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Structural and optical properties of gold
nanosponges revealed via 3D nano-reconstruction
and phase-field models
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Nanosponges are subject of intensive research due to their uniqgue morphology, which leads
among other effects to electrodynamic field localization generating a strongly nonlinear
optical response at hot spots and thus enable a variety of applications. Accurate predictions
of physical properties require detailed knowledge of the sponges' chaotic nanometer-sized
structure, posing a metrological challenge. A major goal is to obtain computer models with
equivalent structural and optical properties. Here, to understand the sponges’ morphology,
we present a procedure for their accurate 3D reconstruction using focused ion beam
tomography. Additionally, we introduce a simulation method to create nanoporous sponge
models with adjustable geometric properties. It is shown that if certain morphological
parameters are similar for computer-generated and experimental sponges, their optical
response, including magnitudes and hot spot locations, are also similar. Finally, we analyze
the anisotropy of experimental sponges and present an easy-to-use method to reproduce
arbitrary anisotropies in computer-generated sponges.
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perspectives and have a wide range of applications. For

example, the extreme surface-to-volume ratio can be used
for efficient catalysts!? or for highly sensitive sensors®. Nano-
porous gold particles, often referred to as nanosponges, with
special geometric shape structures such as nanorods can further
improve existing systems?, while gold sponges created by deal-
loying thin Au/Ag-alloy films can be used as an efficient drug-
delivery system®. The optical properties of nanoporous gold
sponges such as, e.g., strongly enhanced fluorescence® or huge
Purcell factors’, are even more spectacular3-10, but have not yet
been technologically exploited. This is partly caused by the fact
that the complicated nanometer-sized three-dimensional struc-
ture impedes the characterization of the geometrical and the
prediction of the resulting physical properties. A better under-
standing of the interplay of structural and optical properties
would allow the systematic, targeted manipulation of geometric
properties and, thus, allow to create nanoporous structures with
tailored optical, physical, and chemical properties.

In the past, several methods were used to investigate the
structure and formation mechanisms of nanoporous gold and
further to make estimations for their physical and functional
properties from their actual or artificial three-dimensional (3D)
morphology!!~13. This can be achieved non-destructively by
reconstructing transmission electron microscopy (TEM) images!#
or X-ray nanotomography!?, supported with additional (chemi-
cal) information, e.g., from EDS!®, or destructively, for example
using atom probe tomography (APT)!7-1°. A particular powerful
and precise method for determining the three-dimensional geo-
metry of nanoporous gold is focused ion beam (FIB)
tomography29-22, which is used also in this work. Early 3D FIB
investigations of other materials containing voids were applied,
e.g., for crack tracking in Al,05/SiC nanocomposites samples®® or
with samples of a BaTiO; ceramic with particle sizes around
100 nm?4. In FIB tomography, the structure is cut into thin slices
along one axis and scanning electron microscopy (SEM) images
of the cut-surface are acquired. Subsequently, the three-
dimensional structure can be reconstructed from the series of
two-dimensional images.

Different methods for the computer-aided generation of bulk
nanoporous gold structures have been presented previously.
Nanoporous geometries can be generated using inexpensive but
inaccurate geometric concepts, e.g., a superposition of randomly
orientated sinusoidal waves?®, or using expensive but accurate
more physical approaches, involving, e.g., Monte Carlo or
molecular dynamics simulations2%27. These Monte Carlo simu-
lations revealed that the dealloying process proceeds akin to
spinodal decomposition?”, which in turn can be described using
the much simpler phase-field computational method?82%, For
example, Sun et al.30 used a phase-field approach in conjunction
with molecular dynamics to investigate mechanical properties of
infinitely large nanoporous gold structures. As the actual deal-
loying process and the phase-field method have the same
underlying physics, good agreement with experimental results is
achievable.

Gold sponges have the added complication of being finite in
size, with their outer surface playing an important role for their
optical properties. This requires some adaptions to the previously
mentioned methods. Using geometric considerations, randomly
distributed spheres can be subtracted from initial half-ellipsoid
geometries using Boolean operations3!:32. Another method for
generating sponge-like geometries is to generate correlated ran-
dom numbers on a cubic grid in Fourier space. After the back
transformation to real space, all voxels whose value exceeds a
certain threshold are filled with gold3>. Even though these
methods can predict the internal structure more or less

N anoporous gold structures are interesting from many

reasonably, the surface shows even less similarities to real sponge
structures. To the knowledge of the authors, phase-field methods,
which have seen success in the generation of bulk nanoporous
gold geometries, have so far not been applied to the creation of
gold nanosponge geometries.

Here, we present an efficient method for the computational
creation of three-dimensional nanoporous sponges based solely
on the use of phase-field simulations. We identify four global
parameters that when optimized towards, lead to sponges with
equivalent structures, both inside the sponge and on its surface.
The method is able to capture both averaged and local geometric
properties, as shown by analysis of the interfacial shape dis-
tribution (ISD). The optical properties of the sponges related to
the observed strong field enhancement and strong localization of
electrical fields in such systems, which make them interesting for
nonlinear optics®-19 or highly sensitive SERS (Surface Enhanced
Raman Scattering) measurements43%, are used as a first test of
the presented method via comparison with real structures. Spe-
cifically, simulated absorption and scattering cross sections as well
as the occurrence, distribution, and magnitude of localized field
enhancements, so-called hot spots, are analyzed.

