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Strong Coupling in Two-Phase Metamaterials Fabricated by

Sequential Self-Assembly

Jelena Wohlwend,* Georg Haberfehlner, and Henning Galinski

Self-assembly processes provide the means to achieve scalable and versatile
metamaterials by “bottom-up” fabrication. Despite their enormous potential,
especially as a platform for energy materials, self-assembled metamaterials
are often limited to single phase systems, and complex multi-phase
metamaterials have scarcely been explored. A new approach based on
sequential self-assembly (SSA) that enables the formation of a two-phase
metamaterial (TPM) composed of a disordered network metamaterial with
embedded nanoparticles (NPs) is proposed. Taking advantage of both the
high-spatial and high-energy resolution of electron energy loss spectroscopy
(EELS), inhomogeneous localization of light in the network is observed,
concurrent with dipolar and higher-order localized surface plasmon modes in
the nanoparticles. Moreover, it is demonstrated that the coupling strength
deviates from the interaction of two classical dipoles when entering the strong
coupling regime. The observed energy exchange between two phases in this
complex metamaterial, realized solely through self-assembly, implies the
possibility to exploit these disordered systems for plasmon-enhanced

catalysis.

1. Introduction

Plasmonic metamaterials and metasurfaces have attracted
tremendous research interest in the field of photocatalysis and
artificial photosynthesis because high absorption and local field
enhancement in these plasmonic systems offer the potential to
efficiently drive chemical processes by sunlight.['-¢]

To this effect, the damping of plasmons by non-radiative de-
cay into so-called “hot” carriers, that is, electron-hole (e-h) pairs,
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has sparked considerable and long lasting
theoretical and experimental interest. Es-
pecially, antenna-reactors complexes, often
made of nanoparticle dimers, utilize hot car-
riers generated in the plasmon-enhanced
near field to enhance chemical reactions by
light.!”#] For example, in ultra-small gaps
“hot” carriers can be used to drive polymer-
ization reactions.!>1%]

However, to guarantee technological im-
pact these concepts must find a scal-
able analog.

Among the strategies to design large
scale nanostructured materials, self-
assembly is a fundamental design principle
ubiquitous in living organism.!"! Intrigu-
ingly, architectures created by self-assembly
can be attributed to a single physical prin-
ciple, the minimization of free energy in a
nonuniform system. This principle is very
general and applies to all length scales and
material classes.!'?

In fact, self-assembly has shown to be an effective approach
to design large scale plasmonic metasurfaces!®®! for structural
color displays using thin-film growth mechanisms,!'* to assem-
ble plasmonic metamaterials by exploiting fluid instabilities!*’!
and to create fractal metamaterials for sensing applications based
on self-assembly of hot aerosols.I*] Despite the richness self-
assembly offers for materials design, its full-potential including
sequential combination of different self-assembly processes re-
mains to be exploited.

Here, we propose sequential self-assembly (SSA) as an adapt-
able and versatile platform to fabricate two-phase metamateri-
als (TPMs), that is, metamaterials with at least two functional
components. We select phase separation!’’~!%! in an immiscible
system and self-assembly by chemical dealloying!?*!] to realize
our two-phase metamaterial (Figure 1a). While the assembly by
phase separation is due to the spontanous formation of domains
from an unstable mixture,!??] self-organization in chemical deal-
loying results from a reaction-diffusion process, where the less
noble metal in a solid solution is dissolved at the liquid-solid
interface.[?*]

