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Epsilon-near-zero (ENZ) media are an emerging class of nanophotonic materials that engender electromagnetic fields
with small phase variation due to their approximately zero permittivity. These quasi-static fields facilitate several
unique optical properties, such as subwavelength confinement, arbitrary wavefront control, and enhanced light–
matter interactions, which make ENZ materials promising platforms for nanophotonic and plasmonic systems.
Here, we report our analysis of single and dimer nanoantennas deposited on an aluminum-doped zinc oxide layer
with an ENZ wavelength around 1.5 μm. Using near-field microscopy, far-field spectroscopy, finite-element numerical
simulations, and a semi-analytic Fabry–Perot (FP) model, we show that single nanoantennas support highly dispersive
plasmonic modes with less than unity effective mode index at wavelengths greater than the ENZ wavelength, which
consequently fixes the resonance near the ENZ wavelength of the substrate. Furthermore, we observe a strong reduc-
tion in the near-field coupling between dimer nanoantennas via measurements of the resonance shift as a function of
gap size. This reduction of near-field coupling allows one to design arrays of independently operating antennas with
higher densities and thereby significantly improve the array characteristics, especially when targeting gradient meta-
surface implementations. Our results demonstrate the use of ENZ materials for increasing the versatility and func-
tionality of plasmonic structures and provide foundational insight into this exotic material phenomenon. © 2018
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1. INTRODUCTION

Epsilon-near-zero (ENZ) materials shape and control light in
extraordinary ways. Unlike conventional materials, the permittiv-
ity ε of an ENZ media is approximately zero, which for non-mag-
netic materials, implies a refractive index of zero �n � ffiffiffi

ε
p �.

Consequently, an electromagnetic wave will have a nearly constant
phase variation inside the ENZ media, alternatively interpreted as
a “stretching” of the effective wavelength �λeff � λ0∕n� [1]. These
static-like modes are the basis for many of the exotic phenomena
and applications predicted theoretically and observed experimen-
tally in ENZ materials, such as beam shaping and steering [2–4],
subwavelength tunneling [5–7], and enhanced nonlinear inter-
actions [8–13]. Even though there are some limitations for
ENZ materials dictated by causality and Kramers–Kronig rela-
tions, the scope of applications for these unique materials keeps
increasing [14]. For example, there is a growing interest to utilize
the non-local ENZ fields for facilitating and observing non-
classical coherence in systems of quantum emitters [15,16].

Although these examples highlight the remarkable properties
of ENZ materials, it remains a substantial and open challenge to

realize a system capable of supporting a vanishingly small permit-
tivity. Current strategies include waveguides operating at cutoff
[17], Dirac points in photonic crystals [18], engineered metama-
terials [4,19,20], and naturally occurring polaritonic [21] and
transparent conducting oxide (TCO) media [22,23]. The latter
of these methods has many advantages over competing strategies,
especially for obtaining ENZ at near-infrared wavelengths. TCOs
are heavily doped, wide bandgap semiconductors that support
free-carrier concentrations as large as 1021 cm−3 with correspond-
ing cross-over frequencies throughout the near-infrared; further-
more, their interband absorption is confined to the ultraviolet due
to their large bandgaps [23]. Therefore, loss near the cross-over
frequency is small, and TCO films exhibit a permittivity that is
naturally near zero without the need for advanced fabrication
[24]. An additional advantage of ENZ TCO films is their
tunability: the wide range of TCO materials and deposition
techniques allow for ENZ wavelengths ranging from near- to
mid-infrared wavelengths, and dynamic control—e.g., thermal
annealing [25], optical excitation [8–10,26,27], electrical bias
[28–31]—can shift the ENZ point by several hundred nano-
meters. Thus, TCO films are robust and flexible ENZ materials,
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ideal for incorporating ENZ phenomena and applications into
modern optoelectronic and photonic devices.

