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field localization and enhancement. The 
resulting intensity hot spots can be used for 
a variety of applications in field-enhanced 
nonlinear optical effects,[1–3] biochemical 
sensing,[4–6] as well as for the realization of 
localized light sources for imaging[6] and 
photo catalysis.[7] Nanoantennas of various 
geometries and shapes, including metallic 
strips,[8] bow-tie,[9] nanoparticle[10] and nano-
disc[11] arrangements, core–shell nanostruc-
tures,[12] and nanorods,[13] have exhibited 
strong resonances and large field enhance-
ment. The localized surface plasmons 
(LSPs) of metallic nanoparticles are the 
result of the coherent coupled oscillations of 
conduction electrons within the particle and 
the oscillations of the electromagnetic field 
within an optical mode tightly bound to it. 
The spectral positions and quality factors of 
the LSPs depend on the size, morphology, 
and materials of the particle, as well as the 

optical properties of the surrounding medium.[14] Furthermore, 
plasmonic nanostructures comprised of two or more material 
components present considerable advantages compared to com-
monly employed individual nanoparticles due to the additional 
degrees of freedom in their design, which vastly extend oppor-
tunities to engineer their optical properties to target particular 
applications.[7,12,15,16] Additionally, the corresponding near-field 
interaction between the plasmonic components strongly depends 
on the nanoparticle shape, relative position, gap size between 
adjacent nanoparticles and polarization of the excitation field.[15] 
Particularly, split metallic nanorods separated by nano-gaps show 
Fano resonances resulting from the interference of bright and 
dark modes in nanorod segments of various lengths. Therefore, 
such resonances can be tuned by changing the gap size and the 
lengths of the nanorod segments,[17] and have interesting applica-
tions in the fields of sensing and active plasmonic devices.

Metamaterials, composed of nanolayer composites or sub-
wavelength arrays of nanoantennas (meta-atoms), have opened 
up a new era in optical materials, providing a revolutionary way 
to engineer the optical properties through nanostructuring. 
This led to the demonstration of several intriguing and prac-
tically important optical phenomena, such as negative index 
materials,[18] imaging beyond the diffraction limit,[19] optical 
cloaking[20] and giant nonlinearity.[21] Recently, a new class of 
metamaterials based on self-assembled arrays of ordered gold 
nanorods showed an exciting anisotropic optical behavior 
defined by the electromagnetic interaction between the rods 

Strong electromagnetic field confinement and enhancement can be readily 
achieved in plasmonic nanoantennas, however, this is considerably more 
difficult to realize over large areas, which is essential for many applications. 
Here, dispersion engineering in plasmonic metamaterials is applied to suc-
cessfully develop and demonstrate a coupled array of plasmonic–dielectric 
nanoantennas offering an ultrahigh density of electromagnetic hot spots 
(1011 cm−2) over macroscopic, centimeter scale areas. The hetero-metamaterial 
is formed by a highly ordered array of vertically standing plasmonic dipolar 
antennas with a ZnO gap and fabricated using a scalable electrodeposition 
technique. It supports a complex modal structure, including guided, surface 
and gap modes, which offers rich opportunities, frequently beyond the local 
effective medium theory, with optical properties that can be easily controlled 
and defined at the fabrication stage. This metamaterial platform can be used 
in a wide variety of applications, including hot-electron generation, nanoscale 
light sources, sensors, as well as nonlinear and memristive devices.
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1. Introduction

Light can be efficiently localized at the nanoscale through the exci-
tation of plasmonic modes supported by metallic nanostructures. 
The interaction of plasmonic modes in two or more metallic 
nanostructures separated by a nanoscale gap leads to even higher 
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VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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in the array.[22,23] Due to the subwavelength inter-rod separa-
tion, their optical properties in the visible spectral range can 
be described within the effective medium theory (EMT) by a 
diagonal effective permittivity tensor xx yy zz

eff eff effε ε ε= ≠ ,[24] where 
the (x,y)-coordinate plane is perpendicular to the nanorod main 
axes and the z coordinate axis is along them. A particularly sig-
nificant consequence of this is that above a certain wavelength 
in visible or near-IR regions xx yy 0,

