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Abstract: Optical materials with nearly zero refractive
indices have driven emerging applications ranging from
geometry-invariant optical tunneling, nonlinear optics,
optical cloaking to thermal emission manipulation. In
conventional dielectric photonic circuits, light scattering
and back reflection at the waveguide bends and crossings
leads to significant optical loss. Here we propose to use
near-zero-index materials as a cladding layer for low-
loss optical waveguides, where optical modes are tightly
confined within the dielectric core region. Compared to
conventional waveguides, the near-zero-index waveguides
are superior in maintaining a high mode-filling factor for
small device sizes close to the diffraction limit and reducing
the crosstalk in between at a sub-wavelength separation.
In addition, we found that light propagation is robust to
waveguide bends in a small radius (~pm) and geometry
variation in the cross section. Hollow waveguides with
near-zero-index cladding layers further support low-loss
light propagation because materials absorption is mini-
mized from the air core. Our work offers critical insights
into future designs of low-loss and miniaturized photonic
devices.
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1 Introduction

Compared to electronic circuits, photonic chips that com-
municate using light offer a solution to faster computing
with the potential for larger bandwidth, higher modu-
lation speed, and lower power consumption [1, 2]. The
programmable and scalable nature of photonic circuits
may drive disruptive advances for future quantum com-
munications [3, 4]. Current state-of-art, Si-based photonic
chips, however, are limited to orders of magnitude lower
device density than their electronic counterparts [5, 6].
Miniaturization of optical device elements is essential
in increasing the integration density for future photonic
circuits, but small-scale optical waveguides based on tra-
ditional dielectric materials exhibit pronounced radiative
loss to the free space as well as increased crosstalk in
between when the device size approaches the diffraction
limit [7-9]. In addition, light scattering and back reflection
at the bends and crossings of curved waveguides in
Si photonics leads to significant optical losses [10, 11].
Ultra-low loss optical waveguides with a small device
footprint are in need for future photonic circuits and
hybrid-integrated quantum systems.

Epsilon-near-zero (ENZ) or near-zero-index materials
emerge as a new class of materials that shows exotic optical
behavior at their interface with conventional dielectrics [12,
13]. Such materials are typically achieved with transpar-
ent semiconducting oxides [14, 15], polaritonic materials
[16], or structured photonic materials [17]. When the
permittivity is close to zero, the wavelength as well as
the phase velocity of light approach infinity within the
ENZ material, which results in distinct optical responses
such as geometry-invariant tunneling, optical cloaking,
enhanced nonlinear optics, and directional thermal emis-
sion [15-20]. The light propagation is robust to geometry
variation at the boundary, and the electromagnetic wave
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is highly confined at subwavelength scales within the ENZ
materials [21-23]. Optical waveguides with an effectively
zero permittivity of the bulk structure have been achieved
at the cutoff frequencies of core—shell waveguides and
Dirac cones of photonic crystals [24, 25]. Distinct from
commercial optical fibers [26, 27], using ENZ materials as
the cladding layer in waveguides would induce a much
larger index contrast at the interface. Light propagation
guided by ENZ materials could offer critical solutions to
the significant optical losses in miniaturized photonic
waveguides, a topic that has not been investigated.

Here we show that ENZ materials can serve as the
cladding layer for low-loss and geometry-invariant optical
waveguides, where electromagnetic modes are tightly con-
fined within the dielectric core region. Unlike conventional
dielectrics, ENZ-based waveguides show the advantages
of maintaining a high mode-filling factor, especially for
devices with sizes close to the diffraction limit. Such tight
mode confinement is also tolerant to small permittivity
variation in the cladding layer. Because of the greater
numerical aperture of ENZ-based waveguides associated
with a wider range of incident angles, we found that light
propagation is robust to waveguide bends in a submicron
radius and geometry variation in the cross section. The
crosstalk between ENZ-based waveguides is also reduced
compared to the dielectric ones, especially at a sub-
wavelength separation. We further investigated air-core
waveguides that support low-loss light propagation, where
the materials absorption is minimized because of the
air core. Our work offers prospects for future designs of
low-loss and miniaturized photonic devices.