Recently, a growing body of research is investigating the effects
of ENZ TCO films on plasmonic systems. Prior plasmon–ENZ
work includes studies of single nanorods for resonance wavelength
and radiation engineering [32,33], metamaterial split-ring resona-
tors for polariton splitting [34,35], and plasmon-enhanced quan-
tum wells for active terahertz control [36]. These studies
demonstrate the great potential for plasmon–ENZ systems,
but do not provide a thorough analysis or direct observation
of the plasmon–ENZ coupling. Here, we investigate the plas-
mon–ENZ coupling in both single and dimer gold nanowire an-
tennas with an aluminum-doped zinc oxide (Al:ZnO) TCO
substrate exhibiting an ENZ permittivity at telecommunication
wavelengths. We characterize the plasmonic response of single
nanorods with far-field spectroscopy and directly observe the elec-
tric field maps of single nanorods at the ENZ wavelength using
scattering near-field optical microscopy (SNOM). Numerical cal-
culations using finite element simulations of the correspondent
nanorod waveguide coupled with an analytic 1D FP model show
excellent agreement with both far- and near-field measurements.
We show that the plasmonic mode is highly dispersive and exhib-
its an effective mode index that is less than unity for wavelengths
greater than the ENZ wavelength, resulting in the waveguide’s
wavelength being greater than the free-space excitation wave-
length. Additionally, we demonstrate a strong suppression of
near-field coupling between dimer nanorods on an ENZ sub-
strate, which we attribute to the mode characteristics observed
in single nanorod antennas.

2. RESULTS

A. Fabry–Perot Model for Single Nanorod

To explain and analyze both the near- and far-field response of
nanorod antennas on ENZ substrates, we develop a FP model
[37,38] of the plasmon modes upon normal plane-wave illumi-
nation (see Supplement 1). In this model, the nanorod is treated
as a truncated waveguide, and incident light excites counter-
propagating modes that reflect off either end of the nanorod’s
edges and form standing-wave interference. The interference is
either constructive or destructive depending on parameters such
as free-space wavelength or nanorod length. In this work we con-
sider gold nanorods with a thickness of 40 nm and a width of
70 nm, deposited onto a 315-nm-thick layer of either Al:ZnO
or ZnO on top of a glass substrate. The length of the nanorods
varies from 100 to 2000 nm. It is obvious that the normal plane-
wave illumination with electric field along the nanorod length will
excite modes only from the short faces of the nanorod, as illus-
trated in Fig. 1(a). A modal analysis of the nanorod cross section
using numerical simulations ensures only one supported quasi-
bound mode. Permittivity values of gold were taken from the
Palik handbook [39], while values of Al:ZnO and ZnO were
extracted using spectroscopic ellipsometry from 315-nm-thick
Al:ZnO and ZnO films deposited via pulsed laser deposition
(PLD) onto glass slides (see Supplement 1). We found the
ENZ wavelength of the Al:ZnO film to be 1475 nm with a con-
comitant dielectric permittivity of εENZ � 0� i0.35. The
spectroscopic data was fitted using a Drude–Lorentz oscillator
model to obtain permittivity values across the 400–2500 nm
spectral range (Figs. S1 and S2 in Supplement 1). The

electric-field mode profiles for the free-space wavelength of
1475 nm are shown in Figs. 1(b) and 1(c). As reported previously,
the mode field is concentrated in air for the ENZ substrate com-
pared with the ZnO dielectric substrate [30]. The mode propa-
gation properties are demonstrated in Fig. 1(d) in terms of the
effective mode index N and propagation length Lprop for both
Al:ZnO and ZnO substrates. We find that the effective mode
index for the nanorod waveguide on the Al:ZnO has a strong neg-
ative dispersion and, furthermore, that it is less than unity for
wavelengths past the ENZ wavelength of 1475 nm. On the con-
trary, the effective mode index for the nanorod waveguide on the
ZnO is weakly dispersive with a value of approximately 2.
Another simulation of the mode propagation in a terminated
nanorod provides the complex reflection coefficient
r � jrj exp�iϕ�, where jrj and ϕ are the amplitude and phase, re-
spectively, of the reflection coefficient [Fig. 1(e)]. We find that
both reflection amplitude and phase are nearly constant, both
for Al:ZnO and ZnO substrates. The nanorod near field can then
be calculated by summing the fields from all possible passes; con-
sequently, the resonance condition is given by (see Supplement 1)

2πN
λ0

L� ϕ � π � πm; m � 0, 2, 4,…, (1)

where L is the nanorod length, and λ0 is the free-space wave-
length. Physically, this implies that, at resonance condition, exci-
tations from one end of the nanorod should constructively
interfere with the out-of-phase excitation from the opposite
end after accumulating a single propagation and reflection phase.
We note that Eq. (1) describes bright modes only. The generalized
FP model does not incorporate the excitation source and implies
that, at resonance condition, the round trip should be in phase
with initial excitation. Therefore, generalized FP models predict
both bright (even m) and dark modes (odd m), the latter being
inaccessible when using a normally incident plane wave source.

