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Abstract

Plasmonic materials have great potential to enable practical applications in the mid-infrared range
and would gain in controllability if they were anisotropic. Here, we report an anisotropic mid-
infrared plasmonic metamaterial made of less lossy ZnO:Al (AZO) layers embedded in a dielectric
ZnWOs matrix. The described material exhibits a resonance at the 3-4 um region, which can be
switched on/off by changing light polarisation. Polarisation-dependent reflectance spectroscopy,
effective medium and finite-difference time-domain modelling demonstrate that the metamaterial
exhibits an epsilon-near-zero (ENZ) hybrid photonic-plasmonic resonance, resembling radiative
Berreman modes supported by bulk plasmon polaritons in metal thin films. Remarkably, electric
field injection into such layers is realised in a simple far-field experiment without prism or focused
beams. Importantly, the material is made with the eutectic solidification, which enables achieving
AZO layers through self-organization process. Additionally, the widely used crystal growth
techniques could enable manufacturing metamaterials on a large scale using the eutectic
solidification both in the bulk and thin film form. The methodology can be extended to multiple
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material combination and it opens the way to tuneable infrared metamaterials operating at different
wavelengths that can find application such as resonant dichroic filters, reflectors, light-trapping
structures, and sensors.

1. Introduction

Managing light at mid-infrared (MIR) wavelengths is becoming essential for a wide variety of
applications, such as atmospheric and biological sensing, heat transfer, and photothermal
conversion!~. This has prompted a growing interest in developing structured material platforms,
especially metamaterials, suitable for manipulating MIR light in small dimensions, ideally smaller
than the light wavelength.

Metamaterials have gained momentum in relation with plasmonics, which was initially based on
the capability of Au or Ag thin films and nanostructured surfaces to support plasmon resonances
in the visible wavelength range. The excellent performance in this spectral range can be achieved
due to their dielectric function, ¢, that displays a slightly negative real part, Re(¢), and a small
imaginary part, Im(€). These specific values of € enable excitation of surface plasmons that led to
effects such as surface-bound electromagnetic wave propagation, subwavelength surface electric
field confinement or spatially and spectrally localized optical absorption, which have proven useful
for nanophotonic, energy conversion, and sensing applications. More recently, an emphasis was
made on metamaterials based on epsilon-near-zero (ENZ) subwavelength structures, for which
e - 0, which are especially appealing because they can generate a strong internal electric field
under illumination* and achieve light tunnelling®®, which is ideal for nonlinear optics,
nanophotonics, light trapping, and sensing applications’.

However, usual metamaterials such as those based on Ag or Au do not perform ideally in the MIR
range. This is because the dielectric functions of these metals exhibit an excessively high
imaginary part (Im(g) >> 1, high losses) and an excessively negative real part (Re(g) << 0). Thus,
alternative materials are needed to build metamaterials harnessing surface plasmons or ENZ
condition for the efficient subwavelength manipulation of MIR light®.

Several candidates have emerged as alternatives to noble metals for plasmonic materials in the
near-infrared (NIR) and mid-infrared (MIR) ranges’. These include highly doped semiconductors
like Al and Ga doped zinc oxide (AZO, GZO'*!'"), indium tin oxide (ITO), transition metal nitrides,
silicides, and others'?. In particular, substituting Zn>" by AI** and Ga*" ions in ZnO introduces free
carriers with doping-dependent concentrations. It was demonstrated that doping ZnO with Al led
to plasmonic resonances at 0.61, 1.31, and 1.71 um wavelength for doping concentrations of 0.8
at.%, 1.6 at.%, and 3.2 at.%, respectively!!. Therefore, the screened Drude plasma wavelength, at
which the material changes its properties from dielectric to metallic, can be adjusted to cover a



broad range of frequencies in these materials'>. For a properly set carrier concentration (i.e.,
doping level), in the range of 10*° cm™, this wavelength is located in the MIR region, as predicted
by the Drude model'*. Above this wavelength, the TCO exhibits a metallic behaviour'>, with a
moderately negative Re(g) and a lower Im(g), lower losses, than that of noble metals. Therefore,
these materials can be used for MIR plasmonics, and for achieving MIR epsilon-near-zero
properties as well.

Recent studies have brought to light multiple examples of TCO-based metamaterials as well as
MIR device concepts based on those materials'®2°. These studies have shown that special optical
effects, such as optical hyperbolism and dichroism, hinge on anisotropic TCO structures. However,
many reported implementations use lithography and vacuum deposition techniques, which are
costly and suitable for producing only small quantities of materials, in the form of metasurfaces.
Consequently, large-scale and low-cost approaches are needed to produce volumetric, anisotropic,
TCO-based metamaterials for MIR applications.

In this regard, bottom-up approaches have emerged as effective methods for the fabrication of
optical materials over the past years. These approaches include colloidal chemistry?!, electric field-
assisted poling??, anodized alumina-templated assembly of composites?}, metal nanoparticle self-
assembly within liquid crystalline phases?, nanoparticle cluster self-assembly??, template-
directed solidification of eutectics?® and direct doping of dielectric matrices with nanoparticles
enabled by the NanoParticle Direct Doping (NPDD)?*3!.

