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The ascribed control of the optical anisot-
ropy enables to realize different dispersion 
regimes which for a given frequency mani-
fest as optical topological transitions (OTTs) 
in the isofrequency surface.[9] The four 
optical phases or dispersion regimes given 
by the isofrequency surface topologies are: 
an effective dielectric (ϵ⊥ > 0, ϵ∥ > 0), a Type I 
HMM (ϵ⊥ < 0, ϵ∥ > 0), a Type II HMM (ϵ⊥ > 0, 
ϵ∥ < 0), and an effective metal (ϵ⊥ < 0, ϵ∥ < 0).  
They are commonly described within the 
effective medium approximation  (EMA).[10] 
For example, in the case of a transition from 
a dielectric to a Type II HMM the isofre-
quency surface transforms from a spheroid 
to a hyperbole. In the absence of loss, the 
volume of the hyperbolic shell is infinite 
which feeds back into an infinite local den-
sity of optical states (LDOS).[11]

Multilayers are the most common reali-
zation of HMMs.[12] Of special interest 
is the interaction of temperature with 

multilayer HMMs, either in wavelength-switchable temper-
ature-actuated hyperlenses[13] and super absorbers[14] or in 
applications with high operating temperatures such as ther-
mophotovoltaics,[15,16] hyperthermia therapy,[17,18] or radiative 
cooling.[19–21] However, one of the key challenges for all of these 
proposed applications is thermal stability. Therefore, it is cru-
cial to understand how temperature changes the geometry and 
related optical properties of HMMs.

Here, we examine magnetron sputtered silver /amorphous-
silicon (a-Si) multilayers as a model system to study the thermal 
stability of HMMs. Silicon deposited by magnetron sputtering, 
which is suitable for large-scale photonics, is typically amor-
phous. Amorphous silicon is a different allotrope with dif-
ferent properties than the more widely studied crystalline sil-
icon  (c-Si). The Ag/Si system is characterized by the absence 
of a low temperature eutectic[22] and very low boundary solu-
bility on the two sides of the phase diagram.[23,24] To the best 
of our knowledge, a complete Ag/a-Si phase diagram does not 
exist, but silver diffusivity is known to be slower than in crys-
talline silicon.[25] Amorphous silicon also shows distinct optical 
properties,[26,27] which has been exploited in the field of solar 
energy.[28,29] Silver is considered the preferred metal for HMMs 
applications in the visible due to its low losses.[10] Moreover, 
magnetron sputtered stacked Ag/Si layers were one of the first 
systems for which hyperbolic behavior was demonstrated.[30]

In this work, we provide a detailed analysis of the thermal 
stability of layered Ag/a-Si HMMs. First, the design and optical 
properties of the structure are presented. Then, we examine the 

Hyperbolic metamaterials show exceptional optical properties, such as near-
perfect broadband absorption, due to their geometrically-engineered optical 
anisotropy. Many of their proposed applications, such as thermophotovol-
taics or radiative cooling, require high-temperature stability. In this work, 
Ag/a-Si multilayers are examined as a model system for the thermal stability 
of hyperbolic metamaterials. Using a combination of nanotomography, finite 
element simulations, and optical spectroscopy, the thermal and optical 
instability of the metamaterials is mapped. Although the thermal instability 
initiates at 300 °C, the hyperbolic dispersion persists up to 500 °C. Direct 
finite element simulations on tomographical data provide a route to decouple 
and evaluate interfacial and elastic strain energy contributions to the insta-
bility. Depending on stacking order the instability’s driving force is either 
dominated by changes in anisotropic elastic strain energy due thermal expan-
sion mismatch or by minimization of interfacial energy. These findings open 
new avenues to understand multilayer instability and pave the way to design 
hyperbolic metamaterials able to withstand high temperatures.
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1. Introduction

Hyperbolic metamaterials (HMMs) are periodic designer mate-
rials with controllable uniaxial optical anisotropy, in which the two 
components of the permittivity tensor can be engineered to have 
opposite signs, that is, ϵ⊥ · ϵ∥ < 0. This extreme anisotropy offers 
an unusual degree of freedom to direct the energy flow of light and 
gives rise to exotic phenomena, such as abnormal refraction,[1,2] 
super-collimation,[3,4] imaging beyond the diffraction limit,[5,6] and 
the realization of near-perfect broadband absorbers.[7,8]
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structural and optical changes of the system upon annealing. 
The driving forces behind the multilayer instability are exam-
ined. Finally, we explore the effect of different design para-
meters to test the scope of our findings.

