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Abstract

Plasmonic nanoparticles of the highest quality can be obtained via colloidal synthesis at
low-cost. Despite the strong potential for integration in nanophotonic devices, the geom-
etry of colloidal plasmonic nanoparticles is mostly limited to that of Platonic solids. This
is in stark contrast to nanostructures obtained by top-down methods, that offer unlimited
capability for plasmon resonance engineering, but present poor material quality and have
doubtful perspectives for scalability. Here, we introduce an approach that combines the best
of the two worlds by transforming assemblies of single-crystal gold nanocube building blocks
into continuous monocrystalline plasmonic nanostructures with an arbitrary shape, via epi-
taxy in solution at near ambient temperature. We used nanocube dimers as a nanoreactor
model system to investigate the mechanism in operando. Measuring the collective optical
response of ~4(0 nanocube reactors revealed competitive redox processes of oxidative etching
at the nanocube corners and simultaneous heterogeneous nucleation at their surface, that

ensure the filling of the sub-nanometer gap in a self-limited manner. Tuning the experi-



mental parameters (temperature, pH, halide concentration) proved effective in controlling
the morphology of the resulting monocrystalline nanostructures from (100) to (111) capping
facets. Applying this procedure to nanocube arrays assembled in a patterned polydimethyl-
siloxane (PDMS) substrate, we are able to obtain printable monocrystalline nanoantenna
arrays that can be swiftly integrated in devices. This could lead to the implementation of

low cost nanophotonic surfaces of the highest quality in industrial products.

Introduction

Controlling the geometry of individual nanostructures and their assembly into organized
arrays, on a large area at low cost, is key to take nanophotonic and plasmonic devices from a
laboratory scale to industrial products.'™ In particular, metal nanoparticles support surface
plasmon resonances that are responsible for confining light to a dimension much smaller
than the corresponding free-space wavelength and enable for large optical cross-sections.**°
As a result of this intense light confinement, the optical and electrical properties strongly
depend on size, shape, material properties and dielectric environment. The unique features of
plasmonic nanostructures has led to countless applications in various fields. As an example,

supported on a substrate they have been proposed for surface-enhanced spectroscopy, ' 14

15-17 14,18,19

catalysis, sensing and diverse photonic applications?® that take advantage of the

properties of individual nanoparticles®' or of the collective resonances of phased arrays®822

to name a few.

Control on the nanoscale geometry is commonly achieved by patterning thin films via
lithography techniques followed by evaporation and lift-off processes or etching.??® Such top-
down nanofabrication steps not only are expensive, time consuming and hardly scalable,
but produce materials that are polycrystalline, have substantial surface roughness or present
damages as a result of etching. On the contrary, material quality is of paramount impor-

tance to building high efficiency optoelectronic and nanophotonic devices. 52426 Therefore,



monocrystalline materials are ideal constituents to reach ultimate performance. However,
this requirement adds further fabrication complexity owing to an epitaxial growth step to
form a thin film prior to nanostructuring. This substantially restricts the integration to

24 and

layers that are lattice-matched and that can withstand high temperature, vacuum
possibly wet lift-off steps.?”

Chemical syntheses on the other hand allow one to obtain high-quality colloidal nanopar-
ticles, free of grain boundaries or stress that hamper electron conduction and weaken plas-
mon resonances.?4* A variety of shapes (nanowires, nanocubes, nanoplates, nanoflowers,
nanoprisms, etc...) can be achieved by tuning the synthesis parameters or by particle at-

t,22 with extensive control of size and material composition. Nevertheless, gaining

tachmen
further control on the shape of nanocrystals beyond that of conventional Platonic solids, is
crucial to introduce morphological anisotropy by design and tune the physicochemical prop-
erties to specific applications.?® This hinders the realisation of nanophotonic surfaces having

individual units with an arbitrarily complex geometry, that is often needed in plasmonics,

and therefore limits substantially their potential.

Here we lift this barrier and take advantage of solution processed nanomaterials (nanocubes)
to fabricate extended 1D and 2D monocrystalline nanostructure arrays of arbitrary shape (at
near ambient temperature) and print them to any substrate. Single-crystal nanocubes are
ideal building blocks because they have the highest intrinsic material quality and they have
a 4-fold rotational invariance. This ensures identical crystallographic orientation of adjacent
units, that is crucial to transform a discontinuous assembly into a continuous monocrys-
talline nanostructure via nanocube epitaxy.?! This makes solution synthesis a promising
route towards the fabrication of low cost nanophotonic surfaces of highest quality.

A variety of materials used for optoelectronic applications can be synthesized as single-
crystal nanocubes in solution, as for example Ag, Au, Cu, Al*?3* (metals) Cu,O, PbS,
CsPbX33%737 (semiconductors) and BiFeO3, SrTiO3 and CeO23% 0 (dielectric), to name a few.

Among them gold stands as an excellent candidate because it exhibits very good electrical and



optical properties, and it is a prime choice in many plasmonic and nanophotonic devices. 54!

In addition, the excellent thermal and chemical stability enable to study nanocube epitaxy
without interference from the environment, oxide layers or absorbed species.

