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ABSTRACT
In this work, we performed an extensive theoretical and experimental study to unveil the underlying mechanisms related to the intensified
transmittance in epsilon-near-zero (ENZ)-integrated plasmonic nano-apertures. The occurrence of phase singularities at the incident side of
plasmonic nano-apertures results in the reduction in transmittance. We show that transmittance enhancement in ENZ-integrated nano-slits
is attributed to the annihilation of the phase singularities by the ENZ layer and subsequently the modification in plasmonic fields of metallic
apertures. The singularity annihilation via ENZ metamaterials eliminates the abrupt changes in the phase of the Poynting vector underneath
the slit, which results in a stronger cavity resonance inside the aperture. Due to this fact, a nano-aperture on top of an ENZ metamaterial is
the only effective configuration to enhance the transmittance in ENZ-integrated nano-apertures. Hence, our study reveals the physics of the
transmittance enhancement through ENZ-integrated plasmonic nano-apertures.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0031602., s

I. INTRODUCTION

With recent advances in optics, researchers reach the lim-
its of the optical devices with conventional methods and materi-
als. Exploiting structures with subwavelength features requires new
designs and new materials. One of the tools to overcome this obsta-
cle and beat the diffraction limit is to use epsilon-near-zero (ENZ)
metamaterials.1 ENZ metamaterials are defined as a group of opti-
cal materials in which the real part of their permittivity transients
from the dielectric to metallic regime in one or several frequen-
cies. These metamaterials have been known for over half a decade
possessing different extraordinary optical properties.2 As the per-
mittivity of the material approaches toward zero, consequently, the
wavelength becomes longer even at higher frequencies. This results
in an extremely small value of wavenumber and subsequently an
extremely high value of phase velocity.3 Furthermore, such a rel-
atively infinite value of phase velocity results in a static behavior
of the propagating wave inside an ENZ medium and subsequently
lifting the spatial constraints for phase conservation.4,5 Addition-
ally, the enhanced field inside the ENZ medium leads to a highly

intense directional beam at the exit face of the medium.6 ENZ-
integrated metamaterials span a variety of applications such as chi-
rality enhancement,7 perfect absorption,8 super-coupling,9 phase
engineering,10 and super-lenses.11

Some natural materials such as gold and silver satisfy the
requirement of an ENZ in the UV region. However, due to high
optical losses, their performance as an ENZ structure is hindered.
Besides, artificial ENZ structures with multilayer nanostructures12,13

have been studied for the visible range. On the other hand, trans-
parent conductive oxides (TCOs) such as indium tin oxide (ITO)
and aluminum doped zinc oxide (AZO) are promising candidates
to realize low-loss ENZ properties in the near and mid-infrared
spectral regions. Prior studies show that the ENZ wavelength of
these materials can be varied based on doping concentration and
composition.14,15

Another phenomenon that has numerous applications in the
manipulation of electromagnetic waves is surface plasmons, which
are coherently oscillating free electrons that reside in the inter-
face of the metal and dielectric. There are two categories of sur-
face plasmons, namely, propagating surface plasmons (PSPs) and
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localized surface plasmons (LSPs).16 Recently, several works have
shown that the combination of ENZ metamaterials with plasmonic
nanostructures opens promising routes for ultimate control and
enhancement of the light–matter interaction such as strong cou-
pling between the plasmonic and ENZ mode,17,18 drastic nonlin-
ear enhancement,19 controlling plasmonic modes in a nanoantenna
array,20 and modification of the spontaneous emission rate.21

One of the configurations for an ENZ-integrated plasmonic
structure is a nano-slit placed over a thin ENZ layer. This can
be utilized in molecular sensing,22 enhanced spectroscopy,23 and
single-molecule trapping inside individual holes.24 Some previous
studies investigated analytically and experimentally different con-
figurations of ENZ-integrated nano-apertures to enhance the trans-
mittance efficiency of the device. Alu et al. theoretically analyzed
a single subwavelength aperture in a perfectly electric conducting
layer, which is covered by a low-k metamaterial in both entrance and
exit faces. Their investigations show that the achieved transmission
enhancement is sensitive to the optical losses of the applied materi-
als and geometrical and electromagnetic parameters of the design.25