A particularly promising and yet less explored approach exploits the self-organisation mechanism
of eutectic solidification. Eutectic composites are two-phase crystalline materials, that
simultaneously grow from a homogenous liquid phase at a temperature lower than its original
components. These materials can be formed out of various phases and create different geometrical
motifs. Their periodic structure refinement can be controlled from the micron scale to the
nanoscale by their growth rate. This periodicity is crucial for the formation of photonic bandgaps
in photonic crystals or resonant electromagnetic behavior in metamaterials. Recent studies have
predicted®>3* and demonstrated that eutectic composites can behave as photonic crystals when
composed of alternating layers, with sub-micron widths and different refractive indices in lamellar
structures (of Al2Cu-Al and AgCIl-KCl eutectic)®®>, THz metamaterials consisting of LiF rods
embedded in either KCl or NaCI**¥’, and visible plasmonic metamaterials utilizing metal-
dielectric eutectic system>®*°. The eutectic composites can form fractal microstructures that in the
THz spectral range can act as split-ring resonators®®, eutectic epsilon-near-zero materials*,
waveguides for subwavelength transmission*!, and anisotropic eutectic metamaterials for
superlensing*®3’. On the other hand, in the same eutectic metamaterials formed by Bi2O3 and Ag
several optical phenomena have been shown. These include tuneable isotropic localised plasmon
resonance in the visible range®®*, nonlinear plasmon-induced optical properties*’, as well as
Selective surface-enhanced Raman Scattering in a bulk composite®’. Therefore, eutectic



solidification presents an unrivalled potential for fabricating a broad variety of self-organised
optical metamaterials, in particular anisotropic structures. Furthermore, properly choosing the
components and the growth rate can generate the desired optical effects in any spectral regions
ranging from visible to THz wavelengths. Therefore, in this paper, we demonstrate the potential
of the directional eutectic solidification approach to produce anisotropic TCO-based plasmonic
metamaterials for MIR applications.

Eutectic solidification is a well-established industrial process used for large-scale manufacturing
of materials with uniform microstructures, including abrasive materials and aluminum alloys for
turbine blades and automotive components. Large eutectics, up to 2.4 cm in diameter and 3 cm in
length, have been grown via the Czochralski and Bridgman methods*. Industrially, the
Czochralski crystal growth method can achieve crystal sizes of 300450 mm in diameter and 1—
2 m in length, while the Bridgman method allows for diameters of 10-20 cm and lengths of up to
50 cm, making it suitable for complex compounds. The micro-pulling-down enables smaller, well-
shaped eutectics (2—10 mm wide, 30 cm long)*®*. Eutectic solidification techniques have also
enabled thin-film growth, from early Cd—Zn films with aligned lamellar structures*® to nanoscale
Cu-Ag films (2-400 nm) via co-deposition*’, showing the potential for eutectic structures at
various scales.

Although eutectic growth is scalable and cost-effective for fabricating micro- and nanostructures,
it requires precise control of thermal gradients and pulling rates to achieve desired phase spacing,
which ranges from nanometers to micrometers. Orientation control can be improved using
templates, potentially yielding novel structures*®. Post-processing techniques such as dicing,
etching, and integration with lithography, metallization, or passivation can further enhance
structural precision and device integration.

Here, we report the fabrication of a volumetric, self-organised nanostructured ZnO:Al-ZnWO4
metamaterial manufactured by directional eutectic solidification. The metamaterial exhibits
structural, optical, and plasmonic anisotropy in the MIR range. Figure 1 shows the growth,
structure, and optical properties of the material. The material in form of macroscopic rods is
obtained from a melt with a suitable eutectic composition by the one-step micro-pulling-down
crystal growth technique (Figure 1a). It consists of crystalline ZnO:Al thin layers, with a ~250 nm
thickness, placed parallel to each other and usually parallel to the growth direction (Figure 1b).
The ZnO:Al material shows a negative Re(g) at MIR wavelengths longer than its screened plasma
wavelength, which is located at 3.3 um (Figure 1c¢, top, measurements done on a bulk ZnO:Al
crystal, see Supporting Information (S1)). Its Im(¢) is lower than that of Ag in the MIR region.
The ZnO:Al layers are embedded in an optically transparent wide-bandgap ZnWOu4 crystalline
matrix (Figure 1c, top). The obtained metamaterial exhibits optical anisotropy at near-normal
incidence, when the ZnO:Al layers are oriented perpendicular to the sample surface (Figure 1c,
bottom). A perpendicularly polarised incident beam (TM-polarised) causes an excited resonance