First, we demonstrate that the strategy described above can be used as a general method
to transform arbitrary assemblies of gold nanocubes (supported on a silicon substrate) into
1D and 2D monocrystalline nanostructures. This is enabled by the introduction of a novel
approach of simultaneous oxidative dissolution and growth, that can also be used to control
the faceting of the resulting continuous monocrystalline nanostructures by tuning few key pa-
rameters. Then, we show for the first time that by applying this procedure to nanocubes orga-
nized in polydimethylsiloxane (PDMS) via directed assembly, monocrystalline Au nanopat-
terns by design can then be transferred to virtually any kind of substrate. This paves the way
for swift integration of nanophtonic surfaces of the highest quality in optical and optoelec-
tronic devices and architectures that are incompatible with classic nanopatterning strategies
such as perovskite layers. Finally, we extensively study the chemical framework for nanocube
epitaxy with a set of controlled experiments ex-situ and in operando on a nanocube dimer
model system. This provides with invaluable insights on the mechanism with atomic scale

resolution.

Welding of adjacent nanocubes on silicon

Gold nanocubes (30 to 40-nm) are synthesized following the procedure earlier reported by
Park et al.?® The solutions are highly monodisperse, and when dropcasted on a substrate
nanocubes self-assemble face-to-face in a 2D closed-packed configuration, separated by a gap
smaller than 1 nanometer (Figure S1, Figure S14). This constitutes an ideal platform to
study nanocube epitaxy, as the product can swiftly be characterized with scanning electron
microscopy (SEM).

After deposition, nanocubes are extensively washed to remove adsorbed molecules resid-



ual from the synthesis and obtain a pristine surface.3"*? If exposed to a solution containing
a gold precursor (HAuCly) and a weak reductant (ascorbic acid), adjacent nanocubes grow
and merge producing continuous gold nanostructures (Figure S2). Unfortunately, reduction
of AuCl, in the bulk of the solution leads to homogeneous nucleation, causing contamina-
tion of the sample with small nanocrystals and inefficient use of reactants. We therefore
explored the opportunity to achieve nanocube epitaxy in the absence of a reducing agent,
so that AuCl; ions can reach the nanocubes surface without being consumed in the bulk of

the solution.

Figure 1: Epitaxial welding of gold nanocubes on silicon using a solution of HAuCly only. a) SEM
image of two 40-nm ligand-free nanocubes on silicon before (left) and after exposure to a 80uM
HAuCly solution at 40°C for 5 minutes (right); the green circles represent the radius of curvature.
b) Schematic representation of the welding. ¢) SEM image of self-assembled 32-nm nanocubes after
ligand removal and welding with a 80uM HAuCly solution at 40°C for one second.

Figure 1 presents evidence of nanocube epitaxy at near ambient temperature, for 32 nm
and 40 nm nanocubes (panel ¢ and a, respectively) achieved using a solution of HAuCly
80 uM only. This concentration was found to give optimal results at a temperature of
40°C and these conditions will be used as reference in this article. The sub-nanometer gaps

are successfully filled, yielding to continuous 1D and 2D nanostructures whose geometry



is directed by the position of the nanocubes prior to welding, with good shape and angle
retention. The resulting 1D nanostructures (Figure 1a) are on average ~10% wider compared
to the nanocubes before welding, whereas the length is unchanged (Figure S14). This is key
to the realization of nanostructures that have an arbitrary geometry with control down to
the nanometer scale. The radius of curvature increases after welding (see statistics in Figure
S14), which is attributed to oxidative etching of the nanocube corners, and it is amplified
as the HAuCly concentration increases or when Cl~ ions are added to the solution (see
next). Besides preventing homogeneous nucleation and avoiding sample contamination with
small nanocrystals, we found that this strategy is robust, as it leads to successful welding
over a wide range of HAuCly concentration (1 uM - 10 mM), reaction temperature (room
temperature (RT) - 80°C) and pH, with a time scale from less than a second (Figure 1c¢) to

a few minutes, despite the fact that no reductant is introduced in the solution.

Printable monocrystalline nanoantenna arrays

Applying the welding procedure on gold nanocubes organized in arrays and tuning the weld-
ing parameters (temperature, pH, introduction of halide ions) enable us to realize monocrys-
talline nanopatterned surfaces with extensive morphology control, that is especially im-
portant for plasmonics and nanophotonics. The low surface energy of PDMS makes it a
convenient support for nanostructures self-assembly and growth, and ensures that those can
be later released to virtually any substrate by contact printing (Figure 2a). Micro and
nanoparticles can be assembled in nanostructured PDMS using capillary assembly. 4347 Sili-
con masters were patterned using e-beam lithography and used to fabricate PDMS moulds
with traps designed to accommodate a certain number of nanocubes in a given geometry.
Using this technique we realized periodic arrays of of 2, 3, 4, 5 and 8 nanocubes as a proof

