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ABSTRACT: Nanostructured metamaterials can offer optical properties beyond what is
achievable in conventional media, such as negative refraction or sub-wavelength imaging. Due to
their structural anisotropy, the class of high aspect ratio metamaterials is of interest for the
possibility of achieving hyperbolic behavior, i.e., materials with both metallic and dielectric optical

response based on the excitation direction. Although widely investigated numerically, the
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fabrication of tailor-made metamaterials is very complex or often beyond range using current
technology. For wire metamaterials composed of aligned metallic nanowires in a dielectric matrix,
since the free carrier concentration in metals is fixed, light-matter interaction cannot be adjusted/
changed anymore after fabrication. Here, we introduce high aspect ratio metamaterial based on
plasmonic ITO nanotubes with controllable hyperbolic response. The synthesis is achieved by a
scalable template-based liquid-phase technique. Our tuning mechanism is based on controlling the
carrier density in ITO via oxygen vacancy concentration. The process is reversible, the photonic
features are activated by creating oxygen vacancies and can be switched off by filling them up
again. Further, it is shown that the carrier concentration can also be controlled via a static electric
field. Optical simulations support the experimental findings and highlight the parameters that

determine the optical response of the metamaterial.

Introduction

In the past years, metamaterials gained strong attention and paved the way for new and
previously unachievable optical effects. Metamaterials are formed by nanostructures of
subwavelength size arranged in space with inter-distance smaller than the light wavelength,
leading to effective optical properties not available in conventional materials. This enabled the
development of new optical components such as metalenses, photonic circuits, and materials with
negative refraction.! Near-field interactions of the incidence light with highly ordered
nanostructures result in a collective optical response of the metamaterial that can be tuned by the
shape, arrangement, and composition of the individual meta-atoms.>” This collective response is
based on the excitation of coupled and localized surface plasmons or Mie resonances inside the

metamaterial by electromagnetic waves. The most investigated bulk metamaterials are composite
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materials of classical plasmonic metals, like gold or silver, embedded in a dielectric matrix, which
can be air in the easiest configuration or other dielectrics, such as alumina or titania.

A special class of metamaterials is metasurfaces, which are two-dimensional arrays of plasmonic
or dielectric nanostructures. In contrast to plasmonic metasurfaces, in three-dimensional
metamaterials, the plasmonic material exhibits a significant extension in the third spatial direction,
which can be chosen to be even longer than the wavelength of the incidence radiation. In such
materials, which can be stacks of alternating metallic and dielectric layers or aligned nanowires in
a dielectric matrix, an anisotropic optical behavior can be introduced, leading to a material that
acts in one direction as a dielectric and in the perpendicular direction as a metal. Such highly
anisotropic materials can exhibit a hyperbolic dispersion with one spatial component of their
permittivity (€) opposite in sign to the other two spatial components. Hyperbolic metamaterials
(HMM) find applications in sub-wavelength light manipulation and imaging®8, sensing’, and
engineering of photonic density of states.!”

The first experimental example of a hyperbolic metamaterial at visible frequencies was
introduced by Yao et al. in 2008.! In their work, they described the negative refraction of polarized
light within a bulk nanowire metamaterial for all incidence angles. The metamaterial was made of
aligned silver nanowires with diameter and interspacing much smaller than the wavelength of
optical frequencies. It was prepared by electrodeposition of silver nanowires in a porous alumina
template (AAO), an easy and low-cost approach for generating metal nanowires that was
introduced by Martin et al.!! Thereby, the porous alumina template acts as the dielectric matrix
and the silver nanowires as plasmonic antennas, creating the anisotropic optical structure.
Depending on the polarization of the incident light, the beam is refracted positively (TE

polarization) or negatively (TM polarization). The described findings drew attention for nanowire
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metamaterials prepared using AAO membranes and their optical properties. Various nanowire
dimensions, shapes, arrangements, and materials were investigated for customized
applications.'?!? The vast majority focused on metallic nanowires (mainly Au and Ag) embedded
in AAO since their region of operation is in the UV and visible range of the electromagnetic
spectrum.'# Several factors are limiting the applications of metal-based HMMs. For plasmonic and
hyperbolic materials incorporating metallic constituents, high optical losses and energy dissipation
in the visible and ultraviolet (UV) spectral range have been observed since their interband
transitions are also located near these frequency ranges for the metallic components. !>

To overcome these limitations, the search for alternative plasmonic materials delivered new
perspectives for hyperbolic and plasmonic metamaterials. Establishing transparent conducting
oxides (TCOs) as IR plasmonic materials extended the range of the metal-like constituents in the
metamaterial structures.!’~!° Besides the reduced optical losses in the ultraviolet (UV) and visible
(Vis) regions of the electromagnetic spectrum, TCOs offer further advantages compared to metals.
The free electron concentration in the metallic part of the nanostructures determines the frequency
range of the (coupled) plasmonic resonances.'* For TCO materials, the free carrier concentration
can be tailored for the desired operation window — e.g. to technically relevant near-IR wavelengths,
including the conventional telecom wavelength (1550 nm).?° Moreover, most TCOs allow for fine-
tuning of the resonance position either by adjusting their doping level or by post-processing. For
the most prominent TCO material, Indium Tin Oxide (ITO), the spectral position of the resonance

is shown to be dependent on the tin content® and additionally on the amount of oxygen, which is