Results

3D-FIB tomography. Two different classes of nanoporous gold
nanoparticles, coarse- and fine-pored sponges, were fabricated
according to the procedure outlined in the Methods section. An
ensemble of typical coarse-pored particles is presented in Fig. la.
A resulting fine-pored particle is shown in Fig. 1b. One particle
from each class was chosen for 3D-FIB/SEM tomography: In
short, the sponges are cut into slices using FIB and each slice is
imaged using SEM (see Fig. 1c, d). The individual slices have a
thickness of around 3 nm, placing a lower limit on the observable
feature size. The resulting image stack is then carefully recon-
structed into the three-dimensional sponge geometry. For the
reconstruction of the 3D model from 2D SEM images, several
steps are necessary, which are shown schematically in Fig. 2 and
are described in detail in the Methods section. An important
aspect during the reconstruction is the binarization of the 8-bit
grayscale SEM image into gold and air phases. Here, a threshold
value was chosen based on skeleton properties, like number and
distribution of branches and junctions in the gold network. For
further details, see Methods, Supplementary Methods 1.3 and
Supplementary Fig. 3. Fig.1(e-f) show an example of a typical
slice of the fine-pored particle before and after this segmentation.
Before obtaining the final 3D representation of the nanosponges,
the 3D models obtained from the binarized image stack are
upsampled and smoothed using a Gaussian filter, with care being
taken not to significantly change the particle properties men-
tioned later. The resulting three-dimensional sponge recon-
structions are shown in Fig. 3(e, g). According to the authors’
knowledge, no such detailed analysis of a gold nanosponge
structure has been performed yet in the literature.

Phase-field modeling. We now present in detail a method to
computationally generate nanosponge geometries which can be
directly compared to the results of the 3D-FIB tomography. This
model is an improved version of a similar method first reported
in the conference paper ref. 3. It is designed to efficiently gen-
erate sponge-like interfaces with adjustable geometric properties
and prescribed global morphological properties, while also
showing remarkable agreement in local morphological and opti-
cal properties. Inspired by the actual dealloying physics (see
Introduction) - but not aiming to quantitatively reproduce them -
the generation of the nanosponge geometries is based on two
consecutive three-dimensional phase-field simulations. Due to the
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Fig. 1 SEM images of nanosponges. SEM images of particles on the substrate surface and cross-section images of a coarse-pored (a and ¢) and a fine-
pored nanosponge (b and d). e Cross-section image of the the fine-pored sponge taken with the Inlens secondary electron (SE) detector. f Segmentation of
the image e performed with a grayscale threshold of 60 in the 8-bit range.
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Fig. 2 Schematic representation of the reconstruction process. a Schematic workflow for the reconstruction of the 3D models of gold nanosponges from
an SEM image stack, generalized for both cases, the fine- and the coarse-pored particle. b-e Exemplary images from the same FIB section, as displayed in
Fig. 1e and f, of the fine-pored sponge at different stages of the reconstruction process: b the raw stack, ¢ after alignment and cropping, d after median
filtering, e the binarized and cropped image, f the 3D voxel model and g the final smoothed meshed 3D model.
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Fig. 3 lllustration of the nanosponge geometry creating algorithm. a Schematic representation of the simulation process. b-d Evolution of morphological
signatures of the coarse-pored sponge S.; during second phase-field simulation; Integrated Gaussian curvature Ky, proportional to the number of pores;
Surface fraction Of; Volume fraction Vi e-h Three-dimensional rendered images of experimentally measured and of simulated sponge geometries;

measured coarse-pored reference sponge after smoothing; simulated coarse-pored sponge S ,; measured fine-pored reference sponge after smoothing;

simulated fine-pored sponge S;1.

close relation to the actual dealloying physics?” compared to
previous purely geometrical motivated geometry creation meth-
ods, the method is able to generate geometries much closer to the
experimentally observed sponges.

The sequence of simulation steps is shown schematically in
Fig. 3a. In the first step, the mixture dynamics in a region filled
with randomly distributed silver and gold are simulated. This step
serves to generate a percolated, disordered, already sponge-like
silver-gold-network. The phase-field simulation is based on the
following Cahn-Hilliard equation3”:

o)
B v Dy g+ @ - 1p) M

3 oy
VBey

Here, ¢ denotes the phase-field function. A value of ¢=1
describes a point in space with pure phase 1. Accordingly, a value
of ¢ =—1 corresponds to a point with pure phase 2. The
quantities 0 and y define the interfacial tension and the interfacial
mobility and are thus determined by the material combination.
The parameter €, has the unit of length and determines the
thickness of the diffuse interface region. The interfacial thickness

€,r and the interfacial mobility p are not independent of each
other and are linked by the equation y = Xeﬁf, with y as a tuning

parameter. The solution of Eq. (1) is calculated in the finite
element software COMSOL Multiphysics3®. In contrast to the
previously reported version of the method9, the initial distribu-
tion of silver and gold is determined by splitting the rectangular
simulation domain into thousands of small cubes with an edge
length s. Each cube is afterwards filled with either pure Ag
(¢ = —1) or pure Au (¢ = 1). The edge length s corresponds to a
feature size, with more fine-pored sponges requiring smaller
cubes. The initialization and the end results are thus independent
of the mesh resolution, which allows for the extraction of sponge
geometries with variable resolution. Further details about the
implementation can be found in the Supplementary Methods 2.1.

