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ABSTRACT: Alternative plasmonic materials like conducting
oxides are of great interest for extending the application range of
plasmonic and metamaterials with functionalities complementary
to traditional noble metals. Here, we investigate the feasibility and
limitations of using metal oxides as magnetic resonators for
metamaterials and demonstrate that split ring resonators
fabricated out of conducting metal oxides show pronounced
magnetic and electric modes. The low negative permittivity of the
oxide material results in ultrasmall resonant metamolecules, which
show only weak interparticle coupling and which consequently
allow rational design of extremely dense metamaterials with up to
80 elements per square wavelength and without any significant
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cross-coupling between elements. Broadband transmission response of up to 50% is obtained over an octave spreading
bandwidth using a single-layer design. We numerically explore the tuning of such metal oxide metamaterials through modification
of the carrier concentration, offering a prospect which is not available in noble metals. Next to direct designs, we experimentally
investigate indium—tin oxide complementary metamaterials obtained using focused ion beam milling. The frequency response of
the inverse structures is shown to be complementary to the direct designs following Babinet’s principle, while penetration of
fields results in an additional loss and lower performance of the complementary structures compared to direct designs. While
ITO metamaterials cannot compete with traditional noble metals in their plasmonic performance, the extremely subwavelength
scale of metal oxide resonators in combination with favorable properties such as tunability and visible-range transparency may
find use in high-spatial frequency and nonlinear metasurfaces.
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Metamaterials are subject to much interest due to their
improved capabilities compared to natural materials in
controlling the flow of light."* The concept of a metamaterial is
one built from man-made, subwavelength components
(“metamolecules”), resulting in a material with effective
medium characteristics defined by the metamolecule properties
and arrangement. Metamaterials research has led to a
tremendously active field which has yielded a range of
significant discoveries such as negative index of refraction,
cloaking, perfect lenses, and tailoring of absorption and
blackbody emission.* ® Alongside completely new physics,
the potential of designing arbitrary phase and polarization
properties of radiation using subwavelength resonant nano-
structures has enabled enormous freedom in the engineering of
new types of photonic components with an extremely small
form factor. Metamaterials, and more recently phase disconti-
nuity metasurfaces, are rapidly entering into new domains such
as flat optics, holography, spectral filters, and structural
coloring.”™" It has been increasingly recognized that the
combination of metamaterial designs with other functionalities
may be able to unlock even more applications. This approach
includes combining conventional metamolecules with func-
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tional materials,>"*'¢ developing reconfigurable assemblies,'”
or building the metamolecules themselves from new materi-
als,"® notably in dielectric metasurfaces.'”>* The search for
new materials can be considered as part of a wider activity in
plasmonics, which seeks to overcome challenges and limitations
in conventional plasmonic materials.”>”>* These include
mitigating losses,” achieving tunable properties’*** and
compatibility with silicon technology processes.***’
Transparent conducting oxides form a promising class of
materials with the potential to provide new properties in near
and mid-IR plasmonics.**~* Technologically, oxide materials
are of great importance, with many applications in electronics,*
solar cells,**> photocatalysis,** and gas sensors.*”** Trans-
parent conducting oxides (TCOs) combine high DC
conductivity with high transparency at visible wavelengths. Of
these, indium tin oxide (ITO) is perhaps the best known,
because of its wide use as a transparent contact in display
screens and solar cells. The Drude metal-like properties of the
dopant electrons in ITO result in collective oscillations similar
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to those found in noble metals but at much longer wavelengths.
Furthermore, the dielectric properties of ITO are tunable
through the carrier concentration or growth conditions,”>*®
allowing resonance tuning at the fabrication stage. The
possibility of dynamic tuning by electrical gating or optical
excitation opens up opportunities for nanoscale switching
devices.***>*° The near-zero permittivity of TCOs in the
near-infrared enables completely new types of applications,
such as metatronic nanocircuits,”" epsilon-near-zero response
and stopped light.>®> Recently, the first planar TCO
metamaterials were demonstrated showing hyperbolic dis-
persion properties.”* The performance of TCOs in conven-
tional metamaterial designs is yet an open question.