in the MIR region, which is materialized by a fast increase in the metamaterial’s reflectance
spectrum as a function of wavelength in the 3-4 um range (Figure 1¢, bottom). There is no such
increase for a parallel-polarized incident beam (TE-polarised), pointing at the absence of resonance
in this case (Figure 1c, bottom).
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Figure 1. Anisotropic self-organised ZnO:Al-ZnWOs eutectic metamaterial: fabrication, structure and optical
properties. (a) The ZnO:Al-ZnWO, eutectic metamaterial is produced by introducing ZnO, WOs3, and Al,O; in the
micro-pulling-down setup (top panel). ZnO (65 mol.%) and WO3 compositions (35 mol.%) are chosen to achieve the
Zn0-ZnWOy eutectic point (see phase diagram, bottom panel). (b) Rod-shaped sample manufactured by the micro-
pulling-down method (top panel), cut and polished pieces (centre panel), and scanning electron micrograph showing
the layered micro/nanostructure (bottom panel), with ZnO:Al layers in dark contrast and the ZnWO4 matrix in bright
contrast. (¢) MIR dielectric functions € of ZnO:Al, ZnWO,, and Ag (top panel). Details about the determination of
these dielectric functions, done from far-field FTIR reflectance measurements, are given in Supporting Information
(S1). The Re(e) value of ZnO:Al is negative for A > 3.3 um, while its Im(¢) is much smaller than for Ag (lower losses).
ZnWOy is a transparent dielectric (Re(e) > 0, Im(e) = 0). The measured MIR reflectance spectra of the metamaterial
for TE- and TM-polarised incident light (bottom panel) demonstrating its optical anisotropy and a resonant character
for TM-polarised light. The data shown in this figure are those of materials in which ZnO was nominally doped with
10 at.% Al.

It will be shown later that, at this resonance, an epsilon-near-zero plasmonic mode develops with
the electric field enhanced inside the subwavelength-thick (<A/10) ZnO:Al layers. Such enhanced
electric field is achieved with no need of optics to couple the incident collimated light. This
contrasts with metallic (Ag, Au) and dielectric (SizNs, A12O3) waveguides, where launching an
optical mode requires special coupling set-ups such as a prism or focusing optics*. Such direct
coupling is ascribed to the Berreman-like nature of the excited mode. Berreman modes are bulk
excitations that were first reported in very thin polaritonic films in spectral regions where € - 0.



In contrast with bulk plasmons that are longitudinal waves, and therefore cannot interact with the
transverse free-space light, Berreman modes are not solely longitudinal. Thus, they can be excited
by free-space light and radiate part of the electromagnetic power they absorb.

In the metamaterial considered here, each ZnO:Al layer efficiently interacts with the incident light
because of the Berreman-like nature of the excited mode. The interaction of light with the ZnO:Al-
ZnWOs metamaterial is further enhanced due to the presence of many layers, so that the light that
is radiated or diffracted by each of them can be coupled into the others. This property can be
especially useful for manufacturing tuneable and wavelength-selective resonant dichroic filters,
reflectors, and light-trapping structures for the MIR range, as well as environmental sensors>’.

2. Results and discussion

Fabrication, structure and composition of the anisotropic volumetric layered ZnO:Al-
ZnWO; eutectic

To demonstrate the effectiveness of eutectic solidification for manufacturing plasmonic MIR
metamaterials, we manufactured a eutectic mixture with a ZnO phase. The ZnO-WO3 system
enabled the formation of ZnO layers embedded in a ZnWO4 matrix, a eutectic consisting of 65
mol% ZnO and 35 mol% WO3°! consistent with our previous findings®>**. ZnO is a semiconductor
(Eg=3.1-3.3 V) that decomposes easily even at lower temperatures despite its high melting point
(1975 °C), which makes it difficult to obtain from a melt. On the other hand, ZnWOs4 is a wide-
bandgap dielectric (Eg=4-5 eV) that is transparent in a broad wavelength range (from ~320 nm to
~10 pm). A eutectic mixture exhibits a lower melting temperature than that of its original
components. This is why our composite presents a lower melting temperature (1187 °C) than that
of ZnO, which allows ZnO to grow from the melt without decomposition®'.

To increase the free carrier concentration of ZnO above 10'® cm™ (the value for intrinsic ZnO), the
composite was doped with AI** ions at different nominal concentrations (0, 1, 5, 10 at.%). The
eutectic composites were grown into few-centimetre-long rods with a rectangular cross-section (3
mm X 5 mm) using the micro-pulling-down technique. Doping with Al changed the colour of the
obtained composites: the undoped material was light beige (Figure 2a), while the doped materials
were dark grey (Figure 2b,c).