2. Results and Discussion

2.1. Optical Design and Characterization

A schematic of the hyperbolic metamaterials realized in this 
work is illustrated in Figure  1a. HMMs were synthesized 
by magnetron sputtering keeping the bilayer unit cell size 
Λ = 40 nm constant for all data shown in Figures 1–3. The sam-
ples were sputtered on a c-Si wafer with 50 nm SiO2 and 50 nm 
SixNy as thermal barriers. The film thickness in the multilayer 
was confirmed by milling and imaging cross-sections  using 
focused ion beam assisted scanning electron microscopy (FIB-
SEM). Figure 1b reports the optical phase diagram in the visible 
wavelength range. The values of ϵ⊥ and ϵ∥ for selected geom-
etries are given in Figure  S2g,n,u, Supporting Information. 
To include nonlocal effects,[31] the optical phase diagram was 
obtained by FEM simulations and parameter retrieval along the 
directions parallel and perpendicular to the surface.[32]

The calculated plasmonic dispersion of HMMs with 30 and  
55 vol% Ag are shown on Figure 1c,d, respectively. The graphs show 

radiative modes left of the surface plasmon dispersion (SP) which 
intersect with the light line and modes at higher wavevector β and 
wavelength  λ which do not intersect with the light line and can 
be considered nonradiative.[33] Figure  1c,d further indicates that 
radiative modes exist in both the dielectric and Type I regimes. 
We observe the transition between these optical topologies experi-
mentally by measuring the reflectance ratio Rp/Rs as a function 
of incidence angle Ω, since the propagation of hyperbolic modes 
is limited to p-polarized light. The colormaps in Figure 1e,f show 
minima in the reflectance ratio for Type I and dielectric optical 
topologies in accordance with Figure 1b. Due to the non-radiative 
nature of the plasmonic modes shown in Figure  1c,d, no reflec-
tion anisotropy occurs at the Type II HMM and metallic regimes. 
Moreover, in the case of a system with 30 vol% Ag (see Figure 1e), 
the transition between Type I HMM and the dielectric phases 
should lead to a discontinuity in the pseudo-Brewster angle.[1,34] In 
agreement with the optical phase diagram (Figure 1b), our meas-
urements reproduce this discontinuity shown in Figure 1e caused 
by the change of sign in ϵ⊥ at λ = 550 nm.

2.2. Thermal and Optical Instability

Figure  2 shows the optical and structural response of the 
30 vol% Ag multilayers as a function of temperature. The samples 
were annealed in vacuum at 300 and 500 °C for 1 h. A schematic of 