21-24 25,26

present during the deposition or an additional post-annealing step.
For TCOs and especially ITO, the free carrier concentration can be dynamically and reversibly

tuned by external stimuli after their synthesis, enabling a refractive index change of the material.?’
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This effect can be utilized for dynamic reflection, phase and polarization modulation?*2%2, beam
steering applications®*3!, tunable absorbers*, optical switches**, and wavefront control.>* The
change in the refractive index thereby is based on the excitation or accumulation of free charge
carriers in (a part of) the active ITO material thus altering the refractive index and plasma
frequency of this layer.*> The trigger for the switching can thereby be either electrical or optical.
All-optical modulation is based on the intraband pumping of the TCO material, resulting in a strong
change of electron distribution and a significant plasma frequency modulation.?**% Electro-optical
modulation is based on the accumulation (or depletion) of charge carriers in the active material at
an interface with a dielectric material.3!*> Therefore, a layered nanocapacitor structure is required.
When a voltage is applied to the capacitor, a very thin carrier accumulation (or depletion) at the
TCO/dielectric interface is formed, rendering the TCO material more metallic.®

The most common technique for the deposition of ITO with optical quality are physical vapor
deposition (PVD) processes.*****° However, for creating 3D bulk metamaterials, for example,
PVD is not applicable by a template-based approach since the penetration depth of the deposited
TCO into the nanoscale templates is limited. Liquid phase deposition (LPD) offers an alternative
to preparing 3D bulk metamaterials in a template-based approach. The precursor for the TCO
material penetrates the template and is converted into metal oxide at the specified location. LPD
offers the opportunity to use various templates without needing a catalyst or a pre-patterning step.
As described above, AAO templates are a versatile platform for fabricating bulk metamaterials as
they not only direct the growth of the metal-like material but also act as the dielectric matrix, e.g.,
in HMMs.!? LPD of a TCO in AAO can be a cost-effective and scalable method for producing

large area high aspect ratio wire metamaterials.
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In this work, we describe a new liquid-phase deposition approach for ITO nanomaterials with
controlled optical properties. The process enables the deposition of ITO with high carrier
concentrations required for near-infrared (NIR) active metamaterials. A post-annealing step
allows for the precise tuning of the oxygen vacancy concentration in the material and control of
the operating window of the active ITO material. Nanotubular ITO structures in a dielectric
AAO template are formed utilizing the LPD approach with precise morphology control, showing
distinct plasmon resonances in the NIR. The ITO nanowires embedded in the dielectric alumina
matrix exhibit anisotropy in the permittivity parallel and perpendicular to the nanotube axis,
which can be tailored by the post-annealing treatment. Full wave simulations of the new
metamaterial confirm the optical anisotropy and highlight the most relevant parameters that
determine the optical response of the material, including a hyperbolic behavior in the NIR

region.

Results

The LPD of the ITO thin film and nanotubes is carried out in a three-step process. For thin films
and nanotubes, a silicon wafer coated with a thin titanium and wolfram adhesion layer is used
(Scheme 1). On top of the adhesion layers, a thick aluminum layer (1000 — 5000 nm) is introduced.
The top of the aluminum layer is either converted into a plane aluminum oxide (AO) or a porous
anodic aluminum oxide (AAO) layer by an electrochemical oxidation procedure for preparing thin
films or nanotubes, respectively.*! The substrate is immersed in an ITO precursor solution
containing indium and tin salts in a molar ratio of 9:1 In : Sn to achieve a doping level of 10% for
the resulting materials (see Methods section). For this doping level, the highest free charge carrier
concentrations and plasmonic resonances in the IR range can be achieved.>** After immersion of

the substrates/templates, the excess precursor solution is removed by spin coating, and the
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precursor is converted to ITO by thermal treatment at 300°C in air. Finally, a high-temperature
post-annealing is conducted to increase the crystallinity of the ITO and to alter the charge carrier

concentration in the material.
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Scheme 1. Fabrication of optical ITO coatings and nanowire arrays.

Influence of Processing Parameters on Permittivity of ITO. The plane materials will be
discussed first. The structure of the ITO thin films after the post-annealing is shown in Figure 1.
On top of the Al back-side mirror and the thin film of AO (30 nm), a uniform ITO layer with a
thickness of 100 nm is formed after 4 deposition cycles. The grain boundary structure of the ITO
film can be observed in the SEM image. Before the post-annealing step, the ITO film exhibits a
low crystallinity as evidenced by x-ray diffraction. After annealing at 450°C, the crystallinity of

the ITO layer strongly increases (Figure S1). A good crystallinity is crucial for optical and
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electrical applications to achieve a high carrier concentration and to reduce grain boundary
scattering and defect states. The charge carrier density, which determines the optical and electrical
behavior of ITO, is mainly dependent on two doping mechanisms (Figure 1a) — the Sn*" and the
oxygen vacancy doping. Replacing an In** ion with a tetravalent Sn*" n-type doping of the ITO is
achieved, generating free electrons in the conduction band. The same applies to oxygen vacancies;
two electrons are donated to the conduction band for each missing oxygen atom in the structure.
As described above, a Sn-doping level of 10% is intended for the ITO films since this doping level
is expected to lead to the highest charge carrier concentration. The doping level of the ITO film
was determined by x-ray photoelectron spectroscopy (XPS, Figure 1c,d) and energy-dispersive x-
ray spectroscopy (EDX) to be ~ 10%. This doping level is chosen for the whole work.