2 Results and discussion

Figure 1a depicts the scheme of a core—shell square optical
waveguide. Here we used the finite-difference time-domain
(FDTD) method to model the eigenmode of the optical
system at the wavelength of 4 = 1.3 pm, which is at the
0 band of telecommunication wavelengths [26]. Notably,
ENZ materials based on semiconductor oxides exhibit
nearly-zero permittivity with minor materialsloss (¢; < 0.3,
where ¢; represents the imaginary part of permittivity) in
the near-infrared regime, which is well suited for future
CMOS integration. In contrast, metal-clad waveguides
based on noble metals exhibit significant Ohmic loss
at the telecommunication wavelengths, and ¢; is one
order larger [28-30]. For a three-dimensional waveguide
(side width w = 1 pm, cladding layer thickness 2.5 pm)
where the core permittivity (e, = 2.25) is larger than
that of the cladding layer (¢, = 1), we found that the
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electric fields of the fundamental transverse electric (TE)
mode are mostly confined within the core regime. Filling
factorf (= JJ . &ilEI*dxdy/ [ &;|E|*dxdy) is calculated to
quantify the percentage of energy density confined within
the core regime; f increases from 90.0 to 98.2% when
the cladding layer of air in the conventional waveguide is
replaced by an ENZ material. Here in numerical modeling,
we use g, = 0.001 + 0.01i to represent the ENZ materials
with negligible materials loss. The waveguide side length
| was chosen to be close to the diffraction limit (4/2n, n
is optical refractive index), where the fundamental TE,,
mode can be dominantly supported. Three-dimensional
optical waveguides with an ENZ cladding layer in differ-
ent thicknesses also showed similar mode distributions
(Figure S1). In addition, a two-dimensional slab waveguide
with an ENZ cladding layer also supports fundamental
optical modes at the core regime, and the filling factor is
higher compared to that in the air environment (Figure S2).

Both the device size and the materials refractive index
are critical in determining the optical field distribution of
waveguide modes. We compare the mode confinement of
ENZ and dielectric optical waveguides with different values
of side widths (w). Interestingly, our numerical result
shows that the ENZ-based waveguide sustains a higher
mode-filling factor f than the dielectric waveguide with an
air cladding layer, especially at small side widths close to
the diffraction limit (Figure 1b). This behavior is attributed
to the unique boundary condition at the interface of
dielectric and ENZ materials, where the optical field is
favorably confined in the higher-index core regime by
total internal reflection. In contrast, a dielectric waveguide
exhibits more radiative loss to the free space when the
device size is closer to the diffraction limit.

We further studied the tolerance of mode confinement
to the permittivity variation in both the cladding and the
core layer. The ENZ-based waveguide can still support a
highly confined optical mode under a smaller permittivity
difference (¢; — &, < 2) between the cladding and core
regime, and the benefit over the conventional dielectric
waveguide is even more prominent (Figure 1c). For the
ENZ-based waveguide where the cladding layer varied
slightly from £, = —0.3 to 0.3, a high filling factor f (>95%)
is preserved, which resembles the conventional waveguide
with a minor permittivity variation in ¢, (Figure 1d). Similar
behavior is observed in a rectangular optical waveguide
with varying materials permittivity (Figure S3). Such a
variation in waveguide geometry can be accessible in
experiments by top-down deposition and lithography
processes. Notably, a high filling factor is also preserved
for increased optical loss in the ENZ system from €, = 0
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Figure 1: Mode confinement and the filling factor in an ENZ-based optical waveguide. (@) Scheme of a three-dimensional square waveguide
with a dielectric core and the associated mode profile under transverse electric (TE) polarization. The electric field is more confined at the
core regime surrounded by the ENZ environment (e, = 2.25, £, = 0.001 + 0.01/) compared to the air environment (¢, = 2.25, ¢, = 1). Along
the x axis, a smaller mode leakage via evanescent waves appears for the ENZ-based waveguide. Waveguide side width is w =1 pm. (b) The
mode-filling factor f of the ENZ-based waveguide is higher than the dielectric waveguide, especially for waveguide side lengths at the
subwavelength scales (w < 4 = 1.3 pm, shaded region). The permittivity is €; = 3.24 and €, = 1 for the air waveguide, and £; = 2.25 and