Following this first step, a half-ellipsoidal region of the Au-Ag-
mixture is cut out of the simulated bulk domain. In the resulting
domain, all regions with ¢ < ¢1,; are replaced by air, where ¢,
corresponds to a predefined threshold value. The resulting gold
structure already roughly resembles a sponge, but its surface
shows features such as flat areas and large-angle corners which
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Table 1 Comparison of the experimentally determined geometric properties of the reference sponges with those obtained by
means of phase-field simulation.
type of sponge Ve O¢ Ky H+ p @
reference sponges coarse Seref 0.404 1.719 —578.05 —8.268 47 0.596
fine Skref 0.391 3.074 —5592.03 —24.832 446 0.609
simulated sponges coarse Sea 0.390 1.720 —578.05 —8.945 47 0.610
Se2 0.410 1.742 —640.88 —8.490 52 0.590
Ses 0.396 1.717 —565.49 —8.700 46 0.604
Sca 0.406 1.678 —527.79 —7.494 43 0.594
Ses 0.375 1.723 —703.72 —-9.678 57 0.625
fine St 0.385 3.013 —5554.34 —22.643 443 0.615
St2 0.379 2.966 —5164.78 —22.809 412 0.621
St3 0.387 3.008 —5453.80 —22.652 435 0.613
Sta 0.382 2.973 —5277.88 —22.090 421 0.618
Sts 0.385 3.008 —5453.80 —23.089 435 0.615

are not present in the experimental sponges, as well as remaining
artifacts of the block initialization. To smooth out those
numerical artifacts, a second phase-field simulation is then
executed on these results. This second step follows Eq. (1) as well.
The difference between the first and the second phase-field step
lies in the initial values: While step 1 starts from a random
distribution in a rectangular domain, step 2 starts from a very
rough elliptical-shaped sponge-like structure, which is merely
smoothed out. Essentially, this step improves the sponge surface
with little changes in the interior. The two-step protocol leads to
better results than, e.g., ternary phase-field simulations, which we
explored as well. The sponges resulting from this second
simulation are compared to the experimentally measured sponges
in Fig. 3(e-h) and show excellent agreement.

Since we are only interested in the final geometry and not
aiming to reproduce the exact dynamics, we can choose the
parameters o, y, s and e, in such a way that the simulated
geometries show the best agreement with the experimentally
measured sponges while simultaneously needing only a short
runtime of each simulation. As can be seen in Eq. (1), the
mobility tuning coefficient y and the interfacial tension o are
inversely proportional to the simulated time, ie. doubling
the simulated time while reducing the mobility tuning coefficient
or the interfacial tension by half will lead to essentially the same
results. The interface thickness €, is chosen to be proportional to
the edge length of the initialization cubes s, with a proportionality
constant of around unity. Thus, for fixed values of the interfacial
tension ¢ and the mobility tuning coefficient y, the final shape of
the sponge is determined solely by the initialization, the simulated
time span, and the edge length of the initialization cubes. After
the second phase-field run is completed, the final geometry of the
sponge is determined by the isosurface ¢ = ¢r,. The choice of the
value ¢, is the main influence determining the volume fraction
of gold in the final sponge and is chosen to reproduce the
measured values. Defining either threshold value as a function of
the position results in anisotropic sponges, which can, e.g., model
influences of the substrate resulting in sponges which are denser
at the bottom, as described later.

Before the simulation begins, it is generally not known which
combination of parameters will result in the desired geometry.
However, during a single simulation, the results are calculated
and stored for an arbitrarily chosen predetermined number of
intermediate time steps. Each of these intermediate steps provides
a sponge geometry with slightly different geometrical properties.
The evolution of several geometrical properties (discussed in
detail below) is shown in Fig. 3(b-d). Furthermore, Supplemen-
tary Movie 1 visualizes both simulation steps. Thus, it is sufficient
to roughly determine the parameter range and select the sponge

with the desired geometric properties after the simulation is
completed.

Morphological signatures and comparison. With the help of a
triangulation of the sponge geometry, all desired geometrical
characteristics can be determined. In our previous work3®, it was
discovered that sponges which are similar in the following three
geometrical characteristics also show similar optical properties.
These properties are:

1. Volume fraction Vi of the Au phase defined as Vy = V/Vp.
. Surface area fraction O defined as Or = Og/Ocp.
3. Total Gaussian curvature Ky defined as K = [ vk KkydA,
where «; and «, are the principal curvatures in each point
on the surface of the sponge.

Ven and Ocy denote the volume and surface area of the
convex hull (CH) of the sponge, respectively; whereas Vg and Og
refer to the gold phase. The total curvature is related to the Euler
characteristic y by Kt = 2my according to the theorem of Gauss-
Bonnet°. For a closed triangulation, y can be calculated in terms
of the number Ny and Ny of vertices and triangles, respectively,
using y = Ny — Ny/2.

Further investigation has shown that an additional fourth
parameter, the total mean curvature Hy defined as H; =
/ v, 1(x, + x,)dA plays an important role regarding the optical
properties as well (see Supplementary Note 1 and Supplementary
Figure 7 for details).

We also introduce two additional quantities, namely the number
of pores p=1—x/2 and the porosity ® = (Vcy — Vis)/Ven.
Clearly, these properties are determined by the previously
mentioned quantities. However, they are much more easily
interpretable, can easily be calculated, and allow for an even
simpler characterization of the optical properties of different
sponges. Two examples each of measured and simulated sponge
geometries are shown in Fig. 3(e-h). It is evident that a higher total
Gaussian curvature corresponds to smaller pore sizes. An overview
of the values for the previous as well as the new geometrical
characteristics is shown in Table 1 for five coarse-pored sponges
Sc1..5 five fine-pored sponges Sg;. 5 as well as the experimentally
measured sponges presented above and referred to as coarse-pored
reference sponge S.,.r and fine-pored reference sponge Sy,

These quantities consider only the averaged geometric proper-
ties and therefore can be considered as global properties. As
discussed later in more detail, the local geometry plays a large role
for the optical properties. There is a vast array of local
geometrical characteristics that can be chosen for comparison.
For example, a previous geometry creation method created
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Fig. 4 ISDs of the principal curvatures of computer-generated and experimentally measured nanosponges. a Fine Reference Sponge b Fine Sponge S;»
c Coarse Reference Sponge, d Coarse Sponge S. 1. The visible gap around k; = — k; is an artifact of the discrete curvature evaluation. The bins are sized
10 um~1 by 10 um~" and the distributions are normalized to their maximum value.

sponges which showed a similar radially-averaged autocorrelation
function3. However, as the radially-averaged autocorrelation
function is dominated by the bulk, the thereby generated sponge
geometries failed to accurately model the surface geometry
(which is known to significantly influence the optical behavior).
Another local geometrical characteristic that has been investi-
gated in the literature on nanoporous gold is the distribution of
the local curvature®0-42, either in the form of the principal
curvatures x; and k, or the Gaussian curvature K = k;x, and the
mean curvature H = (x; 4 k;)/2. The histogram of curvatures is
called interfacial shape distribution (ISD) and can be used to
compare the local features of different samples.

