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Abstract: Localized plasmon resonance of a metal nano-
antenna is determined by its size, shape and environment.
Here, we diminish the size dependence by using multilayer
metamaterials as epsilon-near-zero (ENZ) substrates. By
means of the vanishing index of the substrate, we show that
the spectral position of the plasmonic resonance becomes
less sensitive to the characteristics of the plasmonic nano-
structure and is controlled mostly by the substrate, and
hence, it is pinned at a fixed narrow spectral range near the
ENZ wavelength. Moreover, this plasmon wavelength can be
adjusted by tuning the ENZ region of the substrate, for the
same size nanodisk (ND) array. We also show that the dif-
ference in the phase of the scattered field by different size
NDs at a certain distance is reduced when the substrate is
changed to ENZ metamaterial. This provides effective control
of the phase contribution of each nanostructure. Our results
could be utilized to manipulate the resonance for advanced
metasurfaces and plasmonic applications, especially when
precise control of the plasmon resonance is required in flat
optics designs. In addition, the pinning wavelength can be
tuned optically, electrically and thermally by introducing
active layers inside the hyperbolic metamaterial.

Keywords: epsilon near zero; hyperbolic metamaterial;
localized surface plasmon; pinning effect.

1 Introduction

In the last two decades, a new frontier has been opened up
with plasmonics. An enormous range of technological
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development has become possible by perfect light ab-
sorption, controlled propagation to certain directions or
light confinement within a subwavelength volume [1-4].
Plasmonic light confinement has been utilized in bio-
sensors [5-8], cellular imaging devices [9], surface-
enhanced Raman spectroscopy [10] and nanoplasmonic
rulers [11, 12]. To enable these applications, light is trapped
around subwavelength metal nanoantennas at the local-
ized surface plasmon resonance (LSPR) wavelength [13,
14], with enhanced electric fields. Size, shape, composition
and arrangement of nanoantennas, as well as the dielectric
environment surrounding them, have been extensively
studied to obtain precise control over the LSPR [15, 16].
However, substrates were overlooked in these studies since
mostly dielectric substrates, e.g. glass or silicon, were
used. Metallic substrates were employed only in limited
applications, such as hybridization between localized and
propagating surface plasmons [17] or refractive index
sensing [18].

One of the unusual materials of a growing interest is an
epsilon-near-zero (ENZ) material, characterized by its
permittivity (£) being close to zero at certain wavelengths.
These materials have been utilized in beam shaping and
steering [19, 20], subwavelength tunnelling [21, 22] and
enhanced nonlinear interactions [23]. Only recently, ENZ
materials were used as substrates to control the LSPR of
plasmonic antennas [24-27], revealing their great potential
for plasmon-ENZ systems. However, only transparent
conductive oxides, such as indium tin oxide and
aluminium-doped zinc oxide, are used in these studies.
These are naturally occurring ENZ materials with ENZ
wavelengths in near-infrared and mid-infrared (MIR) re-
gions [28]; hence, applications involving these materials
are limited to those wavelength ranges. On the other hand,
noble metals, such as gold (Au) and silver (Ag), have real
permittivities Re(e) close to zero in the ultraviolet region
with very high imaginary permittivities (Im(g)), preventing
them from being effective ENZ materials. However, it is
possible to engineer an effective material capable of sup-
porting a vanishingly small permittivity in the desired
wavelength range. A metamaterial composed of alter-
nating layers of metal and dielectric was previously
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demonstrated to exhibit ENZ in the visible region [29-31]
with a potential of ultrafast tuning [32]. Metamaterials with
this geometry are known as hyperbolic metamaterials
(HMMs) due to their hyperbolic wave-vector diagram [30].

In this work, by employing HMMs as ENZ substrates,
we experimentally demonstrate how to control LSPR of a
plasmonic nanoantenna array without changing its di-
mensions in the visible region. We present that not only the
plasmon resonance wavelength can be pinned, although
the nanodisk (ND) diameter is changed, but also it can
easily be adjusted to another operating wavelength by
changing the material composition of the substrate without
any changes in the ND array. Furthermore, we show the
effect of an ENZ substrate on the phase of the scattered field
from different size NDs. This modification over the plas-
mon resonance relaxes the requirements on precise control
of subwavelength features and provides flexibility in the
design of the plasmonic nanostructures in flat optics
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applications by giving another option for tuning or
compensating the fabrication errors.