The oxygen vacancy doping can be tailored by the post-annealing treatment. Therefore, the
samples are annealed at 450°C for 3 h in different atmospheres (O, Ar, vacuum /10!, 102,
1073 mbar and H»/Ar). The customized oxygen content or the reducing gas (H2/Ar) in the annealing
atmosphere has a strong influence on the composition (Figure 1) and optical properties of the ITO
film. The film without post-annealing treatment (as-prepared) and the films annealed in Oz and Ar
atmosphere show a high diffusive reflectance (>80%) in the visible range, indicating a low
absorbance by the ITO film (Figure S2). A clear trend to a reduced reflectance (higher absorption
of ITO) with higher vacuum conditions is noticeable for the vacuum-annealed films. The reasons
for the higher absorption of the vacuum-annealed films are twofold. Due to the more metallic
behavior of the samples, lossy or guided mode resonances can be introduced in the ITO film

(Figure S3).
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Figure 1. Doping mechanisms in ITO thin films. Scheme of the band structure of ITO with an
indication of the two doping mechanisms to increase the free charge carrier amount (a) — static
doping by introducing Sn*" ions and tailorable doping by removing oxygen, resulting in oxygen
vacancy (Vo) doping. SEM image of the ITO film deposited on an aluminum substrate with a thin
aluminum oxide (AO) layer (b, scale bar 50 nm). Core level XPS spectra for In (c¢) and Sn (d) after
annealing in different atmospheres. O 1s core level spectra for three samples (e) - without post-
annealing (left, as-prepared), with post-annealing in Ho/Ar atmosphere (middle), and with post-
annealing under reduced pressure (right, 10~} bar). For each spectrum, the deconvolution of the O
Is peak in the contribution of lattice oxygen (blue peak) and non-lattice oxygen (grey peak) is
shown, indicating the increasing amount of oxygen vacancies with the different annealing

conditions. The real and imaginary part of the permittivity of the three samples (f).
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Additionally, metallic impurities can be generated in the films due to the reduction of In**- or
Sn**-ions when a high amount of oxygen vacancies is generated, tailoring the doping efficiency of
the Sn-doping. This phenomenon appears in the XPS core level spectra of In and Sn (Figure 1c,d).
Besides the peaks for In** and Sn*" in the oxide at binding energies of 444.5 ¢V and 486.3 eV,
respectively, peaks for metallic In® and Sn® appear for the high vacuum (102 and 10 bar) annealed
samples. Only a Gaussian peak for In** and Sn*" is observed for all other samples, indicating no
interfering metallic impurities in the films. Although there are no metallic impurities in the films
annealed under a pressure of 10"! mbar and under reducing gas (Ho/Ar, 5%/95%) there is an
increased absorption of the ITO film, which can probably be attributed to resonance modes of the
films based on the increased carrier concentration.?’ The effect of the post-annealing on the oxygen
vacancy concentration is visible in the XPS O 1s core level spectra (Figure 1e) since the binding
energy for the oxygen vacancies (non-lattice oxygen) is slightly higher than for the lattice-bound
oxygen. By deconvolution of the O 1s peak for the as-prepared, the Ho/Ar annealed, and the high
vacuum annealed (1073 mbar) sample, the amount of oxygen vacancies (Vo) in comparison to the
lattice oxygen in the films can be determined. For the as-prepared sample, a very low amount of
oxygen vacancies of around 3.6% is found, which is consistent with the high reflectivity of the
sample. The oxygen vacancy concentration increases for the H/Ar annealed sample to 13.1% and
21.8% for the high vacuum annealed sample. This high vacancy content in the vacuum-annealed
samples is probably the reason for generating metallic impurities.

The doping level and the composition of the film are related to its optical properties and
plasmonic behavior via the refractive index and the dielectric permittivity. The dispersion of the
permittivity (Figure 1f) and refractive index of the ITO films is determined by spectral

ellipsometry (Figure S4). As shown in Figure 1f, the dispersion of the permittivity is strongly

10
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tailored by the post-annealing process. The as-prepared ITO film shows dielectric behavior over
the whole investigated range, whereas the vacuum annealed and the Ha/Ar annealed samples show
a transition from positive to negative permittivity in the IR range at a wavelength of 2253 nm or
1349 nm, respectively. Remarkably, the transition for the vacuum annealed sample is at a higher
wavelength than for the Ho/Ar annealed sample, although the Vo doping level is higher, indicating
that the free carrier concentration for this ITO film is lower. An explanation for the behavior can
be the inhomogeneity and the high defect density of the vacuum-annealed films, which is also
indicated by the metallic impurities in the material. Most interesting for NIR plasmonic
applications is the Ha/Ar annealed sample since its epsilon near zero (ENZ) range (1 >ere> -1)
spans from about 1120 nm to 1547 nm with a cross-over wavelength of real and imaginary part of
1278 nm and therefore acts metallic at the relevant telecom wavelength (1550 nm). Additionally,