Both the experimentally measured geometries and the
geometries created by the phase-field method are available as
triangulations, which consist of piecewise linear surfaces.
Evaluating curvatures, which are only properly defined on C2-
continuous surfaces, on such a discrete geometry is not trivial. In
this work, the discrete differential geometry operators presented
in*3 were implemented in MATLAB. Further information is
available in the Methods section.

The ISD results are presented in Fig. 4: The computer-
generated and the experimentally measured sponges show very
similar curvature distributions. As is expected, the fine-pored
sponges show generally larger curvatures, which corresponds to
smaller ligaments. The shadow around the diagonal x; = —x; is
an artifact of the discrete curvature evaluation. The curvatures of
the computer-generated sponges can also be evaluated directly in
COMSOL, where their boundary is represented as a
C2-continuous surface. A comparison between the curvature
calculation based on discrete differential operators and the direct
curvature calculation in COMSOL shows no significant

differences except for the diagonal shadow (see Supplementary
Figure 5).

Almost all theoretical research on gold nanosponges so far has
been carried out using geometries created by taking a half-sphere
or ellipsoid and cutting out small spheres, usually with a fixed
radius. A geometry created from a sphere of radius r shows only
curvatures corresponding to k; =x, = 1/r, while the ellipsoid
equivalent to the outer hull of a sponge only covers a small region
of curvatures. Because of this, geometries generated by carving
out spheres from a half-ellipsoid show a vastly different
distribution of curvature and the presented method significantly
improves on this class of methods.

Earlier work by Ziehmer et al*? has identified a list of
characteristic geometric features in bulk nanoporous gold:
irregular tori, closed ligaments, open/broken ligaments, and
dead-end ligaments. All these can easily be identified in the
computer-generated sponges, as exemplarily shown in Fig. 5.

We emphasize that the simulation parameters for the sponge
geometries created by the phase-field method have been chosen
solely based on the global geometry parameters presented in
Table 1. The good agreement between the ISDs, the presence of
the characteristic features identified by Ziehmer et al.42, and the
similar optical properties described in the next section, are strong
indications that, indeed, the phase-field method yields sponge
geometries that are very similar in both global and local
properties to the physical nanosponges.

Optical properties and comparison. Gold Nanosponges are well-
known for their extraordinary optical properties®~10, which have
already been described and analyzed in great detail. The optical
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Fig. 5 Rendered images of characteristic geometric features of gold nanosponges. a simulated phase field sponge S;5; b open ligament; ¢ ligament;

d dead-end ligament; e irregular toroidal structure.

response of an individual sponge is known to be strongly
dependent on its specific geometry, and thus, each sponge has its
own specific optical response3! which acts similar to a fingerprint.
From a theoretical point of view, the absorption and scattering
cross sections can be understood using the framework of localized
surface plasmons*%. The entire sponge acts as a plasmonic dipole,
which couples to the external field and determines the main
spectral region of the response. In the scattering cross section, this
dipolar mode appears as a very broad peak. Local resonances, also
known as hot spots, couple to this dipole much more strongly
than to the external field®* and appear as strong and sharp peaks
in the absorption cross section while also influencing the scat-
tering cross section. These hot spots strongly depend on the exact
shape of the local geometry and can also be recognized by their
strong and highly localized field enhancement’. The optical
properties can in this way serve as a marker for agreement in local
properties. If the computer-generated sponges show similar
optical properties to the experimental sponges, then the local
geometries are likely also comparable. For this reason, the linear
optical properties in the form of scattering and absorption cross
sections as well as the magnitude and number of hot spots have
been chosen as additional verification of the presented geometry
creation method. As these optical properties depend on the exact
geometrical configuration, exact agreement between the simu-
lated response of the reconstructed experimentally measured and
the computer-generated sponges is not expected. However, the
cross sections should show a similar number of peaks, peak
height, general shape and spectral location. In addition, images of
the field enhancement on the particle surface are expected to
show the occurrence of a similar number of hot spots.

To determine the optical properties of the sponges, FEM
(Finite Element Method) Maxwell simulations were carried out
on both the experimentally reconstructed and the computer-
generated sponge geometries. Exemplary field distributions are
shown in Fig. 6e-h, while a comparison between the absorption
and scattering cross sections extracted from these simulations is
shown in Fig. 6a-d. The time-averaged field enhancement for
varying excitation wavelengths is shown in Supplementary
Movie 2. The spectra are dominated by a broad dipole mode.
In addition, several smaller peaks can be seen, which are caused
by the interaction of localized modes on the surface of the sponge
with the main dipole mode. This is in accordance with
expectations, as outlined above. Clearly, the absorption spectra

for the measured (ref) and the calculated (i=1,...,5) coarse-
pored sponges exhibit mostly few distinct, but strong resonances,
whose corresponding peaks show a small linewidth. The spectra
of the fine-pored sponges on the other hand show many, but
individually weaker resonances, overlapping to create some broad
fluctuating contribution on top of the main dipole resonance. The
main difference between both types of sponges, the fine-pored
and the coarse-pored ones, is a change in the total Gaussian
curvature Kt by around one order of magnitude and a large
increase in the specific surface area O (see Table 1). The
underlying picture of a structure in a dielectric environment
suggests that different regions with certain local configuration
contribute more or less independently to those spectral features
which do not result from the broad main dipole mode. Following
these lines of thought that different spectral features represent
different local geometries suggests further that the number of
local resonances and, thus, spectral features should increase with
increasing surface area fraction Op and increasing curvature K33,
This can be seen in the spectra presented in Fig. 6a-d. This
picture is further corroborated by studying the distribution of the
electric field, shown for some sponges in Fig. 6e-h: It is evident
that in the fine-pored sponges multiple spatially separated
resonances are often excited at the same wavelength. The
simulated field enhancement factors around the hot spots are in
line with values determined experimentally using scattering type
scanning near-field optical microscopy’, taking into account that
experimentally measured field enhancement factors are always
averaged over a small volume. Obviously, more research is needed
to fully understand the nature of these strong local resonances
and to relate them to the established theory of wave localization
in disordered media*>4°,