Adv. Optical Mater. 2022, 2201749

Figure 1. Design of the hyperbolic metamaterial. a) Schematic of a deposited Ag/a-Si multilayer. b) Optical phase diagram for Ag/a-Si HMMs with 
Λ = 40 nm unit cell. The color code depicts the different zones: effective dielectric (ϵ⊥ > 0, ϵ∥ > 0), effective metal (ϵ⊥ < 0, ϵ∥ < 0), Type I HMM (ϵ⊥ < 0,  
ϵ∥ > 0), and Type II HMM (ϵ⊥ > 0, ϵ∥ < 0). The dashed vertical lines illustrate the expected compositions of the samples with 30 vol% Ag [for (c) and (e)] 
and 55 vol% Ag [for (d) and (f)]. c,d) Dispersion relationship of the bulk plasmonic modes of the c) 30 vol% Ag and d) 55 vol% Ag systems. The black 
continuous line indicates the light line in vacuum and the red line shows the dispersion relation of surface plasmons at a single Ag/a-Si interface.  
e,f) Measured ratio between the p and s-polarized reflectance of the e) 30 vol% Ag and f) 55 vol% Ag systems.
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the as-deposited structure is shown in Figure 2a, while Figure 2b 
illustrates a focused ion beam (FIB) polished cross-section of the 
as-deposited metamaterial. Figure 2c reports a comparison of the 
reflectance spectrum measured at normal incidence of the as-
deposited HMM with several calculated reflectance spectra. Inter-
estingly, the FEM simulations using a geometry without interfacial 
roughness (see also Figure  2a) do not reproduce the measured 
reflectance dip at 900 nm, while the reflectance spectrum obtained 
on the basis of the FIB cross-section does.

To understand the origin of this Lorentz-like dip in reflec-
tance of the as-deposited state, we employed the transfer-matrix 
(TM) method to model the reflectance of the HMM. Scalar 
scattering theory[35] was used to account for contributions of 
interfacial roughness (see Supporting Information). Figure  2c 
shows the calculated response accounting for roughness repro-
duces the experimental spectral response. This indicates that 
the reflectance dip at about 900  nm is caused by coupling to 
the propagating modes with high-k wavevector. In order to 
test whether this modes are hyperbolic, we placed a vertical 
oriented dipole inside the 3D tomography and simulated the 
energy flow, as shown in Figure  2d. The characteristic cone-
like pattern of the propagation is a fingerprint of hyperbolic 

behavior.[36] Furthermore, the energy flow is confined to the 
multilayer indicating the nonradiative nature of the mode. This 
result is in line with a previous theoretical work, which identi-
fied disorder, such as roughness, in an HMM as viable route 
to effectively couple to nonradiative highly absorbing modes.[37]

When subjected to thermal annealing in ultra-high vacuum, 
our HMMs exhibit two regimes. Upon annealing at 300  °C, 
the geometry of the HMM is no longer preserved. In both, the 
FIB nanotomography (Figure 2e) and the corresponding cross-
sectional image (Figure 2f), a redistribution of the lower three 
Ag-layers is evident. This reorganization is characterized by 
silver diffusion away from the HMM/substrate interface and 
by agglomeration and grain growth within the silver phase. 
Interestingly, the loss in structural integrity is not paralleled 
by a significant degradation of the optical properties. Despite 
the structural disorder in the HMM, the metamaterial is robust 
and exhibits still the characteristic dip in the reflectance spec-
trum (Figure  2g) and cone-like electromagnetic energy flow 
(Figure 2h).

Upon annealing at 500  °C, the geometry and distinct optical 
response of the HMM is lost. The FIB nanotomography (Figure 2i) 
and the corresponding cross-sectional image (Figure  2j), show a 

Adv. Optical Mater. 2022, 2201749

Figure 2. Thermal degradation. a) 3D model of the as-deposited structure with 30 vol% Ag. Silver is depicted in gray. e,i) 3D reconstructed FIB nano-
tomography of the samples annealed at e) 300 °C and i) 500 °C. The gray structure corresponds to the silver phase. b,f,j) FIB-SEM cross-sections of the as-
deposited (b), annealed at 300 °C (f) and 500 °C state (j). The bright color corresponds to silver. c,g,k) Experimental and simulated reflectance at normal 
incidence in the as-deposited state (g), after annealing at 300 °C (h) and 500 °C (k). FEM stands for finite element simulations assuming perfectly flat 
layers, CS-based FEM stands for FEM simulations when the geometry is imported from FIB-SEM cross-sections, and TM is the transfer matrix calcu-
lated reflectance including interfacial roughness. The shown simulated reflectance spectra in (g,k) are average reflectance spectra obtained by averaging 
over eight different cross-sections of the HMM. d,h,l) FEM simulation of the electromagnetic energy flow created by a point dipole (with its position 
and orientation depicted by an arrow) placed inside HMMs with different degree of disorder. The geometries are based on FIB-SEM cross-sections.
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dissolution of the multilayer and the formation of a complex Ag/a-Si 
composite in its place. The composite contains an interconnected 
silver phase mostly concentrated in center of the former HMM. 
Locally, we observe Ag segregation to the surface. At this degree 
of disorder, the optical response of the HMM is no longer pre-
sent and the measured and simulated reflectance spectra exhibit 
a quasi-flat response (Figure 2k). In addition, the electromagnetic 
flow in the geometry shown in Figure 2l does no longer feature 
the characteristic cone-like shape, confirming that the system has 
lost its hyperbolic dispersion at this temperature.