Fig. 1. Semi-analytical FP model for a single nanorod. (a) Sketch of a
nanorod upon normal illumination, exciting two counter-propagating
nanorod modes. (b), (c) Electric field distribution of nanorod waveguid-
ing mode at the free-space wavelength of 1475 nm, deposited on (b) an
Al:ZnO and (c) a ZnO substrate. Magenta arrows represent the trans-
verse electric field. (d), (e) Numerically calculated effective mode index,
propagation length, and reflection coefficient for a gold nanorod on the
Al:ZnO (solid lines) and a ZnO substrate (dashed lines). Insets show the
approximate configurations of the finite-element solver.
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Equation (1) specifies the relation between nanorod length
and resonance wavelength; consequently, the rate of change in
resonance wavelength as a function of antenna length can be
calculated:

dλ
dL

� 2π

�π � πm − ϕ�
N 2�

N − λ0
∂N
∂λ

� : (2)

This result follows from our assumption that the reflection phase
ϕ is wavelength independent, which is justified from our finite
element method (FEM) analysis [Fig. 1(e)]. Equation (2) shows
that for modes with largely dispersive effective index, the scaling
law between resonant wavelength and antenna length is nonlin-
ear. Furthermore, in the ideal limit N → 0, the resonant wave-
length becomes independent of antenna length, an effect referred
to as a resonance pinning [32]. In contrast, for non-dispersive and
non-zero effective mode index, the resonant wavelength should be
simply proportional to the antenna length: λ0 � 2πNL∕
�π � πm − ϕ�.

In addition to the dispersive behavior of the resonance, we also
use our model to accurately predict the near-field phase and mag-
nitude of the single antennas. Figure 2 shows a side-by-side com-
parison of near-field maps obtained using full 3D FEM
simulations (left column) and our semi-analytical FP model (right
column) for a 600 nm antenna. The top and bottom rows show

the maps obtained at different heights above the nanoantenna. As
can be seen, there is a strong agreement between FP model and
FEM simulations for Ey and Ez . A disagreement in Ex is caused
by the presence of relatively strong exciting plane-wave and far-
field antenna radiation in full 3D FEM simulations, while the FP
model predicts only evanescent field distribution.

B. Single Nanorod Far-Field Characterization

To verify the nonlinear scaling law and resonance pinning for
antennas on an ENZ substrate, as followed from the above
semi-analytic FP model, we fabricated and characterized nanorod
antenna arrays on Al:ZnO substrate. Following the deposition of
the Al:ZnO layer, we used standard electron-beam lithography,
thermal metal evaporation, and lift-off methods to fabricate gold
antenna arrays onto the Al:ZnO substrate. By setting the period
along and perpendicular to the length of the antennas to P∥ �
1200 nm and P⊥ � 600 nm, respectively, we minimized an-
tenna interaction while maintaining a significant antenna density.
Each array consisted of antennas of lengths L � 400, 600, and
800 nm. Representative scanning electron microscope images
are shown in Supplement 1, Fig. S3(a). We measured the far-field
response of the single nanorod arrays using the cross-polarized
reflection configuration of our spectroscopic ellipsometer, as
shown in Fig. 3(a). Using this setup, we were able to collect
the field radiated by the nanorod array while suppressing the
strong reflected signal of the substrate. We fitted the reflection
spectra with Lorentzian curves to extract the resonant wavelength.
In Fig. 3(b) we plot the experimentally observed resonance wave-
lengths for antennas of lengths L � 400, 600, and 800 nm
(crosses). In addition, we plot the resonant wavelengths predicted
by using our FP model [Eq. (1)] (solid line), along with resonan-
ces for the scattering cross sections obtained using full-wave
FEM simulations of isolated antennas (circles). For comparison,
we included corresponding values for a ZnO substrate of
similar thickness (red lines and dots). As can be seen, there is
a good agreement between measurements and simulations, sup-
porting the assumption of the negligible antenna interaction.
Additionally, the resonance position predicted by our semi-
analytical FP model is in good correspondence with results of
full 3D simulations and measurements, even though the ellipsom-
eter excitation angle in the experiment was slightly different
than normal incidence. Finally, we verify that the resonance
wavelength is largely nonlinear and becomes nearly independent
of antenna length beyond the ENZ wavelength, an effect referred
to as resonance pinning [32].