2. Results and Discussion

Magnetron sputtering is ideally suited to generate conditions that
facilitate phase separation on the nanoscale during growth.!18:24]
Especially in immiscible co-sputtered systems, the interplay
between the kinetics, such as the mobility difference of different
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Figure 1. Sequential self-assembly of disordered two-phase metamaterials. a) Schematic illustration of sequential self-assembly. First phase separation,
meaning the Al-Cu-Sn thin films separate into phase A (Al + Cu) and phase B (Sn nanoparticles) during the co-sputter process of Al, Cu, and Sn. Second
chemical dealloying, where the ternary material self-organizes into a Cu-based network and Sn nanoparticles by selective dissolution of Al. b) High-angle
annular dark field (HAADF) micrographs and elemental distribution maps of the as-deposited state confirming the phase separation of Al-Cu-Sn into a
two-phase metamaterial, with phase A being the Cu-Al thin film and phase B being Sn NPs, during deposition. ¢) HAADF micrographs and elemental
distribution maps of the dealloyed state showing a Cu based disordered network with randomly distributed Sn NPs.

elements, and the local thermodynamic potential favor phase
separation. In case of binary Cu-Mo thin films the phase separa-
tion can be controlled by the substrate temperature, resulting in
self-assembly of either vertically-, laterally-, or randomly- orga-
nized phases.[?®] We transplant this approach to the ternary Al-
Cu-Sn system which in the bulk phase diagram features a promi-
nent miscibility gap (see also Supporting Information).[?®! Specif-
ically, the deposition conditions were adjusted to favor growth ki-
netics that result in the formation of two phases at the nanoscale,
visible in Figure 1b.

After the initial phase separation, we make use of a second self-
assembly process: chemical dealloying. Dealloying is the selec-
tive removal of the less noble alloy component to form an open-
porous disordered network by a linearly propagating diffusion
front.?!l Here, the majority element Al is removed in the dealloy-
ing process. The resulting self-organized two-phase system, con-
sisting of a Cu network with embedded Sn nanoparticles (NPs),
is shown in Figure 1c.

Elemental distribution maps of Cu and Sn in Figure 1b,c indi-
cate the formation of two phases, thatis, Sn NPs and a Al-Cu thin
film respectively a Cu network, through the SSA process (see also
Supporting Information).

To study the formation of these two-phase systems and to map
their local plasmonic environment, we use electron energy loss
spectroscopy (EELS). EELS has emerged as the ideal technique to
characterize hybrid metamaterials on the nanoscale.[’-°] EELS
is able to to excite and spatially probe surface and bulk plasmons.
Thereby, chemical information can be obtained from the bulk
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plasmon peak of plasmonic nanostructures as the energy of the
bulk plasmon is directly proportional to the electron density.

We study the local evolution of the bulk plasmon mode by
EELS (Figure 2), to confirm the formation of a two phase-system.
To underline the robustness and reproducibility of our SSA ap-
proach, two different samples are shown. The bulk plasmon en-

ergy By = h
therefore is Well sulted to identify local chemical variations in-

cluding phase formation at the nanoscale (Figure 2). To this ex-

tent, two different phases can be identified in the EELS maps
and spectra shown in Figure 2: the Cu-based nanometric net-
work with @, =21.7 eV and Sn NPs with their bulk plasmon peak
centered at w, = 14.0 eV. The measured bulk plasmon energy of
Sn is in good agreement with values reported in literature, 3%
whereas the Cu peak slightly deviates from reported values.[3233]
This deviation might stem from residual Al or partial oxidation
shifting the bulk plasmon peak to higher energies. Remarkably,
both size and shape of the NP phase can be engineered by chang-
ing the kinetics of phase separation during growth (see also Sup-
porting Information), so that NPs with spherical (Figure 2a), el-
lipsoidal (Figure 3a) and arbitrary shapes (Figure 1b,c) can been
realized. Thus, self-organization during growth provides a mech-
anism to tune the plasmonic resonance of these particles, which
critically depends on the prevailing geometry.?! Generally, mod-
ification of the NP geometry not only affects the resonance fre-
quency, but also enables to alter the absorption cross-section**]
and near-field enhancement.*!