The HMM substrates used in this study are composed
of three bilayers of Au and titanium dioxide (TiO,). The
optical properties of these metamaterials are modelled by
the effective medium theory (EMT) [30, 33-38]. The HMM
serves as a uniaxial medium with permittivity given by a
tensor € = [&x, &y, €2-], where in-plane isotropic/parallel
components are defined as &y =gy, =¢. The third
component which is out of the plane (perpendicular
component) is defined as &,, =¢,. The parallel and
perpendicular components of permittivity of a medium
composed of alternating thin layers of metal and dielectric
are defined as follows:
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Figure 1: (a) The Re(g) (black lines) and Im(g)) (red lines) of HMM-1 (solid lines) and HMM-2 (dashed lines). The crossover of Re(g;) for HMM-1
(violet dotted line) and HMM-2 (magenta dotted line) are highlighted. (b) The schematic of NDs on HMM and (c) the scanning electron

microscopy (SEM) image of NDs on HMM-1. The simulated (dashed lines) and measured (solid lines) spectra of transmission (black lines) and
reflection (red lines) results for (d) HMM-1and (e) HMM-2. The inset of (d) shows the SEM image of HMM-1. HMM, hyperbolic metamaterial; ND,

nanodisk.
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where p = t,,,/(t,, + tg) is the metal filling fraction, with t,,4)
being the thickness of the metal (dielectric) layer, and &,
and ¢; are permittivity values of metal and dielectric,
respectively [30]. At specific wavelengths, a component of
the permittivity tensor of the metamaterial either passes
through zero (ENZ) or a resonant pole (epsilon-near-pole).
The multilayer HMM shows the ENZ properties when the
real part of & (Re(g;)) component crosses zero and imagi-
nary component (Im(g;)) is very small [30]. It is important to
note that both dielectric and metallic nature of the sub-
strate can affect the plasmon resonance significantly [18].
However, the substrate with ENZ properties results in
slowing down of the resonance shift which is defined as
pinning effect [26, 27].

In order to explore this, we designed two substrates
which are referred as HMM-1 and HMM-2 and studied their
effect on the plasmon resonance at their corresponding ENZ
regions. Au thickness is 10 nm for both of them, but TiO,
thickness is 25 nm for HMM-1, whereas 45 nm for HMM-2,
providing the ENZ conditions at 684 and 751 nm,
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respectively. Figure 1(a) shows numerically calculated Re(g;)
and Im(g) using Equation 1. The Re(e,) and Im(e,) are
calculated using Eq (2) and presented in SI-Figure 5. The
simulated and measured transmission and reflection spectra
of HMM-1 and HMM-2 (Figure 1(d) and 1(e)) are in good
agreement with the projection of the calculated permittivity
values. Finite-difference time-domain (FDTD) simulations
were performed in Lumerical FDTD Solutions (see Methods
for details).

2 Results and discussion

In this study, a set of ND arrays of increasing diameters on
different substrates is investigated. Schematic of one of the
ND arrays is presented in Figure 1(b). The diameter of the NDs
is changed from 120 to 180 nm, while the thickness is kept
60 nm. Figure 2 shows the evolution of the calculated
nanoantenna resonances (transmission dip) with increasing
diameter on different substrates (glass, HMM-1 and HMM-2).
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Figure 2: Evolution of the plasmon resonance with varying diameters of NDs on (a) glass (b) HMM-1, (c) HMM-2 and (d) spectral shift of the
resonance, calculated by FDTD simulations. FDTD, finite-difference time-domain; HMM, hyperbolic metamaterial; ND, nanodisk.
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The comparison of the spectral shifts of the plasmon reso-
nances reveals that the change is much smaller when the
NDs are on the ENZ substrates, compared to the case of the
glass substrate. That is to say, the resonance of the NDs on
the ENZ substrates is pinned near the ENZ wavelengths.
Moreover, the ENZ substrates having different ENZ wave-
lengths control the pinning effect at those wavelengths.