of concept (Figure 2b and S12), but there is no limit to the geometry that can be obtained.
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Figure 2: Realization of monocrystalline nanostructures by design on PDMS. a) Illustration of the
process: capillary assembly in nanopatterned PDMS, nanocube epitaxy in solution and printing of
monocrystalline nanostructures to any substrate. b) Collage of SEM images taken from large arrays
made of 2, 3, 4, 5 and 8 nanocubes, showing 40 nm gold nanocubes assembled into 1D nanostructures
of arbitrary length in PDMS before nanocube epitaxy (left image), after nanocube epitaxy in
PDMS (middle image) and after printing to a silicon substrates (right image). ¢) SEM image of
nanoantenna arrays on PDMS after nanocube epitaxy. d) Optical response (unpolarized light)
of multiple individual nanoantennas (dotted line) and nanoantenna array (solid line) supported
on PDMS, showing the intense dipolar longitudinal mode at 680 nm and the transverse mode
at 550 nm. Realistic FDTD simulations of the nanoantenna array in PDMS (blue dashed line,
polarisation parallel to the dimer long axis); the agreement with experimental data in terms of
resonance position and full-width-half-max (FWHM) confirms the realisation of a material of the
highest quality. e) Nanocube epitaxy on a model system in operando. An ensemble of ~ 40
dimers in an array configuration on PDMS (panel ¢) is probed during epitaxy performed at RT;
inset: diagram illustrating the evolution of nanocube dimers into a continuous welded bar. f)
Data in panel d at the beginning (t = 0 s) and at the end (t = 30 min) of nanocube epitaxy, and
the corresponding Lorenzian fits (solid lines). The green dots represent the resonance position at
intermediate times. The blue-shift, the increase in intensity of the dipolar mode and the narrowing
of the linewidth testify changes of the system morphology at the atomic scale. The scale bar in
SEM images is 100 nm. -



The welding procedure using HAuCl, only optimized for nanocubes supported on a sil-
icon substrate did not yield consistent results on different substrates, such as glass, Si3Ny
or PDMS, most likely due to differences in surface chemistry and surface energy that im-
pact the local reaction environment (more detail in SI). Results on silicon revealed that
two mechanisms were at play: oxidation of the nanocube corners and gold reduction at the
surface. Slight modification of the welding procedure, by performing the reaction at pH
1 (to promote oxidation) and introducing micromolar concentrations of NaBr (to enhance
(100) facets reactivity*®) enabled gold nanocube epitaxy on all substrates, including PDMS,
transforming the welding procedure developed on silicon into a general solution route to-
wards continuous monocrystalline nanostructures of arbitrary shape (Figure 2b). Figure 2c
illustrates a periodic array of gold nanoantennas (with an aspect ratio of 2) obtained via
nanocube epitaxy on a PDMS substrate. The sample exhibits homogeneous welding and
very good shape retention throughout the entire substrate (200 pm X 200 pum). The optical
response of individual nanoantennas and of an ensemble are compared in Figure 2d. The
reflection peak at 680 nm corresponds to the longitudinal dipolar mode. It is worth to note
that (i) different individual dimers show approximately the same behaviour, (ii) the collec-
tive response of an ensemble of ~20 dimers is almost identical to that of individual dimers,
(iii) the resonance linewidth and position are in extraordinary agreement with Finite Differ-
ence Time Domain (FDTD) simulations, indicating a material of the highest quality. This
provides evidence that nanocube epitaxy enables the realisation of bottom-up nanophotonic
surfaces, with an exquisite control of position and geometry of individual resonators (compa-
rable to e-beam lithography), and a material quality superior to what can be achieved with
metal evaporation, that is the standard approach in nanofabrication.

The regular geometry of the nanoantenna array constitutes an ideal platform to examine
nanocube epitaxy in operando, permitting to probe simultaneously the optical response of
a number of nanoreactors. The strong light confinement in plasmonic nanoparticle systems

allows extraordinary sensitivity to their geometry and their environment.?! Compared to



other in operando techniques, such as liquid-phase TEM, optical approaches ensures minimal
perturbation, that is especially important to study redox chemical reactions. We will show
that this can be used to access information on nanocube epitaxy, with atomic resolution.

Figure 2e presents the kinetics of nanocube epitaxy, corresponding to the collective re-
flection of ~40 dimers nanoreactors supported on PDMS, starting from the exposure to
the welding solution to complete epitaxy. The main features that can be evidenced in the
kinetics response are illustrated in Figure 2f: i) the blue-shift of the dipolar mode is as-
sociated with the rounding of the nanocube corners, ii) the increase of the mode intensity
and its linewidth narrowing correspond to an increase of conductivity between the isolated
nanocubes as welding takes place. The nanogap is slowly filled with new adatoms that
eventually provide an increasing number of electrical connections (bridges) between the two
nanocubes. The multiplication of conduction pathways effectively reduces the resistance en-
countered by plasmons travelling in the dimer. The gradual disappearance of this (ohmic)
loss channel boosts the dipolar mode intensity and narrows its linewitdh. This is consistent
with theoretical predictions on the spectral response of silver nanocube dimers as a function
of the gap conductivity and radius of curvature of the corners.*® These findings suggest that
the two processes take place simultaneously (more details below), and contain the signa-
ture of changes of the atomic arrangement inside a sub-nanometer gap with unprecedented
resolution.

Finally, such monocrystalline nanophotonic surface can be transferred from PDMS to
other substrates for integration in optoelectronic devices, or for further characterisation.
Figure 2b, shows nanoantennas of different lengths deposited from PDMS to silicon. During
this process, the PDMS stamp is pressed against a receiving substrate, and the nanostruc-
tures are released due to the larger adhesion forces. It is worth noticing that the bottom
surface of the nanoantennas, initially in contact with PDMS, also exhibit a continuous,
gap-free surface. The nanoatenna arrays were printed from PDMS to a SizN; membrane

for high-resolution TEM (HRTEM) characterization. HRTEM images on different locations



and electron diffraction on the whole nanostructure are presented in Figure 3. These provide
evidence (i) for a perfect crystallographic alignment of the two nanocubes at the time of as-
sembly, (ii) for epitaxy between individual building blocks, and (iii) that the junction is filled
in its entirety yielding gap-free monocrystalline nanostructures. In addition, we noticed that
epitaxy can be achieved also in the presence of non-cubic nanoparticles (defects) with a dif-
ferent crystallographic orientation, and result in the formation of a grain boundary (Figure
S13). This could promote grain boundaries engineering and trigger new material-by-design

approaches. %51
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Figure 3: TEM characterization of the dimer arrays after epitaxy. a) Bright-field image. b), c)
HRTEM showing a continuous gap-free material at the approximate location of where the junction
between two nanocubes was before welding. d) Dark-field image showing no contrast at the junction.
e) Electron Diffraction over the dimer showing the typical pattern of a single-crystal.
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Unveiling the mechanism of nanocube epitaxy