Generally, the inhomogeneous redistribution of silver in the 
HMM can be understood in the context of a structural instability 
triggered by temperature.[38,39] Here, we found the onset of this 
instability to be independent of the unit cell’s composition and 
to occur approximately at 300 °C for all experimentally analyzed 
HMM-designs (Figure S5, Supporting Information). Our experi-
ments further show that the HMM/substrate interface has a 
destabilizing role enhancing the kinetics of the fundamental 
processes in vicinity of this interface. This is an important result 
as commonly the reorganization of matter due to a thermal or  
multilayer instability is assumed to be isotropic.[40]

2.3. Thermodynamics of the Instability

Motivated by the experimentally observed anisotropic instability, 
we aim to identify the main contributions to its driving force. 

Intuitively, we can link the tendency of reorganization or pat-
tern formation in an inhomogeneous mixture, here the Ag/a-Si 
multilayer, to the lowering of the systems total free energy.[41] 
With reference to our layered HMM, we can formulate its total 
free energy F within the Cahn–Hilliard approach[42,43]

F c u f c c E c u V
V

� �
( , ) ( ) ( ) ( , )d2

el∫ κ= + ∇ +  (1)

Here, the thermodynamic potential has three main contribu-
tions, f(c) is the free energy density of the homogeneous system, 
κ(∇c)2 considers contributions from gradients in composition, 
for example, interfaces, while E c u

�
( , )el  is the anisotropic elastic 

strain energy density. c is the local concentration and u
�
 is the 

displacement vector. We assume that E c u
�

( , )el  originates at the 
HMM/substrate interface and results from the mismatch in 
coefficient of thermal expansion (CTE).

Taking advantage of our FIB nanotomographies, we per-
formed a series of 3D structural mechanics FEM simulations, 
as illustrated in Figure 3, to determine main contributions of 
κ(∇c)2 and E c u

�
( , )el  to the free energy change as function of tem-

perature. Since silver and silicon have a positive enthalpy of 
formation,[22] we can exclude chemical reactions in the system 
and assume that f(c) does not contribute to the free-energy 
change.[39]

Figure  3a–c show the elastic strain energy distribution at 
different temperatures. In Figure  3a, the elastic strain energy 
caused by the thermal expansion mismatch of Ag and a-Si was 

Adv. Optical Mater. 2022, 2201749

Figure 3. Analysis of the driving forces of the instability. a–c) FEM simulations of the elastic strain energy density of the geometries at different tempera-
tures, where the deformation of the geometries maps the thermal expansion. In (a) the nominal HMM design was simulated at both 300 and 500 °C. In 
panels (b) and (c) the elastic strain energy density is modeled by using the experimental FIB-nanotomography data of the annealed state. The graphs 
on the right show the mean values of the elastic strain energy density probed in different locations. d) Ag probability profiles derived from experimental 
FIB-CS. e,f) SEM images highlighting the change in surface topography—after annealing at 300 and 500 °C—due to silver segregation at 500 °C.  
g) Average specific energy change ΔE of the elastic strain energy density and interfacial energy density as function of annealing temperature. The change 
in elastic strain energy density is negative within the given temperature range, confirming its status as predominant driving force of the instability.
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simulated assuming nominal flat layers both at 300 and 500 °C 
with the latter being shown in the color scheme. The subset on 
the right shows that the elastic strain energy in the metal layer 
is approximately five times larger than in the dielectric, while 
the elastic strain energy in the metal decays exponentially from 
the HMM/substrate interface.