" scales with the free electron density n,, and

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

858017 SUOWWIOD 8AIIeID 8|qeot[dde au A peuienob ae sspiie YO ‘8sn Jo sa|n. 10y ArIq1T8ULUO 8|1 UO (SUORIPUOD-PUR-SLLIBYALIOD"AB | 1M AeIq 1 U1 |UO//STIY) SUORIPUOD pue SWe 1 8y} 885 *[£202/20/08] U0 Aflq1T8ulluO A8|IM ‘Je aluepexy aUosLieziBMUS Ad 895005202 LLOPe/Z00T 0T/I0pALI0D" A8 |IMAe.q Ul uo//Sdny Wouy pepeojumod ‘0 ‘TL0TS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

a b

www.advopticalmat.de

Sn14 eV

13-15eV

Cu21.8 eV

MR aul

5
S,
2
Qi
3 - 3
ot 10 30 o
o Energy [eV] A
(?l 2 M
Sn 14 eV\ _
5
S,
]
Qi
[

M ul

21-24¢eV

10

20 nm Energy [eV]

30

20 nm

Figure 2. Chemical analysis by mapping bulk plasmon modes a,c) EELS analysis of two metamaterials including HAADF micrographs of Cu-Sn networks
with embedded Sn NPs, color-coded maps of bulk plasmon excitation of Sn NPs (I) and Cu-Sn network (I1). b) The specific regions of the spectra are
indicated with colored squares in the HAADF micrographs. A clear shift of AE =8 eV between the two bulk plasmon peaks is observed, confirming the

formation of a two-phase system.
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Figure 3. Localized Surface Plasmon Resonances (LSPR) in Sn nanoparticles a,b) measured and simulated EELS maps for selected energies correspond-
ing to the intensity maxima identified in the EELS spectra with (1) dipolar mode, (I1) quadrupolar mode, (111) breathing mode, and (IV) bulk plasmon
mode. c) Simulated and measured dependence of the dipolar mode energy on the long semi-axis of the Sn nanoparticle.

We begin to study the complex photonic environment of the
two-phase network metamaterial, by characterizing the modal
properties of the NP phase. The sustained localized surface plas-
mon (LSP) modes of a selected ellipsoidal Sn NP excited by the
electron beam are reported in Figure 3. To achieve further insight
on the characteristics of this modes, the EELS signal is mapped
within a selected energy range centered around the resonance
energy of each mode (Figure 3a I-IV). The Sn NP exhibits sev-
eral localized SP resonances including a dipolar mode centered
at 3.3 eV and higher order (HO) modes including a quadrupo-
lar mode (5.8 eV) and a breathing mode!*®! (10.4 eV). Quadrupo-
lar modes and breathing modes are typically optically dark ex-
citations, meaning they cannot be excited by light, highlighting
again the advantages of characterizing plasmonic structures by
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EELS.3¢] The bulk plasmon peak in Figure 3a IV visualizes the
spatial dimensions of the Sn NP and additionally confirms the
chemical nature of this particle.[3!]

Figure 3b compares the experimentally obtained EELS data
with electron energy-loss simulations performed using the
MNPBEM toolbox.3”! Here, the Sn NP is modeled as an ellipti-
cal cylinder to match the shape of the experimentally observed
NP, with a height of 15 nm using refractive index data from
literature.38! Complementary simulations for spherical particles
can be found in Supporting Information. Impressively, the ob-
tained resonance energy and simulated EELS maps shown in
Figure 3b are in good agreement with the experiment. While
all experimentally observed modes are reproduced, slight devi-
ations in the resonance energies are found. These deviations can
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Figure 4. Global network mode in disordered network metamaterials. a) Schematic illustration of the plasmonic response in a network metamaterial,
exhibiting a set of coupled electromagnetic dipole-like resonances (balls and springs), whose distribution and interaction is given by the local connectivity
and curvature of the dealloyed Cu-network. b) HAADF image of a disordered Cu network metamaterial. c) Color coded EELS map containing global
network modes (GNMs) with an energy of 1.8 eV forming local hot spots on network studs and d) EELS spectra from different hot spot regions, 10 x
10 nm?, highlighting the efficient localization of light over a broad frequency range(Aw = 1.8 + 0.076 eV). The specific regions are indicated with colored

squares in (b).

be explained by the influence of the surrounding Cu-network on
the non-retarded resonance energy of the modes!*! as well as by
deviations of the experimental NPs from the simulated ellipti-
cal cylinder.