Another study reported light funneling through an aperture that is
placed on top of an ENZ layer and compares its functionality with
two other cases that the ENZ material is filled in the aperture air
gap and the ENZ filled aperture is placed between two ENZ lay-
ers.26 Their analytical and experimental analyses reveal a correla-
tion between transmission enhancement efficiency and the optical
losses of the used ENZ material. Hajian et al. proposed a plasmonic
aperture that is sandwiched between two ITO layers. The physical
reasoning to explain the reported enhancement for the propagating
TM-polarized light through a plasmonic slit is tied to the directional-
ity and amplification of amplitude of light inside the ENZ medium.27

However, none of these studies provide a clear illustration of the
phase preservation inside and adjacent to the plasmonic slit. The
assumption of a fully conserved phase in the entrance face of a
plasmonic aperture is not fully true.

Phase singularities form in points that the intensity of the
Poynting vector vanishes and therefore the optical phase becomes
undetermined.28,29 Prior studies showed that the existence of these
points prevent the uniform flow of the energy at the incident side of
the slit and subsequently inhibit the transmittance efficiency of sub-
wavelength apertures.30–32 Schouten et al.32 analyzed the power flow
near the plasmonic slit and showed the annihilation of singularity
points by modifying waveguide modes via adjusting slit’s parame-
ters, which results in an enhancement in the total transmittance of
a plasmonic slit. Therefore, modification in plasmonic fields of the
metallic aperture in the presence of the ENZ metamaterial needs a
deeper look into the subject to unleash the promising applications of
ENZ-integrated nano-apertures.

With the present study, we show that the existence of phase
singularities at the incident side of a plasmonic subwavelength slit
is the main obstacle to intensify the transmitted light, as these sin-
gularity points suppress the intensity of the formed localized fields
inside the cavity. To implement our investigation, we designed and
fabricated structures with single and triple slits on an ITO thin film
that acts as an ENZ metamaterial. The performed theoretical inves-
tigations strongly support the experimentally acquired transmit-
tance enhancement. The observed strong funneling through ENZ-
integrated nano-apertures is attributed to the annihilation of the
formed phase singularities in the proximity of the metallic structure.

This allows transmittance enhancement via the intensification of the
localized plasmonic modes inside the aperture. We show that the
most effective funneling enhancement strategy is to place a nano-
aperture on top of an ENZ layer since the singularity points only
form at the entrance face of a plasmonic aperture.

II. RESULTS AND DISCUSSION
In this study, two different structures including single and triple

slits (three parallel single slits), placed over a 40 nm ITO film, are
used. The fused silica (FS) is utilized as a transparent optical sub-
strate for all of the structures. A 50 nm Gold (Au) film is considered
as a plasmonic material with strong PSP properties in the near-
infrared (NIR) spectral range.33 The schematic in Fig. 1(a) shows the
design for harnessing capabilities of ENZ metamaterials to achieve
intensified transmittance in a plasmonic triple slit (three parallel
single slits). The optical characteristics of the ITO thin film as an
ENZ metamaterial in our structure are investigated. The complex
permittivity is determined by a fit procedure based on the Drude
model that predicts the transmittance and reflectance of the ITO
layer. Figure 1(b) shows the real and imaginary parts of the per-
mittivity of the ITO layer. Figure S1(a) depicts the experimentally
acquired transmittance and reflectance of a 40 nm ITO film. The
transition of the permittivity from the dielectric to metallic regime
determines the ENZ region of the ITO layer around 1400 nm. For
a low-loss material, the ENZ wavelength is specified when both the
real and imaginary values of the dielectric constant become equal
[see Fig. S1(b) of the supplementary material]. The enhancement
factor for the designed structures is defined as the ratio of the
transmission intensity in the presence and the absence of the ITO
layer.

The enhancement factor vs slit width for a single slit, which is
calculated based on the results presented in Figs. S2(a) and S2(b),
is shown in Fig. 1(c). The maximum enhancement factor happens
in the ENZ region (1300 nm–1500 nm) around 1425 nm, showing

FIG. 1. (a) Schematic of the ENZ-integrated triple slit. (b) Corresponding real and
imaginary parts of the permittivity for 40 nm ITO film. The calculated enhance-
ment factor for (c) single nano-slit and (d) triple nano-slit. For both structures, an
enhancement is observed in the ENZ region (1300 nm–1500 nm).
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a higher transmittance after adding the ITO layer. One can spot
the fact that the enhancement is maximum in the ENZ region for
slit width less than 130 nm. However, due to low transmittance
and fabrication restraints, a slit width of 140 nm is chosen in this
study. For the triple-slit design, another main varying parameter is
the separation between the nano-slits. Figure 1(d) demonstrates the
enhancement factor of a triple slit as the separation between single
slits is varied from 300 nm to 1200 nm. This enhancement factor is
extracted based on the results presented in Figs. S2(c) and S2(d). The
footprint of the ENZ material is easily visible in the performance of
the device, as the maximum transmittance enhancement occurs in
the ENZ region around 1450 nm for separation gaps in the vicinity
of 950 nm. Changing the separation gap leads to a constructive or
destructive superposition of generated PSPs, which results in sup-
pression or enhancement of transmittance in a multi-slit design.34

According to the presented results in Fig. 1(d), the separation gap of
950 nm shows the most efficient interference between multiple PSP
modes, resulting in the highest enhancement factor for a triple-slit
design.

While TM-polarization (the linear polarization state of the inci-
dent light is perpendicular to the long axis of the slits) simulations
show enhancement, TE polarization (the orientation of the polarized
light is parallel to the long axes of the slits) results show no enhance-
ment [Figs. S3(a) and S3(b)]. Furthermore, due to the introduced
loss by the ITO layer, the intensity of the transmitted light through
both single and triple slits suppresses. This signifies that even if the
introduced funneling by ITO may play a role in the transmittance
enhancement process, but the optical loss of ITO conquers in this
competition, and consequently, we end up with transmittance sup-
pression. One needs to note that the introduced funneling by ITO
is independent of the polarization state of the light. This means that
the influence of this effect in the observed enhanced transmittance
for TM-polarized light should be neglected as well.

The study of multiple nano-slits can help one to further under-
stand the interaction between single apertures. Figure 2(a) shows the
enhancement factor for a multi-slit with separation gaps of 950 nm.
The data analysis provided in Sec. II of the supplementary material
(Fig. S4) explains the linear growth of the multi-slit enhancement
factor, as the number of the slits increases. Evidently, there is a direct
relation between the number of slits and the enhancement factor.
To identify the effect of multiple slits on the enhancement factor,

FIG. 2. (a) Calculated enhancement factor for a multi-slit from two to nine slits.
(b) Per slit enhancement factor for the corresponding multi-slits of panel (a). The
enhancement factor for each multi-slit is calculated at maximum enhanced trans-
mittance wavelength as the ratio of the transmittance in the presence and absence
of the ENZ layer.

one can divide this parameter by the number of slits [Fig. 2(b)]. The
achieved per slit enhancement factor shows the contribution of each
individual slit in the enhancement factor of a multi-slit design. It is
evident that a triple slit exhibits the most efficient per slit enhance-
ment factor compared to others. It is ferreted out that increasing the
number of slits more than three has an unsatisfactory effect on the
per slit enhancement factor. According to the presented results in
Fig. 2, we have considered the study of the triple-slit design more
intriguing compared to four or more numbers of slits.

The designed single and triple slits are fabricated by milling
a 50 nm Au layer, which is coated on FS and FS/ITO substrates.
Figures 3(a) and 3(b) show the SEM images of the fabricated sin-
gle and triple slits, respectively. In addition, the cross-sectional view
of the triple-slit design is presented in Fig. S5 to present the desired
thicknesses of deposited Au and ITO layers and the precise milling
of the Au layer with minimum damage on the ITO layer. Both con-
trol (without the ITO layer) and main (with the ITO layer) samples
are characterized by the combination of a confocal microscope and a
broadband NIR beam (see Sec. X in the supplementary material for
more details). The transmittance of both sample groups is acquired
with respect to a FS substrate. The results of the implemented mea-
surements are presented in Figs. 3(c) and 3(d) for both TM and TE-
polarized light. The comparison of the acquired results for TE and
TM polarizations proves that the enhancement of the transmission
only occurs for the incident beam with the TM polarization state,
which is in agreement with the simulations, presented in Figs. S3(a)
and S3(b). The transmittance enhancement is stronger for a triple
slit compared to a single slit. An enhancement factor of 1.7 and 2.1
is extracted for an ENZ-integrated single slit and triple slit at the
wavelength of 1480 nm, respectively. The corresponding enhance-
ment factor of a simulated single slit is calculated as 1.7, while for a
triple slit with a separation gap of 1 μm, this parameter is calculated
as 3.2 [Figs. 1(c) and 1(d)]. There is good agreement between the cal-
culated and experimentally acquired enhancement factors for both

FIG. 3. SEM images of the fabricated samples for (a) a single slit and (b) a
triple slit on the ITO layer. Transmittance of TM-polarized and TE-polarized light
through (c) a single slit and (d) a triple slit in the presence and the absence
of the ITO layer. The acquired experimental results prove that the transmittance
enhancement occurs only for TM-polarized light.
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single and triple slits. However, in the triple slit, due to the slight
deviations in slit width and separation gaps in the fabrication pro-
cess of each slit, there is a slight difference between the simulation
and experimental results. This may explain the observed red-shift of
enhanced transmittance for the triple-slit structure with respect to
the calculated results. Another approach for extracting the enhance-
ment factor can be defined based on the division of the transmitted
signals in the peak wavelengths of the resonances. By considering
such criteria, the calculated enhancement factors from the simula-
tion results for a single slit and triple slit will be 1.7 and 2.8, while
from the experimental results, it will be 1.5 and 1.9.

Figure 4(a) depicts the orientation and intensity of the time-
averaged Poynting vectors for a single slit etched in a Au layer over a
FS substrate. It is seen that at points A and B marked with red circles,
there are spots of the Poynting vector with zero length. These points
represent areas with zero intensity or magnitude for the Poynting
vector in which the phase is infinitely undetermined. The power flow
forms a half saddle in these two marked areas with a singularity in
the phase of the propagating electromagnetic field. A close view of
the wavefront around singularity point A is illustrated in the inset
of Fig. 4(a). Those singularities prevent the smooth flow of energy
near the slit and annihilation of them will increase the total transmit-
tance of the slit. As presented in marked point A, the length of the
Poynting vector is zero and power flow is moving in two opposite
directions, forming a half of an electromagnetic field’s Poynting vec-
tors. The center of the represented phase and Poynting vectors fields
is considered the point of singularity. The formation of the singular-
ity points depends on the formation of LSPs and subsequently PSP
modes, which appears only for the TM polarization state of the light.
Furthermore, it is shown that any changes in the slit size can create
or annihilate new phase singularities through modifying plasmonic
fields.

Figure 4(b) represents the occasion when an ITO layer is intro-
duced to the single slit structure. One can see that the ITO layer
enhances the electric field inside the slit and at the same time

eliminates these two observed phase singularities. Thus, the presence
of the ENZ metamaterial cancels phase singularities and leads to a
more uniform electromagnetic field, resulting in a higher transmit-
tance through the slit.

Figures 4(c) and 4(d) show phase variations of the time-
averaged Poynting vector, formed by TM-polarized incident light,
for a single slit with a width of 140 nm in the absence and pres-
ence of the ITO film, respectively. The phase variation is extracted
according to the real part and absolute value (magnitude) of the cal-
culated complex Poynting vector (for details, see the supplementary
material, Sec. VI). In panel (c), the disturbed phase variations near
the rims of the slit result in the suppression of the transmitted light
through the slit. However, adding the ENZ material beneath the slit
preserves the phase on both sides of the slit, which diminishes the
phase distributions. The observed phase conservation inside the ITO
layer leads to an enhanced transmittance, despite the optical losses
in ITO, which attenuates the light intensity. Figures S5(a) and S5(b)
demonstrate phase variation for a triple-slit, before and after adding
an ITO layer. A similar phase correction is observed for a triple slit
compared to that of a single nano-slit. The phase gradient in panel
(c) shows abrupt changes near the entrance of the slit in the range
of 0 to pi, as the color changes from blue to yellow. Such a phase
change that originates from the interaction of the incident light with
the formed PSPs at the interface of the Au and FS surface correlates
with the formed singularity points. On the other hand, the presence
of the ENZ material reverses the Poynting vector direction in the
left side of point A and the right side of point B [Fig. 4(b)], which
results in a tailored wavefront [inset Fig. 4(b)]. The uniform gradient
of the phase in the ITO layer [Fig. 4(d)] explains the parallel Poynt-
ing vectors underneath the slit [Fig. 4(b)]. Due to the ITO layer, the
annihilation of the formed singularity point occurs, and a smooth
wavefront forms under the nano-slit.

Figures S6(a) and S6(b) demonstrate phase variation for a triple
slit in the absence and presence of the ITO layer. A similar phase
correction is observed for a triple slit. Such a directive power flow

FIG. 4. Time-averaged Poynting vectors formed from a TM-polarized incident light at 1425 nm for a single slit with a width of 140 nm (a) in the absence and (b) in the
presence of ITO. In panel (a), in marked points A and B, the length of the Poynting vector is zero, and power flow is moving in two opposite directions. In panel (b), due to the
presence of the ENZ layer, the singularities in points A and B are eliminated. The applied two different normalizations for Poynting vectors in panels (a) and (b) result in
the size difference of the vectors. Phase variations of the time-averaged Poynting vectors for the same slit (c) in the absence and (d) in the presence of ITO. Insets of panels
(a) and (b) illustrate the close view of the wave-front around singularity point A without and with the ITO layer, respectively.
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toward the entrance of the slit interacts constructively with cav-
ity resonances of the slit, which leads to a stronger light funneling
through the slit with the pi/2 phase. This fact is depicted in Fig. S7,
which compares the magnitude of the Poynting vectors in the pres-
ence and absence of the ITO layer. The funneling is evident in the
cavity area, which shows an efficient out-coupling of the energy
through the slit after adding the ENZ layer.

Figures 5(a) and 5(b) show the distribution of the x-component
of the electric field. The enhanced field inside the aperture indicates
the presence of the LSP mode (cavity mode) in the air gap of the
designed slit. It is worthy to note that only for TM-polarization of
the incident light, the surface charges can be induced on the walls of
the slit. These induced charges are in opposite phases at two sides of
the slit.35,36 Consequently, an electric field spanning from a posi-
tive to a negative charge is formed, resulting in an efficient out-
coupling of the transmitted light through the slit.37 Figure 5(b)
shows a stronger LSP mode between the walls of the nano-slit when
it is placed on top of the ENZ metamaterial. It is evident in Fig. S7
that the magnitude of the Poynting vector is enhanced when the
ITO is introduced under the slit. The annihilation of the phase
singularities in the presence of the ITO enhances the transmission
and intensifies the electromagnetic field through the slit. Thus, the
existence of the ENZ metamaterial beneath a nano-slit leads to the
formation of a stronger LSP mode in the air gaps of the metallic
slit. Our study shows the correlation between the enhancement fac-
tor and the strength of the LSP modes inside the nano-aperture,
in which stronger LSP modes result in a higher transmittance. In
fact, the localized fields in nano-slit walls operate as nanoanten-
nas to out-couple efficiently the near field to the far-field.38 The
mentioned effect operates as the main channel to create better fun-
nelling through the nano-aperture. Therefore, due to the lack of LSP
modes for TE polarization of the light in the air gap of the aper-
ture, the transmittance enhancement after adding the ITO layer is
not observed (Fig. S3).

The y-component of the electric field reveals the formation
of PSP modes. Near the rims of the slit, the PSP modes are in
the opposite phases on both sides of the Au film. It should be
taken into account that due to the difference in the surrounding

dielectric medium for the upper and lower interfaces of the Au film,
the wavelength of the generated PSPs is different.16 By changing the
study wavelength, one can observe that the formed PSPs appear at
different phases.39 The comparison of PSP modes in panels (c) and
(d) of Fig. 5 shows that the presence of the ENZ material enhances
the PSPs at the interface of the metal and ITO layers. This occurs
due to the strong field confinement inside the ITO, resulting from
the imposed boundary conditions at the interface of the Au and the
ENZ layer.40 One can see that by adding the ENZ layer, the inten-
sity of the PSP modes enhances at the slit–air interface as well. This
may explain the correlation between the intensity of the LSP and
PSP modes, in which stronger LSPs result in more intensified PSP
modes.

Due to similarity of the x-component of the electric field for sin-
gle and triple slits, the E⃗x field profiles of the triple slit is not shown.
Figure 6 compares the calculated y-component of the electric field
(E⃗y) for a triple slit in the presence and the absence of a 40 nm ITO
layer. In Fig. 6(b), the enhancement of fields inside the ENZ layer
and symmetrically formed PSPs in the surfaces of the Au film are
apparent. A comparison of the triple slit’s electric fields in Figs. 6(a)
and 6(b) with corresponding single slit’s electric fields in Figs. 5(a)
and 5(b) shows the consistency in the phase of PSP modes formed
around the rims of each slit. One can achieve the maximum possible
transmittance for the triple-slit design in which for particular sep-
aration gaps, the constructive interference between PSPs can take
place [Fig. 1(d)]. The confinement of Ey in the ITO layer is evident
in Fig. 6(b). This phenomenon is observed for an ENZ-integrated
single slit, as well. However, in the triple-slit design, due to the inter-
action between generated PSPs of adjacent slits, the part of the ENZ
layer under the central slit shows a slightly stronger field than the
corresponding field in other slits.

Former studies show that adding an ENZ metamaterial on top
of a subwavelentgh slit25,27 or embedding it inside the slit air gap26

does not help to improve the enhancement factor. Paradoxically, due
to the introduced losses by the added ENZ metamaterial as well as
degradation of the LSP and PSP fields (Fig. S8), the enhancement
factor of the ENZ-integrated slit suppresses. The phase variations do
not form singularity points at the exit side or inside the plasmonic

FIG. 5. The x-component of the E-field at λ = 1425 nm for a 140 nm slit milled in a 50 nm Au film (a) on a FS substrate and (b) on the ITO layer deposited on a FS substrate.
The y-component of the E-field of the same structure (c) on a FS substrate and (d) on the ITO layer deposited on the FS substrate. The arrows show the direction of the
strongest electric fields (e.g., Ex, Ey). The dark red color indicates upward electric field vectors (+y), while the dark blue color indicates downward vectors (−y).
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FIG. 6. Distributions of the Ey field for triple slits (a) without ITO and (b) with the ITO layer. The modification in the Ey field distribution around the rims of the slits is visible by
adding the ITO layer.

apertures but at the entrance side. Therefore, the only effective con-
figuration to improve the enhancement factor is to add an ENZ
metamaterial beneath the aperture.

III. CONCLUSION
In this work, an inclusive study of transmittance enhancement

in ENZ-integrated plasmonic nano-slits is performed. The enhance-
ment factors of the designed single and triple slits are calculated and
measured in the ENZ region of a thin ITO layer. We established the
ENZ-mediated enhancement by employing phase tailoring and sub-
sequently the intensification of cavity mode in the presence of the
ENZ metamaterial. The experimental measurements and theoreti-
cal analyses on the electric field, Poynting vector, and phase profiles
of the nano-slits reveal the mechanisms behind the observed inten-
sified transmittance. We showed that according to the formation
of the phase singularities at the incident side of the nano-aperture,
the only effective ENZ-integrated configuration that can enhance
the transmittance is an aperture that is placed on top of an ENZ
layer. Such configuration increases the enhancement factor through
annihilation of the singularity points and uniforms the electric field
phase underneath the nano-slit. We believe that these results open
a new avenue toward a deeper understanding of the underlying
physics related to the light funneling through ENZ-integrated plas-
monic nano-apertures. Moreover, the inhibition of the singularity
points by an ENZ metamaterial might offer interesting technolog-
ical possibilities, e.g., in the tailoring of optical forces in integrated
devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for optical characteristics of
the ITO layer, simulated transmittance results, cross-sectional SEM
image of the triple slit, Poynting vector calculations, electric field
profiles for different ENZ-integrated nano-slits, and methods for
simulation, fabrication, and characterization.
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