Here, we experimentally demonstrate split ring resonator
(SRR) metamaterials made from ITO with a pronounced
resonant optical response in the mid-infrared. The resonant
behavior of U-shaped SRR metamaterials is well understood,*®
and the simple design is conducive to fabrication. The
metamaterials allow clear assignment of magnetic and electric
dipole resonances, which show spectral resonance positions and
quality factors in close agreement with numerical predictions.
By comparing the ITO metamaterials to identical metamaterial
arrays made using Au, the performance of SRRs made from
ITO is directly compared. We find that the reduced surface
plasmon frequency results in a strong redshift of the ITO
response, allowing much more compact metamolecules and
high density metamaterials than for an equivalent metamaterial
made from Au. While the interaction strength with light of the
ITO metamolecules is smaller than for the case of Au, the
response of the very high-density metamaterial is greatly
simplified by the concomitantly reduced electromagnetic
interactions between the metamolecules. This reduced
simplicity will be of interest for applications such as phase
discontinuity metasurfaces, where precise addressing of the
phase response of individual, closely spaced nanoresonators,
that is, without cross-coupling, is highly desirable.”~"* Next to
direct metamaterial structures fabricated using e-beam lithog-
raphy, inverse metamaterial arrays are obtained using focused
ion beam milling to demonstrate the complementary properties
following Babinet’s principle.

B RESULTS

Three different U-shaped SRR were fabricated using e-beam
lithography followed by evaporation and lift-oft. The SRR
design dimensions w were 325, 350, and 400 nm, with an arm
width of 100 nm and a vertical thickness of 80 nm. For each
SRR size, square arrays of 120 X 120 ym® area were produced.
Figure la shows typical Scanning Electron Microscopy images
of the three different SRR arrays.

Good quality metamolecule shapes were obtained for the w =
400 nm arrays, while the smaller structures showed a significant
reduction of the center gap. Deviations from the design
parameters were attributed to e-beam and proximity effects and
were obtained similarly for Au arrays in this range of
parameters. The quality of the metamolecules directly
influences the optical response, as can be seen in Figure 1b,c
showing the infrared transmission and reflection for the three
different metamolecule sizes for horizontal (TM) and vertical
(TE) polarization. Dips are observed in the transmission which
corresponds to peaks in reflection at the same frequencies. For
the 400 nm wide SRRs, two modes can be clearly distinguished
at 50 and 105 THz for TM. As the center gap of the SRRs is
reduced for smaller metamolecule sizes, the structure
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Figure 1. (a) Scanning electron microscopy (SEM) images of ITO
arrays of split ring resonators with sizes w = 325, 350, and 400 nm and
lattice constant a = 850 nm. Scale bars, 500 nm. Inset: illustration
showing definition of parameters w and a. (b, c) Experimental
reflection (R) and transmission (T) spectra for ITO metamaterial
arrays with w = 325 (blue), 350 (green), and 400 nm (red), for x =
450 nm, for horizontally polarized (b, TM), and vertically polarized (c,
TE) incident light.

approaches a square shape and the TM-polarized spectrum in
Figure 1b shows only a single resonance identical to the TE-
polarization.

Figure 2a,b presents into more detail the spectra for the 400
nm wide SRRs for TM (a) and TE (b) polarizations. The
resonances are broad and partially overlapping. Fitting of the
FTIR transmission spectra using a superposition of three
Lorentzian line profiles was performed to extract the individual
resonance parameters. The fits allows us to unambiguously
identify three distinct modes in our metamaterial arrays,
corresponding to the two lowest order magnetic modes (TM;,
TM,) and the lowest electric mode (TE;). The additional
higher-frequency Lorentz curves used in the experimental data
fitting represent contributions of higher order, broader
resonances which we do not consider further in our analysis.

Numerical simulations were performed to complement the
experimental results, using the finite element package
COMSOL 4.3b. Periodic boundary conditions were used to
create infinite arrays of U-shaped SRRs on CaF,. Scattering
boundary conditions were used to provide plane wave
excitation and an exit for scattered and transmitted light.
These were calculated to obtain relative transmission and
reflection, along with loss over the simulation volume.

