Ag nanocubes were located at 420 nm. By
analyzing the size distribution as depicted in Figure S1b using ImageJ,
it was evident that the Ag nanocubes exhibited a monodisperse size
with an edge length of 40 nm.

Synthesis of ≈43 nm Gold Icosahedra. We synthesized 43 nm
Au icosahedra using a modified procedure based on the nanocube
synthesis method reported by Park et al.72 In a 50 mL round-
bottomed flask, we sequentially added 6 mL of 100 mM CTAC, 65
μL of a 10 nm seed solution, 390 μL of 10 mM ascorbic acid, and 6
mL of 0.5 mM HAuCl4 solution. During the mixing process, the
solution was stirred at 500 rpm, and the stirring rate was then reduced
to 200 rpm for an additional 25 min at room temperature (RT).
Subsequently, we washed the solution twice and redispersed the
nanoparticles in 10 mL of water.

To replace the CTAC capping ligand with PVP, we performed a
ligand exchange procedure. We noticed that CTAC-capped nano-
particles did not float well on the water/air interface. To address this,
we added 4 mL of the colloidal solution to a 20 mL glass vial, followed
by the addition of 400 μL of a 50 mg/mL PVP solution in water and
12 mL of ethanol. After stirring for 2 days, the solution underwent
centrifugation at 8000 rpm for 10 min. Next, we added 1 mL of
ethanol and dispersed the nanoparticles using ultrasonication. This
was followed by another centrifugation under the same conditions to
remove excess PVP. The resulting nanoparticles were dispersed in 1
mL of ethanol for storage.

Synthesis of ≈48 nm Gold Nanocubes. We synthesized ≈48
nm Au icosahedra using a modified procedure based on Park et al.’s
nanocube synthesis method.72 In a 50 mL round-bottomed flask, we
added the following sequentially: 6 mL of 100 mM CTAC, 40 μL of
20 mM NaBr, 18 μL of a 10 nm seed solution, 390 μL of 10 mM
ascorbic acid, and 6 mL of 0.5 mM HAuCl4 solution. During the
mixing process, the solution stirred at 500 rpm, then reduced to 200
rpm for an additional 25 min at room temperature (RT). Afterward,
we washed the solution twice and redispersed the particles in 10 mL
of water.

For CTAC to PVP ligand exchange, we concentrated the solution
to 1 mL (centrifugation at 7500 rpm for 10 min) and transferred it to
a 20 mL glass vial. After adding 4 mL of water to the solution, we then
introduced 500 μL of a 50 mg/mL PVP solution in water and 15 mL
of ethanol. After stirring for 2 days, the solution was centrifuged at
8000 rpm for 10 min. Following this, 1 mL of ethanol was added, and
nanoparticles were dispersed using ultrasonication. This was
succeeded by another centrifugation under the same conditions to
remove excess PVP. The resulting nanoparticles were dispersed in 1
mL of ethanol for storage.

Fabrication of Silicon Master by Electron Beam Lithog-
raphy. Fabricating silicon pattern masters entailed multiple steps.
First, square samples measuring 2 cm × 2 cm were cleaved from a 2-
in., single-side polished, single-crystal silicon wafer (SPS, Belgium).
The samples were orientated in the (100) direction, 250−300 μm
thick p-type (boron), and with a resistivity of 1−20 Ω·cm. The
samples were cleaned in an ultrasonic bath, first 5 min in acetone and
then 5 min in propan-2-ol (IPA). The samples were then rinsed with
deionized water and dried under pure nitrogen flow. To enhance
wettability and adhesion for the resist, the cleaned samples were
treated for 10 min at 150 °C in an oxygen/argon plasma (Nanoplas,
France). The electron-beam (e-beam) sensitive resist employed was
poly(methyl methacrylate) (PMMA 950 K at 2% in ethyl-lactate, AR-
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P 679 from from Allresist GmbH, Germany). This resist was spin-
coated onto the samples at a speed of 4000 rpm for a duration of 60 s.
To relax any induced stresses and to eliminate residual solvents, the
coated samples were annealed for 10 min at 170 °C. Resist thickness
was set at 65 nm, verified by a profilometer (Dektak, Bruker
Corporation, Germany). E-beam lithography was performed with a
Pioneer system (Raith, Germany) in order to create the mask
patterns. The working distance for the electron microscope was set to
8 mm, and an acceleration voltage of 20 kV was used with an aperture
size of 10 μm, resulting in a current of 30 pA. A dose of approximately
110 μC·cm−2 was selected for this configuration. The development of
the resist was done by a solution of methyl-isobuthyl-ketone (MIBK)
in IPA during 60 s. The resist was then rinsed in IPA for the same
time and finally dried under nitrogen flow. The PMMA resist is
positive and the exposed areas were thereby removed. A nickel mask,
20 nm thick, was deposited through thermal evaporation under
vacuum using a solid nickel source (Auto 306, Edwards Vacuum,
England). The evaporation process was monitored using a Quartz
microbalance and later verified using a mechanical profilometer.
Nickel was selected as the mask material due to its resistance to
fluorinated dry etching. To remove the remaining resist and the nickel
layer on top, a lift-off process was executed by immersing the samples
in acetone for several hours. This was followed by a rinse in ethyl-
lactate to remove the final traces of PMMA. The samples were then
dried under a nitrogen flow. The etching of silicon through the nickel
mask was conducted in a Reactive Ion Etching (RIE) chamber
(Plassys, France). A gas mixture of SF6 and O2 was used for etching.
Specific settings included an RF power of 20 W, a process vacuum of
50 mTorr, gas flows for O2 and SF6 at 20 SCCM, a time duration of
270 s, and an autopolaris voltage of approximately 80 V. Following
the etching, the nickel mask was dissolved using a homemade acidic
aqueous solution of FeCl3 at room temperature. The samples were
finally rinsed with deionized water and dried under a nitrogen flow.