The thermal expansion and elastic strain energy density of 
the thermally degraded multilayers, shown in Figure  3b,c are 
calculated based on the experimental FIB nanotomographies of 
the annealed state. Overall, the redistribution of the silver phase 
significantly lowers the elastic strain energy density. A com-
parison between the subsets in Figure 3a–c shows a lower and 
more homogeneously distributed elastic strain energy within 
the degraded HMMs. Figure 3c illustrates the concentration of 
Ag in the center of the HMM when annealed at 500 °C, which 
leads to a significant reduction of the elastic strain energy. Par-
tial segregation of Ag to the HMM/ambient interface enhances 
this effect (see Figure 3e,f).

To illustrate the reorganization of the silver phase, 
Figure  3d reports the averaged silver depth profiles as func-
tion of temperature derived from classified FIB cross-sectional 
images. Interestingly, the silver distribution and profiles of 
the elastic strain energy show a similar thermal response. 
While in the first regime at 300  °C redistribution is limited 
to the HMM/substrate interface, the second regime includes 
agglomeration in the center of the HMM and partial segrega-
tion. This dynamics can be explained by considering the diffu-
sion length of Ag in a-Si (Figure S8a, Supporting Information) 
which exceeds the thickness of the HMM for temperatures 
larger than 425 °C.

To determine the main driving force of the instability, we cal-
culated the difference in elastic strain energy ΔEelast and interfa-
cial energy ΔEsurf. The change in elastic strain energy is derived 
directly from the FEM simulations, while the interfacial energy 
is given by the product of the interfacial area derived from the 
3D FIB-nanotomographies times the Ag/a-Si interfacial energy 
(Figure  S8b, Supporting Information). Figure  3g shows the 
change of these two main contributions to the free energy as 
function of temperature. The net change in free energy is nega-
tive for the analyzed temperatures, that is, the observed insta-
bility in fact reduces the system free energy.

Notably, at 300  °C, the change in elastic strain energy is 
negative, while the change in interfacial energy is positive, sug-
gesting that the lowering in elastic strain energy is the main 
driving force of the observed instability. At 500  °C both con-
tributions are negative, although the change in elastic strain 
energy being still predominant.

Our analysis underlines the importance of anisotropic 
contributions to the thermodynamic potential that describes 
thermal instabilities. Here, the anisotropic elastic strain energy 
due to thermal expansion mismatch is identified as the pre-
dominant driving force. Most previous literature on multilayer 
instabilities disregards this effect and treats the morphological 
redistribution in the context of interfacial energy minimization, 
including work on sputtered Ag/a-Si multilayers,[44,45] other sys-
tems with high CTE missmatch,[46–48] predictive models,[39,49] 
and reviews.[50] It should be noted that these conclusions are 
often based on experiments using transmission electron 
microscopy (TEM). Due to sample preparation these kind of 

experiments occur in the absence of a substrate and thus most 
likely fall short to reproduce the dynamics observed in real 
world materials.

2.4. Influence of Design and Stacking Order

Based on our previous analysis, this section  focuses on the 
question of whether the driving forces can be controlled by 
changing the multilayer design parameters. Hence, we changed 
the HMM design and investigated two samples with six unit 
cells (Λ = 30 nm) and 50 vol% Ag but different stacking order.
Figure 4a,d illustrate the design principle. The AB architec-

ture shown in Figure 4a exhibits the stacking order of the sam-
ples previously examined in Figures 1–3, where the layer in con-
tact with the substrate is silver. Figure 4b shows that, despite the 
design change, the structural evolution of the sample with the 
AB stacking order is in agreement with the instability observed 
in Figure 2: the onset of the instability at 300 °C occurs at the 
bottom interface and the multilayer has disappeared at 500 °C.