Anisotropic geometrical properties. Until now, we have impli-
citly assumed that the sponges are on average isotropic. However,
the experimentally measured sponge is actually significantly
denser near the bottom, an effect we attribute to substrate effects
during formation. Furthermore, the outer shape of the sponge is
not perfectly described by a half-ellipsoid. We discuss such ani-
sotropies here in some detail because similar unintended or
possibly intended anisotropic properties could be practically
relevant and because they can easily be accounted for by our
approach. For the sake of simplicity, we restrict ourselves to a
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Fig. 6 Calculated optical properties of computer-generated and experimentally measured nanosponge geometries. a, d Calculated absorption a, b and
scattering ¢, d cross sections of reference and phase-field sponges. Shown are spectra of coarse-pored (a, ¢) and fine-pored (b, d) sponges. Shown in the
insets of (a, d) are images of the time-averaged field enhancement distribution ||E||/Eo on the sponge surface where it exceeded a factor of 5, as well as
||E|l/Eo in the surrounding volume where it exceeded a factor of 3, showing the dipole-like nature of the underlying mode. In the top-left and top-right
insets, the volume plots are purposefully left out to better show the field enhancement around the excited hot spots. e-h Comparison of the time-averaged
field enhancement distribution ||E||/Eo between reference and simulated sponges. Shown are the sponges (e) Scer, (F) Sc2, (8) St er and (h) Siq. The sponge
itself is rendered in gray, while the field enhancement is overlaid in regions where it exceeded a factor of 5. The color bar is truncated at 50 and identical in

all figures as shown on the right.

more precise representation of the outer shape of the sponge and
a one-dimensional density gradient in the Z-direction, demon-
strated on the sponge S,.

To more accurately reconstruct the outer shape of the sponge
Strer compared to a half-ellipsoid approximation or the convex
hull, we utilize alpha shapes with a suitable filter radius written as
1/a*7. Alpha shapes can be seen as a generalization of the concept
of convex hull, which is obtained as limit &« — 0. These are helpful
because the outer hull of experimental sponges is frequently non-
convex even on large length scales. Real sponges show, for
example, larger bulges, especially in the area of the substrate.

To quantify the density gradient, we consider the areal density
04(2) = A(2)/A4(z) defined as the total area A of all ligaments in
an xy plane at fixed z slice divided by the area A, of the alpha
shape for the given slice, see Fig. 7(a-c). To estimate the filter
radius, we proceed as follows: There are no large indentations in
the upper half of the sponge and the outer shape can be well
described by the convex hull. In this region, therefore, the areal
density should be almost identical using the convex hull and the
alpha shape. Thus, the filter radius is selected manually or
automatically to be as small as possible to replicate the outer

shape accurately in the lower half while still keeping the
deviations between the areal densities calculated using the convex
hull and the alpha shape small. Obviously, for constant threshold
values ¢ ,, a roughly constant areal density ¢(z) is expected, as
confirmed in Fig. 7d. The monotonous dependence of ¢4 on ¢,
is easily inverted numerically (see Supplementary Methods 2.2
and Supplementary Fig. 6), ie., for any known areal-density
profile, we can directly calculate the required values of ¢r;(z) to
achieve the desired areal density in the simulation as well. By
combining the thereby acquired ¢r,(z)-profile with a suitable
description of the outer shape, e.g., through the use of alpha
shapes, anisotropic and complex shaped sponges can be obtained.
This procedure is in principle suitable to reproduce all slowly
varying three-dimensional density distributions and outer shapes.
An example of a resulting anisotropic sponge generated in this
way is shown in Fig. 7f. The areal density and the outer shape of
the sponge generated this way agree very well with the areal
density and the outer shape of the measured reference sponge, i.e.,
the experimentally observed anisotropy is replicated in the
computer-generated sponge as good as it can be expected for a
random structure.
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reference sponge

e

anisotropic sponge

Fig. 7 Comparison of anisotropic properties of measured and computer-generated nanosponge geometries. a-c Plot of section planes through different
sponges; a reference sponge Sy, b simulated anisotropic sponge S¢; € simulated isotropic sponge S;»; d Plot of the areal density as a function of the slice
position along the Z-axis for the different types of sponges. The areal density is defined as the total area of all ligaments divided by the area of the convex
hull for the given slice. It is evident that both S¢,f and S are significantly thicker at the bottom compared to S¢». e, f View from the top and bottom of the
different sponges; e reference sponge S; . f anisotropic sponge S¢a; g isotropic sponge S;».

Discussion

The presented method has achieved 3D models of the real
structure of nanoporous gold nanoparticles with a large variation
of feature sizes by reconstruction from SEM images captured in a
FIB nanotomography process. Based on these, nanoporous
sponge geometries that agree very well with experimental sponges
on certain characteristics can be efficiently computationally
generated. Previous geometry creation methods were unable to
accurately produce local geometries similar to the experimental
sponges. In this work, interesting optical properties that depend
strongly on these local geometries, such as the strong localization
and the associated field enhancement in hot spots, are correctly
reproduced. As the exact dependence of these properties on the
local geometrical properties is not yet known, quantification of
these specific local properties remains elusive. The excellent
agreement between the properties of the sponges generated by the
phase-field method and the experimental sponges, however,
strongly suggests that the presented method accurately creates
local geometries as they appear in experimental sponges. We have
shown then that sponges created using the developed method,

apart from matching global properties, also show matching local
geometries.