To achieve hydrophobic coating, the silicon master underwent
specific procedures. First, it was ultrasonicated in isopropanol and
acetone for 5 min each, consecutively. Next, the master was exposed
to UV-Ozone for 45 min. Following this, it was placed in a desiccator
and exposed to 50 μL 1H,2H,2H-Perfluorooctyltriethoxysilane and 50
μL acetic acid for 30 min.
Fabrication of Patterned PDMS. To create the patterned PDMS

substrates, a microscope glass slide was first cut to a smaller size,
approximately 1 cm × 1.5 cm. The glass slides underwent sonication
in IPA and acetone for 5 min each to ensure proper cleaning.
Subsequently, they were exposed to UV-Ozone for 45 min for surface
activation. To prepare the PDMS prepolymer, a mixture was created
by sequentially combining 712 mg of (7−8% vinylmethylsiloxane)-
dimethylsiloxane copolymer, 5 μL of platinum-divinyltetramethyldi-
siloxane complex in xylene, 160.5 mg of 1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane (97%), and 890 mg of (25−35%
methylhydrosiloxane)-dimethylsiloxane copolymer. A small drop of
the prepolymer mixture was carefully placed on the hydrophobic
silicon master. The pretreated glass slide was then gently placed on
top of the droplet, ensuring it was parallel to the silicon wafer and
allowing a thin layer of prepolymer mixture to be sandwiched in
between. The PDMS was cured at 150 °C for 15 min and then
separated from the silicon master, resulting in patterned PDMS
substrates. These substrates were subsequently stored in ethanol for a
few days before further use.
Assembly of Silver Nanocubes Using Langmuir Trough.

Typically, we began by transferring 0.45 mL of commercial 55 nm
silver nanocubes into a 2 mL microcentrifuge tube. To remove the
supernatant, the nanocubes underwent centrifugation at 3500 rpm for
20 min. Next, we washed the nanocubes three times in ethanol, with
each cycle involving redispersing the nanocubes in 1 mL of ethanol,
followed by centrifugation and supernatant removal. After the third
cycle, the nanocubes were dispersed in 80 μL of CHCl3. The colloidal
solution was carefully dropped onto the water surface in the Langmuir
trough (KSV NIMA, platinum rod balance with a diameter of 1.016
mm) using a Hamilton syringe. We allowed the assembly to
equilibrate for approximately 30 min while the solvent evaporated.

To compress the assembly, we used the KSV NIMA LB software “iso
mode” and moved the barriers closer at a speed of 2 mm/min. Once
the targeted surface pressure was reached (typically around 16.7 mN/
m for a compact assembly), we left the assembly untouched for 15
min to ensure proper equilibration. Subsequently, we compressed the
assembly again using the “dip mode” until reaching the desired surface
pressure and allowed the barriers to oscillate for 10 min. To transfer
the assembly onto a substrate (patterned PDMS), we carefully
approached the substrate at a speed of 0.5 mm/min until contact. The
substrate was then lifted at the lowest speed of 11.32 mm/min and
dried using a nitrogen flow.