In contrast, in case of the BA architecture (Figure 4d) where 
amorphous silicon is the material in contact with the substrate, 
the instability occurs in the vicinity of the HMM/ambient inter-
face (Figure 4c). We attribute this change to lower elastic strain 
energy accumulation in the lower interface due to the simi-
larity in the CTE of a-Si and the substrate. In this context, the 
observed degradation on the top of the multilayer is likely dom-
inated by interfacial energy minimization, which leads to island 
formation as known from phenomena such as dewetting.[51]

The changes in the optical properties caused by degrada-
tion are shown by means of reflectance spectra at normal inci-
dence in Figure  4e,f for the AB and BA architectures, respec-
tively. Upon annealing, we observe the persistence of the HMM 
behavior at 300 °C, in line with the results shown in Figure 2. 
This indicates the robustness of optical phases of the HMM 
independent of the explored design parameters. At 500 °C the 
optical properties change and both systems show a flat reflec-
tance. We attribute this effect to loss of hyperbolic behavior due 
to multilayer degradation, as observed in Figure 2l. It is to note, 
that we observe hyperbolic behavior in a system composed of 
only three unit cells, which is below the minimum number of 
components proposed to achieve hyperbolic behavior.[10,52–54] 
For further insight into the optical response of these samples, 
the reader is referred to Figure S6, Supporting Information.

To test the limits of the second regime, we annealed the 
samples for 12 h in a vacuum at 600 and 800 °C. Figure 4b,c 
show that, after annealing at these temperatures, the contrast 
of the SEM images has dramatically changed. We attribute 
it to Ag evaporation, which is confirmed by the energy-dis-
persive X-ray (EDX) spectra on Figure  4g,h. This phenom-
enon leads to lower reflectivity, as shown in Figure  4e,f. The 
observed evaporation can be understood as a third regime of 
the thermal instability.

Interestingly, our experiments further show that one can 
impact the evaporation temperature by the stacking order. While 
in samples with BA stacking order silver evaporates at 600 °C or 
0.7 T/Tm (Figure 4h), the AB geometry still contains silver after 
the same treatment (Figure 4g) and evaporation is not observed 
until 0.85 T/Tm.[22] The difference can also be observed in the 

Adv. Optical Mater. 2022, 2201749
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reflectance spectra in Figure  4e,f. Together with the change on 
the pathway to the instability at 600 °C, these results confirm the 
dependence of the thermal stability on the stacking order.

3. Conclusion

If hyperbolic metamaterials are to become widely used in fields 
such as thermophotovoltaics or radiative cooling, it is crucial 
to understand their thermal stability. We examine magnetron 
sputtered Ag/a-Si layered HMMs as a model system to study 
the limits of stability at elevated temperatures. Using interfacial 
roughness as design parameter, we achieve near-perfect absorp-
tion above 0.45 homologous temperature in the studied HMMs 
by coupling to nonradiative modes.

We show that the system undergoes a thermal instability upon 
annealing in vacuum at 300 °C. We investigate the driving forces 
behind this structural degradation by a combination of FIB 
nanotomographies and FEM simulations. Our results indicate 
that the main driving force is the inhomogeneous elastic strain 
energy caused by a mismatch in thermal expansion between the 
metallic phase of the metamaterial and the substrate. This contri-
bution has often been disregarded[39,47] or assumed to be homo-
geneous.[38] Notably, the observed instability is tightly related to 
the HMM design, as co-sputtered Ag/a-Si[55] thin films preserve 
their structural integrity in the studied temperature range.