The Al-doped ZnO-ZnWOs4 eutectic crystallized in the broken lamellar micro/nanostructure
(Figure 2d), similar to the undoped eutectic®*>*. The broken lamellar nanostructure features a
small volume ratio of the lamellar/layered phase to the matrix phase and holes in the
lamellae/layers filled with the matrix phase™. The layers are oriented almost along the growth
direction of the rod-shaped samples. As mentioned above, the layered and matrix phases
predominantly consist of ZnO and ZnWO4, respectively. Similar diffraction peaks were observed



in the X-ray powder diffractograms for all samples (see an example of such diffractogram in
Figure 2e). On the other hand, energy dispersive spectroscopy showed that AI** concentrations
amounted to ~0.3 and ~0.1 at.% in ZnO and ZnWO4, respectively, indicating that a small amount
of AI** ions was incorporated into both phases (see Figure 2f). This results from the low solubility
of Al in ZnO, which is below 0.003 at.%>*. The excess dopant has formed a new phase, ZnAl>Oa,
detected by micro-Raman measurements (see Supporting information and Figure S4.1).
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Figure 2. Structure and composition of the anisotropic ZnO:Al-ZnWO4s metamaterial doped with different Al
concentrations. Examples of manufactured ZnO-ZnWOjs rods: (a) undoped and doped with (b) 1 at.% Al and (c) 10
at.% Al. (d) Scanning electron micrograph showing the micro/nanostructure of ZnO:Al-ZnWOj4 (5 at.%). (e) X-ray
powder diffraction of ZnO:Al-ZnWO4 (10 at.%) indicating the presence of ZnWO;, (grey arrows) and ZnO (black
arrows) in the eutectic. (f) Energy dispersive spectroscopy of ZnO:Al-ZnWO, revealing the distribution of different
elements in the material.

Local optical properties of the ZnQO:Al layers and ZnWO4 matrix

We used s-SNOM to verify that the dielectric function of the lamellae is the same as that of the
bulk material. In particular, we observe a transition of the real part of the permittivity from negative
to positive around a wavelength of 3 um. This demonstrates that, during the eutectic growth
process, the carrier concentration in the lamellae remains similar to the original bulk material. In
contrast, far-field measurements of the lamellar sample are diffraction-limited and probe large
sample areas that include many lamellae of both constituent materials. As a result, the ENZ
behavior can only be inferred indirectly through modeling of the measured spectra. To this end, a
Zn0O:Al-ZnWO4 material doped with 10% Al was cut perpendicularly to the growth direction,
allowing for Atomic Force Microscopy (AFM) imaging of an individual ZnO:Al layer embedded
in the ZnWO4 matrix (Figure 3a). A series of five s-SNOM amplitude s3 and phase @3 images was



recorded using illumination wavelengths A from 2.8 pm to 3.2 um (exemplary shown for 4 =2.9
um in Figure 3d,f and for 4 = 3.2 um in Figure 3e,g). Signals were normalized to the average
near-field signal of the dielectric ZnWO4 matrix, for which we assume a spectrally independent
permittivity &zawos = 4.84 in the MIR range.’® The small s-SNOM amplitude s3 contrast observed
in Figure 3d indicates a small near-field reflectivity of ZnO:Al at 4 = 2.9 um (dielectric).
Interestingly, s3 is strongly increased on the ZnO:Al layer at A = 3.2 pm (Figure 3e), which is
indicative of a high near-field reflectivity (metallic). A large s-SNOM phase ¢3 contrast is observed
at A= 2.9 um, which reduces slightly at A =3.2 pm, Figure 3f,g.
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Figure 3. Plasmonic behavior of ZnO:Al layers near epsilon-near-zero wavelength studied by s-SNOM. (a)
Topography map. s-SNOM data was analysed in the area marked by arrows. (b) s-SNOM amplitude s3 and (c) phase
@3 spectra obtained experimentally (symbols) and calculated for an individual ZnO:Al layer (solid curves; N and
were fit parameters) and bulk ZnO:Al (dashed curves; N and 7 were determined by far-field FTIR reflectance, see
Supporting Information (S1)). s-SNOM signals are normalized to that of the ZnWO4 matrix. (d,e) Exemplary s3 and
(f,g) p3 images corresponding to panels a-c. (h) Real part (black) and imaginary part (red) of the ZnO:Al permittivity
g, determined by far-field FTIR reflectance (dashed curves) and by s-SNOM (solid curves).

To quantify the optical properties of the ZnO:Al layer, Figures 3b,c show s3 and ¢3 as a function
of A4 (contrasts were evaluated at the position marked by arrows in Figure 3a). For comparison,
we calculated s-SNOM spectra using a monopole model,’® for a semi-infinite sample of
permittivity &= g, — Ne*/[so m" mo (e?+iw/7)] at frequencies @ = 2nc/A, where N and m" are the
free carrier concentration and effective mass, 7 is their collision time, & is the high-frequency
permittivity of the sample, & is the vacuum permittivity, ¢ the speed of light, e the elementary
charge and mo the electron mass (solid lines in Figure 3b,c). We find excellent agreement between
experimental and calculated data for N = 2.8-10%° cm™ and 7= 4.0 fs, while keeping m" = 0.4 and
&0 = 3.88 at the values found for the bulk crystal of ZnO:Al (Supporting Information (S1)).
Figure 3h shows the corresponding ¢ obtained on the 500-nm thick ZnO:Al layer (solid lines),
yielding a screened plasma wavelength of Ap =~ 2.6 um and losses that are significantly lower than