C. Single Nanorod Near-Field Characterization

To directly image the modes of the nanorods, we perform near-
field characterization using SNOM. This technique allows us to
simultaneously map both magnitude and phase of the near field,
in addition to the sample topography (see Supplement 1). Because
of the tip elongation along the z axis, the recorded near-field
signal corresponds well to the normal z component of the electric
field approximately 50 nm above the structure [40–42]. A sche-
matic of our setup is shown in Fig. 4(a). We excite the sample
from beneath using a 1475 nm laser, which was defocused in
order to reproduce the plane-wave illumination. The sample con-
tains a column of individual nanorods of lengths varied in 100 nm
steps from 100 to 2000 nm; the spacing between antennas was
1000 nm. Figure 4(b) shows the topography and near-field maps

Fig. 2. Comparison of the field produced by full 3D FEM simulations
and semi-analytical FP model. Simulations are done for gold antennas on
Al:ZnO substrate at 1500 nm excitation from the bottom, polarized
along the antenna length. The field was calculated at z � 20 nm
(i.e., through the middle of the antenna, top) and z � 90 nm (i.e.,
50 nm above the antenna, bottom) for two antenna lengths: 600 (left)
and 1800 nm (right). The fields were normalized to the amplitude of the
transmitted plane wave (note different color map scales).
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of the gold antennas on the underlying Al:ZnO substrate,
along with the near-field magnitude and phase, calculated with
full FEM simulations and predicted from our semi-analytic FP
model as

Ez�x� ∝ sin

�
2πN
λ0

x � i
Lprop

x
�
: (3)

We find the antennas of length less than 1000 nm support dipolar
near-field distribution, as clearly seen by the phase profile; fur-
thermore, we confirm the 600 nm antenna is at resonance with
the 1475 nm excitation. The strong agreement between all near-
field maps confirms the low effective mode index of the nanorod
plasmonic mode for ENZ substrate. Additionally, the correspon-
dence between near-field measurements and simulations verifies
the optical properties of fabricated Al:ZnO substrate on the
subwavelength scale, which makes it unique compared to the

engineered ENZ metamaterials composed of stacked finite-size
structures [4,18,19]. A similar comparison of recorded near-field
maps with simulations for nanorods on ZnO substrate can be
found in Supplement 1, Fig. S4.

D. Dimer Antenna Characterization

Having shown the ability for ENZ materials to significantly alter
plasmonic resonances in single nanorods, we now turn our focus
to dimer nanorods deposited on an ENZ substrate. In general, the
resonance of a dimer pair will depend on the separation between
rods due to the interparticle coupling [43,44]. For nanorod pairs
oriented along their longitudinal axis, the resonant wavelength
redshifts away from the isolated resonant wavelength as the sep-
aration decreases. To characterize the shift in resonance for dimer
antennas on an ENZ substrate, we fabricated arrays of dimer
nanorods, consisting of two L � 400 nm nanorods separated

(a) (b)

Fig. 3. Far-field characterization of nanorod arrays. (a) Cross-polarized configuration of our ellipsometer used for measuring the far-field scattering of
the single antenna arrays. The input polarization is rotated −45° with respect to the nanorod’s long axis and incident at 18°. The reflected light is passed
through an analyzer set at the 45°. (b) Resonant wavelength as a function of antenna length for the Al:ZnO (black) and ZnO (red) substrates. The solid
lines are calculated using the FP model, square and circular markers are results of scattering cross-section numerical calculations, and cross markers
indicate experimental values obtained from cross-polarization spectroscopy. The dashed line indicates the ENZ wavelength of 1475 nm.