A number of control experiments were carried out to establish the framework of nanocube
epitaxy and shine light on the mechanism. Thermodynamics drives a system to lower its
total free energy, which ultimately controls the equilibrium shape of nanostructures, although
kinetic barriers have to be overcome in most circumstances. In the case of two touching,
ligand-free nanocubes, the total free energy is reduced if the dimer welds in a continuous bar,
as a result of the disappearance of two surfaces. However, from TEM analysis we observed
that, on average, adjacent nanocubes were separated by a gap corresponding to ~2x the
lattice constant, that is sufficient to prevent spontaneous welding at RT (Figures S7, S8).
In the previous section we hypothesized that two mechanisms were at play: heterogeneous

nucleation on the nanocubes (growth) and oxidative etching.
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Figure 4: Insight into the welding mechanism. a) Illustration of the welding mechanism exhibiting
simultaneous oxidation and growth. b) 40 nm gold nanocubes on silicon, partially welded using
micromolar NaCl concentration only at 40°C. ¢) Pourbaix diagram of AuCl, /Au(0) redox couple
for AuCl, concentration of 80 uM at RT (black line). The green area shows the stability domain
of water, while the dashed and blue line correspond to AuCl, /Au(0) reduction potential in the
presence of chloride.

In Figure 4c we present the Pourbaix diagram to illustrate the thermodynamic equi-
librium of the the AuCl, /Au(0) redox couple as a function of pH. While there should be
no stability domain for Au(III) species (AuCly ) in our experimental conditions (black solid
line), increasing Cl~ concentration and reducing pH can drive the system to a chemical
equilibrium in which AuCl; species are stable in solution, and therefore oxidative dissolu-
tion (corrosion) can take place. The strong binding affinity of chloride ions towards (111)
and (110) facets® implies an enhanced reactivity of nanocube corners and edges towards
oxidative dissolution. This is qualitatively validated with a set of experiments summarized
in Figures S3, S4, S5, showing that rounding of nanocube corners is more pronounced at

larger Cl~ concentration and lower pH. The apparent quantitative disagreement with the
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Pourbaix diagram can be explained by considering that as a result of adsorption, the C1~
concentration on the nanocube surface is substantially larger than in the bulk.

Studies on oxidative etching of gold nanoparticles in chlorinated solutions revealed that
AuCl; (Au(I)) was the main dissolution product.5** It is however unstable at low temper-

ature 96

1).

and can disproportionate to AuCl; and Au(0) at the nanocube surface (Equation

3AuCly = AuCly + 2C1™ + 2Au (1)

From the macroscopic point of view this would result in the displacement of Au atoms
via chlorinated species intermediates. To test this hypothesis and identify the role of Cl—,
we replaced the 80 uM HAuCl, solution with a NaCl solution containing an equivalent
concentration of free chloride (2.5 uM - calculations are detailed in the supporting material)
and observed partial welding (Figure 4b). This suggests that gold atoms effectively migrate
from (111) and (110) facets to (100) facets (including the gap) via dissolution in the presence
of C17 ions and redeposition, as illustrated in Figure 4a. It is worth noticing that this
mechanism is in agreement with the interpretation of the optical characterization results
presented in Figure 2f. Nevertheless, we were not able to achieve complete welding while
securing the shape of the nanocubes using NaCl only. Therefore, when performing nanocube
epitaxy in the HAuCly solution, part of the welding material is coming from the nanocubes
but a fraction must come from the gold precursor. UV-Visible spectra performed on the
welding solution after 1h at 40°C revealed a ~2x larger Au(III) consumption in the presence
of the nanocube substrate, corroborating our hypothesis (Figure S10).

According to the Pourbaix diagram, in our experimental conditions it is thermodynami-
cally possible for water to reduce Au (III) directly to Au (0) (Equation 2), or to Au (I), that

can be further reduced to Au (0) or can disproportionate following Equation 1 (Figure S16).

A[AuCly]™ + 6H,0 — 4Au + 16C1 + 30, + 12H+ (2)

14



Although this seems in stark contrast with the fact that gold chloride aqueous solutions
are typically stable in ambient conditions, the Pourbaix diagram does not take into account
the kinetics of the system. Previous research has shown that in certain experimental condi-
tions (aerosol microdroplets or microwave reactors), water oxidation could even lead to the
formation of gold nanoparticles from HAuCly solutions without reducing agents. %57

In addition, we observed that in most experimental conditions the morphology of the
nanostructures does not evolve after welding is complete, even if the substrate is left to react
for longer time (Figure S11). This is the trademark of a self-limited reaction, and indicates

that the equilibrium between oxidative etching and growth is reached once the gap has been

filled.