that of Ag in the MIR range. We note that for the individual ZnO:Al layer the plasma wavelength
is blue-shifted when compared to the bulk ZnO:Al crystal (4p = 3.3 um), owing to the slightly
increased N (from N = 1.6-:10%° cm®) and the decreased 7 (from 7= 7.8 fs). However, near-field
measurements also have limitations. While far-field spectra probe a large sample volume and
provide a statistical average over many ZnO:Al lamellae embedded in the transparent ZnWO4
matrix, sS-SNOM probes only a very shallow surface region and extracts the dielectric function
from a single lamella. Since aluminum incorporation can vary with factors such as layer thickness,
crystallographic orientation, and local temperature gradients during growth, local s-SNOM results
and statistical far-field measurements may differ. Both methods, therefore, provide complementary
information about the material. To better visualize the spectral shift of Ap, dashed lines in Figures
3b,c,h show the expected values for bulk ZnO:Al.

Summarizing, the fitting and extrapolation of s-SNOM data indicate that the screened plasma
wavelength of the ZnO:Al layer is located in the MIR region. This indicates that such a layer
should display a plasmonic character at MIR wavelengths above this screened plasma wavelength.
These effects are enabled by a suitable free carrier concentration in ZnO. From the analysis of
complementary UV-Vis far-field optical absorption measurements, it is proposed that such free
carriers are brought by AI’* doping. Indeed, such measurements indicated that doping the
composite with AI** ions caused a blueshift of the ZnO absorption edge from ~383 to 369 nm
(3.23-3.36 eV) (Figure 4a (top)). This is consistent with the Burstein-Moss effect, which
manifests itself as an increase in the apparent band gap of the semiconductor when states close to
and at the bottom of the conduction band become populated®’. Doping affected the absorption edge
of the ZnWOs phase to a lesser extent. This suggests that the presence of Al in ZnWOs4 does not
introduce a significant number of free carriers in this material. Therefore, we refer to ZnO:Al layers
and a ZnWOs4 matrix to describe these phases in this manuscript.
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Figure 4. Exploration of the polarization-dependent optical resonance observed in the ZnO:Al-ZnWOQ4 eutectic
metamaterial: spectral and electromagnetic field analysis. (a) Properties of undoped and Al-doped ZnO-ZnWO4
(10 at.% Al). The UV absorbance spectra show a blueshift of the ZnO bandgap upon doping (top panel). The MIR



reflectance spectra, measured with TM-polarised light, display a fast reflectance increase with wavelength in the 3—4
pum region that is only present in the Al-doped metamaterial (bottom panel). (b) Effective medium simulations of the
dielectric function and reflectance of a metamaterial consisting of ZnO:Al layers (volume fraction 10%) in a ZnWO4
matrix. The effective medium shows different reflectance signatures with TE- and TM-polarised light, which originate
from different dielectric functions along (ecsre) and perpendicularly to the layers (eeirm). With TM-polarised light, a
resonance is observed near 3.5 um. This resonance leads to the fast reflectance increase observed in the reflectance
spectrum. (¢) FDTD maps of the electric field amplitude, at different incident wavelengths for a ZnO:Al-ZnWO4
metamaterial with 250 nm-thick ZnO:Al layers and a 2 pm periodicity. The color bar represents the ratio |E|/|Eq|, of
the computed complex electric field and the incident complex electric field in air. For TM-polarised light at a
wavelength of 4 um, the electric field is enhanced inside the ZnO:Al layers, with a hotspot at their edge. At A =4 pm
the dotted vertical line in these layers indicates the field profile, which resembles that of a Berreman mode.

Analysis of the anisotropic optically resonant MIR response of the metamaterial: Effective
medium modeling

Because of their layered anisotropic nanostructure, the ZnO:Al-ZnWO4 metamaterials exhibited
optical anisotropy and especially polarisation-dependent resonant behaviour in the MIR range.
This effect was observed experimentally when the ZnO:Al-ZnWOs4 cross section, cut
perpendicularly to the crystal growth direction, was exposed to infrared light at near-normal
incidence. The reflectance measurements of material cross sections exposed to light polarised
perpendicularly to the layers (TM-polarised) showed a fast increase as a function of wavelength
in the 3-4 um (Figure 1c, bottom; Figure 4a, bottom). No such increase occurred when the
incident light was polarised parallel to the layers (TE-polarisation, Figure 1¢, bottom). In that
case, the reflectance slowly decreased with increasing wavelength. In contrast, the undoped
material did not show any reflectance increase vs wavelength under TM-polarised illumination
(Figure 4a, bottom), suggesting that the anisotropic resonant behaviour is specific to the doped
composite.