Assembly on a Small Homemade PTFE Well. Typically, we
began the process by transferring 12−13 μL of commercial 55 nm
silver nanocubes into a 2 mL microcentrifuge tube. Ethanol was then
added until reaching a volume of approximately 0.5 mL. The resulting
solution was thoroughly mixed using either ultrasonication and/or a
vortex. Subsequently, we subjected the mixture to centrifugation at
3500 rpm for 20 min and carefully removed the supernatant. This
centrifugation and supernatant removal process was repeated three
times. Finally, at the end of the third cycle, the precipitate was
dispersed in 25 μL CHCl3. Before the deposition step, we added 140
μL of Milli-Q water into the PTFE well, which had a diameter of 0.5
cm and a depth of approximately 8 mm. For the assembly, we gently
dropped the colloidal solution in chloroform onto the water surface
using a Hamilton syringe. The assembly was allowed to equilibrate for
around 15 min, allowing the solvent to evaporate. Once ready, we
carefully brought a clean nanopatterned PDMS substrate in contact
with the assembly, lifted it by hand, and dried the sample with a
nitrogen gun. The same procedure was applied to other types of
synthesized nanoparticles, with adjustments made to the volume of
the colloidal solution used. Specifically, for ≈40 nm silver nanocubes,
we utilized 80 μL of solution. For ≈43 nm gold icosahedra, we also
used 80 μL. For ≈48 nm gold nanocubes, we used 70 μL.

Excess Nanocubes Removal. The procedure initiated by
ultrasonicating a small piece of Si wafer (roughly around 3 × 3
mm) in IPA and acetone for 5 min each, subsequently. This was then
followed by treating the piece with UV/ozone (UVO) treatment for
30 min. While doing so, a sample of assembled nanocubes was
sprayed with ethanol, followed by nitrogen gun drying to eliminate
dust. A pretreated Si-wafer and the sample were then affixed on the
setup (Figure S10) using double-sided Scotch tape. Horizontal
alignment of sample and Si-wafer was ensured with a bubble level.
Upon fixing, 2−5 μL of 50 mg/mL PVP in ethanol was deposited
onto the Si-wafer. The vertically adjustable mount was then carefully
lowered, applying a downward force ranging from approximately 2 to
50 N. Here we used a small Si-wafer piece to facilitate easier tilt
adjustment to ensure the conformality of contact by monitoring the
light interference pattern (Newton’s rings) from a stereomicroscope.
After they were in a good contact, the temperature was raised to 40
°C for 3−5 min. After that the vertically adjustable mount was slowly
and carefully lifted. It should be noted that, as discussed in the main
manuscript, this process is the most laborious step of the process, as a
perfect conformal contact is required to achieve absolute reproduci-
bility. Additionally, the cleanliness of the silicon wafer and the sample
surface are critical aspects in this process.

Transfer Printing. Transfer printing was executed using the same
custom-built apparatus previously utilized for nanocube removal, as
illustrated in Figure S10. Initially, a piece of a Si wafer was
ultrasonicated in isopropanol and acetone for 5 min each, in
succession. Following this, the wafer piece underwent a 30 min
UVO treatment. Simultaneously, a sample was cleansed by spraying it
with ethanol and then drying it with a nitrogen gun to remove any
dust particles. Both the pretreated Si wafer and the sample were then
mounted onto the setup using double-sided Scotch tape. To ensure
horizontal alignment between the sample and the Si wafer, a bubble
level was used. Once secured, 2−8 μL of a 50 mg/mL PVP solution in
ethanol was dispensed onto the Si wafer. The vertically adjustable
mount was subsequently lowered, applying a downward force ranging
from approximately 40 to 80 N. To facilitate easier tilt adjustment and
ensure optimal contact, a small Si wafer piece was used; the light
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interference pattern (Newton’s rings) was monitored with a
stereomicroscope. After achieving satisfactory contact, the temper-
ature was elevated to 75 °C and maintained for 15 min. Finally, the
vertically adjustable mount was carefully retracted to separate the
target substrate from the nanopatterned PDMS substrate.
Nanocubes Chemical Welding. The sample was sequentially

immersed in water, acetone, isopropanol, and water again, with each
step lasting approximately 1 min. Afterward, it was submerged in a 20
mL solution of NaBH4100 mM for gold nanocubes and 200 mM
for silver nanocubesat room temperature for 30 min to remove the
capping ligands. To ensure effective exposure of the nanocubes to the
solution, care was taken to prevent bubble formation on the sample.
This was achieved by either promptly retracting the sample from the
solution or gently agitating the glass beaker. The sample was then
rinsed with water and dried using a nitrogen gun. Subsequently, it was
submerged in a 10 mL aqueous welding solution and maintained for 1
h at a specific temperature without stirring: the welding solution for
gold nanocubes contained 100 μL HNO3, 80 μMHAuCl4, and 50 μM
NaBr, and was heated to 45 °C;32 for silver nanocubes, the solution
contained 100 μL HNO3, 5−20 mM CF3COOAg, and 50 μM NaBr,
and was heated to 80 °C. After the welding process, the sample was
rinsed again with water and dried using a nitrogen gun.
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