£, =10.001+ 0.01/ for the ENZ-based waveguide. (c) The mode filling factor f of the ENZ-based waveguide is higher than the dielectric
waveguide, especially when the permittivity contrast is small (Re(e; — €,) < 2) between the cladding and the core region. Here ¢, varies and
&, is fixed for both systems (¢, = 0.001+ 0.01i and &, = 1, respectively). (d) The mode filling factor f is highly tolerant to variation in the real
part of permittivity in the cladding layer. Here ¢, is fixed and ¢, varies for the ENZ system (¢, = —0.3 + 0.01/ to 0.3 + 0.01/), and vice versa
for the air case (¢, = 2.9 to 3.5). The plotting wavelength is A = 1.3 pm for all. The side width of a square-shaped core is w =1 pm.

to £, = 0.3i, where &, = 0.3i is in the same order of the
materials loss value in ENZ materials based on transparent
semiconducting oxides [12].

The permittivity contrast between the cladding and
the core layers is critical in determining the numerical
aperture of an optical waveguide, which defines the range
of incident angles at which the light can propagate into. In
principle, a lossless ENZ material as the cladding layer
meets the condition of total internal reflection at any
nonzero oblique angles [12, 31], which allows for a larger
numerical aperture with a wider range of incident angles
(Figure 2a). For example, a silica-core waveguide with an

substrate (air/Si/SiO,) (Figure 2b). With a small cross-
section (0.4 X 0.2 pm?) and a submicron radius, the
light can be scattered to the free space for the air/Si/air
case; in contrast, light can propagate more efficiently
within the curved Si waveguide if it is embedded in an
ENZ environment (Figure 2c). We monitor the dependence
of electric field intensity |E| at the output port on the
waveguide radius R. The |E| intensity in the Si waveguide
on Si0, drops by 21% as the radius R decreases from 3
to 0.3 pm, which originates from the significant optical
scattering loss at large curvatures (Figure S4). In contrast,

ENZ clad layer sustains a numerical aperture of 1.45, while
commercially available silica fibers show a typical range
between 0.05 and 0.4 [27]. Such a larger numerical aperture
is favorable for waveguide bends at a smaller radius.

We compare three cases of Si waveguides where
the dielectric environment is either entirely in ENZ
(ENZ/Si/ENZ), in air (air/Si/air), or sitting on a silica

the |E| intensity increases by 5.3% for the ENZ/Si/ENZ
system, which is attributed to a lower materials loss with
the reduced radius (hence a shorter propagation path)
(Figure S5). Here, the optical scattering loss is no longer
a limiting factor for ENZ-based waveguides especially in a
submicronradius (R < 0.5 pm). Compared to the air/Si/SiO,
case, higher light propagation efficiency is achieved for
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Figure 2: Geometry-invariant waveguides based on ENZ materials robust to waveguide bends. (a) Increased numerical aperture for
waveguides with ENZ materials as the cladding layer, where 8,,, can be close to 90°. (b) Cross sectional schematic of the Si waveguide
within an ENZ dielectric environment, air, and on top of a glass substrate, respectively. (c) Comparison of optical transmission efficiency
for Si waveguides bent to different curvatures under TE polarization. The Si waveguide within the ENZ index environment shows a higher
transmission efficiency especially at small radii (R < 0.5 pm). A field monitor was placed in the output port (the star position).

(d) Comparison of optical transmission for a bent Si waveguide in ENZ versus in air/SiO, environment. Waveguide cross-section is

0.4 X 0.2 pm?, and the plotting wavelength is A = 1.3 pm.

the ENZ/Si/ENZ system, which can benefit low-loss and
miniaturized photonic devices.