Experimentally, with a nominal voxel size of around 3 nm in Z-
direction, small feature sizes in the range of 10 nm are a challenge
for the 3D structure analysis by FIB nanotomography and
approach the resolution limits of that technique according to the
sampling theorem*3. However, more important than the nominal
voxel size given by the image resolution and slice thickness is the
real resolution which is limited by the quality and stability of the
electron and the ion beam and the interaction volume determined
by the electron landing energy and the material. Together, this
determines the signal escape area. One simple indication of the
resolution in the XY-plane is the image quality of the Pt pro-
tection layer: The spherical Pt grains with sizes around 5 nm are
clearly separated from the C-rich matrix as can be seen, e.g., in
Fig. 1d. Another way to estimate the SE emission region are
Monte Carlo simulations of the electron material interactions.
These were made with the software Casino 3.3% for a 3 kV
electron beam hitting a Au surface. As it is not possible to directly
evaluate the SE radial distribution, a square hole mask was
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applied on top to take only the electrons escaping through the
hole into account. By varying the square hole size it is possible to
get information about the radial distribution of the SE signal,
although a square shaped mask was used instead of a circular one
to keep the model simple. The resulting distribution with its
strongest SE contrast within 2 nm around the beam center and
details of the model are presented in Supplementary Meth-
ods 1.1-1.2. For a precise reconstruction, an exact knowledge of
the slicing thickness is necessary. For the Z-resolution of the
image stack, the properties of the ion beam and the control of its
XY-shift are the most important factors. Mainly it is determined
by the increment of the forward shift with each slice which must
be well controllable and stable during the complete slicing and
imaging procedure. The Ga™ ion column of the used cross-beam
system (Auriga 60 by Zeiss with a Cobra Ga™ ion column) is
specified with an image resolution of down to 2.5nm which is
valid for the smallest beam current (1 pA), but must also be
supported by the scan generator. For the ion beam current of
20 pA which was used to slice the Au nanosponges the standard
increment is 6.5 nm which requires a beam diameter larger than
that to remove a continuous volume, but also thinner slices can be
removed by decreasing the increment as long as the increment is
supported by the capabilities of the scan generator, the positional
stability during the removal of one slice and the milling depth is
large enough. This is done by setting it to 2 nm and then cor-
rected by tracking image features which results in an average
slope of around 3.15nm per slice. Small deviations from a per-
fectly flat image plane can be caused by the non-rectangular ion
beam profile, but it should be the same for all slices and small
over the short particle height and cannot easily be corrected.
Other artifacts such as irregular surface erosion or material
redeposition are reduced by the application of a local protection
layer and a milling depth (in image Y-direction) significantly
larger than the particle height. The slight curvature of the cor-
rection curve (see Supplementary Fig. 2) suggests some inter-
mediate instabilities in the increment over the slicing and imaging
time. Future work could further develop the correction method
by performing the reconstruction using individual slice thick-
nesses. Important work in this direction has already been done by
Mangipudi et al.?2, but their method has only been applied to
bulk materials and is not directly applicable to our finite-size
particles. Overall, the impact of the aforementioned deviations
caused by the limited resolution of SEM images on the investi-
gated descriptors volume fraction, specific area fraction and total
Gaussian curvature or Euler characteristic can be expected to be
low; see Supplementary Methods 1.2-1.3 for more details.

Negative influences on the image quality can also originate
from the reconstruction process which is affected by smooth
contrast transitions and the shine-through effect. Additional
depth information to make a correction for the latter could be
gained by capturing and deconvolving SEM images with multiple
landing energies®? for the cost of more unstable beam conditions
and longer imaging times. Both could be improved by filling the
gold nanosponge with a lighter element which would also sharpen
the contrast transitions.

To investigate properties on an even smaller length scale, such
as facetting of ligament surfaces, the reconstruction process using
SEM images is not sufficient, especially for the fine-pored parti-
cles where the number of voxels per feature size is comparatively
low. In order to capture those details, TEM tomography could be
used. In that case, by using Discrete Tomography for the
reconstruction from projections from various tilt angles instead of
image slices of the 3D volume, it could be taken advantage of the
fact that only two phases are present in the sample which allows a
high quality reconstruction from only few projections®'>2. In
turn, better statistical considerations could be enabled as the

number of investigated sample sponges increases for the same
experimental effort compared to conventional TEM tomography.
E.g., an improved reconstruction of a gold nanoparticle from only
15 projections was presented by Batenburg et al.>3, however the
higher complexity of porous materials must be taken into
account. But also for the discretisation of the 2D images it has
potential for improvement and reduction of the user bias by
reconstructing binary images from calculated projections of the
grayscale images. These possibilities have to be considered in
future work.

Indeed, it is sometimes observed that experimental sponges
exhibit certain well-defined crystal facets. This can be accounted
for by adding an anisotropic term in Eq. (1)>* This is another
advantage of being able to realistically simulate nanosponges:
Starting with a smooth simulated nanosponge representing, e.g., a
FIB tomography well, anisotropic terms can be added to Eq. (1)
and in a third step the possible presence of facets can be studied.

Conclusions

In summary, the presented method is able to computationally
generate sponge geometries that show excellent agreement in
both the global and the local properties that determine the optical
properties, which are the main focus of the current research in
this field.

Future work on the presented method with possibly added
anisotropic terms®*=>¢ could evaluate and compare other mor-
phological properties of experimental and computational sponges
such as the occurrence of certain well-defined crystal facets.