Using the design parameters of Figure 2ab (w = 400 nm, a =
850 nm), numerical simulations of ITO metamaterials predict
modes at approximately the same frequencies using a carrier
concentration of 1.4 X 10?! cm™3, close to the value obtained
from optical characterization of a plane ITO film fabricated
under identical conditions. The presence of resonant modes is
associated with enhanced absorption in the ITO, as indicated
by the dashed blue lines in Figure 2c,d. Compared to the
simulated spectra, the experimental data show some deviations,
such as a reduced amplitude of the TM; mode compared to the
TM, magnetic mode, the latter being slightly stronger and
broader than in the simulations. The full polarization
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Figure 2. (a, b) Experimental reflection and transmission spectra for w = 400 nm, a4 = 850 nm ITO metamaterial array for horizontal (a, TM) and
vertical (b, TE) polarizations. Experimental transmission spectra have been fitted (purple line) using three Lorentz curves (dashed lines, green) to
identify spectral resonances. (c, d) Numerical model simulations of metamaterial array corresponding to experimental data from c and d, blue dashed
lines represent absorption. Labels TM,, TE,;, and TM, indicate the first three resonant modes. (e, f) Maps showing out of plane E field (e) and H
field (f) for the first three resonant modes, together with vector fields (red arrows), indicating current density.
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Figure 3. (a) Scanning electron microscopy images of Au and ITO SRRs with sizes of 400 nm and lattice constants a ranging from 700 to 1600 nm.
Scale bars, S00 nm. (b, c) Infrared transmission spectra for Au (b) and ITO (c) arrays. (d, e) Simulated transmission spectra for metamaterial arrays
with lattice constants corresponding to experimental data. (f, g) Calculated cross section per SRR, ogrg, for the TM; modes of Au (f) and ITO (g).
Symbols, experimental data; lines, numerical calculations.
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dependence of the spectra is presented in Supporting
Information, Figure S1, confirming the polarization of the
TM and TE modes at 0° and 90°. Some additional broadening
is expected from intrinsic variations in shape, carrier density,
and possible damping mechanisms in the polycrystalline ITO.
Numerical simulations exploring the role of variations in
geometry are presented in the Supporting Information, Figures
S2 and S3. The effect of these variations is found stronger for
the TM than for the TE modes, predicting an additional
inhomogeneous broadening of particularly the higher order TM
modes. A tentative explanation for the increased strength of the
TM, compared to the TM,; mode is offered by the effect of a
reduced central gap of the U-shaped SRRs compared to the
design (Figure S3), resulting in a partial electric contribution
into the TM response.

Overall the model involving realistic Drude parameters
provides a reasonable quantitative description of the meta-
material resonance positions without any adjustable parameters.
The numerical simulations allow assignment of the magnetic
and electric modes. Figure 2e,f shows the out of plane
components of the E- and H-fields, respectively, together with
vector maps of the current density (arrows), which have been
shown to reveal the symmetry of the modes.> In particular, the
modes are identified by the presence of zero (TM, ), one (TE,),
and two (TM,) nodes in the current density. The magnetic
field component furthermore clearly shows the increasing
number of poles over the U-shape.

A detailed comparison between ITO and Au metamaterials
of various densities is presented in Figure 3. Previous studies
have shown that Au SRR metamaterials show very large electric
and magnetic coupling between metamolecules, which results
in large modifications of the spectrum.*® We investigated arrays
of 400 nm wide SRRs with lattice constants between 700 and
1600 nm. Figure 3b confirms the large effect of coupling
between SRRs for the case of Au metamaterials. For small
spacing, the resonance broadens significantly and the trans-
mission amplitude saturates, showing that the extinction cross
section per SRR is effectively reduced. In comparison, the
extinction for the ITO metamaterial depends much less on
lattice constant, and shows an extinction increasing propor-
tional to the surface density as shown in Figure 3c. The
experimental trends are reproduced well by numerical
simulations, as is shown in Figure 3d,e. From the experimental
and simulated spectra, we estimate the extinction cross section
per SRR, ogry, using the relation ogp = (1 — T)a?>® yielding
the results shown in Figure 3fig for the TM, magnetic
resonance. Clearly, the strong magnetic and electric dipole—
dipole coupling for Au results in a marked dependence of the
cross section per SRR on array lattice constant. For the ITO
SRRs, the dependence on interparticle coupling is virtually
absent. Overall, the cross section of the ITO SRRs is reduced
compared to Au, which can be attributed to the low electron
density and resulting polarizability.>* The experimental results
are in good agreement with the cross sections obtained from
simulations (lines) for both the Au and ITO metamaterials.
Supporting Information, Figure S4, shows the behavior for the
TE, resonance for the ITO SRRs. The corresponding mode in
Au is strongly affected by the interparticle coupling and is
shifted out of the experimentally accessible range of the FTIR
spectrometer for high densities. The TE response confirms the
general picture of weakly interacting SRRs for the case of ITO.