effε > , while zz 0effε < , which 
leads to striking changes in the optical behaviour of the meta-
material – its dispersion becomes hyperbolic.[25] Such metama-
terials demonstrate many intriguing optical effects and a variety 
of possible applications in sensing and nanochemistry,[26–28] 
optomechanics,[29,30] neuromorphic computing,[31] emission 
control and lasing,[32–35] nonlinear optics,[36,37] and imaging.[38,39] 
Importantly, the optical response of a nanorod metamate-
rial layer, both in transmission and reflection, can be tuned 
throughout the visible and into the infrared spectral ranges 
by varying the geometry of the nanorod arrays and the permit-
tivity of the surrounding medium at the fabrication stage[22,40,41]  
(see Figures S1–S3, Supporting Information). Particularly, tem-
plate-based technologies offer a highly-controlled way to fab-
ricate plasmonic nanostructures over large areas and in large 
quantities compared to conventional litho graphy and focused 
ion beam techniques.

In this study, we merge two major concepts of plasmonics: 
the ability of plasmonic structures to confine and enhance light 
at the nanoscale and engineering of the photonic modes in a 

complex metamaterial environment. This is achieved using a 
nanophotonic platform based on self-assembled Au/ZnO/Au  
split-rod metamaterials (Figure  1a,b). ZnO, which is a 
transparent and wide-bandgap semiconductor, forms a narrow 
gap between two gold segments, thus defining a nanoscale 
region for the strong field enhancement in the resulting split-
rod nanoantenna, forming an elemental component of the 
metamaterial (meta-molecule). Furthermore, the resistance of 
ZnO gap material can be tuned from semiconductor to insu-
lator at the fabrication stage during electrodeposition and post-
treatment, which adds flexibility in the split-rod metamaterial 
design and the control of the resulting metamaterial optical 
properties. Experimental and numerical studies have revealed 
that the modal structure of a metamaterial layer in the visible 
spectral range is defined by a complex interaction of collective 
guided modes and localized modes supported by both the split-
rod gap and the segments of plasmonic antennas themselves. 
For larger gap sizes, the optical response is mostly determined 
by the guided modes of the metamaterial heterostructure, which 
are modified by a phase delay introduced by the inter-rod dielec-
tric layer. For smaller gaps (≈5 nm), however, a very pronounced 
new type of gap-mode of individual metamolecules is excited, 
which affects the optical response by interacting with the guided 
modes. Furthermore, they strongly localize the fields on the 
nanoscale and offer high intensity enhancement. In the mid-IR 
wavelength range, a previously overlooked surface mode guided 
by the metamaterial-air interface has been also observed. The 

Figure 1. a) Schematic representation of the split-rod metamaterials. b) SEM cross sectional image of the split-rod metamaterial (Sample A). c) Zoom 
into the SEM image in (b). d) Sketch illustrating mode formation in an isolated nanoantenna and the split-rod metamaterial. Black arrows show the 
direction of the electric field, red curves signify the wave profile of the guided modes.
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presented approach provides a universal platform for realizing 
strong field enhancement on macroscopic scales in various set-
tings and for a wide range of applications, such as photolumi-
nescence and harmonic generation enhancement, control of 
hot-carrier dynamics and memristive behavior, as well as many 
others, utilizing a variety of plasmonic and dielectric materials.

2. Results and Discussion

Split-rod metamaterials were fabricated via sequential electro-
deposition of Au (bottom section), ZnO (middle section) and Au 
(top section) into a nanoporous Al2O3 (alumina, AAO) matrix 
produced by anodization of an Al film (see the Experimental Sec-
tion). At the final step, they present a highly ordered subwave-
length array of Au/ZnO/Au metamolecules comprised of two 
Au nanorod segments separated by a ZnO gap and embedded 
in an AAO matrix (Figure 1a–c). All geometrical parameters of 
the metamaterial can be easily controlled to engineer the optical 
response and to target particular applications. Two metama-
terial samples with different parameters were fabricated and 
studied. In Sample A, both gold segments of the same size with 
a 56 nm diameter and a 100 nm length are separated by a 30 nm 
ZnO gap. In Sample B, the gold segments with a 50 nm diam-
eter are unequal in length, being 200 and 450 nm long, and are  
separated by a 75 nm ZnO gap. In both samples the metamole-
cules form a quasi-periodic array with an average spacing of 
100  nm. Within the framework of the local EMT theory, in 
the first approximation the optical properties of the nanorod 
metamaterial do not depend on the particular type of the 
nanorod arrangement, being defined only by the metal filling 
factor.[23,24,42] Both Au and ZnO are electrodeposited in a poly-
crystalline form.[42,43] Gold was chosen as a standard plasmonic 
material with relatively low losses, which assures high quality 
factors of the resonances and, therefore, high field enhance-
ment. ZnO is a widely used material exhibiting photolumines-
cence, second-harmonic generation, and memristive behavior. 
Both plasmonic and dielectric components can be chosen from 
a wide variety of materials susceptible to electrodeposition. The 
employed nanostructuring process is based on self-organiza-
tion and is fully scalable to the macroscale – the nanostructured 
areas of the studied samples have the size of ≈7 mm and can be 
extended further.