The LSP modes of metallic NPs are highly dependent on shape
and size, a trend also observed in our Sn NPs.[??40 With an in-
crease in particle diameter (long semi-axis) the dipolar mode is
red shifted, as shown in Figure 3c, where the dipolar mode en-
ergy is displayed as a function of the particle diameter. A similar
linear scaling is found for simulated elliptical Sn NPs (Figure 3c),
while the difference in slope might originate again from the sur-
rounding medium as well as from size and shape differences be-
tween the simulated elliptical cylinders and the experimentally
measured imperfect Sn NPs.[*1]

Next, we characterize the plasmonic response of the second
phase: the Cu-based dealloyed network. These networks can be
represented as coupled dipole-like networks (Figure 4a), where
the disordered network traps and localizes surface plasmon (SP)
waves.[*?] Figure 4b shows a HAADF scanning transmission elec-
tron micrograph of such a disordered network. The disorder,
which is a product of self-organization during dealloying, is char-
acterized by the complete absence of translational symmetry and
an abundant variety of different curvatures that arise from local
variation in edge length and connectivity (see also Figure 1c). To
visualize the distribution of plasmonic modes of the network, we
map the EELS signal, centered at 1.8 eV within a spectral window
0f 0.33 eV (Figure 4c). We observe large fluctuations in EELS in-
tensity (Figure 4c) which is linked to the local density of optical
states (LDOS).I*3] Such fluctuations confirm both the highly in-
homogeneous spatial distribution of the plasmonic eigenmodes
and their ability to localize energy at nanometric scales in so-
called “hot-spots”, that is, regions of high field intensities.[*!]
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To demonstrate the effect of disorder on the localization in the
network, we probe three different hot-spots with a fixed area of
10 nm? (Figure 4b) and compare the corresponding EELS spectra
in Figure 4d. Remarkably, all three hot-spots localize polychro-
matic light very effectively while their spectra have quasi iden-
tical line-shape featuring the same broadband response Aw =
1.80 + 0.07 eV centered at 1.8 eV. We can infer the formation
of such a broadband plasmonic response to the disorder in the
system, causing an equal distribution of the input energy be-
tween all plasmonic modes of the network.*>#] Here, the lo-
calization length of these modes appears large enough, so they
can extent over several “hot-spots”,[*®) resulting in a delocalized
“global” plasmonic response of the network. Reminiscent to con-
nected wire-mesh metamaterials,*’! these global network modes
(GNMs) rather rely on the connectivity of the network.[*243]

To study the interaction of the network modes and LSP modes,
we investigate the EELS probability in the vicinity of ellipsoidal
NPs. The ellipsoidal NPs were specifically chosen for their large
aspect ratio ¢, defined as the ratio of the long semi-axes to short
semi-axes. Compared to spherical NPs, these particles exhibit an
increased local near-field enhancement, which in case of spatial
mode overlap can result in an increased coupling between the
nanoparticle and network mode.[**] Figure 5a,b II each show the
EELS intensity of network modes in the vicinity of a single el-
lipsoidal Sn NP. The signal is strongly modulated and radially
decreasing around the NP, suggesting that the mode spectrum
is significantly modified and energy is exchanged.