The finite permittivity of ITO allow achieving extremely
dense metamaterials. Up to 80 elements per square wavelength
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are achieved at the TM, resonance wavelength of 6 ym (50
THz) and for an array period a = 700 nm. In comparison, the
equivalent metamaterial made from Au has a fundamental TM,
resonance at around 2 gm (150 THz) and thus a density of
only eight elements per square wavelength.

The dielectric properties of ITO can be tuned through the
carrier concentration. In order to investigate the effect of carrier
density on the magnetic and electric resonances of the SRRs,
we performed simulations using a Drude model for the
dielectric function of the ITO, given by

2
pl
* — iol’

[0)

£ =g, —

(1)
where the plasma frequency is given by w,; = (Ne*/ (e;m*))"?,
with N the carrier concentration and m* the effective mass,
which is 0.4X the electron rest mass. The dielectric background
permittivity is given by €, = 3.8, while the relaxation energy I"
= 0.13 eV arises from a 5 fs plasmon dephasing time.”> 640
Simulations of SRR arrays were undertaken, using the same
geometry as the experimental design parameters, w = 400 nm
and a = 850 nm. Periodic boundary conditions were used to
create an infinite 2-D metamaterial. Figure 4ab shows the
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Figure 4. (a, b) Simulated transmission through SRR metamaterials
made from a ITO-like Drude metal of varying carrier density between
10*°—10?? cm™3, for horizontal (TM) and vertical (TE) polarizations.
(¢, d) Transmission (c) and quality factor (d) of TM,; and TE, modes
vs carrier concentration. Closed symbols, simulations; open symbols,
experimental results for ITO (black TM;, red TE;) and Au (blue,
™).

simulated transmission for carrier densities ranging from 10*°
ecm™ to 102 cm™, for TM (a) and TE (b) polarizations,
corresponding reflection maps are shown in Supporting
Information, Figure S5a,b. Both the lower order TM modes
and the TE modes can be recognized by the dips in
transmission and show a pronounced wavelength scaling as a
function of carrier density. The low electron density results in a
reduced screening and hence increased penetration depth of
fields in the dielectric. Thus, compared to a perfect metal, the
electromagnetic modes are more susceptible to the permittivity
of the plasmonic metal and as a consequence the surface
plasmon wavelength is reduced. As a consequence, the
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Figure S. (a) SEM images of c-SRRs produced by FIB milling into an ITO film, corresponding to arm length w = 300 (left), 400 (middle), and 500
nm (right). Scale bars, S00 nm. (b) Simulated spectral maps for reflection from a w = 400 nm c-SRR array, using an ITO-like Drude metal of varying
carrier density between 10°—10?* cm™, for horizontal (TM) and vertical (TE) polarization. (c, d) Experimental transmission and reflection spectra
for ITO c-SRR metamaterials for horizontal (¢, TM) and vertical (d, TE) polarizations, black lines: ITO substrate. (e, f) Numerical model
simulations of corresponding metamaterial arrays of ¢ and d, for free carrier density of 7 X 10* cm™.

resonances shift to lower frequency for reduced electron
densities. This trend demonstrated the wide tunability of ITO
metamaterial resonances by varying the carrier density, either at
fabrication or through electrical or optical control.