To observe the pinning effect experimentally, we
fabricated ND arrays on glass, HMM-1 and HMM-2 sub-
strates using standard electron-beam lithography (EBL)
and lift-off process (see Methods for details). Figure 1(c)
shows the scanning electron microscope (SEM) image of a
fabricated sample on HMM-1. Transmission spectra of NDs
on glass with different diameters are presented in
Figure 3(a). A resonance shift from 628 to 678 nm is
observed, by changing the disk diameter from 120 to
180 nm. The same amount of modification in the diameter
for the NDs on HMM-1 changes the plasmon resonance only
within a smaller wavelength region of 659 nm <A < 675 nm,
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as shown in Figure 3(b). We note that the transmission
spectra are normalized to the transmission of the HMM-1
without the NDs. The LSPR of the antenna is not only
determined by its size anymore when it is located on the
ENZ substrate. This phenomenon is a consequence of the
interaction between the resonating antennas, as well as the
ENZ substrate. It is also possible to obtain this effect for an
antenna array of the same size, at a different wavelength
region, by adjusting the composition of the substrate.
When the ND array is on HMM-2 having an ENZ wavelength
at 751 nm, the pinning effect is observed in the region
703 nm < A < 732 nm, as shown in Figure 3(c). The pinning
effect is observed around the ENZ region of the corre-
sponding HMM substrate.

Plasmonic nanoantennas scatter the incident field to
all directions towards two different media: substrate
and air. The relative efficiency of the scattering is deter-
mined by the dielectric constants of the two media.
Therefore, effective permittivity of the local environment
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Figure 3: Normalized transmission spectra of the fabricated ND arrays, with disk diameters of 120, 140, 160 and 180 nm on three different
substrates: (a) glass (green), (b) HMM-1 (red) and (c) HMM-2 (blue). The ENZ points of HMM-1and HMM-2 are highlighted by violet and magenta
vertical dashed lines in the associated graphs, respectively. (d) The spectral shifts in the resonance wavelengths of the NDs on glass, HMM-1
and HMM-2. HMM, hyperbolic metamaterial; ND, nanodisk; ENZ, epsilon-near-zero.
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Figure 4: Phase profiles (in the unit of radian) of x component of the scattered E-field up to 2A from the NDs of diameters (a) 120 nm and (b)
180 nm on glass at A =684 nm and (c) 120 nm and (d) 180 nm on HMM-1 at 684 nm. Similarly, (e) 120 nm and (f) 180 nm on glass atA=751nm
and (g) 120 nm and (h) 180 nm on HMM-2 at A = 751 nm. White dotted lines are added for better visual comparison. HMM, hyperbolic

metamaterial; ND, nanodisk.

can be defined as &q = (€sup+E€air)/2. When the substrate is
a low-loss ENZ medium, the value of the effective

index (neff = \j[\/Re(eeff)2 + Im (eefr)” + Re(eeff)]/2> be-

comes almost zero at the ENZ region. The resonance fre-
quency of an antenna can be approximated as
Ares = 2Negr (D + 26), where D + 26 is the effective length of
the antenna with a diameter (D) and evanescent extension
of the resonant mode (6) [26].

The vanishing index of refraction (reduced real
permittivity) of the substrate limits the spectral shifting of
the antenna resonance beyond the ENZ condition [26, 27].
Hence, when an antenna is on an ENZ substrate, an in-
crease in the diameter of the ND antenna is compensated
by small neg, reducing the amount of the shift in the LSPR
near the ENZ wavelength, as observed in our experiments.
The spectral shift in the plasmon resonance, with respect to
the resonance wavelength of the ND arrays with 120 nm
diameter, for each sample, is shown in Figure 3(d). The
experimental results display a good agreement with the
simulation results. The ND arrays on glass exhibit a total
shift of 50 nm, whereas the shifts observed in the ND arrays
on HMM-1 and HMM-2 are 16 and 29 nm, respectively.
The shift in the resonance for HMM-1 is three times less
than the one for glass. However, for HMM-2, it is half of
the resonance shift obtained for the glass case. The shift
in the resonance for HMM-1 is more suppressed com-
pared to HMM-2 because the ENZ region of HMM-1
(660 nm < A < 690 nm) is intentionally designed at the
resonance wavelength of the antenna (on glass). On the
other hand, the ENZ region (730 nm < A < 780 nm) of HMM-2
is far away from the resonance of the antenna (on glass).