Controlling the morphology

The accurate choice of experimental parameters allows to shift this equilibrium and favor
dissolution or growth, providing a useful knob to finely control the morphology of the nanos-
tructures resulting from nanocube epitaxy. Figure 5e summarizes some key parameters that
can be tuned to design a specific surface. For example, in addition to increasing chloride
concentration or lowering the pH, higher HAuCly concentrations or smaller nanocubes have
shown to favor oxidative etching over growth at longer reaction time, leading to smooth
nanostructures (Figure S11, S3 and S4).

It was found that increasing the temperature gives rise to rough morphologies, due to
stronger heterogeneous nucleation. As the reaction temperature increases from RT to 40°C,
nanostructures with irregular surfaces and egg-box shape start to appear after welding,
exhibiting the more stable (111) facets, as evidenced in Figure 5b. This effect is strengthen
if the temperature is further increased to 60°C and 80°C (Figure S6). In the absence of
surfactants or additives, the surface free energy of (111) facets is lower than that of (100)

facets. This drives the reorganization of (100) capped nanostructures into (111) and their
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Figure 5: Control over the morphology. a) Schematic representation of (100) capped nanocube
reshaping into (111) capped octahedron. b) SEM image of overgrown gold nanocubes on silicon
after a one minute reaction with a 80uM HAuCly solution at 40°C. The (100) facets growth results
in egg-boxes structures made of (111) facets. ¢) SEM image of a gold nanocubes welded by adding
small quantities of NaBr to the welding solution. d) SEM image of overgrown gold nanocubes after
assembly on PDMS at 80°C. e) Schematic summary of the effect of experimental conditions on the
nanostructure morphology. The scale bar is 100 nm in the main images and 10 nm in the insets.

intermediates, as illustrated in Figure 5a. Figure 5b shows that in our conditions, only the
surfaces that are not blocked by the substrate or the surrounding nanocubes are able to
evolve towards (111) facets. As a result, nanocubes standing on the side of the self-assembly

are prone to more transformation. The larger volume after the reaction confirms that growth

takes place on (100) facets exposed to the welding solution despite the absence of a reductant.

Nanocube epitaxy performed at higher temperature exhibited faster kinetics and better
results compared to RT. This induced us to investigate the opportunity to control the evolu-
tion equilibrium between (100) and (111) facets and achieve smooth surfaces even at higher
temperature. Figure 5¢ shows that the introduction of Br™ ions at micromolar concentration
promotes nanocube epitaxy at higher temperature while stabilizing (100) facets. Bromine
ions are commonly used in nanocube synthesis to direct crystal growth because they bind to
(100) facets, reducing their surface energy and growth rate.?®4® Finally, it is important to

note that morphology engineering during nanocube epitaxy can be used to transform dimer
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arrays assembled in PDMS into bowtie arrays made of two facing octahedras capped with
(111) facets, as shown in Figure 5d. The low surface energy of PDMS presumably allowed
reshaping of all nanocube facets including the one in contact with PDMS itself. This is a
proof of concept that engineering of complex nanoantenna morphologies can be achieved via

bottom-up methods.

Outlook

We have shown for the first time that gold monocrystalline nanostructure arrays of arbi-
trary shape could be fabricated via a bottom-up approach, using nanocubes as building
blocks. This report challenges conventional approaches in the fields of plasmonics and crys-
tal growths. In the former, focus is either put on the fabrication of plasmonic structures of
average material quality with accurate control of the nanoscale geometry via top-down tech-
niques, or on colloidal nanoparticles of high material quality enabled by low cost bottom-up
chemical synthesis. In the latter, single crystal ingots are obtained from the melt using one
single-crystal seed, whereas monocrystalline thin films are obtained via epitaxy in vacuum
on substrates with the same lattice parameter. The results presented in this article repre-
sent a considerable step forward compared to the state of the art of these fields, and they
have the potential to foster different research avenues. They show that monocrystalline gold
nanostructures can be simply obtained via nanocube epitaxy at near ambient temperature
from many single-crystal seeds (nanocubes) that could be assembled deterministically. This
is especially important because the organisation of nanocubes before epitaxy determines the
final shape of the monocrystalline nanostructure, allowing spatial resolution comparable to
e-beam lithography, but with a process that has a strong potential from the technologi-
cal perspective. The absence of a reducing agent simplifies the process substantially and
avoids homogeneous nucleation of nanoparticles that would otherwise deteriorate the optical

properties of the plasmonic surface. Optical measurements confirmed the excellent mate-
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rial quality and showed a strong reproducibility of process. In addition, unlike conventional
nanofabrication techniques where the (polycrystalline) nanostructures are fabricated directly
on the substrate, we have shown that nanocube epitaxy can be performed directly on PDMS
and that (monocrystalline) plasmonic surfaces by-design can be printed to any substrate,
unleashing from lattice matching requirements. This is highly promising for the integration
of monocrystalline gold nanostructures, such as transparent electrodes or plasmonic scatter-
ers, in devices that are sensitive to temperature, water or other nanofabrication processes,
as for example perovskite solar cells. Detailed analysis of the chemical landscape and optical
spectroscopy in operando shone light on the nanocube epitaxy mechanism, revealing that
gold atoms are displaced from the nanocube corners to the sub-nanometer gap via a self-
limited redox reaction mediated by Cl- ions. Tuning this redox equilibrium allows to change
the morphology of the nanostructures after epitaxy, transforming a nanocube dimer either
into a continuous rectangular bar or into a bowtie element. The opportunity to configure

the crystal facets during epitaxy widens the toolbox of geometries that can be achieved.