For electron densities around 10*° cm™, the ITO material
loses its metallic properties, which can be observed as a gradual
disappearance of the resonant modes of the SRR. To further
analyze this trend, we extracted the amplitude and quality factor
of the transmission dip at resonance for the TM; and TE,
modes, as is shown in Figure 4c,d. We see that the amplitude of
the magnetic mode is more sensitive to the carrier density than
the electric mode. Clearly the electric dipole strength is higher
and saturates at lower carrier densities than the induced
magnetic moment. The quality factors, shown in Figure 4d,
show a similar trend, namely, a steeper reduction of the quality
factor of the TM; mode than the TE; mode, indicating that the
electric resonance can be sustained at lower carrier densities
than the magnetic mode. The quality factors of the two modes
cross around 10> cm™ as the TM, mode becomes more
prominent, while the TE, resonance reaches saturation. The
experimentally observed resonance strength and quality factor
for ITO and Au are indicated by the open symbols in Figure
4c,d. Reasonable agreement is obtained with the simulated
behavior, demonstrating that the main differences between the
Au and ITO metamaterial response can be attributed primarily
to the difference in carrier density.

ITO Complementary Metamaterial Arrays. Next to
direct designs, we experimentally investigate ITO complemen-
tary SRR (c-SRR) metamaterial arrays obtained by focused ion
beam milling (FIB). As a consequence of Babinet’s principle, an
SRR etched into an infinite, perfectly conducting film is
expected have a resonance at the same frequency position as
the SRR on its own, although for the opposite polarization.
Babinet/complementary metamaterials consisting of c-SRRs
have been investigated in the literature, as has the general
applicability of Babinet’s principle to composite metamate-
rials.*”*® In the case of ITO, the approximations underpinning
Babinet’s principle are less robust since ITO is less metallic
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than noble metals, so we aim to find if the Babinet’s principle
approach remains useful when dealing with ITO, and to
investigate the characteristics of complementary ITO meta-
materials.

Figure Sa shows SEM images of the c-SRR arrays fabricated
using FIB with a fixed width of 400 nm and varying arm lengths
w of 300, 400, and 500 nm. For the c-SRR metamaterial,
numerical simulations predict the appearance of spectral modes
similar to the direct SRRs, but for opposite polarizations. Figure
5b shows the calculated reflection from the 80 nm thick c-SRR
array corresponding to the fabricated structure, as a function of
carrier concentration. The scaling of the lowest order modes
TE, and TE, compares well with the TM modes of Figure 4a,
while the c-SRR TM, mode follows the TE; mode of the direct
metamaterial. The modes in Figure Sb appear as dips in the
reflectivity, which is expected from Babinet’s principle, which
states that the roles of reflection and transmission are reversed.
Corresponding transmission maps for the c-SRR are shown in
Supporting Information, Figure SSc,d. The breakdown of the
metallic regime is observed below 10*' cm™ as a reduction of
the reflectivity and concomitant suppression of the c-SRR
resonances.

It was found that the conditions in FIB processing resulted in
a strong reduction of the carrier concentration of the entire
ITO sample. An additional 2 h annealing step after FIB was
necessary to increase the carrier density to a level comparable
to that of the initial film. Supporting Information, Figure S6,
shows the effect of this annealing on the optical response.
While good results were obtained by the annealing, the
recovered carrier density of 7 X 10*° cm™ was around a factor
two lower than that of the film before FIB milling. The
experimentally obtained response of the c-SRR arrays after
annealing is presented in Figure Sc and d for TM and TE
polarizations, respectively. Evidence of the resonant response is
most clearly observed in the spectra for TM polarization, which
reveals the presence of the TM, electric mode. The shift of the
resonances with different structures confirms the direct relation
of the mode with the metamaterial geometry, in agreement with
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numerical simulations presented in Figure Sef. For TE
polarization only very weakly resonant behavior was found in
transmission, and no clear resonances in reflection, in
qualitative agreement with numerical simulations which also
show much less pronounced magnetic resonances. Reasonably
good agreement between experimental and simulated spectra
was obtained for a carrier density of 7 X 10 cm™, especially
for TM polarization, whereas the simulated TE spectra predicts
features which were not pronounced enough to be resolved in
experimental data. The resonances appear as dispersive line
shapes due to (Fano-type) interference of the resonant
metamaterial features with the nonresonant background.
Compared to the direct SRRs, the c-SRRs show a strongly
reduced performance in the strength of the metamaterial
response, both in simulation and in experiment. The origin of
this difference can be identified by comparing the distribution
of electromagnetic fields in both geometries. Figure 6 shows the

e

-1 0 1
H field (norm.)