The possibility to tune the ENZ region by simply changing
the thickness of TiO, allows us to probe the pinning effect
for HMM-1 and HMM-2 at two different wavelengths.
Similar to the transmission minimum, the shift in the
scattering peak of the ND antenna is suppressed three
times for the ENZ substrates, compared to glass (see
SI-Figure 8).

To further examine the scattering of NDs on different
substrates, we calculate the phase of the x component of
the scattered electric field (E-field) for the NDs of 120 and
180 nm diameter on glass and HMM-1 at 684 nm
(Figure 4(a-d)) and on glass and HMM-2 at 751 nm
(Figure 4(e-h)). The difference in the phase of the E-fields
at a distance of ~2A from the surface of the NDs (120 and
180 nm diameters) is 56 degrees when the substrate is
glass. However, this difference reduces to 21 degrees when
the substrate is changed to ENZ metamaterial. This pro-
vides possibilities for the effective control of the phase
contribution of each nanostructure.

3 Conclusion and outlook

In conclusion, with this study, we reveal the effect of the
ENZ metamaterials as a substrate. Due to the unique
feature of ENZ media, we showed that one can diminish the
effects of the size of the nanostructure on the spectral po-
sition of plasmon resonance. We present the pinning effect
of HMM-based ENZ substrates on the LSPR of Au NDs. The
plasmon resonance of the same ND is pinned at two
different regions as a result of the substrates with different
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ENZ wavelengths. Transmission spectra of the NDs, fabri-
cated on glass, HMM-1 (ENZ at 684 nm) and HMM-2 (ENZ at
751 nm), display 50, 16 and 29 nm of spectral shifts in the
resonance, respectively, as the disk diameter increases.
The spectral shift of the NDs on HMMs is suppressed at least
three times due to almost zero index of the substrate.
Moreover, the phase of the scattered field from a ND is
affected by the ENZ properties of the substrate providing
flexibility on the phase modification.

Controlling the plasmonic resonance via substrate
properties will open an entirely new avenue. For example,
this will provide an efficient method to control the emission
properties of quantum emitters and scattering properties of
nanoparticles. We foresee that the improved low-loss ENZ
substrates and dynamic tunability of the ENZ wavelength
will bring more implementations to this platform. Recently,
it has been shown that the large nonlinear optical response
of ENZ materials [32, 39] provides optical tuning of ENZ
wavelength. Similarly, the graphene-based tunable HMM
[40] can be used in the MIR range to electrically tune the
pinning wavelength. Another perspective would be using
the function of vanadium dioxide as a phase-changing
material in the HMM layers [41] to thermally turn on and off
the pinning effect. The control over the plasmon resonance
by designing an ENZ substrate and tuning its properties
dynamically enables compensation of the fabrication error
from visible to infrared region. Metal-insulator-metal-
based tunable ENZ cavities [22] can be used to obtain a
pinning effect in waveguides. Overall, these results may
facilitate efficient sensing, better beam-steering applica-
tions and less cross-talk for on-chip nanophotonic devices
in flat optics designs.