(a) (b)

Fig. 4. Near-field optical microscopy of individual nanorods. (a) Schematic of the SNOM setup. (b) First column contains the measured topography,
the magnitude, and the phase of the near field for gold antennas on Al:ZnO substrate at 1475 nm excitation, polarized along the antenna length (the
polarization is shown with a white arrow). Second and third column are the corresponding z component of the electric field (Ez ) calculated at 50 nm
above nanorods with full 3D finite-element simulations and the semi-analytical FP model, respectively. Recorded topography and designed antenna
parameters were used for masks in phase maps.
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by a gap of 30, 50, 100, or 200 nm. We chose the period of all
arrays to be P∥ � 1300 nm and P⊥ � 500 nm to maintain a
constant and significant dimer density [see Supplement 1,
Fig. S3(b)]. We employed FEM simulations to calculate the scat-
tering, absorption, and extinction cross sections of gold dimer an-
tennas on an Al:ZnO substrate; for comparison, we performed
similar simulations for dimer nanorods on a glass substrate
[Fig. 5(a)]. We chose the antenna length for dimers on glass
to be 320 nm so that the resonance positions coincide for gap
distances of 200 nm. Figures S5 and S6 of Supplement 1 contain
numerically computed cross sections for dimers of varying gap
sizes (G � 10, 20, 50, and 200 nm) and antenna lengths
(L � 300, 400, 500, and 600 nm on Al:ZnO and L � 320
and 365 nm on glass), respectively; Fig. S7 is a compilation of
both the absolute and relative redshifts in resonance as a function
of gap size for all antenna lengths and substrates. For dimers on
ENZ, we find the spectral redshift is reduced in comparison to
antennas on glass and, furthermore, that the redshift decreases
monotonically for increasing individual antenna length.
Additionally, we find that the extinction cross section’s spectral
width is narrow as a result of the asymmetric scattering and ab-
sorption cross sections. In contrast, the redshift for dimer anten-
nas on glass substrate is independent of antenna length, which
agrees well with previous observations and analysis [43–45].
We measured the far-field scattering from our arrays of gold
dimers using the same ellipsometry setup used to characterize ar-
rays of single antennas. Figure 5(b) shows the experimentally ob-
tained shift in resonance of L � 400 nm nanorod dimers (black
squares), normalized to the resonant wavelength of dimers with
G � 200 nm, as a function of gap size. Gap sizes were verified
using scanning electron microscopy, and all resonant wavelengths
were found by fitting the scattering spectrum with Lorentzian
peaks [see inset of Fig. 5(b)]. Included in this figure are the shift
in the resonance wavelength for L � 400 nm dimers on Al:ZnO
(black line) and for L � 320 nm dimers on a glass substrate (red
line). The antenna length of 320 nm for dimers on glass substrates
was chosen such that the resonance shift occurred at the same

spectral range as our ENZ wavelength. Our experimental results
show a reduced redshift for antennas on the Al:ZnO substrate and
corroborate our numerical simulations.

The reduced shift in resonance corresponds to a suppression
of near-field coupling between the two nanoantennas of the
dimer. In general, the normalized redshift of two plasmonic an-
tennas as a function of gap size is proportional to the ratio of the
interparticle near-field interaction to the single intraparticle
Coulombic restoring force [44]. As we have shown from our sin-
gle particle analysis and previous work [32], the near-field distri-
bution of a single particle antenna is significantly altered at the
ENZ regime of the substrate. In particular, we find that the field
is primarily concentrated outside of the substrate past the ENZ
wavelength since the air becomes the more optically dense media.
The experimentally observed and numerically calculated strong
reduction in the redshift, as compared to dimers on glass sub-
strates, implies that the near-field interaction is thus suppressed.
We do note that a reduction in the redshift will also follow from
an increase in the individual antenna length of the dimer pair,
because the intraparticle Coulombic restoring force goes as a
1∕�particle size�3 dependence and the normalized redshift, in
the quasi-static dipole approximation, is given by Δλ∕λ0 �
�G∕L� 1�−3, where G is the gap size and L is the antenna length
[44]. Indeed, we do observe a slight decrease in redshift for an-
tennas on a glass substrate for increasing antenna lengths
(Supplement 1, Fig. S7). However, this contribution to the red-
shift reduction is small, even for large changes in antenna lengths,
and cannot account fully for our observations. We thus conclude
that the predominant mechanism is the suppression of near-field
interactions due to the ENZ substrate. We note that the suppres-
sion of the near-field coupling is directly related to the ENZ
nature of the substrate and is independent of the physical origin
of the ENZ response; therefore, near-field suppression is a general
feature of an ENZ substrate. Furthermore, we anticipate that an
ENZ substrate will also result in similar suppression of near-field
coupling between dimer antennas aligned along their trans-
verse axis.