(norm.)

Figure 6. (a, b) Maps showing out of plane E-field (a) and H-field (b)
for the first three resonant modes of the ITO inverse SRRs, together
with vector fields (red arrows) representing current density.

near field maps of the perpendicular field components and
current density for the c-SRR. For the direct SRR, Figure 2e,f
shows that resonant fields are largest outside of the ITO
structure. The situation is reversed for the c-SRR in Figure 6a,b,
where the fields and currents are seen to strongly penetrate into
the ITO film where they are more susceptible to losses. Thus,
the finite penetration depth of fields, which is responsible for
the strongly reduced resonator size, results in the c-SRR
geometry to be much less favorable for low permittivity
materials such as metal oxides.

Figure 6 also shows the complementary principle where not
only the TM and TE modes are reversed, but also the
symmetry of the E- and H-fields. Thus, the numerical
simulations demonstrate that Babinet’s principle holds
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qualitatively for the case of ITO metamaterials and their
complementary structures, even at moderate carrier densities.

B DISCUSSION

The above results on direct and complementary metamaterials
clearly point out the opportunities and limitations offered by
metal oxides for applications. Clearly, metal oxide plasmonics
and metamaterials do not compete with noble metals in terms
of quality of the resonant response but rather are driven by a
range of practical applications where complementary properties
such as tunability, transparency in the optical range and
chemical or electrical activity could be combined with resonant
infrared response. Our results show the possible performance
that can be achieved using carrier densities of around 10*!
cm™>, which are the highest carrier densities possible for these
type of materials. Light—matter interactions are significantly
reduced compared to high-density noble metals, however still
resonant response of up to 50% in transmission can be achieved
exploiting the compact resonator size and very high packing
density achievable using metal oxides. The resulting structures
are suflicient for a range of applications where 100% interaction
is not required, including sensing or coherent absorption
devices.”” The overall interaction strength may be further
improved by changing the design, for example using 3D
stacking of metamaterials or by employing reflectarrays.

Gradient metasurfaces will benefit from homogeneous phase
gradients and the ability to produce extremely steep gradients
offered by high-density ITO metasurfaces. The ratio of the
highest in-plane spatial frequency k; = 7/a to the incident
wavevector k, is a measure of the precision with which an
incident wavefront can be constructed. For the ITO
metamolecules of our study, the ratio k;/k, reaches up to 4.2,
while for Au the highest value lies around 1.4. Thus, ITO
metasurfaces may allow more accurate wavefront synthesis with
less discretization artifacts, or multiplexing of different
functionalities (i.e., wavelengths, polarization) into one
metasurface. Additionally, ITO metasurfaces can be designed
to provide very high spatial frequency components, which is of
interest for example for coupling light into high-index
substrates and solid-immersion metalenses. In contrast to
conventional noble-metal resonators, ITO-based metasurfaces
provide subdiffraction performance up to the fourth harmonic,
which makes them extremely interesting for nonlinear
metasurfaces where both the fundamental and harmonic
frequencies require a homogeneous metamaterial response.