4 Methods

4.1 Numerical simulations

We use the commercially available software, Lumerical FDTD Solu-
tions, for 3D electromagnetic simulations of transmission, reflection
and field profiles of the samples. We use the experimental dielectric
functions provided in the literature to model Au [42], SiO, [43] and TiO,
[44]. HMM-1 and HMM-2 media are modelled with the help of dielectric
functions obtained by effective medium approach, as shown in
Figure 1(a). The overall thicknesses of the HMM-1 and HMM-2 media
are 105 and 165 nm, respectively. The thickness of the NDs is 60 nm
and the diameter is ranged from 120 to 180 nm. Conformal meshing is
used in the simulations, while a finer mesh constraint to 4 nm is
employed in the region enclosing the ND, to get a better resolution.
For the transmission and reflection simulations, the unit cell of
size 360 nm is illuminated by a linearly (x) polarized plane wave
source of wavelengths 500-900 nm. The boundary conditions (BCs)
are set to periodic in the directions parallel to the source propagation
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(x, y) and perfectly matched layers (PMLs) in the direction perpen-
dicular to the source propagation (z).

To simulate the scattered electric field profiles, the BCs are set to
PMLs in all directions. We use a linearly (x) polarized plane wave
source of wavelengths 500-900 nm. The source profile is obtained
using the total-field scattered-field option (enclosing the ND). It sep-
arates the computation region into two distinct regions; one contains
the total field (i.e. the sum of the incident and scattered fields), while
the second region contains only the scattered field. A power monitor
covering the whole simulation region is used to collect the scattered
field at the ENZ wavelengths of each HMM.

4.2 Fabrication

For the fabrication of HMM substrates, the 500-pm-thick fused silica
substrate is cleaned in acetone, isopropanol (IPA) with 10 min soni-
cation and blow drying under nitrogen (N,) flow. The plasma cleaning
is used for thorough cleaning of organic contaminants from the sur-
face. Once the samples are cleaned, 10 nm of Au and 25/45 nm of TiO,
are deposited using electron beam deposition. About 1 nm of Ti is
deposited before each gold layer to improve the adhesion at the rate of
0.5 A/ s. The SEM image of HMM-1 is obtained after focused ion beam
milling, shown in the inset of Figure 1(d).

The periodic arrays of NDs are fabricated by standard EBL using
20 KeV and 10 um aperture. The cleaned glass and fabricated HMM
samples are spin coated with poly(methyl methacrylate) (PMMA)-A4
at 3000 rotation per minutes (rpm) for 40 s. The spin coated samples
are baked at 180 C for 90 s in order to evaporate the anisole solution in
PMMA-A4. The 100 x 100 um’ write field is used to create the NDs with
the area dose of 300 uC/cm’. The exposed samples are developed for
60 s in metylisobutylketon:IPA solution at the ratio of 1:3 and 30 s in
IPA to stop the development process. The developed samples are
loaded in the electron beam evaporation deposition chamber. Similar
to HMM fabrication, 1 nm of Ti is used as an adhesion layer, followed
by 60 nm of Au deposition at the rate of 0.5 A/s. The S-1165 remover is
used to lift off the metals, and the samples are left in the solution to
heat up to 80 C. When the desired temperature is reached, the hot plate
is turned off and the samples are kept in the solution for 5 min. Once
the cracks start to appear in the metal thin films, the gentle stirring
removes all the unwanted metal from the sample. The sample is rinsed
in water, acetone and IPA and blow dried under N, flow to get rid of
residual metal films. Four different matrices are fabricated for 120, 140,
160 and 180 nm disk size by changing the dose factor.

4.3 Optical characterization

Transmission spectra are measured using a Confocal Raman micro-
scope from WiTec (alpha300R). The samples are excited with a
broadband light source (Energetiq EQ-99XFC LDLS, spectrum 190-
2100 nm). The optical beam is focused on the sample surface by using
a 20x objective lens (ZEISS EC EPIPLAN 20X/0.4) at normal incidence.
To detect the transmission spectra, a 50x objective lens (ZEISS EC
EPIPLAN 50X/0.75) is placed at the back focal plane to collect trans-
mitted light in the normal direction. The collected light is coupled to
an optical fibre connected to a spectrometer (Ocean Optics Flame UV-
VIS Spectrometer, detection range 40-900 nm). We first measure the
transmission spectrum from the glass substrate. Then, we measure the
transmission spectrum of the ND arrays, which is normalized to the
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spectrum of glass. Similarly, the transmission spectra of the NDs on
HMMs are normalized to transmission from HMM substrates.
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