To describe this mode coupling and its radial dependence in
more detail, it is convenient to divide the area around the NP in
thin nanometric shells. To only consider the high field regions
of the dipolar mode of the Sn NPs (Figure 3a I), the shells are
further divided into four sectors using the orientation (long axis)

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Mode Coupling a,b) (I) HAADF image of disordered two-phase metamaterials with color-coded maps of network mode (I1) and dipolar mode
(111). ¢,d) Waterfall plot of EEL spectra averaged in the shell sectors around nanoparticles 1and 2, where the dipolar mode of the Sn NP is dominant. The
color transition from yellow to orange to violet, corresponds to an increased in shell number around the NPs. Peak maximas (GNM and dipolar mode)
from fitting the oscillator model to the experimental data are indicated by colored dots in the EEL spectra. The peak shift of both modes is indicated by
a dotted black line. The figure inset shows schematically the division of the EELS maps into sector shells around the NP e) (1) Schematic illustration of
the coupling between the GNM and the dipolar nanoparticle mode with the first shell around the NP shaded in pink. (II) Schematic illustration of the
oscillator model, that is, two forced damped coupled harmonic oscillators. f) Calculated coupling constant € for particle 1 (purple diamond, {yp, = 2)
and particle 2 (pink star, {yp, = 4) as a function of the distance d to the Sn NP. The two different coupling regimes are shaded in purple, weak coupling

with Q scaling with 1/d? and pink indicating strong coupling in close proximity to the nanoparticle.

of the NPs. A more detailed approach to the segmentation of the
EELS maps is found in Supporting Information.

By calculating the average EELS spectrum in each shell, we
retrieve the evolution of the EELS spectra at discrete distances
around the nanoparticle (Figure 5¢,d). Here, we limit ourselves
to sectors in direction of the long axis of the Sn NPs, while the
other direction is given in Supporting Information. In the wa-
terfall plots in Figure 5¢,d, we find that the spectra of the GNM
(~1.8eV) and the dipolar LSP (~3eV) clearly shift when moving
away from the NP center. The dashed trend line in Figure 5c,d
suggests avoided crossing!*®! of the GNM and the dipolar mode,
a phenomena where two modes first approach and then repel
each other. Avoided crossing is evocative of mode coupling.
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To paint a fuller physical picture, we use a set of coupled
damped harmonic oscillators to model the mode coupling.[*’! To
simplify, we disregard inter-shell interactions and only consider
interaction of one effective network mode with the dipolar LSP
mode within a single shell (Figure 5e I).

In the quasi-static limit, the two driven coupled oscillators
(Figure Se II) located at positions r; and driven by the force
F(r,, t) are described by the effective Hamiltonian

NP N
H= ; z_nl% + %m,-waf - Z Q.90 - z; F(r, )0, o

i# i=
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where Q, and P, represent the displacement coordinate and con-
jugate momentum, m; the effective mass, and w, the resonance
frequency of the ith dipolar mode. Furthermore, €; is the cou-
pling strength for pairwise near-field dipole-dipole interaction. A
detailed discussion on the model solution and shell fitting can
be found in Supporting Information. We find good agreement
between the experimental data and our model, in terms of peak
width and spectral position. The maxima of the modeled spectra
are indicated by colored dots in Figure 5¢,d and connected by a
dashed trend line.

Moreover, the coupled oscillator model can be used to deter-
mine the coupling strength Q;; between the global network mode
and the dipolar LSP mode in each cell. The fitted coupling con-
stant Q as a function of d is shown in Figure 5f for the two se-
lected particles.

In case of two classically interacting dipoles, we expect Q to
follow 1/d? in the near-field.**! We observe this scaling for the
outer shells, visible in Figure 5f, shaded in light purple. In this
region Q < w; the interaction lie in the weak coupling regime.

An important finding of our analysis is observed with d be-
coming smaller (d < 50nm), where Q ~ w, stops to follow 1/d?
(Figure 5f, shaded in light pink) and is accompanied by signifi-
cant peak broadening (Figure 5¢,d). The observed increase in cou-
pling strength Q can be associated with the difference in aspect
ratio ¢ yp; = 2 and ¢ p, = 4 of the two particles. This finding indi-
cates a change in the coupling regime from weak to strong cou-
pling in close proximity to the Sn NPs, as Q approaches w;. We
therefore find striking similarities between our system and the
break down of dipol-dipol interaction in NP dimers with ultra
small gaps.[°%) The observed mode coupling outlines the possi-
bility of energy exchange between the disordered network meta-
material and a second system over a large area. Realizing energy
exchange, that is, mode coupling in novel materials based on self-
assembly, offers pathways toward large scale energy materials for
plasmon-enhanced catalysis.