(a) (b)

Fig. 5. Suppression of near-field coupling in dimer antennas. (a) Scattering, extinction, and absorption cross sections of dimer antennas on both Al:
ZnO (left column) and glass (right column) substrates calculated with FEM. Gap distances of 10 and 200 nm are shown in the top and bottom rows,
respectively. The antenna lengths are chosen such that the maximum cross sections coincide at a gap distance of 200 nm to clearly illustrate the distinction
in total redshift. (b) Resonance wavelength redshift of dimer nanoantennas as a function of gap size, normalized to a gap of 200 nm. Black squares and line
mark the experimentally measured and simulated, respectively, redshift of dimers on Al:ZnO as a function of gap size. Red line marks simulated redshift
for dimers on glass. Inset shows the collected cross-polarized reflection spectra.
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3. DISCUSSION

Maxwell’s equations dictate that the fields in an ENZ material
exhibit anomalous phase variation and the wavelength approaches
infinity, i.e., λ → ∞ as ε → 0. This reasoning provides an intui-
tive picture for understanding and interpreting our results. As
mentioned earlier, usually the scaling between the resonance
wavelength and the physical length of the nanorod is approxi-
mately linear; however, as we have shown using Eq. (2), a non-
linear scaling occurs when the effective mode index is largely
dispersive. Although the refractive index of the metal nanorod
is itself dispersive, the electric fields of the plasmon mode are pri-
marily located outside of the nanorod, and, accordingly, the
mode’s effective index is predominately determined by the sur-
rounding material’s index. This implies that the incident radia-
tion’s wavelength λ0 and the nanorod’s plasmon wavelength
λSPP are proportional via λSPP � λ0∕neff , and that the nanorod’s
resonance wavelength changes linearly to an increase in antenna
length for a non-dispersive dielectric environment. However, for
an antenna located near an ENZ material, the plasmon modes of
the nanorod will have a strong negative dispersion and exhibit a
near-zero effective index, as we have observed [see Fig. 1(d)].
Consequentially, when the free-space wavelength of incident light
is increased near the ENZ point, the effective mode index de-
creases and the plasmon wavelength will increase dependent on
the magnitude of the dispersion; as such, the nanorod will
resonate only at a longer length.

In summary, we have demonstrated dispersive, less than unity
index plasmon modes with gold antennas on an Al:ZnO substrate
with a near-infrared ENZ point. Furthermore, we demonstrated a
reduced redshift in the resonance of dimer antennas on a ENZ
substrate as a function of diminishing gap sizes because of sup-
pressed near-field interactions. We have also developed a robust
and accurate semi-analytic FP model for calculating electromag-
netic near fields, dispersion, and resonances of single nanorod an-
tennas on arbitrary substrates. Our observations and analysis open
new directions for engineering the resonance of both single and
coupled plasmonic antennas. For instance, the established reduc-
tion in near-field coupling allows one to design arrays of inde-
pendently operating antennas with higher densities and
thereby significantly improve the array characteristics, particularly
when targeting gradient metasurface implementations. Moreover,
by utilizing the suppressed near-field coupling, it may be possible
to induce large modulation amplitudes by tuning the permittivity
of the substrate around the ENZ point through either electrical or
optical control. Additionally, it may be possible to utilize the
near-zero index plasmon mode for increasing coherence between
quantum emitters coupled to a plasmon system.
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