We further vary the geometry of the optical waveguides
and compare the light propagation efficiency for the ENZ
and dielectric systems. For a curved Siwaveguide in an ENZ
environment, the light propagation is robust to a 90° bend
(Figure 2d). Similar behavior is observed at the telecommu-
nication wavelength of A = 1.55 pm (Figure S6). Note that
a curved edge at the corner (R = 0.6 pm) is needed in the
design to reduce back reflection of the light, and ENZ-based
waveguides are robust to bends in such a small radius
(Figure S7). In contrast, dielectric waveguides suffer from
significant scattering loss and back reflection of the light
at the curved corners, which induces lower transmission
efficiency. With a star-shaped geometry defect along the
path, for example, the ENZ-based waveguide is also more
effective in confining the light within the core, in contrast to
the strong optical scattering in the dielectric ones sensitive
to the waveguide geometry (Figure S8). Besides TE modes,
we found that transverse magnetic (TM) modes can be
supported in ENZ-based waveguides as determined by
input light polarization and height of the waveguide cross

section and the light propagation is robust to bends at large
curvatures (Figure S9).

Compared to traditional waveguides based on
dielectrics, we found that the crosstalk between ENZ-based
waveguides is significantly reduced at a subwavelength
separation. Two adjacent dielectric waveguides show
crosstalk in between with a small separation of 50 nm,
while the ENZ-based waveguides can maintain the light
propagation in the original input channel (Figure S10). The
reduced crosstalk can be explained by a smaller penetra-
tion depth of the evanescent wave [32] at the dielectric/ENZ
interface, which reduces the coupling coefficient between
optical waveguides. Such a system based on ENZ materials
can reduce the coupling between waveguides at submicron
separations and be beneficial for integrated, ultracompact
photonic circuits [33]. Notably, the ENZ-based waveguide
can split part of the light beam to another channel as they
cross, which shows the promise to function as a beam
splitter at submicron scales at designated wavelength
regimes without needing a bulky dichroic prism [32]
(Figure S11).
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At small device sizes close to the diffraction limit, the
fundamental TE,, mode is effectively confined within the
waveguide even when the materials loss of semiconducting
oxides is included (¢; = 0.3) (Figure S12a). The radius
of bends is restricted by the device geometry and can
be as small as close to half the waveguide side length [
(Figure S12b). Importantly, the ENZ layer can clad at only
the critical bending and crossing regions of the dielectric
waveguides, where the optical loss is reduced even when
the materials loss is present (g¢; = 0.3, Figure S13). For
example, higher light transmission is achieved when an
ENZ matrix (1x 1um?)is placed in the 90° bending region of
a Siwaveguide. The materials loss in the ENZ system can be
minimized by using photonic crystals made of dielectrics
for effectively-zero permittivity [34, 35] or by operating at
the cutoff frequency of TE,; mode in optical waveguides
[36]. In addition, the materials loss in semiconducting
oxides can be compensated by dopants such as Er>* ions
as the optical gain through ion implantation [37], which
offers prospects for future studies.

Besides the higher mode confinement enabled by the
ENZ cladding layer, we investigate a new waveguide design
that can potentially reduce optical loss based on a hollow
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air core
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structure. Figure 3a depicts an air-core waveguide where
an ENZ material serves as the cladding layer. From FDTD
modeling, the large index contrast between ENZ and air
at the boundary supports confined optical modes within
the air core, and light propagates efficiently within this
hollow waveguide (Figure 3b). Such a design can minimize
the materials absorption at the core regime to realize
ultralow-loss optical waveguides, and the incorporation
of gas or liquid flow with the air core could benefit
optical monitoring and sensing. It could also facilitate
light propagation within on-chip optical waveguides over a
broader wavelength range beyond the telecommunication
bands [32]. Besides a square-shaped waveguide, we found
that the fundamental TE mode is also supported in
optical waveguides with a hexagonal, circular, or ring-
shaped cross section (Figure 3c and d). Such a sustained
mode distribution invariant to the change in cross-section
geometries is also observed at the telecommunication
wavelength of A =1.55 um (Figure S14). We further changed
the geometry of the air-core waveguide by increasing the
cross-section size or misaligning the waveguide core axis,
and found that light propagation is very robust to local
geometry variation (Figure S15).