)43—45

anear-zero-index (NZI condition with Axzi = 1336 nm and a bandwidth of 388 nm is observed

for the thin films (Figure S4). From the Drude model, a plasma frequency of 2.54x 10" rad/s is

extracted from the ellipsometry data, indicating a high free carrier concentration of 8.09x10%° cm®

3 that supports plasmon resonances in the NIR. In summary, the results for the ITO thin film show
that with the liquid phase deposition process and the post-annealing step, ITO coatings with a
tailorable carrier concentration can be prepared, and ENZ and NIZ conditions in the NIR can be
reached in the ITO coating.

Fabrication of ITO Nanotube Metamaterial. To exploit the full potential of the LPD
nanostructures, optical metamaterials are prepared by the new LPD process. Nanotube-arrays are
prepared by a template-based approach, utilizing porous anodic aluminum oxide as a hard template
(Scheme 1). The template is vacuum infiltrated with the liquid ITO precursor, then the excess

precursor is removed by spin coating, and in the last step, the precursor is dried and converted to
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ITO in an oven step. This process is repeated until the desired thickness of the nanotubes is
reached. The spin coating step is required to achieve uniform nanotubes; without this step, an I[TO
layer is generated on top of the template, interconnecting the nanotubes, which would have a great
impact on their optical properties (Figure S5). The deposition kinetics is monitored by monitoring

the In/Al ratio after representative deposition cycle by EDX (Figure 2a).
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Figure 2. Preparation of ITO nanotubes. Evolution of the In to Al ratio with deposition cycle,
indicating the linear increase of In (ITO tube wall thickness) with deposition cycle (a). Side-view
SEM image of the ITO-coated AAO template on a tungsten-coated Silicon wafer (b, scale bar
500 nm). TEM image of the ITO nanotubes freed from the AAO membrane (c, scale bar 100 nm).
Inset: SEAD pattern of the nanotubes, indicating the polycrystalline nature. Top-view image of the

coated AAO membrane (d, scale bar 500 nm).
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Since the Al signal originates from the AAO template, it should be constant, and in relation, the
In-signal should increase due to the ITO deposition. A linear dependency of the In/Al ratio with
deposition cycle is observed, indicating that the growth of the ITO thickness is constant for
consecutive cycles, which enables control of the nanotube wall thickness. The wall thickness of
hollow structures is an important factor in tuning the plasmon resonances in such materials and is
theoretically investigated in the next section.*® For this work, the number of deposition cycles is
chosen to be five, which results in wall thicknesses of about 15 — 20 nm (Figure S6). In the cross-
section image of the nanotubes in the AAO template, the filling of the pores with ITO is visible by
the slightly brighter contrast of the ITO in comparison to the alumina template (Figure 2b). Before
the post-annealing step, the nanotubes are amorphous (Figure S6) and crystallize during the
annealing to a polycrystalline structure (Figure 2c). Thereby, larger grains are formed, and the
surface gets rougher. The TEM image also indicates that the wall thickness gets thinner at the top
of the nanowires (blue arrow) and that the thickness there is insufficient to achieve good
crystallinity.*”*® In the top-view image of the template after the LPD of ITO nanotubes, the
absence of an ITO overlayer is visible, all pores are still opened (pore diameter ~ 60 nm), and the
structure is intact after the annealing step (Figure 2d). As is evident, all nanopores and, therefore,
also the nanotubes are arranged in parallel to each other, but there is no distinct arrangement in the
lateral direction.

After the post-annealing step, the nanotubes may be coated with a thin TiO; layer to suppress
re-oxidation (filling of the oxygen vacancies by ambient oxygen) and degradation of the plasmonic
ITO material (Figure S7). To introduce a significant resonance of the ITO nanotubes in the IR
range, at least four deposition cycles of ITO are required (Figure S10). For a lower amount of

deposition cycles, only a negligible absorption is observed. The absence of the resonance can be
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explained by two effects. First, the absorption cross-section for nanotubes with thin (<5 nm) tube
walls is vanishingly small. Second, the reduced tube wall thickness leads to poorer crystallinity
and reduced charge carrier density and mobility in the ITO material.*’ With increasing deposition
cycles the position of the plasmon resonance blue-shifts, which can be assigned to an increased
ITO thickness of the tubes and utilized for tuning the metamaterial response (see next section).
Theoretical Description of ITO Nanotube Metamaterial by Effective Medium Theory.
Since the nanotube diameter (~60 nm), wall thickness (5-20 nm), and spacing (~100 nm) is small
compared to the wavelength of the probe light; it is expected that the material behaves as an
effective medium in the visible to NIR wavelength range (500 — 2500 nm). The highly anisotropic
structure of the metamaterial is known to introduce an anisotropy in the optical properties
expressing itself in the permittivity and refractive index of the material. For wire metamaterial the
anisotropy of the permittivity can be predicted by effective medium theory based on the
permittivity dispersion of the constituent materials.*” As is evident from the schematic image of
the ITO nanotube array in the dielectric matrix (Figure 3a) for the x- and y-direction, a difference
in the permittivity compared to the z-direction is expected, since the free electron motion is
hindered in the x- and y-direction, whereas it is possible in z-direction inside the nanotubes. For
the calculation of the permittivity perpendicular (e1) and parallel (g|) to the nanotubes, a
permittivity €aios = 2.4 and &air = 1 is assumed for the dielectric material and the hollow material
inside the tubes, respectively. The permittivity dispersion of the ITO is taken from Figure 1f for
the Ho/Ar annealed sample, and a porosity of p = 0.32 of the AAO membrane is extracted from