To account for this polarisation-dependent resonant behaviour and elucidate its origin, the
reflectance of the material was first evaluated through simple effective medium calculations,
assuming a perfect ZnO:Al-ZnWOu4 layered structure. These simulations required the dielectric
functions of ZnO:Al and ZnWOs4. For ZnO:Al (Figure 1c¢, top), the bulk dielectric function of this
material was used. As explained before and shown in Figure 3h, this function was successfully
modelled by a Drude function with a screened plasma wavelength Ap = 3.3 um, demonstrating that
ZnO:Al nanostructures are suitable for supporting plasmonic effects (Re(€)<0) in the MIR range.
The dielectric function of ZnWOs4 (Figure 1c, top) was positive and almost wavelength
independent in the MIR region. Further details about the dielectric properties of these materials
are given in Supporting Information (S1). Information about the effective medium calculations
is given in Supporting Information (S2).

In qualitative agreement with the experimental spectra, the simulated TM-polarised reflectance
(Figure 4b) displayed a fast increase as a function of wavelength with an inflexion point at a



wavelength of approximately 3.5 um, and this increase was not observed under TE-polarised light.
To understand the origin of this increase and its occurrence only in specific polarisation conditions,
we also determined the corresponding simulated effective dielectric function of the layered
material (Figure 4b). Under TM polarisation, the increase was clear in the Re(&efr) spectrum and
was correlated to a peak in the Im(eefr) spectrum. This peak indicates a resonant optical absorption
in the spatially confined ZnO:Al layers in the presence of a perpendicularly oriented electric field.
Under TE-polarisation, the Re(eefr) function continuously decreased with increasing wavelength
while the Im(eefr) function increased. This suggests that no excited resonance occurred in the MIR
region with this polarisation but that the ZnO:Al layers behave as an (infinite) optically metallic
material.

Hybrid photonic — epsilon-near-zero plasmonic resonance explored via FDTD calculations

To explore the nature and features of the resonance observed under exposure to TM-polarised light,
we assessed the electromagnetic field in the ZnO:Al-ZnWO4 metamaterial through Finite-
Difference Time-Domain (FDTD) calculations. The calculations are detailed in the Supporting
Information (S3, Figure S3.1). The thickness of the ZnO:Al layers was set to 250 nm in the
calculations to achieve consistency with the scanning electron microscopy, (SEM) observations.
The obtained field maps for TM-polarised light (Figure 4c) showed that, in the wavelength range
of the resonance (see field map at A = 4 um), the electric field was enhanced inside the ZnO:Al
layers and displayed a nearly flat transverse profile. In this wavelength region, the Re(g) of ZnO:Al
1s negative but close to 0. This implies that the resonance has an epsilon-near-zero plasmonic
origin.

Furthermore, the type of profile observed resembles that of the radiative Berreman modes of
polaritonic thin films”®%, These modes were first observed in thin films with markedly
subwavelength thickness, at the vicinity of vibrational bands where Re(g)—0. However, similar
modes can be excited regardless of the origin of the near cancellation of Re(¢), for instance, at the
vicinity of the screened Drude plasma wavelength of metals or other conductors. In this work, the
ZnO:Al thickness (250 nm) is 16 times smaller than the wavelength (4 um). This value is inside
the range of thickness-to-wavelength ratios for which radiative Berreman modes were reported.
The advantage of this structure over others is that the enhanced electric field in the ZnO:Al layers
is generated directly from the incident collimated light. This means that no special coupling
strategies, such as using a grating or a prism, are required (see Figure 4c). Nonetheless, the
enhanced electric field inside the layers reached a depth nearing 2 um. To achieve a greater field
enhancement depth, reducing Im(eerf) would be required. Therefore, the advantage of these
structures, due to the intrinsic losses of ZnO:Al, does not lie in field enhancement effects but in
their ability to absorb light.



Additional FDTD simulations were performed on a single ZnO:Al layer embedded in ZnWO4 to
further explore the features of such an enhanced field (Supporting Information S3, Figure S3.2).
These simulations revealed that the enhanced electric field could be achieved already in a single
layer. The field amplitude would become higher in a thinner ZnO:Al layer, as shown in Figure
$3.2, and in the literature for AIN films>’. However, in the actual multi-layered metamaterial, light
propagating in the ZnWO4 matrix also couples with the ZnO:Al layers. Therefore, in this
metamaterial, the enhanced field in the ZnO:Al layers likely results from a combination of direct
incoupling and indirect coupling of the light propagating in the ZnWO4 matrix. Thus, for the sake
of correctness, the mode excited in the metamaterial should be named the “hybrid photonic—
epsilon-near-zero plasmonic mode”. The spectral and spatial features of this mode are expected to
depend on the metamaterial structure, including the thickness of different layers. Indeed, we have
observed that its spectral position depends on the microstructure refinement. For thicker ZnO:Al
layers and larger distances between them, the resonance becomes redshifted and less pronounced
(Figure 5). In addition, because Al has a low solubility limit in ZnO and its incorporation depends
on the segregation coefficient, the Al concentration within the ZnO lamellas can vary along the
eutectic rod. This variation alters the free-carrier density in the ZnO:Al and, consequently, the
ZnO:Al plasma frequency. As a result, the spectral position of the resonance can shift accordingly.
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Figure 5. ZnO:Al-ZnWO, eutectic metamaterial micro/nanostructure dependent MIR optical response. The
two curves represent the reflectance spectra with TM-polarized light of ZnO:Al-ZnWO, metamaterials doped with the
same amount of Al, but presenting different micro/nanostructures (ZnO:Al layers thickness and periodicity).