The presented method is easy to use and highly adaptable. For
this reason, we expect the method to play a key role in the further
investigation of the functional properties of the sponges. We
believe two research directions are particularly intriguing: On the
one hand, one can define ideal optical properties, which will
depend on the particular applications aimed at, and numerically
optimize the morphological parameters of the nanosponges
within the phase-field approach. In a next step, one would then
adjust the process parameters for the nanoparticle synthesis until
these show the desired geometrical properties that can be acces-
sed and tuned experimentally. On the other hand, one can
transfer the present approach to other quantities such as the
catalytic activity. For this research direction, the surface fraction
of high-index facets is expected to be an important morphological
parameter besides those listed in Table 1.

Methods

Sample preparation. Nanoporous gold nanoparticles are fabricated by alloying,
dewetting, and dealloying of a thin Au/Ag bilayer film. First, a bilayer of Au and Ag
is deposited onto a Si substrate with a SiO, diffusion barrier by electron beam
evaporation with thicknesses of 10 nm and 20 nm, respectively. In a subsequent
annealing step at 900 °C in an Ar atmosphere for 15 min, a Au/Ag alloy is formed
and the closed film transforms into solid nanoparticles by solid-state dewetting. By
submerging the sample in HNO3, the Ag fraction is removed and the nanoporous
structure with fine feature sizes of approximately 10 nm is created. Pore and
ligament sizes can be further adjusted in a coarsening process which is done by a
short low-temperature annealing. Particles referred to in this work as coarse-pored
were annealed for 1 min at 300 °C in vacuum. This increases the ligament diameters
from (12-15) nm to around (22-34) nm (measured manually in cross-section
images for 70 and 35 ligaments in the three main directions for a fine- and a
coarse-pored particle, respectively). The sample fabrication procedure is described
in more detail in refs. >7->8.

FIB slicing and imaging. One particle from each class, the coarse- and fine-pored
particles, is chosen for 3D reconstruction by FIB/SEM tomography. The slicing and
imaging is done using a FIB/SEM crossbeam Auriga 60 by Zeiss. Before the milling
process, a protection layer of either C/Pt or Cr/Pt is applied to the sample. Then, a
trench is milled in front of the particle under investigation. For serial sectioning,
the distance between two slices is set to be 2 nm, whereas the actual distance is

approximately 1.5 times larger. In Table 2, the resulting corrected voxel dimensions
of the as-captured images are listed. Other experimental details of data acquisition
by FIB milling and SEM imaging can be found in Supplementary Methods 1.1-1.3.
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Table 2 Voxel dimensions in X-, Y- and Z-direction of the
captured image stacks of both particles.

particle X [nm] Y [nm] Z [nm]
coarse 1.60 1.60 318
fine 2.23 2.23 3.15

For the Z-direction, the corrected slice spacings are given. The voxel sizes are of the same order
of magnitude as the resolution determined by the diameter of the electron beam and the radius
of the SE-emission region for illumination with the narrowest beam (both approx. 2 nm, see
Supplementary Methods 1.2.

Reconstruction. The individual steps of the reconstruction are described in detail
in the following.

Slice spacing. The ion beam increment of 2 nm that is set for the milling defines the
slice thickness. These dimensions are close to the lower limit of the device’s cap-
abilities, which can lead to significant deviations between the intended and the
actual slice thickness. A corrected slice thickness can be obtained by tracking image
features in slicing direction in a stack of laterally aligned images. This is done using
different features for the coarse- and the fine-pored particle resulting in a corrected
slice thickness of 3.18 nm (coarse-pored) and 3.15 nm (fine-pored), respectively.
The procedure is described in more detail in Supplementary Methods 1.2.

Alignment. The alignment or registration procedure is different for the coarse- and
the fine-pored particle. In the case of the coarse-pored particle, ESB (in-lens energy
selective backscattered electron detector) images are used to align the images in X-
and Y-directions with milled trenches perpendicular to the image plane. Subse-
quently, the same translation vectors are applied to the in-lens secondary electron
detector images, which have the contrast that is needed for segmentation. The Fiji
plug-in Template Matching is used for the alignments®>¢C. In contrast for the fine-
pored sponge, the accuracy of a simple template matching is not sufficient due to
the lower ratio of feature sizes to pixel dimensions. Thus, for the final alignment, a
manual shifting of the image slices is added with the help of a RGB color channel
overlay visualization with the Fiji plugin TrakEM2°!. Finally, the image stacks are
cropped to a volume that includes only the investigated sponges.

Segmentation. The image segmentation into a Au and a pore phase is done with an
easy-to-implement grayscale threshold after a median filter with a radius of two
voxels has been applied for noise reduction. This step is one of the most critical parts
of the reconstruction procedure as the selection of the threshold value can have a
strong influence on the resulting volume fractions and other geometric parameters by
shifting the phase boundaries locally and globally. For the coarse-pored sponge, the
influence is relatively weak because of the large ratio between feature sizes, such as
ligament diameters, and voxel dimensions. In this case, the voxel sizes and a suitable
grayscale threshold can easily be chosen. In the fine-pored sponge, there are ligament
structures with a minimum size of only 5 to 7 voxels diameter which increases the
sensitivity of geometric characteristics to slight changes of the selected grayscale
threshold. Thus, a suitable parameter has to be found to evaluate the threshold
selection. In this case, a unique separation via thresholding from the grayscale his-
togram is not possible due to the smooth contrast transition from the Au to the air
phase and due to the so called shine-through effect. The latter causes ligaments in
background planes to have intensities between the empty background and the wanted
Au in the current image plane that can partly overlap with the decreasing intensity at
Au/pore interfaces in the image plane.