Methods

Material

PDMS was purchased from Wacker (RT601), HAuCl,, HNO3, NaBr, NaCl, NaBH, were

purchased from Merck at the highest purity available.
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Gold Nanocube synthesis

Nanocubes were synthesized following Park et al. procedure.®® Briefly, 10 nm CTAC-capped
seeds were overgrown in a 50 mL round bottom flask using 6 mL of 100 mM CTAC, 30 uL
of sodium bromide at 40 mM, 100 pL of the 10 nm seed solution at 2 OD in 20 mM CTAC,
390 pL 10 mM ascorbic acid and 6 mL of 0.5 mM HAuCly solution. The solution was left
to react for 25 minutes at RT with gentle stirring prior to centrifugation. The nanocube

solution was washed twice and redispersed in 10 mL of ultrapure water.

Ligands removal

Substrate-supported nanocubes were first successively dipped into water, acetone, IPA for
one minute each and rinsed with ultrapure water. Ligands adsorbed on the nanocube surface
(CTAC, SDS, Triton-X45 residual from the synthesis or the assembly solution) were removed
by adapting a procedure reported in.*? Briefly the samples were immersed into a 100 mM

NaBH, solution for 30 minutes, rinsed thoroughly and stored in ultrapure water until welding.

Nanocube epitaxy on silicon

Typically 2 pL of the nanocube solution in water was dropcasted on a silicon substrate. Lig-
ands were removed after complete evaporation of the solution with the procedure described
above. Welding was performed by introducing the silicon substrate into an HAuCly solution
with concentrations ranging from 1 gM to 10 mM, at a temperature between RT and 80°C
between 1 second and one hour using a water bath, with no agitation. The standard welding
reaction on silicon was performed at 40°C with 80 uM HAuCly. Upon welding substrates

were rinsed with ultrapure water and Ny dried.
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Nanocube epitaxy on PDMS after capillary assembly

Master fabrication

The silicon master was fabricated with e-beam lithography using PMMA resist on silicon.
Upon exposition and development, a thin layer of chrome was evaporated on the substrate
to be used as a hardmask. PMMA was then lifted-off in acetone. Silicon was then etched by
40 nm using Reactive Ion Etching (RIE). Chrome was finally removed using a commercial

chrome etchant.

After oxygen plasma, the silicon master was silanized with perfluorodecyltrichlorosilane

at room temperature in a desiccator for 20 minutes to ease PDMS demolding.

PDMS moulds were fabricated on a glass slide by depositing liquid degassed PDMS
(commercial monomer and polymerizing agent mixed to a 9:1 ratio) on the silicon master
and covering it by a glass slide. Upon reticulation of PDMS at 100°C for 10 minutes on a
hot plate, the PDMS template was demolded from the silicon master. The PDMS moulds
were then stored in ethanol for at least a few days prior to assembly to remove un-reacted

species in PDMS.

Capillary assembly

The nanocube solution was centrifuged at 9,000 RPM for 10 minutes and redispersed in 10
mL of 0.75 mM SDS and 0.0075 wt.% Triton X45. Assembly was performed by dragging
the nanocube solution (50 pL) with a glass slide fixed 1 mm above the PDMS susbtrate,
in a home-made system. The speed was set at 1 um.s™!, the temperature at 55°C and the

humidity at 40%.4°
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Nanocube epitaxy on PDMS

Assemblies were left to fully dry in air for at least an hour before removing the ligands with
the strategy described above. When dipping the samples in NaBH, right after assembly,
part of the assembly would come off the substrate. Welding was performed by introducing
the PDMS substrate into a solution containing 80 M HAuCly, 50 pM NaBr and 100 plL
of HNOj to lower the pH to 1. Reaction was performed at of 40°C for one hour, with no
agitation. Upon welding substrates were rinsed with ultrapure water and dried with a stream

of nitrogen.

Printing

Printing was performed on silicon substrates and SisNs TEM grids. The silicon substrate
was treated with oxygen plasma for 10 minutes (200W, 150°C) before printing. 5 ul. of
ethanol was deposited on silicon at 20°C and the PDMS sample was lowered manually
and pressed onto the silicon substrate. The whole process was monitored using optical
microscope by looking through the transparent PDMS, to ensure for good contact between
the two substrates and to position assembled areas on silicon. When the two substrates were
fully in contact, the temperature was then raised and maintained at 50°C for 10 minutes
for the ethanol to dry. Upon releasing the pressure nanocubes remained in the silicon for
which they have more affinity. The Si3N, TEM grids were used as purchased without plasma
treatment. Because they cannot handle much pressure without breaking, 1 puL. of PMMA was
deposited on the TEM grids to increase their adhesion, which allowed to print the nanocube
assemblies with good resolution. Upon contact with PDMS, PMMA was pushed out of the

sample which allowed imaging.
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Characterization and simulations

Assemblies of nanocubes on PDMS were imaged using a scanning electron microscope (JEOL
7900F) in low vacuum mode with a pressure of 60 Pa. TEM and electron diffraction was
performed with a JEOL 2100F. Optical characterisation was performed with an inverted
microscope (Zeiss Axiovert 200M) with an air objective (100X, NA = 0.9) in reflection.
The PDMS without nanoantennas was used as the reference to take into account of the
spectral response of the system. Light was coupled into a 25 pum optical fiber, yielding a
collection spot diameter of 1.3 um. The commercial software Lumerical was used to simulate
the response of individual gold nanoantennas. A total field scattered field source was used
with the electric field polarized along the nanoantenna long axis. The nanostructure was
placed on PDMS to simulate the experimental environment as accurately as possible. The
nanostructure dimensions were defined accordingly with SEM images (Width = 44 nm,
length = 84 nm, radius of curvature = 8 nm). The dielectric constant from Johnson and