4. Conclusions

We have manufactured self-organised ZnO:Al-ZnWO4 metamaterials with a layered nanostructure
by directional eutectic solidification, a simple crystal growth method. The metamaterials exhibit



optical anisotropy in the MIR range. This anisotropy, which translates into dichroism, is related to
the excitation of an hybrid photonic — epsilon-near-zero plasmonic resonance when the incident
light is polarised perpendicularly to the ZnO:Al layers. The dichroism achieved by selective
control of the linear polarization of the incident light can be utilized to achieve switchability of the
optical response of the metamaterial, and thus selective control of the reflectance. This is the first
demonstration of such an effect in the MIR region for a eutectic metamaterial. Furthermore, the
observed hybrid photonic — epsilon-near-zero plasmonic resonance can be tailored by varying the
metamaterial nanostructure and composition.

These structural and optical properties make the fabricated metamaterial an interesting candidate
for applications requiring tuneable resonances in the MIR range. The most straightforward
applications are wavelength-selective dichroic filters and reflectors as well as MIR light trapping
structures. In addition, a matrix presenting an environment-dependent refractive index can enable
sensing applications by utilizing refractive index matching condition. Furthermore, the developed
metamaterial can simultaneously selectively filter or reflect MIR light and conduct electricity
because of the percolated structure of the ZnO:Al layers. With the fabricated metamaterial,
dynamic polarisation control of the MIR light could be achieved. In many materials, the optical
properties can be tuned by changing the refractive indices of component phases. In the case of the
presented metamaterial, the piezoelectric effect of ZnO:Al plates could be used for changing their
refractive index by applying an electric field. This would enable tuning the spectral position of the
resonance in a wavelength range. The tuneability of optical properties has already been shown in
the pure ZnO-ZnWOs eutectic metamaterial when changing the temperature and shifting

anomalous optical transmission near 397 nm>2.

In contrast with top-down fabrication methods, the bottom-up manufacturing process, reported
here, is a flexible approach to preparing volumetric layered materials. Directional eutectic
solidification presents a cost-effective and rapid alternative to traditional top-down
nanofabrication methods like Electron Beam Lithography (EBL). While EBL achieves high
nanoscale precision below 10 nm, it has disadvantages such as low throughput and high costs due
to its serial writing process, which can take hours per wafer®. In contrast, eutectic solidification is
a self-assembly process where structures form spontaneously from the melt, growing at speeds of
up to ~20 mm/min.

Moreover, the materials can be cut in an arbitrary way, thus enabling a deliberate layer orientation
with respect to the incident beam. In this work, the hybrid photonic — epsilon-near-zero plasmonic
resonance is excited with the incident light parallel to the ZnO:Al layers. To the best of our
knowledge, this is the first demonstration of this excitation geometry for epsilon-near-zero
structures. This approach enables an enhanced electric field inside these layers without the need
for a coupling device. This finding suggests that suitably fabricated eutectic metamaterials can be
used for the free-space coupling of light to nano-waveguides. Furthermore, if the incident light



was parallel to the layers in a conventional configuration, hyperbolic properties could be achieved
upon proper material design (Supporting Information (S4)).

This study focused on the ZnO:Al-ZnWOa4 composite but a multitude of eutectic composites and
a plethora of available compounds, such as oxides®!, metals, semiconductors, insulators,
thermoelectric®?, ferroelectric, or ferromagnetic materials or even organic compounds®, could be
used as components. Despite limited general knowledge in this area, eutectic composites play an
important role in many everyday life applications ranging from inks for printers to liquid crystal
displays.

Regular eutectic micro/nanostructures exhibiting layered or rod-like geometry can be utilised as
photonic materials. In most cases, precipitate size and interprecipitate distance can be controlled
with the growth rate, providing readily tuneable properties and wavelength of interest and, as a
consequence, leading to tailored plasmonic elements®* or modulators®®. Recent studies have
demonstrated that eutectic layered composites can grow into circular forms®®$’ which could lead
to applications such as the hyperlens®. They also can be grown in templates resulting in
Archimedean structures enabling manufacturing of metasurfaces or materials with improved
mechanical properties®®. Eutectics can also be used to manufacture flexible metamaterials® that
can be directly written as mesoscale  architectures’’. Additionally, such ordered
micro/nanocomposite structures can be obtained not only via eutectic transition (1 liquid — 2
solids) but also via spinodal decomposition (1 solid — 2 solids)’".

Thus, further developments of novel crystal-growth based composites, such as eutectics, spinodal
composites, can enable on-demand development of materials with multiple functionalities,
available at different wavelength ranges, with tuneable properties, and where a slight change of
the composition (as doping) or a structure can lead to new functionality.

5. Methods
Crystal growth

The ZnO-WOs3 system presents two eutectic points and zinc oxide is one of the component phases
at the eutectic composition of 65 mol.% ZnO and 35 mol.% WOs. The melting temperature at the
chosen eutectic point approximates 1187 °C, which is much lower than that of pure zinc oxide
(1975 °C), and at this condition, the material does not decompose rapidly. High-purity oxide
powders ZnO (99.999%), WO3 (99.98%), and A1203(99.999%) by Alfa Aesar were used as starting
materials. The oxides were mixed with isopropanol in an agate mortar and then dried at 130 °C.
Four different material compositions were prepared: pure and Al**-doped ZnO-ZnWO4 eutectic
(1, 5, and 10 at.%).



The eutectic composites were grown by the micro-pulling-down method, in which the raw
materials are melted in an iridium crucible with a die at the bottom in which a centrally placed
nozzle is located. The melt that exudes from the nozzle contacts a seed crystal to continuously
crystallise while being pulled down. The crystal is pulled down as it forms. The material was seed
grown from a SrLaGaOs crystal in nitrogen atmosphere. The iridium crucible consisted of a
rectangular shaper (3 mm % 5 mm) and a slit (1 mm x 3 mm). The synthesized rods were sectioned
into 1-2 mm slices, which were subsequently polished down to a thickness of 100-1000 um for
further characterization. The surface scratches visible on the samples result from the mechanical
polishing process used to prepare them for AFM/s-SNOM measurements.

Microstructure and phase characterisation

Microstructures were characterised using a Carl Zeiss scanning electron microscope (SEM)
Auriga® CrossBeam® Workstation at the bLukasiewicz Research Network — Institute of
Microelectronics and Photonics (L-IMIF) equipped with an energy dispersive spectroscopy
detector for chemical composition analysis. X-ray powder diffraction measurements were
performed on a Siemens D500 diffractometer equipped with a Si:Li detector and Ka Cu (A =
1.5418 A) radiation.

Optical characterisation

Transmittance measurements in the ultraviolet—visible range were performed using a CRAIC
20/20 PV microspectrophotometer fitted with Carl Zeiss quartz optical components and an
integrated imaging system with Xe illumination source. The transmitted signal was acquired by
10% objective and 11 x 11 um aperture and detected by a CCD matrix (1024 x 58 pixels) in spectral
range of 200—1000 nm with a spectral resolution of 0.45 nm.

Reflectance measurements in the infrared range were carried out by Fourier spectrophotometer
(VERTEX 80v, Bruker). The broadband thermal source was a Nernst glower polarised in
perpendicular (P-polarisation) and parallel (S-polarisation) to the ZnO:Al layers and acquired by
a Mercury Cadmium Telluride (MCT) detector in a range of 8000 — 400 cm™.

Scattering-type Scanning Near-Field Optical Microscopy (s-SNOM) measurements were
performed using a commercially available s-SNOM setup (neaSNOM by neaspec GmbH),
combined with standard PtIr5-coated AFM tips (ARROW-NCPt, NanoWorld, tip radius 25 nm)
and a monochromatic IR laser light source (Compact OPO VIS by Coherent), which is pumped by
a Ti:Sa laser (Chameleon Ultra by Coherent). The IR laser radiation (power set to 2 mW) is focused
onto the AFM tip, which acts as an optical antenna,’® effectively concentrating the IR radiation
into an electromagnetic hot spot below the tip apex and yielding a spatial resolution of
approximately 4/100. The tip-scattered light is detected by a liquid nitrogen-cooled MCT detector



in an asymmetric Michelson interferometer setup, yielding IR amplitude and phase spectra’®. The
relation between incident electric field, Ein, and the near-field scattered by the tip, Esca, can be
expressed as: Esca = oEin, where amplitude s and phase ¢ of the scattering coefficient o = se'”
essentially describe the near-field reflection and near-field absorption of the sample. To separate
the near-field signals from unwanted far-field components, the AFM is operated in tapping-mode
(tip tapping amplitude 50 nm and tapping frequency Q=250 kHz) and the detector signal is
demodulated at the 3" higher harmonic of the tapping frequency Q7.

Calculated s-SNOM contrasts were obtained using a monopole model®’, in which the AFM-tip is
approximated as a prolate spheroid with an apex radius 25 nm and a major half-axis length 300
nm. Near-fields created by an electric monopole near the tip apex are reflected at the sample
surface and act back onto the tip, inducing an additional charge distribution into the tip. The model
parameter g = 0.7e%%! describes which part of the induced charge is relevant for the near-field
interaction”. In our calculations, we use a tapping amplitude 4 = 50 nm, corresponding to the
experimental value.
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