Generally, the optical behavior of the metamaterial hetero-
structure can be understood starting from the optical response 
of its individual meta-atoms (metallic nanorods) and their inter-
action with each other. A metallic nanorod supports a set of lon-
gitudinal plasmonic modes having different numbers of nodes 
along its length and generally a set of transverse modes (usually 
the dipolar mode vastly dominates). For example, the charge 
distribution corresponding to the fundamental longitudinal 
dipolar mode is shown in the left diagram in Figure 1d. When 
two nanorods are brought together, they become coupled and 
modes in the nanorods become hybridized. In the case of a tip-
to-tip arrangement of nanorods, the hybridized mode with the 
lowest energy is presented in the diagram in Figure 1d. Being 
resonantly excited, this mode produces high field enhance-
ment in the gap between the two nanorods, and, therefore, it is 
immensely beneficial to combine the nanoantennas in an array 

and achieve a high density of the electromagnetic hot spots. 
When such a split-rod structure is placed in a closely spaced 
array with a subwavelength separation between the elements, 
there are effectively no diffractive effects and the nanostruc-
ture can be considered as a heterostructure of uniform uni-
axial media each described by an effective permittivity tensor. 
The optical properties of such a heterostructure are defined by  
i) two absorption peaks in transmission and ii) resonant exci-
tation of guided modes supported by the metamaterial. One 
absorption peak corresponds to the increased imaginary parts 
of the components xx ,

effε  and yy
effε  descendent from the trans-

verse dipolar plasmonic resonance of the individual nanorods, 
and the other is related to an epsilon-near-zero (ENZ) spectral 
range, marking an increase in the opacity/absorption when the 
effective permittivity component along the rods zz

effε  is close to 
zero.[42] The resonant excitation of the guided modes supported 
by the heterostructure can be clearly observed in reflection. 
There are three types of guided modes supported by this meta-
material (Figure 1d). The first type is a waveguided mode sup-
ported by the metamaterial layer, previously observed for con-
ventional nanorod (no gap) metamaterials.[23] When a dielectric 
gap is introduced into the metamaterial layer, it produces a 
phase delay affecting the cross-sectional field distribution and, 
therefore, the properties of the guided modes. Additionally, due 
to the resulting capacitor-like charge distribution across the 
gap, substantial field enhancement in the gap can be achieved. 
In the case of narrow (≈5  nm) gaps, a new type of resonant 
plasmonic modes can be supported by the gap of the meta-
atom, unique to the split-rod metamaterial. Finally, in the mid-
infrared region, a surface mode supported by the metamaterial-
air interface can be excited.

We start the experimental investigation with the study of 
the extinction properties of the heterostructure. In the case 
of p-polarized illumination, both split-rod metamaterials A 
and B exhibit two extinction peaks, with the magnitude of 
the long-wavelength peak increasing with the incident angle 
(Figure 2), reflecting the extinction properties of the conven-
tional nanorod metamaterials at the top and at the bottom of 
the structure. The short-wavelength extinction peak, existing 
for both s and p polarizations of the incident light, corre-
sponds to the absorption peak related to the excitation of the 
transverse plasmonic resonance of the gold nanorods (for both 
polarizations there is a field component across the nanorods). 
The long-wavelength peak, existing only for p polarization, is 
related to the wavelength at which the top and bottom meta-
material slabs are in the ENZ regime for the zz

effε  component. 
For s-polarization, it does not exist since there is no field along 
z-axis, while for p-polarization, its magnitude increases for 
larger angles with the increase of the electric field compo-
nent in z-direction. The positions of the extinction peaks can 
be derived from the EMT and are defined by the metal filling 
factor.[23,24,42] In sample B, with a lower metal filling factor, the 
two peaks are well separated, as the position of the transverse 
nanorod resonance and the zz

effε  ENZ point are far apart (at 535 
and 650  nm, respectively), while in sample A, with a higher 
metal filling factor, they spectrally overlap, when the trans-
verse resonance position and the ENZ wavelength are sepa-
rated by approximately a half of the resonance width (at 545 
and 605 nm, respectively).