We believe that our experiments can open new ways to 
design multilayer metamaterials with enhanced thermal 
stability. The identification of elastic strain energy as the 
driving force of thermally-induced degradation in multi-
layers imposes additional material selection criteria when 
designing HMMs for applications in high-temperature 
environments. Besides having the required optical prop-
erties, the constituents should have similar CTEs to mini-
mize the elastic strain energy density. To fulfil this criteria 
is not straightforward because optical anisotropy in HMMs 
typically relies on the combination of metals and dielectrics, 
which have very different thermal expansion coefficients due 
to different types of bonding.[56] An interesting approach to 
overcome this limitation is to use natural hyperbolic mate-
rials, which derive their optical anisotropy from their crystal 
structure.[8,57] Other approaches to limit elastic strain driven 
degradation include geometrical designs beyond multilayers 
limiting the contact area with the surface[18,58,59] or substrate 
engineering aiming to reduce the CTE mismatch between 
the HMM and the substrate.[60]

4. Experimental Section
Synthesis and Annealing: The hyperbolic metamaterials in this work 

were deposited using magnetron sputtering (PVD Products Inc). Silicon 

Adv. Optical Mater. 2022, 2201749

Figure 4. Influence of stacking order. a,d) Schematic showing the difference in stacking order between the ABABAB (Si on top) and the BABABA  
(Ag on top) architectures. b,c) FIB-SEM cross-sections of the 50 vol% Ag multilayer with a bilayer unit cell Λ = 30 nm annealed at different tempera-
tures. The scale bar is 40 nm. e,f) Reflectance at normal incidence of the samples annealed at different temperatures. g,h) EDX results showing the 
presence of the Ag and Si peaks.
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(99.99% MaTecK GmbH) was sputtered using radio frequency (RF) 
sputtering, while silver (99.99% MaTecK GmbH) was deposited using 
direct current (DC) sputtering. Since DC deposition rates were higher 
than those for RF,[61] a precise determination of the sputter rates for both 
materials was needed to fabricate multilayers with the appropriate metal-
to-semiconductor ratios. In order to avoid oxidation during sputtering, 
zirconium (99.95% MaTecK GmbH) was used for gathering oxygen prior 
and during the multilayer deposition. Gettering during deposition was 
carried out with target shutter closed to avoid Zr deposition. The base 
pressure in the chamber before fabrication was kept below 1 × 10−6 mbar. 
The calibration of the sputter rate was achieved using focused ion beam 
cross sections (FIB-CS) and atomic force microscopy experiments. The 
samples were annealed for 1 or 12  h in a vacuum at 1 × 10−9 mbar in 
a Createc rapid-thermal annealing (RTA) setup, to prevent oxidation 
during annealing. The heating rate was kept at 5 K min−1 and no active 
cooling was used.

Structural Characterization and Simulations: Single and multiple 
cross-sections  of the HMMs were cut, polished, and imaged using 
a Zeiss NVISION 40 FIB. The EDX spectra were acquired using 
a EDAX Pegasus XM 2 System. Detailed information on the FIB 
nanotomography are given in Figure  S7, Supporting Information. 3D 
structural mechanics FEM simulations were carried out using Comsol 
Multiphysics 5.6.

Optical Characterization and Calculations: The refractive index 
of Ag and a-Si was measured on as-deposited samples at room 
temperature by variable angle spectroscopic ellipsometry with a J.A. 
Woollam M-2000 system. The optical properties of a-Si are known 
to be sensitive to the fabrication conditions.[27,62] A comparison 
between the experimental n and k values of magnetron sputtered Ag 
and a-Si with the corresponding literature data is shown in Figure S1, 
Supporting Information. M-2000 was also used to measure the angular 
and polarization-dependent reflectance spectra. The reflectance 
spectra at near-normal incidence were measured using a fiber-coupled 
reflectometer (OceanOptics).

Optical simulations were performed using Comsol Multiphysics 
5.6. The optical phase diagram in Figure  1b is based on the effective 
permittivities calculated using FEM simulations and S-parameter 
retrieval.[32] Transfer Matrix (TM) calculations were performed in a 
Wolfram Mathematica. Supporting Information is referred for a more 
detailed explanation of the transfer matrix method[63] and how it was 
modified to account for the effect of roughness.[35,64] The plasmonic 
dispersion was calculated based on ref. [65].

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