3. Conclusion

In conclusion, we have experimentally demonstrated a general
principle based on sequential self-assembly for fabricating large-
area two-phase metamaterials with a transition form weak to
strong coupling between the two different phases. By selecting
two specific self-assembly reactions, namely phase separation
and chemical dealloying, a two-phase metamaterial consisting
of a disordered Cu network metamaterial and Sn nanoparticles
has been manufactured. Engineering of the size and shape of the
nanoparticles and the network!*! is readily achieved by altering
the deposition parameters. Thereby, the self-organization during
growth provides a versatile mechanism to modify the plasmonic
response of the nanoparticle phase. As our approach relies on ba-
sic thermodynamic principles, it may apply to other ternary sys-
tems with a miscibility gap and also to systems with the tendency
to form metastable intermetallics.

Electron energy loss spectroscopy allowed for fundamental in-
sight in the modal properties of these two-phase metamaterials.
We presented first experiments showing inhomogeneous local-
ization of optical energy in “hot spots” of the network. The spec-
tra of plasmonic eigenmodes measured in different “hot-spots”
of the network are quasi identical, suggesting that the network
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provides a means for energy equipartition. Previous experimen-
tal works[*24] studying similar networks in the context of perfect
absorbers, imply that a significant fraction of these plasmonic
eigenmodes are accessible from the far field.

Beyond the localization of light in the network phase, we
demonstrate that mode-coupling is achieved between the plas-
monic modes of the network and the nanoparticles. In close prox-
imity to the nanoparticle, the system transitions to the strong
coupling regime which goes alongside with a breakdown of the
classical dipole-dipole interaction. This presents a promising ap-
proach for designing a variety of coupled two-phase metamateri-
als which may include a dielectric phase or active phase, such as
quantum dots, in addition to the plasmonic phase.

The possibility to design complex coupled systems solely by
self-assembly and the ability to effectively localize polychromatic
light at the nanoscale, offer unique opportunities to exploit these
two-phase metamaterials as a platform for light harvesting and
plasmon-enhanced chemistry.

4. Experimental Section

Sample Fabrication: The samples were created by a two step process.
In a first step, Al-Cu-Sn thin films were co-sputtered onto commercial car-
bon supported gold TEM-grids. In a second step, the films were chemi-
cally dealloyed in a 1T M NaOH aqueous solution, to form a disordered
open-porous nano-network. Detailed deposition parameters are reported
in Supporting Information.

EELS Measurements: All EEL spectra were obtained by a monochro-
mated FEI Titan 60-300 with an imaging filter (Gatan GIF Quantum) oper-
ated in scanning mode at 300 kV. The spectra were acquired with a disper-
sion of 0.25, respectively, 0.1 meV per pixel. Additionally, all spectra were
treated with the HQ Dark Correction plugin.

EELS Data Processing: Postprocessing of the EELS data included the
alignment of the spectra with respect to the position of the zero-loss peak
(ZLP), normalization of the maximum intensity of the ZLPs in each pixel
and removal of the ZLP by fitting of a premeasured ZLP using the Mat-
lab Spectrum image analysis tool>’] and DigitalMicrograph (Gatan). Ad-
ditionally, a script for DigitalMicrograph was developed to analyse the EEL
spectra in relation to the distance from a selected particle.

Simulations: Complementary simulations were preformed using the
MNPBEM toolbox with the Sn nanoparticles modeled as an extruded
ellipse.3”] The dielectric function of Sn was approximated by a Drude-

wp? 2 N €n@1n”
o(w+iyp) 1=1 " (w+2i6,2)~wp,2
€4 = 1.203, hwp = 12.439 (eV) and Ay p, =0.757 (eV) taken from McMahon
et. al 38

Lorentz model €(w) ~ e, — whereby

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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