Adv. Optical Mater. 2021, 9, 2001467
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Moreover, the metamaterial layer supports waveguided 
modes,[23] which do not significantly contribute to the extinc-
tion due to the dominance of the above-described effects, but 
which can be clearly seen in reflection, particularly using an 
attenuated total reflection scheme. The measured modal disper-
sion, marked by dark regions in the angular spectra of reflec-
tivity (Figure 3a,c), is in good agreement with the simulations 
(Figure  3b,d). Several guided modes of various orders can be 
identified by the minima in the reflection spectra (Figure  4). 
They can be easily traced to the original guided modes observed 
in the metamaterial layers without a gap (Figure S5, Supporting 
Information).[23] To get an insight into the physics of the guided 
mode formation, it is instructive to consider the EMT model, 
efficiently presenting it as a 3-layer heterostructure of uniform 
uniaxial metallic metamaterial slabs separated by a layer of its 
semiconductor counterpart. The spectral position and width of 
the fundamental guided mode in this case are predicted very 
precisely, while positions of higher-order resonances are spec-
trally shifted, as the EMT loses its accuracy toward shorter 
wavelengths (which start to be comparable with the nanorod 
spacing). It is interesting to note, however, that the intensity 
profiles across the layer are described by the EMT quite well.

To study the role of the gap width in the formation of the 
modes, the length of the metallic segments was fixed to 
100  nm, while the thickness of the ZnO layer between them 
was varied from 20 to 100 nm. In this case, the mode spectral 

positions move to longer wavelengths with the increase of the 
gap (Figure S6, Supporting Information). This evolution is par-
ticularly easy to understand for the fundamental mode which is 
well described by the EMT. With all components of the permit-
tivity tensor of the metamaterial known, the system allows an 
analytical treatment as a 3-layer slab waveguide, upon which it 
was found that the observed spectral shift agrees with the ana-
lytical prediction with ≈10% precision. Thus, the guided nature 
of the observed modes is further confirmed by the analytical 
theory. The charge distribution at the tips of the gold segments 
forming the gap (Figure  4c) further confirms the general pic-
ture of the charge distribution for the guided modes: the modes 
of the 1st (at 904  nm) and 3rd (at 624  nm) order have modal 
local peaks in the middle of the structure and, therefore, an 
asymmetric charge distribution at the rod interfaces, while 
the mode of the 2nd order at 760  nm has a node there and, 
therefore, the corresponding symmetric charge distribution. 
As the guided modes propagate along the metamaterial layer, 
the field in the gap and the charge distribution at the nanorod/
gap interfaces also move along the gaps in a wave-like fashion. 
It is interesting to note that a somewhat analogous approach 
involving a gradual change of the filling of the matrix has been 
used before, but for changing the position of the ENZ extinc-
tion peak.[44]

As in the case of close positioning of two individual plas-
monic nanoparticles, a narrow gap between the nanorod 

Figure 2. Extinction spectra of the split-rod metamaterials. a,b) Sample A (symmetric 100 nm Au segments of a 55 nm diameter embedded in an AAO 
matrix and separated by a ZnO gap with a thickness of 30 nm) and c,d) Sample B (asymmetric 450 and 200 nm Au segments of a 50 nm diameter, 
embedded in an AAO matrix and separated by a ZnO gap with a thickness of 75 nm) at various angles of incidence: (a,c) experiment, (b,d) full wave 
numerical modelling. In both samples, the metamolecules are spaced in the array with a 100 nm period.
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segments of the split-rod metamaterial promises substan-
tial enhancement of the local electromagnetic field intensity, 
leading to the increased light-matter interaction that is sought 
for numerous applications. Thus, nanorod materials with a 
5  nm gap were studied, offering the prospect for the highest 
field enhancement in the region of validity of the applied theo-
retical framework (local material response and electromagnetic 
theory, not requiring quantum corrections). It was also assumed 
that the position of the gap across the metamaterial layer can 
affect the intensity enhancement, so it was varied, spanning the 
entire thickness of the metamaterial layer. Finally, the investi-
gated spectral region was extended to include the full variety 
of the modes supported by the metamaterial layer (Figure 5). 
In the visible spectral range around 630, 740, and 870 nm, one 
can see the guided modes supported by the metamaterial layer 
identified above; their nature is also confirmed by the substan-
tial field localization in the AAO matrix (Figure 5c,d). However, 
when the gap is close to the bottom (z = 10 nm) or is located 
in the region z = 110−150 nm, the position of the mode is 
pushed to lower wavelengths (Figure 5a,b), because the guided 
mode spectrally shifts simultaneously with the appearance of 
a completely new mode at a wavelength of 950  nm (seen for 
z  =  10,  100,  130,  160 nm curves), demonstrating a classical 
modal anti-crossing behavior.