Christy was used for gold.
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Supporting Information Available

Figure S1: SEM image of self-assembled 40-nm gold nanocubes on silicon, synthesized by
following Park et al. procedure.®®
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Figure S2: SEM image of 40 nm gold nanocubes on a silicon substrate after one minute
reaction at room-temperature with a solution of HAuCly at 300 uM and ascorbic acid at
440 pM. Reduction of HAuCly by ascorbic acid allowed welding of two adjacent nanocubes
as shown in the inset, however the silicon substrate was contaminated by nucleation from
the solution. The photograph of the welding solution one minute after putting in contact,
ascorbic acid, HAuCly and the nanocubes confirms the existence of homogeneous nucleation
in solution. Scale bar is 100 nm.
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Figure S3: Effect of HAuCly concentration on Au nanocubes deposited on a Si substrate.
The immersion time was 1h at 40°C, and the pH was adjusted to 4 with HNOj3 (for 1M
and 10puM) or with NaOH (for 200uM, 1mM and 10mM). Scale bars are 100nm.
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Figure S4: Effect of HAuCly concentration monitored for a pH of 1, to enhance oxidative
etching of the nanocubes, at 40°C during an hour, by adjusting the pH with HNOj3 for all
concentration. The correlation between HAuCl, concentration and oxidative etching of the
nanocube corners observed at pH 4 is confirmed. Scale bars are 100nm.
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Figure S5: Role of chloride in oxidative etching of the nanocubes. a) NaCl was added to
the welding solution composed of 80uM HAuCl, only and the reaction was performed at
40°C during an hour. Rounding of the nanocubes at this concentration shows that adding
chloride enhances the dissolution of gold. b) pH of the welding solution (80uM HAuCly) is
set to 1 using HCI, instead of HNOj3 generally employed in this study, and the reaction is
carried out at 40°C for an hour. As a result, the nanocubes corners get completely oxidized
which confirms the influence of chloride. Scale bars are 100nm.
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Figure S6: Effect of temperature. Egg-box structure appear when increasing the tempera-
ture. Scale bars are 100nm.

Control experiments Control experiments showed that the nanocubes dropcasted on
silicon and stored in DI water were indeed stable days after ligand removal (Figure S7).
When lowering the pH to 4 and increasing the temperature to 40 °C, it was possible to find
some evidence of partial welding between adjacent nanocubes after 1h even in the absence
of HAuCl, (Figure S8). However, in the presence of HAuCl, within few seconds a stark
contrast in the final product was observed, especially in nanocube clusters (Figure S9). This
indicates that experimental conditions of pH and temperature alone are not sufficient for

consistent nanocube epitaxy.
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Figure S7: SEM images of gold nanocubes deposited on silicon and stored in water for 4
days after ligands removal, showing that epitaxial welding of nanocubes is not spontaneous
upon ligand removal in water and at room temperature. Scale bars are 100nm.

» 1 k < PTES y
- 51 f' A
Figure S8: SEM images of silicon supported gold nanocubes after being immersed for 60
minutes in a diluted nitric acid aqueous solution of pH 4 at 40°C after ligand removal. This
experiment is used as a control to evidence that temperature and acidic conditions alone are

not responsible for the welding of the nanocubes in 80uM HAuCl, solution. Scale bars are
100nm.
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Figure S9: Silicon supported gold nanocubes before and after being immersed in a 80uM
HAuCly at 40°C for one minute, showing that as opposed to organized 1D and 2D assemblies
of nanocubes, 3D clusters of gold nanocubes are typically transformed into unrecognizable
structures in which nanocubes cannot be identified anymore. Scale bars are 100nm.
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Figure S10: UV-vis spectra of 80uM HAuCly solutions before and after i) reaction with
nanocubes for 1 hour at 40°C (blue curves) and ii) heating the solution at 40°C without
nanocubes (red curves). From this data we can calculate that 2.4 M of AuCl,; was consumed

in the presence of nanocubes and 1.42 M in their absence in average.
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Figure S11: Effect of reaction time. Silicon supported gold nanocubes, free from ligands, are
immersed in the 80uM HAuCly welding solution at 40°C for different times. a) At a pH of 1
(adjusted with HNOj3) for 40-nm nanocubes. Welding of nanocubes is achieved in less than a
second as evidenced in the inset. The general morphology of the welded nanostructures and
3D clusters remain similar for different reaction times. b) At a pH of 4 (no pH adjustement)
for 32-nm nanocubes. Again, welding of nanocubes is achieved in less than a second and is
not improved with time. However is seems that smaller cubes are more prone to oxidative
etching after one hour.
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Figure S12: Assembly of nanocubes using capillary assembly. a) assembly of 1D nanos-
tructures of different length in PDMS (left image) and printing on silicon with nanometer
accuracy (right image). b) Assembly of nanocubes 2 by 2 (dimers) over large areas. c)
Assembly of nanocubes 4 by 4 over large areas.
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Figure S13: a) TEM images of 35-nm welded dimers printed on SizN, grids. Length and
width are indicated on each picture. b) Dark Field image of 40-nm nanocube dimer upon
epitaxy in PDMS and printing on a SizN,4 grid ¢) Grain boundary resulting from the epitaxial
welding of other nanocrystal shapes.