As an alternative, several skeleton properties®63 were calculated as a function
of the grayscale threshold and a threshold corresponding to a characteristic
transition range is chosen. A more detailed description as well as graphed skeleton
properties are presented in Supplementary Methods 1.3.

Smoothing and filtering of 3D data. After reconstruction, the 3D models still have
slicing artifacts such as slicing steps which would disturb the later extraction of
morphological parameters, such as local curvatures. Thus, a smoothing operation is
required that conserves as well as possible particle properties such as phase volume
fractions, the total volume, or the number of pores and ligaments. In this work, the
smoothing of voxel data is done in three steps: First, the voxel resolution is increased
by a factor of 5 without interpolation. Then, a 3D Gauss blur is applied with the
standard deviation chosen so that the FWHM of the filter kernel corresponds to the
slicing distance which creates again a grayscale transition between the two phases.
The binary and smoothed image stacks are then achieved with a grayscale threshold
of 127 corresponding to 50 % of the 8 bit grayscale depth. Supplementary Table 1
and Supplementary Methods 1.4 shows how the determined morphological prop-
erties are influenced by the preceding smoothing procedure and Supplementary
Figure 4 gives an optical impression of the smoothing effect.

3D data representation. A meshed 3D model representation is needed for the
visualization, the subsequent optical simulations, and the morphological char-
acterization. The Fiji 3D viewer is used here to convert voxel data to a mesh
representation in the STL file format after re-sampling the smoothed data with a
factor of two to achieve a model with a manageable file size®*. All further steps are
then carried out on the mesh representation. Possible conversion artifacts are
discussed in Supplementary Methods 1.5 and a comparison of the morphological
signatures is shown in Supplementary Table 2. Typical resulting 3D-rendered
images of the measured particles are presented in Fig. 3e and g.

Extraction of global morphological signatures and local curvatures. The global
morphological parameters were extracted from triangulations of both computer-
generated and experimentally measured sponge geometries in MATLAB using the
relations described in section 2. The extraction of local curvatures is more com-
plicated, as triangulations consist of linear surfaces. Discrete differential geometry
operators as developed by Meyer et. al*3 were implemented in MATLAB. In this
formulation, the mean and the Gaussian curvature H and K are evaluated on the
vertices of the triangulation and the principal curvatures x; and «, are calculated
from these according to:

i =H+ A, =H—VA @

with A= H? — K. The used calculation method is described in detail in ref. 4> and
only aspects in which we differ from Meyer et al. are mentioned here. Values on
vertices where rare numerical artifacts result in A <0 are removed instead of being
set to 0. ref. 3 also does not specify how to evaluate the sign of the mean curvature.
In the present work, the following sign convention is used:

_l — ) -
H=ZIH | sgn(Hon) 3)

where H is the mean curvature vector, 7 is the approximated vertex normal and
sgn(x) is the signum function. The vertex normals are calculated by averaging the
normal vectors of the adjacent triangles, weighted by the distance of the incenters
to the respective vertex. Due to the curvature only being evaluated in the vertices,
histograms depend strongly on sampling density, i.e. how the vertices of the tri-
angulation are distributed. The triangulations used in this work are meshed
satisfyingly fine and evenly, however.

Phase-field simulations. The phase-field simulations are carried out in a block-
shaped spatial region. For the first simulation step, the phase-field function is
initialized on small cubes that fill the block-shaped simulation domain. Each
cuboid region is randomly assigned a value of the phase-field function of either—1
or 1. Before time stepping, the phase-field initialization study step is carried out in
COMSOL, which smoothes out the otherwise numerically challenging sharp
transitions in the phase-field function between neighbouring cubes. To initialize
the second simulation step, the procedure described in Fig. 3a is applied. The
necessary shape to be cut out is determined from the equivalent ellipsoids of the
experimentally measured sponges. Further details, including the parameters, are
available in Supplementary Methods 2.1.

For the generation of the anisotropic sponge, first, a suitable alpha shape of the
reference sponge S, is created, using a filter radius of 25 nm. Then, both the alpha
shape and the sponge are sliced into many XY-slices and the filling fraction of each
slice pa(z) = A(2)/A4(z) is determined. Then, the volume fraction of gold inside the
entire rectangular domain at time #; is obtained for various values of the first
threshold parameter ¢r,) and the resulting monotonous nonlinear relation V{¢r,)
is fit using a suitable function (see Supplementary Methods 2.2 and Supplementary
Fig. 6). Using the approximation p,(¢r,) = V(¢1,), we can thus derive the
relation ¢7;(ps) and finally obtain ¢r1,,(z). The most relevant change for the
anisotropic case compared to section 2 lies in changing the initialization of the
second phase-field step from relying on an isotropic threshold value to a position-
dependent value, as well as substituting the simple half-ellipsoid to be cut out with
the more complex alpha shape.

Optical simulations. For the optical simulations, the sponge is placed centrally
within a block-shaped air region. To minimize numerical errors, the block is
chosen large enough so that at least three wavelengths fit completely inside the
block. The air block is completely surrounded by perfectly matched layers (PML’s).
As parametrization of the optical properties of gold, the data of Johnson and
Christy®® are used. The absorption and scattering cross sections are calculated
using the absorbed energy density and the Poynting vector, respectively. Further
details are available in Supplementary Methods 2.3.

Data availability

The raw data required to reproduce these findings, the processed 3D voxel data, and
animated images of the phase field and the optical simulations are available to download
from: https://doi.org/10.5281/zenodo.63945510. All other data supporting the findings
of this study are available from the corresponding author upon reasonable request.
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Code availability

The software and code developed for this research, i.e. code for handling of
triangulations, importing triangulations accurately into COMSOL Multiphysics,
evaluating the geometric properties presented in Table 1 and Fig. 4 and for creating the
anisotropic sponge are available under the following repository: https://zenodo.org/
record/7473275%7.
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