This mode is related to a substantial increase of the inten-
sity in the gap region while it is extremely low in the sur-
rounding matrix (Figure  5d). Thus, one can conclude that for 
the narrow gaps, a new type of mode exists in the visible spec-
tral range, supported by the gap. Examining the electric field 
distribution inside the gap, one can see that it is a fundamental 

metal-insulator-metal mode of the meta-atom, having two lobes 
in the electric field distribution (insets in Figure 5b).[33] It is inter-
esting to note that, quite counterintuitively, although this type of 
mode is usually considered to be higher order (compared to the 
dipolar one), it is the fundamental gap mode in the considered 
system, as it is the lowest order mode possessing a feedback 
mechanism needed to produce a resonance. As can be expected, 
this mode can also be excited by the s-polarized illumination 
(see inset in Figure 5b). However, it can be excited only for cer-
tain positions of the gap in the metamaterial layer. Interestingly, 
in the EMT description (Figure S7, Supporting Information), 
this gap mode can be excited at all the gap positions. This leads 
to the conclusion that the EMT homogenization theory stops to 
be applicable in this case and the local modes supported by the 
metallic nanorods start to play a decisive role in the excitation of 
the gap mode. Similar effects have been observed in the detailed 
studies of the metamaterial layer extinction and fluorescence 
inside the metamaterial; this led to the extension of the local 
EMT theory with its nonlocal counterpart.[35,42]

There is yet another mode in the mid-IR region around 
3000 nm which attracts attention. It cannot be either a guided 
mode or a gap mode, as it is located at a lower frequency com-
pared to the fundamental modes of these types. It can be easily 
identified from its intensity distributions as a surface mode 
supported by the metamaterial-air interface (Figure 5c). There-
fore, the metamaterial provides an opportunity to achieve sur-
face mode guiding at the mid-IR spectral range where most 
plasmonic metals and highly doped semiconductors would fail. 
The mode exists both in the solid- and split-nanorod geome-
tries. Coupling of this surface mode to the gap state provides 

Figure 3. a,c) Experimentally measured and b,d) numerically simulated dispersion of the metamaterial modes determined using an attenuated total 
reflection with p-polarized light for samples (a,b) A and (c,d) B. The angular range corresponds to 30°–70° in glass.
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an opportunity for selective excitation of the gap mode at a dif-
ferent depth with a different illumination wavelength.

The enhancement of the local field intensity is extremely 
important for the increase of light-matter interactions. These 
phenomena are particularly interesting if they can be arranged 
in a controlled way in certain spatial regions. In this respect, 
the intensity hot spots present in the gap, and their relation to 
the modes supported by the metamaterial structure, are espe-
cially interesting. To study this aspect and reveal the optimal 
conditions for maximal field intensity enhancement, the ratio 
of the field intensities integrated over the gap volume and over 
the matrix domain was plotted as a function of the wavelength 