Nanocube dimers (not welded) were printed to a a Si3zN4 membrane to characterize via
TEM the average gap size, that was found to be 0.4 nm (see Figure S14). After welding,
the nanostructures retained their initial length (twice the size of the nanocubes, plus the
gap) or were slightly shorter, but systematically grew slightly wider, from 35.5 to 39.5 nm in

average in the example given in Figure S13. The bending radius increased from 5.6 to 9.6.

32



Bending radius (nm) Gap (nm) Size of the dimers normalized mm average values
with the size of one nanocube . values
0,55 7
® 40-nm nanocubes

124 * 2.2 . # 32-nm nanocubes
°
14 0,50 2,0 _4'—F Length
.
10 A [ ]
0,45 1,84
o 3
0,40 87
8 * 7
© L 14
7 4
0,35 A - .
6] ° ;
0,30 .
5 ¢ . 1,04 Width
*
4 T T 5 T S T
Curvature nanocube  Curvature dimer S\ \GnS el ]
gefo® pies we 6e‘°‘e“‘ phet we

Figure S14: Size, gap and bending radius statistics performed using TEM images of dimers
formed using 35 nm and 40 nm nanocubes before and after welding.

Role of substrate

In order to understand the role played by silicon in the reaction, NC cubes were deposited
in 1) p-doped silicon ii) n-doped silicon iii) p-doped silicon with Si-OH bonds, created upon
oxygen plasma iv) p-doped silicon with Si-H bonds, created upon H-F treatment. While it
was possible to epitaxially connect nanocubes into continuous structures on both n and p
doped silicon using gold chloride only, nanocubes supported by the oxygen-plasma treated
silicon showed no evidence of welding after one hour reaction at 40°C, similarly to glass, SigNy
and PDMS substrates. H-F treated silicon substrates however exhibited not only nanocube
welding but many sites of nucleation and growth (Figure S15). Gold chloride reduction on
HF treated silicon has been reported before, although no mechanism was proposed.?® We
hypothesize that the substrate dependent welding that we witnessed between silicon and
other substrates come from silicon surface chemistry and the presence of Si-H bonds at its

surface.
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Figure S15: Reaction of different substrates using 80uM HAuCl, welding solution at 40°C.
From left to right: n-doped silicon, plasma treated p-doped silicon, welded nanocubes on
H-F treated p-doped silicon, nucleation on H-F treated p-doped silicon. Scale bars are 100
nm unless stated otherwise.

Standard potential calculation

Concentrations

Concentration of the different species that potentially participate to the welding reaction are
calculated using dissociation constants.

HAuCly is a strong acid and so dissociate completely to AuCl; and H" in water. AuCl,
slightly dissociate to C1~ and Au®" depending on the temperature.® Using table 1 values we
calculate AuCly, CI~ and Au®" concentration in the welding solution for different starting

concentration Cy.

Table 1: Log dissociation constants toward Au*™ and C1~ for the complex AuCl; ®

log K 25°C 50°C 80°C
AuCly; -25.2 -246 -24.3

Redox couple O,/H->0

Oy +4H" + 4e” = 2H,0 (3)

Eos/mao = 1.229 — 1.984.10™* x T x pH (4)
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Redox couple AuCl, /Au

[AuCly]™ + 3¢ = Au+4C1™ (5)

Eaucia—jau = E° — (—)in

Redox couple AuCl; /Au

[AuCly]” + e = Au+ 201~ (6)
EY=1.154
RT [C17]?
E iy = E° — (=) In———>—
AuCl2 /Au (TLF) n[AUCZQ}i

Redox couple AuCl, /AuCl;

[AuCly]™ + 2e” = [AuCly]™ +2C1~ (7)
E° =0.926V

. oy (BT, [Aucn) (8)
AuCl4—/AuCl2— = nF n[AuClz]*[Cl*]Z

Activities

In order to calculate reaction potential activities (a;) are first calculated for the different

species.



The ionic strength (I) of the solution is first calculated, using z; and C;, respectively
charge and concentration of the specie. Here we have almsot exclusively HT and AuCl; in

solution:

I = [HAuCly)o (10)

When I < 1073 M, which is the case for all welding solution, we can use Debye Hiickel

expression (expression 11) to calculate the activity coefficient (expression 12).

logy; = —0.5122V1 (11)
C;

i 12

% =g (12)

Where ~; is the activity coefficient, C; concentration of the specie in solution and Cy =
1 mol.L~t.

Table 2: Activity coefficient and activities as a fonction of initial concentration

Co 1uM 100puM 80 M 200 kM 1 mM
v 0.999 0.996 0.989 0.983 0.963
a; 099 M 996 pM  79.1 pM 197 uM 963 M

Reaction potential

Using those values and the concentrations determined above for different temperatures we

can calculate that:

e Reduction of AuCl; to Au happens at potentials between 1.37 and 1.43 V for concen-

tration between 1 uM and 10 mM and temperatures between 25 and 80 °C.

e Reduction of AuCl; to Au happens at potentials between 1.37 and 1.47 V for concen-

tration between 1 M and 10 mM and temperatures between 25 and 80 °C.
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e Reduction of AuCl; to AuCl; happens at potentials between 1.36 and 1.42 V for

concentration between 1 uM and 10 mM and temperatures between 25 and 80 °C.
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Figure S16: Potential-concentration diagram for different redox couple and temperatures.
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