O

hexagon

y (um)

Figure 3: Light propagation within air-core optical waveguides based on ENZ materials. (@) Scheme of a three-dimensional layout. (b) The
light propagation with a curved air-core waveguide (side length w = 1.5 pm, radius R = 3 pm) embedded in the ENZ material under TE
polarization. (c) Mode confinement in a zero-index environment with a square or a hexagonal waveguide cross section. (d) Mode
confinement in a zero-index environment with a circular or a ring-shaped cross section. The mode profiles were plotted under TE

polarization. The plotting wavelength is A =1.3 pm.
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3 Conclusions

In summary, we demonstrate that using ENZ materials
as the cladding layer in optical waveguides introduces
significant electric field confinement with the benefit of
reduced optical loss, and the light propagation is robust to
geometry variations at the boundaries. The lower optical
loss originates from stronger electric field confinement
for device sizes close to the diffraction limit and reduced
crosstalk between waveguides at a subwavelength separa-
tion. Minimized materials absorption can be accessed in a
hollow waveguide because of the air core. Our ENZ-based
waveguides show invariance to geometry change such as
local defects and bends at large curvatures, which offers
critical insights into the future miniaturized and low-loss
photonic integrated circuits. In addition, the strongly
confined optical fields within the air core in the hollow
waveguide may find applications in optical sensing, envi-
ronmental monitoring, and medical diagnosis.

4 Methods

4.1 Electromagnetic modeling

Finite-difference time-domain (FDTD) calculations with commercial
software (FDTD Solutions, Mode Solutions, Lumerical Inc., Vancou-
ver, Canada) were used to model the eigenmode field distribution and
light propagation of optical waveguides based on near-zero-index
materials. We used a uniform mesh size (<10 nm) to ensure the
accuracy of electric and magnetic field calculations within the
near-zero-index region. The eigenmode analysis and electric field
distribution plots are extracted from Ey, E,, and E, values at different
grid sites in the FDTD simulations.

Supporting information

The online version of this article offers Supplemen-
tary Material.

Author contributions: DW., J.H., and JW. conceived the
idea of optical waveguides based on near-zero-index
materials. DW. performed numerical simulations of the
optical eigenmodes and light propagation. J. L. and C.
G. provided support on the modeling resources, and K.D.
and J.Y. contributed to the theoretical investigations. D.W.
and JW. analyzed the data and wrote the manuscript. All
authors commented on and revised the manuscript.

Research funding: This work was supported by the
Miller research fellowship at Miller Institute, University of

DE GRUYTER

California, Berkeley (D.W.). This research was also partly
supported by the U.S. NSF Grant No. ECCS-1953803 (JW.).
Conflict of interest statement: The authors declare no
competing financial interests.

References

[1] W. Bogaerts, D. Perez, . Capmany, et al., “Programmable
photonic circuits,” Nature, vol. 586, no. 7828, pp. 207 —216,
2020.

[2] S. Khasminskaya, F. Pyatkov, K. Stowik, et al., “Fully
integrated quantum photonic circuit with an electrically
driven light source,” Nat. Photonics, vol. 10, no. 11,
pp. 727 —732, 2016.

[3] ). W. Wang, F. Sciarrino, A. Laing, and M. G. Thompson,
“Integrated photonic quantum technologies,” Nat. Photonics,
vol. 14, no. 5, pp. 273—284, 2020.

[4] A.W. Elshaari, W. Pernice, K. Srinivasan, O. Benson, and V.
Zwiller, “Hybrid integrated quantum photonic circuits,” Nat.
Photonics, vol. 14, no. 5, pp. 285—298, 2020.