and the gap position (Figure  6a), together with the electric 
field intensity profiles corresponding to the most efficient 
design-wavelength combinations (Figure  6b). In these simula-
tions, the width of the gap was kept at 5  nm, as it offers the 
highest field enhancement in the region of applicability of the 
local electromagnetic theory and absence of the electron tun-
neling effects. The hot-spots, presented in two left profiles in 
Figure  6b, correspond to the excitation of the guided modes 
producing a capacitor-like charge/field distribution in the gap 
(as shown in Figures  1d and 4b,c), expectantly leading to the 
field enhancement, though with a moderate magnitude. The 
second region of the field enhancement, not visible in the ratio 
plot in Figure  6a, but giving the absolute maximum value of 
overall integral intensity in the gap (Figure  5e), is quite sur-
prisingly related to the excitation of the surface waves at the 
metamaterial-air interface. As can be seen, the associated field, 
exponentially decaying into the metamaterial, can efficiently 
couple to the gap region. Very counterintuitively, the highest 
field intensity is not observed for the gap position close to the 
mode-supporting interface (where it is actually minimal), but 
closer to the opposite side (Figure  5e). This can be explained 
by the peculiarity of coupling- and distance-related phase shift 
between the incident light and the excited surface wave, influ-
enced by the local phase response of the involved metallic seg-
ments. The absence of the corresponding local maximum in 
the ratio plot in Figure 6a confirms the essential delocalization 
of the mode, when, in addition to the hot spot, there is substan-
tial presence of the mode fields in the matrix (Figure 6b, right 
intensity map), and in the air (Figure 5c). On the other side, the 
highest absolute and relative, with respect to the matrix, local 
field intensity is obtained with the quadrupolar gap modes (at 
960 and 968 nm in Figure 6b). As discussed above (discussion 
of Figure 5e in relation to Figure S7, Supporting Information), 
the local field intensity has a prominent dependence on the 
position of the gap due to the structure of the modes supported 
by the individual metallic segments, which is not described by 
the local EMT theory.

3. Conclusions

We have developed a controllable and scalable technique to 
fabricate split-rod metamaterials produced by quasiperiodic 
arrays of metallic nanorods possessing a gap. All geometrical 
parameters of the metamaterials can be controlled at the fabri-
cation stage, which, through the application of the design rules 
discussed above, gives the opportunity to engineer the modal 
structure and the local field enhancement. Particularly, in addi-
tion to the guided modes descendent from that in the nanorod 
metamaterials without a gap, a new type of meta material mode 
was revealed, specifically related to the resonant excitation in 
the semiconductor (or dielectric) gap, as well as a surface mode 
in the mid-IR spectral range. Generally, the surface mode gives 
the highest integral value of the electric field intensity in the 
gap, though with a substantial presence of the fields in the sur-
rounding areas. On the contrary, the gap mode produces the 
field hot-spots with the highest intensity, strongly localized in 
the gap region. Engineering plasmonic modes in the devel-
oped metamaterial approach presents an easy, scalable and 

Figure 4. a) Reflectivity of the split-rod metamaterial layer obtained 
using numerical modelling of the exact structure (green line) and the 
metamaterial heterostructure approximated using the EMT (red line). 
b) Electromagnetic field distributions in and around the metamate-
rial corresponding to the minima in (a) related to the mode excitation. 
c) Charge distributions at the top and bottom interfaces of the gap for 
the guided modes in the case of the discrete structure. The metamate-
rials parameters are as in Sample A, the p-polarized illuminating light is 
incident from the substrate side at the angle of 70°.
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Figure 5. a) Reflectivity of p-polarized light incident on the split-rod metamaterial layer at 70° obtained using numerical modelling, as a function 
of the position of the 5 nm ZnO gap across the metamaterial thickness (for the reference coordinate system see (c)). b) Zoomed cross-sections of  
(a) for selected gap positions. The insets show Ez field distributions at the mid-height of the gap for the cases of the most efficient quadrupole gap 
mode in (b) for s-polarization (z  =  62.5 nm, λ  =  952 nm) and, p-polarization (z  =  132.5 nm, λ  =  968 nm). c) Electric field intensity profile of the 
surface mode at λ  =  3175 nm. d,e) Distributions of the electric field intensity integrated over (d) the matrix and (e) the gap volume.