SEM images (Figure 2d). The permittivities are determined by the following equations:*’

gl =p(ferro + (1 = fleair) + (1 = P)éar,o, (D

Pea,05(ferro+(1-f)eqir)—€a1,05) @)
41,05 +(A-D)((Ferro+(1—f)eqir)—£a1,05 )def f

&L = 8A1203 +
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Here e41203 s the permittivity of the Al,O3; matrix, &0 is the permittivity of the ITO nanotubes,
eqir is the permittivity of air filling the tubes and f = m(r2, — r2,) is the fill fraction of ITO in
the pores. ge1s the depolarization factor perpendicular to the nanotubes and is estimated to be Y5.

For the spatial directions perpendicular to the nanotube axis, a pole in the permittivity (ENP) is
obtained, which redshifts with decreasing nanotube wall thickness (Figure 3b). The pole in the
permittivity can be related to a transversal plasmonic resonance of the nanotubes. In the
wavelength range slightly below the pole the material exhibits a negative permittivity, whereas in
the other wavelength regions the permittivity is positive and the material is expected to behave
like a dielectric. In the direction of the nanowires the material behaves like a metal with a
permittivity that decreases with increasing wavelength going from positive to negative sign at the
epsilon near zero (ENZ) condition (Figure 3c). The ENZ point also redshifts with decreasing
nanotube wall thickness, due to the decreased amount of metal-like material in the nanostructure.
For application as an anisotropic metamaterial especially the frequency ranges in which the
permittivity is opposite in sign for the parallel and perpendicular direction is highly interesting,
since these materials exhibit a hyperbolic dispersion of the wavevector.!* The areas where
hyperbolic dispersion is expected for the ITO nanotube metamaterial with wall thickness of 20 nm
is exemplary shown in Figure 3d. In the wavelength range from 1700 nm to the ENP at about
2100 nm e, is negative in sign, whereas e is positive, indicating type I hyperbolic behavior.!* For
wavelength above the ENZ condition the situation is opposite with ¢| <0 and &1 > 0 exhibiting

type I hyperbolic behavior.
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Figure 3. Schematic depiction of nanotube metamaterial cross section indicating the anisotropy in
the permittivity perpendicular and parallel to the nanotubes and the orientation of the epsilon near
zero (ENZ) and epsilon near pole (ENP) direction (a). Real (straight lines) and imaginary part
(dotted lines) of permittivity perpendicular (b) and parallel (¢) to the nanotube axis calculated by
effective medium theory for different wall thicknesses of ITO tubes (based on the permittivity
obtained for the Hy/Ar annealed ITO thin films). Real part of the permittivity for the metamaterial
with 20 nm ITO thickness parallel (black) and perpendicular (blue) to the nanowires, indicating

the wavelength ranges with opposite sign of the permittivity in the two directions (d).

Influence of Annealing on Experimental Observed Optical Response of the ITO Nanotube

Metamaterial. Experimentally, the position of the ENP and, therefore, the upper boundary of the
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type II hyperbolic range can be determined by extinction and transmission (Figure SI11)
measurements, as a resonant absorption is expected at the pole, indicated by a maximum of the
imaginary part of the permittivity (Figure 3c). For analysis of the hyperbolic properties it is best
to study the behavior for s- and p-polarized light separately. S-polarized light has its electric field
for all angles of incidence (AOI) in a direction perpendicular to the nanotubes, and due to the sub-
wavelength structuration of the material in that direction, it only experiences the effective ¢,
(Figure 4a). P-polarized light has a component of its electrical field in the direction of the
nanowire long axis for oblique angles and, therefore, is influenced by both €1 and g| (Figure 4b).
The extinction measurements are conducted in diffuse reflectance geometry at an AOI of 45°. The
sample is located on a mirror-like substrate during the extinction measurements to back-reflect the
transmitted light (Figure 4c). The investigated ITO nanotubes exhibit a high aspect ratio of about
23 (length 1400 nm, diameter 60 nm). Concerning the extinction spectrum for s-polarized light,
for wavelengths up to 1500 nm thin film interference fringes are observed, due to the thickness of
the AAO membrane with the embedded nanotubes (Figure 4c). Quantitatively, a low absorption is
observed over the whole wavelength range for s-polarized light for all samples, which is reasonable
due to the small absorption cross-section perpendicular to the nanotubes. As expected from the
ellipsometry data no absorption for both polarizations in the NIR range is observed for the sample
without the post-annealing step. However, a slight and broad absorption feature is observed in the
range from 1600 nm to 2100 nm, with a maximum at about 1860 nm for the H> annealed sample,
which can be assigned to the ENP. Interestingly also, a small absorption feature is observed for
the high vacuum annealed sample, which is at a slightly lower wavelength than for the H> annealed
sample. As described previously, p-polarized light incidence at oblique angles exhibits a