The low permittivity of metal oxides results in significant
penetration of fields inside the material. On the one hand this
penetration results in a strongly reduced plasmon wavelength
and a concomitantly smaller size of the resonator, which is of
interest for applications requiring a homogeneous metamaterial
response. On the other hand, field penetration results in more
lossy resonances, in particular, for the complementary
structures. Our results show that direct structures, where the
volume of metal oxide material is relatively small, offer a feasible
platform for oxide plasmonics, whereas complementary
structures are generally too lossy to sustain the metamaterial
resonances. While losses are generally unfavorable, the resulting
broad resonances can offer a large bandwidth of operation of
interest for example for infrared spectroscopy, broadband
filters, and energy harvesting.
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B CONCLUSIONS

In conclusion, we have fabricated split-ring metamaterials using
the transparent conductive oxide ITO as the plasmonic
material. We have shown that the resonances of these
metamaterials are red-shifted and less pronounced compared
to corresponding Au metamaterial arrays. The reduced strength
and higher losses make ITO metamaterials less favorable as a
material for plasmonics than conventional noble metals,
however the increased bandwidth and optical transparency
will be of interest for a range of applications. In particular, the
constituent metamolecules, when built from ITO, may be
packed much more densely without the influence of
interparticle interactions. This could be used to create much
more subwavelength metamaterials or gradient metasurfaces
with concomitantly improved homogenization of optical
response. We demonstrated a resonant response of up to
50% in transmission, which, in conjunction with properties
such as tunability, compatibility with silicon processing, and
chemical activity, make TCOs an attractive alternative
plasmonic material in the near- and mid-infrared. Additionally,
we have explored through simulations the tuning of ITO
metamaterials through material parameters by varying the
carrier concentration of the ITO. A lower carrier concentration
decreases the resonant frequencies of a metamaterial but at a
cost to the quality of the resonances. By milling of
complementary metamaterials into an ITO film, we found
that Babinet’s principle may be applied to obtain a qualitative
description of metamaterial resonances in the regime where
losses are sufficiently weak.

B EXPERIMENTAL SECTION

ITO Deposition. ITO films were deposited by e-beam

evaporation (ITO grains, 90—10 wt % 99.99 pure from
Testbourne Ltd., U.K.) on a calcium fluoride (CaF,) substrate
in 2 X 107* mbar partial oxygen pressure, after achieving a base
pressure of 2 X 107° mbar. The films were subsequently
annealed at 200 °C for 1 h. Hall measurement revealed a carrier
density of 5 X 10*° cm™3, while ellipsometry data could be fitted
by a Drude model with a free carrier density of 1.25 X 10*'
cm,
Metamaterial Fabrication. Metamaterial arrays were
fabricated by e-beam lithography (JEOL 9300FS) using a 3-
layer lift-off technique. A 150 PMMA layer was spin coated,
followed by a sputtered 20 nm SiO, layer and a spin coated
MMA layer of 50 nm thickness. Following e-beam lithography,
the top MMA layer was developed and used as a mask for dry-
etching of the SiO,. The final wet etching step produced gaps
with a strongly reduced undercut compared to conventional
two-layer resists, which allowed achieving extremely high
densities of metamolecules. For comparison Au metamaterial
arrays with identical design parameters were fabricated. Inverse
metamaterials were milled into a continuous ITO film using
focused ion beam (FIB) milling using a FEI Helios Nanolab
600.

Infrared Spectroscopy. Infrared spectra were measured in
transmission and reflection using a Jasco FTIR-4200 with a
liquid-nitrogen-cooled mercury cadmium telluride detector. A
blank CaF, substrate was used as a reference for transmission,
while a silver mirror was used as reference for reflection.
Spectra were taken for both horizontal and vertical polarized
light to investigate the magnetic and electric modes of the SRR
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arrays, respectively. Measurements were taken with a resolution
of 4 cm™".

Numerical Simulations. Finite element simulations were
performed using COMSOL Multiphysics, using periodic
boundary conditions for the simulation walls and scattering
boundary conditions for the simulation entrance/exit. SRRs of
identical geometry to the design parameters were modeled with
a Drude model used for ITO and Sellmeier model for CaF,.
Simulations used a linear iterative solver with a relative
tolerance of 0.00l. Minimum mesh element quality was
0.1328 for complementary metamaterials and 0.2101 for direct
metamaterials.

B ASSOCIATED CONTENT

© Supporting Information

Additional experiments on polarization dependence, depend-
ence on array period for TE polarization, and effect of
annealing for complementary SRRs. Additional simulations of
dependence of resonances on metamaterial geometry and
carrier density. The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
acsphotonics.5b00089.
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