[5] C.Sun, M.T.Wade,Y. Lee, et al., “Single-chip microprocessor
that communicates directly using light,”” Nature, vol. 528,
no. 7583, pp. 534—538, 2015.

[6] ). E. Bowers, T. Komljenovic, M. Davenport, et al, “Recent
advances in silicon photonic integrated circuits,” Proc. Spie,
vol. 9774, p. 977402, 2016.

[7]1 M.T.Hilland M. C. Gather, “Advances in small lasers,” Nat.
Photonics, vol. 8, no. 12, pp. 908 —918, 2014.

[8] D. K. Gramotnev andS. |. Bozhevolnyi, “Plasmonics beyond
the diffraction limit,”” Nat. Photonics, vol. 4, no. 2, pp. 83—91,
2010.

[9] Y.Yang,Y. Guo, Y. Huang, et al., “Crosstalk reduction of
integrated optical waveguides with nonuniform
subwavelength silicon strips,” Sci. Rep., vol. 10, no. 1,

p. 4491, 2020.

[10] M. Bahadori, M. Nikdast, Q. Cheng, and K. Bergman,
“Universal design of waveguide bends in silicon-on-insulator
photonics platform,” J. Lightwave Technol., vol. 37, no. 13,
pp. 3044—3054, 2019.

[11] W. Song, R. Gatdula, S. Abbaslou, et al., “High-density
waveguide superlattices with low crosstalk,” Nat. Commun.,
vol. 6, p. 7027, 2015.

[12] I Liberal and N. Engheta, “Near-zero refractive index
photonics,” Nat. Photonics, vol. 11, no. 3, p. 149, 2017.

[13] N.Kinsey, C. DeVault, A. Boltasseva, and V. M. Shalaev,
“Near-zero-index materials for photonics,” Nat. Rev. Mater.,
vol. 4, no. 12, pp. 742—760, 2019.

[14] Y.Yang, . Lu, A. Manjavacas, et al., ““High-harmonic
generation from an epsilon-near-zero material,” Nat. Phys.,
vol. 15, no. 10, pp. 1022—1026, 2019.

[15] M. Z.Alam, |. De Leon, and R. W. Boyd, ‘““Large optical
nonlinearity of indium tin oxide in its epsilon-near-zero
region,” Science, vol. 352, no. 6287, pp. 795—797, 2016.

[16] J. Xu, ]. Mandal, and A. P. Raman, “Broadband directional
control of thermal emission,” Science, vol. 372, no. 6540,
pp. 393—-397, 2021.



DE GRUYTER

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

X. Huang, Y. Lai, Z. H. Hang, H. Zheng, and C. T. Chan, “Dirac
cones induced by accidental degeneracy in photonic crystals
and zero-refractive-index materials,” Nat. Mater., vol. 10,

no. 8, pp. 582—-586, 2011.

H. Suchowski, K. O’Brien, Z. ). Wong, A. Salandrino, X. Yin,
and X. Zhang, “Phase mismatch-free nonlinear propagation in
optical zero-index materials,” Science, vol. 342, no. 6163,
pp. 1223—1226, 2013.

0. Reshef, I. De Leon, M. Z. Alam, and R. W. Boyd, “Nonlinear
optical effects in epsilon-near-zero media,” Nat. Rev. Mater.,
vol. 4, no. 8, pp. 535—551, 2019.

L. J. Krayer, ). Kim, J. L. Garrett, and J. N. Munday,
“Optoelectronic devices on index-near-zero substrates,” ACS
Photonics, vol. 6, no. 9, pp. 2238 —2244, 2019.

B. Edwards, A. Alu, M. E. Young, M. Silveirinha, and

N. Engheta, “Experimental verification of epsilon-near-zero
metamaterial coupling and energy squeezing using a
microwave waveguide,” Phys. Rev. Lett., vol. 100, no. 3,

p. 033903, 2008.