Figure 6. a) Ratio of the electric field intensities integrated over the gap volume (presented in Figure 5e) and the matrix domain (presented in Figure 5d) 
as a function of the wavelength and the position of the 5 nm ZnO gap across the metamaterial thickness, obtained using numerical modelling for 
p-polarized light incident on the split-rod metamaterial layer at 70°. b) The distributions of the electric field intensity for the modes corresponding to 
the local maxima in (a) as well as the absolute maximum in Figure 5e. The colors of frames around field maps in (b) correspond to the colors of the 
crosses in (a).
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inexpensive platform for the  realization of high-intensity hot 
spot arrays with a density exceeding 1011 cm−2, which is impor-
tant for many field-sensitive applications such as photolumines-
cence, hot carrier related phenomena and harmonic generation 
enhancement, or control of conductive filament formation in 
ultrahigh density memristive applications[31,45] when appropri-
ately chosen material is deposited in the gap. A variety of active 
materials, such as polymers, other metals, ferromagnetic mate-
rials or indeed semiconductors, can be electrodeposited in the 
gap during fabrication. Therefore, the proposed architecture is 
an universal platform for realizing strong field enhancement in 
a wide range of settings and for a plethora of applications.

4. Experimental Section
Fabrication: The fabricated split-rod metamaterials consist of two 

Au segments separated by ZnO, electrochemically grown into ordered 
nanoporous alumina templates synthesized by a two-step anodization 
process (Figure S1, Supporting Information). An aluminum film with a 
thickness of 800 nm was sputtered on a substrate comprised of a glass 
slide covered with a 10 nm thick adhesion layer of tantalum pentoxide and 
a 7 nm thick Au film acting as an electrodeposition electrode. Tantalum 
pentoxide was deposited by sputtering tantalum in a 20% oxygen/ 80% 
argon atmosphere. Then, the aluminum was anodized in two steps 
using a 0.3 m oxalic acid solution at 3 °C and 40 V. The first anodization 
was carried out for 5 min. It produced a 200 nm thick alumina film with 
randomly oriented pores. After it, the porous oxide layer was completely 
etched in a mixed solution of H3PO4 (3.5%) and CrO3 (20 g L−1) at 70 °C 
leaving an ordered, patterned surface. The samples were then subjected 
to a second anodization step under the same conditions as in the first 
step to produce an alumina film with an array of highly ordered pores. 
They were subsequently etched in 30 × 10−3 m NaOH to remove a barrier 
layer at the bottom of the pores, thus exposing the gold electrode, and 
to tune the diameter of the pores. The pore geometry and spacing 
can be controlled over a wide range with nanoscale precision by the 
choice of the anodization conditions and chemical post-processing. 
The first electrodeposition of gold into the nanopores to produce the 
bottom metallic segment was performed in a three-electrode geometry 
using a non-cyanide solution. The electrochemical deposition of ZnO 
was carried out by the three-electrode system at −1.2  V using a bath 
containing 0.3 m Zn (NO3)2 and 0.1 m H3BO3 at 100 °C. After the short 
electrodeposition of ZnO on the top of the bottom gold segment, gold 
was electrodeposited again to produce the top gold segment. The length 
of the metallic segments was controlled by the electrodeposition time. 
Samples were annealed at 350 °C to tune the composition of ZnO. ZnO 
is one of the most commonly used transparent semiconductor oxides. 
It crystallizes in a wurtzite structure and has a direct wide band gap of 
about 3.4  eV at room temperature. The cathodoluminescence spectra 
and the EDX data of the samples confirm ZnO formation (Figure S4, 
Supporting Information).

Numerical Modelling: Numerical modelling was performed using a 
finite element method (COMSOL Multiphysics numerical simulation 
software). The model geometry is present in Figure S8 in the 
Supporting Information. The metamaterial was modelled as a square 
array of split-nanorod metamolecules, which gave the possibility to 
reduce the numerical complexity by considering a single unit cell 
setting proper Floquet boundary conditions on the cell sides, defined 
by the incident angle of the excitation wave. The top and bottom faces 
of the cell were equipped with perfectly matched layers (PMLs) to 
avoid back-reflections. The optical properties of gold were taken from 
tabulated experimental data[46] and corrected by setting the electron 
mean free path to 3 nm, which takes into account their variation due 
to the employed electrodeposition fabrication process. The data were 
extended into the mid-infrared spectral region applying a Drude-
Lorentz model.[47] The optical properties of SiO2 and Ti2O5 were taken 

from Ref. [48,49] and Ref. [50] respectively, while Al2O3 was considered 
non-dispersive with the refractive index equal to 1.77. The effective 
medium simulations were performed using the model presenting 
the metamaterial as a 3-layer heterostructure of uniform uniaxial 
metamaterials with the optical axis directed perpendicular to the 
metamaterial plane. The optical properties of the layers were calculated 
using a local EMT.[23]
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