component of the electrical field in the direction of the nanotube long axis (Figure 4c). Due to this
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component, the absorption cross-section is strongly increased in comparison to the case for the s-
polarized light, which can be observed by the increased bandgap absorption at wavelengths below
500 nm for all samples (Figure 4d). As also observed for s-polarized light below 1500 nm the
absorption spectra are overlaid with thin film interference fringes. For p-polarized light the
absorption peak with a maximum at 1860 nm for the Ho/Ar annealed sample is strongly enhanced,
confirming the ENP condition at this wavelength. The high vacuum annealed sample exhibits an
even higher absorption maximum with a sharp resonance at 1350 nm and a shoulder at about
1650 nm. So, although the ellipsometry data indicates that there should be no plasmonic resonance
of the high vacuum annealed sample in the NIR range it exhibits a strong resonant absorption,
which can indicate a higher post annealing efficiency for the nanotubes compared to thin films. As
is evidenced from the extinction measurements also the ENP condition for the H> annealed
material is observed at a lower wavelength than predicted from our EMT calculations. The reason
for that is probably also that the annealing step for the nanotubular structures is more effective
since the nanotubes are more accessible for the reducing gas atmosphere. Therefore, the plasma
frequency is lower than for the thin films, which results in a shift of the ENP conditions to a lower
wavelength (see also Figure 5b). An important feature of the materials is that one cannot only
activate the photonic features but the plasmon resonances can be turned off by re-oxidation. The
latter is shown in Supporting Information Fig. S-12 and the reason for the claim that the presented

metamaterial possesses switchable optical properties.
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Figure 4. Schematic illustration of the interaction of s- and p-polarized light with the ITO
nanotube filled AAO metamaterial (a and c, respectively). Optical absorption spectra extracted

from diffuse reflectance measurements for s- and p-polarized light (b and d, respectively).

From the extinction measurements it is clear that for the metamaterial a hyperbolic behavior can
be expected in the NIR range and the wavelength range of the hyperbolic behavior can be tailored
by the processing conditions and the plasma frequency of the incorporated ITO. As for applications
the specular reflectance is more important, it is investigated in the next section and compared to
optical simulations to confirm the anisotropy in the permittivity. The difference between extinction
measurements and specular reflectance measurements is mainly determined by taking the
scattering into account. The extinction spectra can be transformed into reflectance spectra by the

Kubelka-Munk transformation. When comparing this calculated reflectance to the actual measured
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specular reflectance there are only slight derivations, indicating a negligible influence of the
scattering (Figure S12).

Impact of Post-annealing and Nanotube Geometry on Optical Response. The optical
response of the metamaterial is simulated based on the geometrical parameters of the metamaterial
and the experimental obtained permittivity of the ITO (Figure 1f). Comparison of the experimental
results and the full wave simulations highlights the impact of processing parameters on the optical
response of the metamaterial. According to the measurement geometry the incident beam is
assumed at oblique incident of 45° for both s- and p-polarization. Based on the sample geometry,
the AAO membrane coated with ITO is simulated on a tungsten coated silicon substrate. The
simulated geometry is schematically shown in Figure 5a. For the main model, the height of the
AAO membrane (h) is assumed to be 1400 nm, on a silicon semi-infinite substrate. The nanotubes
are arranged in a hexagonal manner and the pore diameter (d) and interpore spacing (s) are
extracted from SEM images to be 58 nm and 98 nm, respectively. The tungsten (W) underlayer
can have a maximum thickness of 50 nm changing due to the oxidation process. The sum thickness
of the tungsten and the tungsten oxide (WOx) thin layers is equal to 50 nm. From Figure 1f, the
plasma frequency of the thin film of ITO is obtained by fitting the experimental data to the Drude

model,

2
“p

c(w) = € —

3)

where £ = 4.2345 is the high frequency dielectric constant of the ITO, y = 1.7588x 101* rad s°

w2+iyw

l'is the ITO Drude damping factor. From fitting investigations of the permittivity of the Ho/Ar

annealed sample, a value of w, = 2.54x 1015 rad s! was found (corresponding to the wavelength
of 2=742 nm). Simulations are performed for ITO coated AAO matrix equipped with a

multilayered substrate formed from silicon, tungsten and WOx. The templates are simulated with
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hexagonal periodicity. The plasma frequency and the thickness of ITO are assumed
2.54x 10%° rad s and 20 nm, respectively.

Since the thin tungsten layer beneath the AAO template might get oxidized during the nanotube
preparation process, a numerical study is conducted to investigate the impact of this oxidation
process on the optical response of the material (Figure S13). As already indicated by the theoretical
investigations (Section 2.3), the plasma frequency and the ITO thickness are the decisive parameter
determining the response of the metamaterial. Tuning of the plasma frequency is also known to
open new perspectives towards tunable metamaterials.’® Figure 5b shows the reflectance spectra
obtained for a parametric study on the plasma frequency of the ITO in the hybrid material with a
s-polarized (p-polarized, see Figure S15) light beam. For all plasma frequencies a reduced
reflectance for higher wavelengths (above ~ 1500 nm) is observed, which is not present for plain
AAO templates (Figure S14).

From the simulation data, a blue-shift of the high frequency limit of the plasmonic absorption is
observed (black arrow) with increasing plasma frequency of the ITO nanotubes. This blue-shift is
also experimentally observed (as indicated in Figure 4), when comparing the reflectance spectra
of the Ha/Ar annealed sample and the high vacuum annealed sample (Figure 5¢). As seen from the
theoretical investigations (Figure 3) a variation of the nanotube geometry (wall thickness and
length) also has a great impact on the optical response. As observed in the TEM and SEM images
(Figure 2) the nanotubes are not perfectly uniform and they exhibit variations in their length and
thickness. Therefore, parametric studies concerning the length (Figure S16) and more interestingly
concerning the wall thickness (Figure 5d,e) are conducted. As can be seen in Figures 5d and Se
the shape of the absorption band for s- and p-polarized light strongly changes with ITO thickness.

Most dominant is the decreasing reflection with increasing wall thickness, which can be attributed
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to the higher amount of ITO in the metamaterial, which is in line with the experimental

observations (Figure 5c, Figure S10).
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Figure 5. Structural model to determine reflectance spectra by full wave simulations (a).
Simulated reflectance spectrum for s-polarized light for different plasma frequencies (b).
Experimental determined reflectance spectra for the H» (blue) and high vacuum annealed sample
for s-polarized light (c). Simulated reflectance spectra for different ITO thicknesses for s- (d) and

p-polarized (e) light.

There is additionally a slight blue-shift of the resonant absorption as predicted by effective
medium theory (Section 2.3). As seen from Figure 6, for both polarizations the reflectance is
reduced at the wavelengths in the range of the expected hyperbolic behavior. As expected from
the structural anisotropy induced by the ITO nanotubes there is a different response to s- and p-

polarized light at a given incident angle.
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Figure 6. Simulated reflectance of the ITO nanotube arrays in the dielectric matrix for different
AOQIs for p- (a) and s-polarized (b) light. Experimental observed reflectance spectra for the Hy/Ar

annealed sample for p- (c) and s-polarized (d) light incidence at different angels.

Since it is not possible to directly measure hyperbolic behavior the spectral reflectance spectra
of the two samples for s- and p-polarized light and various AOI are evaluated (Figure 6, S17 for
the high vacuum annealed sample) to confirm the presence of hyperbolic behavior'4, beside the
indications from the extinction spectra and EMT. As is expected for all samples, all AOI and both
polarizations in the range of the ENP resonance (1500 nm — 2500 nm) the reflection is strongly

reduced. Due to the structural and optical anisotropy of the metamaterial the response for different
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AOIs is expected to differ, since the interaction strength with the perpendicular and parallel
permittivity is altered by the angle of incidence. For p-polarized light the reflectance significantly
decreases with increasing AOI and the absorption band seems to broaden with increasing AOI
(Figure 6a,c). This effect can be attributed to the increasing coupling of the incidence light to the
longitudinal plasmon resonance of the tubes, which results in an increased resonant absorption and
broadening of the band, due to overlapping of the transversal and longitudinal mode. This
observation is in line with the expected ENZ resonance at slightly higher wavelength than the
dominating ENP resonance from the theoretical considerations (Figure 3) and is also observed in
the full wave simulations even though overlaid by interference fringes (Figure 6a). In contrast to
that, for s-polarized light an increase in reflectance is observed with increasing AOI and no
broadening of the band in the relevant range over 1400 nm (Figure 6b,d) is observed, since s-
polarized light only couples to the transversal mode. At a wavelength of around 2400 nm the
behavior with increasing AOI changes and with increasing AOI the reflectance decreases (Figure
6d). This discontinuity can be assigned to a change in sign of the permittivity at that wavelength
and is known for hyperbolic metamaterials.’

Additionally, for all samples for wavelength below 1500 nm it is evident that the maxima of the
thin film interference fringes shift to lower wavelength with increasing AOI, as it is expected for
a dielectric behavior. This behavior changes in the expected range of hyperbolicity (>1500 nm)
where nearly no shift of the interference fringes is observed, indicating that the permittivity is near
the ENZ or ENP condition for p- and s-polarization, respectively.’® So, all of the data indicate a
hyperbolic behavior of both samples in the NIR range.

There are slight differences in the position of the resonances and geometrical parameters for the

simulation and experimental data, which probably can be assigned to inhomogeneities of the
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prepared ITO nanotube arrays (Figure 2). But, since the trends of the simulation and experimental
data are the same, a hyperbolic behavior of the new metamaterial is supported by the simulations.
Additionally, the simulations indicate further design parameters such as impact of underlaying
materials and geometrical parameters to precisely tailor the optical response of the wire
metamaterial (See Supporting Information, S13 — S16) and the strong dependency on the plasma
frequency of the ITO paves the way to electrically tunable hyperbolic materials.?3-

Conclusions

In summary we introduce a new liquid-phase deposition technique for the fabrication of a high
aspect ratio ITO nanotube metamaterial by a template-based approach. The optical properties of
the deposited ITO in the hybrid material are tailored by a post annealing step influencing the
oxygen vacancy doping. The anisotropic permittivity of the tube metamaterial is theoretically
determined and the effect of the post-annealing and geometrical parameters is investigated
experimentally and supported by optical simulations. A hyperbolic behavior in the near infrared
range is introduced by designed material parameters, which is derived from reflectance and
extinction measurements and confirmed by the simulation data. Additionally, an anisotropic
plasmonic absorption is found in the metamaterial with different bandwidth for s- and p-polarized
light. Since the optical response is shown to be strongly dependent on the plasma frequency of
ITO, which is electrically tailorable, the new metamaterial opens new perspectives in the direction
of electro-optically switchable hyperbolic metamaterials.

Methods

Substrate/template fabrication. A polished silicon wafer (100 orientation) was magnetron
sputter coated with a Ti adhesion layer (8 nm, 150W, RF), a tungsten interlayer (50 nm, 150W,

RF) and an aluminum layer (1000 nm, 250W, DC). The silicon wafer is afterwards cut into squares
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with 1.4 cm x 1.4 cm edge length. The aluminum layer was anodized in a self-made sample holder
in a 0.3 M oxalic acid electrolyte at 5°C, applying an anodic potential of 40 V. For the plane thin
film substrates, the anodization was stopped after 30 s, after the current stabilizes, to only oxidize
the top layer of the aluminum, resulting in a plane layer of aluminum oxide of about 30 nm on top
of the thick aluminum layer (Inset, Figure 1a). The anodic aluminum oxide (AAQ) templates were
prepared by a two-step anodization process under the same conditions as for the plane substrates.
The first anodization step was conducted for 5 min and the oxide layer was afterwards removed in
a mixture of phosphoric acid (6 wt%) and chromic acid (1.8 wt%) at 60°C for 45 min. The second
anodization was conducted with the same parameters as the first until the current started to strongly
decrease as the pores grew to the tungsten layer and tungsten starts to be oxidized. After the
anodization the sample is rinsed with water and ethanol and dipped in diluted H3PO4 (5 wt%) for
45 min to widen the pores.

ITO thin film and nanotube deposition. The deposition of ITO onto the plane substrate or
into the pores of the AAO template is conducted by the same protocol. Prior to the deposition the
substrate/template is dipped in H20: solution (30%) to render the surface hydrophilic and rinsed
with water and acetone. As ITO precursor a 0.1 M solution of In(NO3)3 in EtOH is prepared and
0.01 M SnCls is added and stirred until a homogeneous transparent solution is obtained. The
solution is prepared directly before the ITO deposition. The substrate/template is placed in the
precursor solution, vacuum is applied to the vessel (~102 mbar) and kept for about 3 min to
achieve complete infiltration. The samples are taken from the solution, immediately put on a spin
coating system and excess precursor is removed at 2000 rpm for 30 s. After the spin coating the
samples are dried in an oven with air atmosphere at 300°C for 15 min, whereby the precursor is

converted to ITO. The deposition cycle is repeated until the desired ITO thickness is reached. After
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the last deposition cycle the samples are post-annealed in a precisely controlled static atmosphere
in a quartz tube in a tube furnace. For the high vacuum annealing the quartz tube is connected to a
turbo vacuum pump and for the Hy/Ar annealing a static Varigon H5 (5% H2/95% Ar) is generated
in the quartz tube. The annealing is carried out at 450°C for 3 h.

Characterization Methods. An ATC Orion 5 UHV sputter system was employed for sputter
coating. SEM images and EDX measurements were acquired using a Hitachi Regulus SU8230
equipped with a Oxford Ultim Max 100 EDX detector. UV-Vis-NIR measurements were carried
out with a Cary 5000 spectrometer (Agilent Technologies Inc.) equipped with a praying mantis
setup for measurement in diffusive reflectance. TEM images were taken with a Hitachi HT7800.
XPS spectra were obtained with a PHI 5000 VersaProbe III x-ray photoelectron spectrometer after
Ar sputtering the surface of the sample for 10 min with an acceleration voltage of 3 kV. XRD
measurements were conducted with a Bruker D8 Advance. Polarization dependent reflection
measurements were obtained with a PerkinElmer Lambdal050 spectrometer equipped with an
URA accessory. Ellipsometry measurements were carried out at a Sentech SE850 ellipsometer.

Numerical Simulations. Numerical simulations were performed using COMSOL Multiphysics,
wave optics module. A hexagonal unit cell of the metamaterial was considered with periodic
boundary conditions. Absorbing boundary conditions were applied in the propagation direction.
Due to the subwavelength operating regime, no diffraction orders are present and the total

reflectance is reported in all numerical studies.
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