M. Silveirinha and N. Engheta, “Tunneling of electromagnetic
energy through subwavelength channels and bends using
epsilon-near-zero materials,” Phys. Rev. Lett., vol. 97, no. 15,
p. 157403, 2006.

J. Luo, P. Xu, H. Chen, B. Hou, L. Gao, and Y. Lai, “Realizing
almost perfect bending waveguides with anisotropic
epsilon-near-zero metamaterials,” Appl. Phys. Lett., vol. 100,
no. 22, p. 221903, 2012.

0. Reshef, P. Camayd-Mufoz, D. I. Vulis, Y. Li, M. Loncar, and
E. Mazur, “Direct observation of phase-free propagation in a
silicon waveguide,” ACS Photonics, vol. 4, no. 10,

pp. 2385—2389, 2017.

Z.Zhou and Y. Li, “Effective epsilon-near-zero (ENZ) antenna
based on transverse cutoff mode,” IEEE Trans. Antenn.
Propag., vol. 67, no. 4, pp. 2289—2297, 2019.

J. M. Senior and M. Y. Jamro, Optical Fiber Communications:
Principles and Practice, London, England, Pearson Education,
2009.

[27]

(28]

[29]

[30]

[31]

[32]

(33]

(34]

[35]

[36]

[37]

D. Wang et al.: Geometry-invariant near-zero-index optical waveguides = 4753

M. Azadeh, Fiber Optics Engineering, Dordrecht, New York,
Springerxii, 2009, p. 374.

S.S. Wang, D. Q. Wang, X. P. Hu, T. Li, and S. N. Zhu,
“Compact surface plasmon amplifier in nonlinear hybrid
waveguide,” Chin. Phys. B, vol. 25, no. 7, p. 077301, 2016.

K. Okamoto, Fundamentals Of optical Waveguides, 2nd ed.
Amsterdam, Boston, Elsevier, 2006, p. 561.

H. Li, Z. Cao, H. Lu, and Q. Shen, “Free-space coupling of a
light beam into a symmetrical metal-cladding optical
waveguide,” Appl. Phys. Lett., vol. 83, no. 14, pp. 2757 —2759,
2003.

V. C. Nguyen, L. Chen, and K. Halterman, “Total transmission
and total reflection by zero index metamaterials with
defects,” Phys. Rev. Lett., vol. 105, no. 23, p. 233908, 2010.
C. Pollock and M. Lipson, Integrated Photonics, vol. 20, New
York, NY, USA, Springer, 2003.

T. Song, H. Chu, J. Luo, et al., “Ultracompact photonic circuits
without cladding layers,” Phys. Rev. X, vol. 12, no. 1,

p. 011053, 2022.

C. Xu, G. Ma, Z. G. Chen, et al., “Three-dimensional acoustic
double-zero-index medium with a fourfold degenerate Dirac-
like point,” Phys. Rev. Lett., vol. 124, no. 7, p. 074501, 2020.
C. Xu, H. Chu, J. Luo, Z. H. Hang, Y. Wu, and Y. Lai,
“Three-dimensional electromagnetic void space,” Phys. Rev.
Lett., vol. 127, no. 12, p. 123902, 2021.

I. Liberal, A. M. Mahmoud, Y. Li, B. Edwards, and N. Engheta,
“Photonic doping of epsilon-near-zero media,” Science,

vol. 355, no. 6329, pp. 1058—1062, 2017.

Y. Liu, Z. Qiu, X. Ji, et al., “A photonic integrated circuit-based
erbium-doped amplifier,” Science, vol. 376, no. 6599,

pp. 1309—1313, 2022.

Supplementary Material: The onlineversion of this article offers sup-
plementary material (https://doi.org/10.1515/nanoph-2022-0445).


https://doi.org/10.1515/nanoph-2022-0445

	1 Introduction
	2 Results and discussion
	3 Conclusions
	4 Methods
	4.1 Electromagnetic modeling

	Supporting information


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice




