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The integration of nanoscale electronics with conventional optical devices is restricted by the diffraction
limit of light. Metals can confine light at the subwavelength scales needed, but they are lossy, while dielec-
tric materials do not confine evanescent waves outside a waveguide or resonator, leading to cross talk

between components. We introduce a paradigm shift in light confinement strategy and show that light

can be confined below the diffraction limit using completely transparent artificial media (metamaterials

with £; > 1, ; = 1). Our approach relies on controlling the optical momentum of evanescent waves—an

important electromagnetic property overlooked in photonic devices. For practical applications, we propose

a class of waveguides using this approach that outperforms the cross-talk performance by 1 order of mag-

nitude as compared to any existing photonic structure. Our work overcomes a critical stumbling block for

nanophotonics by completely averting the use of metals and can impact electromagnetic devices from the

visible to microwave frequency ranges.

OCIS codes: (250.5403) Plasmonics; (160.3918) Metamaterials.
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1. INTRODUCTION

Modern computation and communication systems rely on the
ability to route and transfer information using electronic and
electromagnetic signals. Massive efforts over the last decade
have been driven by miniaturization and integration of elec-
tronics and photonics on the same platform [1]. However,
the diffraction limit of light is a fundamental barrier to inter-
facing micrometer-scale waveguides to nanoscale electronic
circuitry. Furthermore, dense photonic integration is ham-
pered because cross talk between waveguides increases as the
separation between them is reduced.

At low frequencies, metals, due to their high reflectivity, can
be used for confining light at the subwavelength scale [2]. At
optical frequencies, metals can achieve the same task by cou-
pling light to free electrons. This leads to a surface plasmon
polariton (SPP) that shows properties of nanoscale waveguid-
ing [3,4]. However, due to absorption in metals, this approach
cannot guide light more than a few micrometers [3,5,6]. Fur-
thermore, the dissipated energy leads to thermal issues, which
are especially significant in miniaturized circuits, hindering
dense photonic integration. Hence, low-loss approaches to
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light confinement at the nanoscale are a fundamental necessity
for photonics.

Prevalent all-dielectric nanophotonic approaches can be
classified according to two fundamental principles gov-
erning them, one that utilizes the large index contrast be-
tween media to confine light within nanoscale slots [7-9]
and another that uses Bragg reflection of waves in the
bandgap of photonic crystals [10-12]. However, neither of
these approaches functions on the evanescent fields outside
the core of the resonator or waveguide. These unchecked
evanescent waves are the fundamental origin of cross talk in
nanophotonics and this significantly limits the ability of
these classes of dielectric waveguides for photonic integra-
tion [13,14].

In this paper, we surpass the diffraction limit of light by a
new class of all-dielectric artificial materials that are lossless.
This overcomes one of the fundamental challenges of light
confinement in metamaterials and plasmonics: metallic loss.
Our approach relies on controlling the optical momentum
of evanescent waves as opposed to conventional photonic
devices, which manipulate propagating waves. This leads to
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a counterintuitive confinement strategy for electromagnetic
waves across the entire spectrum. Finally, based on these mo-
mentum transformations, we propose a class of practically
achievable waveguides that exhibit dramatically reduced cross
talk compared to any dielectric waveguide (slot, photonic
crystal, or conventional).

2. PARADIGM SHIFT IN LIGHT CONFINEMENT
STRATEGY

We introduce two distinct photonic design principles that can
ideally lead to subdiffraction light confinement without metal.

A. Relaxed Total Internal Reflection

First, we revisit the conventional light confinement mecha-
nism of total internal reflection (TIR), which is widely utilized
for waveguides and resonators. We consider a simple 2D case
with an interface along the z axis between medium 1 and
medium 2 and TM-polarized incident light. A habitual preju-
dice immediately leads us to conclude that 7; > #, is the con-
dition for total internal reflection of light moving from
medium 1 to medium 2 [Fig. 1(a)]. Here, we argue that the
above is a sufficient but not necessary condition and the re-
quirement can be relaxed to
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Fig. 1. (a) Conventional TIR: if #; > n, and the incident angle is
larger than the critical angle, the light is totally reflected to medium
1 and decays in medium 2. (b) Relaxed-TIR: if 7, > /€, and the in-
cident angle is larger than the critical angle, the light is totally reflected.
However, the penetration depth can be decreased considerably if €, > 1.
(c) Wave propagation along the optical axis of a uniaxial medium. As the
electric field is perpendicular to the momentum direction, permittivity in
a specific direction controls the momentum in the perpendicular direc-
tion. (d) Conventional waveguide based on TIR: as the core size is

decreased, most of the power lies outside and decays slowly in the clad-
ding. (¢) TCW: relaxed-TIR (n; > ,/€,) preserves the conventional
waveguiding mechanism. Furthermore, the light decays fast in the clad-
ding as the optical momentum in the cladding is transformed using
anisotropy (g, > 1). Thus, the wave can be confined inside the core,
giving rise to subdiffraction optics with completely transparent media.
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where the z axis is parallel to the interface and the x axis is
normal to it. Note that ¢, is defined as the dielectric constant
of medium 2 perpendicular to the interface. We call this con-
dition relaxed-TIR. We provide a simple proof of this using
momentum conservation of light parallel to the interface in
umaxml anisotropic media. The tangential momentum of
light, kz = m kg sin 6, is conserved along the interface. Here,
ky = w/c = 2 /A is the free-space wave vector of light and 6
is the angle of incidence. Once the light enters medium 2, even
though the parallel momentum is conserved, the dispersion
relation of TM polarized waves changes to

(8) k2

8}6 z

= (ko)*. ]

We see that the perpendicular component of the wave vector in
the second medium £} can be zero or imaginary (evanescent
wave) if /e! > \/ako’ i.e, m; > /€. Note that, as expected,
for angles of incidence greater than the critical angle of relaxed-
TIR (0, =sin™! (\/&,/n)), we have an evanescent wave
decaying into medium 2.

B. Transforming Optical Momentum

In conventional TIR, the evanescent wave penetrates consider-
ably into medium 2. Here, we show how to transform the
optical momentum of evanescent waves, leading to a reduced
penetration depth in medium 2 after TIR. The argument in
the previous subsection about relaxed-TIR opens up a funda-
mentally new degree of freedom for confining evanescent waves
penetrating into medium 2: the component of the dielectric
tensor parallel to the interface. The evanescent wave decay
constant for TM-polarized waves in medium 2 is given by

K= \/j:j\/ (ko) - (). 3)

The penetration depth (skin depth) of evanescent fields into
the second medium is thus governed by the ratio of permitti-
vity components \/€,/€,. We thus arrive at the condition
&, > 1 to increase the momentum of evanescent waves, i.e.,
make them decay faster, which confines them very close to
the interface. Note that since we have decoupled the TIR cri-
terion (n; > (/€,) from the momentum confinement condi-
tion (e, > 1), both can be simultaneously achieved, leading
to a fundamentally new approach to light confinement in trans-
parent media [Fig. 1(b)].

C. Controlling Optical Momentum with Dielectric
Anisotropy

In essence, our nonresonant transparent medium alters the
momentum of light entering it. The upper limit to the mo-
mentum tangential to the interface is set by the dielectric con-
stant perpendicular to the interface, while the perpendicular
momentum is increased by the dielectric constant parallel
to the interface. This nonintuitive concept of controlling wave
momentum in a given direction by the dielectric constant
perpendicular to the phase propagation is depicted in Fig. 1(c).
It is seen that, for plane wave propagation along the symmetry
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axes of anisotropic media, the field direction and the relevant
dielectric tensor component are perpendicular to the wave
vector (k, governed by ¢, and k, governed by &,).

3. SUBDIFFRACTION LIGHT CONFINEMENT
WITHOUT METAL

We now show how the previous momentum transformations
can be used for subdiffraction confinement of light without
metallic plasmons. Note that our approach can be applied
to multiple devices across the visible, terahertz, and microwave
regimes; however, for the sake of elucidation, we consider a
waveguide geometry.

As the core size of a conventional slab waveguide is de-
creased, all modes are cut off, except the lowest order TE and
TM modes. Even though these modes exist, most of the power
actually lies outside the core and decays very slowly in air (clad-
ding). We propose to use metamaterial claddings that trans-
form the momentum of evanescent waves and confine the
light within the core of the waveguide [Figs. 1(d) and 1(¢)].
We call such waveguides as extreme skin depth (e-skid) wave-
guides. We emphasize the counterintuitive nature of the wave-
guiding since the index of the cladding averaged over all
directions is greater than that of the core. The relaxed-TIR
condition still allows the lowest order mode to propagate,
similar in principle to the conventional case. Note that the
confinement is achieved for the TM; mode since the
dispersion relation is anisotropic only for TM waves.

In Fig. 2, we show the field plots for the fundamental mode
in a conventional waveguide and a 1D e-skid waveguide. This
engineered anisotropy allows us to control the evanescent field
outside the core. For the same input energy, we note the
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Fig. 2. Normalized tangential electric field of the TM mode for a glass
slab waveguide with a size of 0.1 surrounded with all-dielectric meta-
material cladding. The metamaterial has dielectric constants of €, = 1.1
and €, = 15. On comparison with a conventional mode that has air as
the surrounding medium, a rapid decay of the evanescent fields is ob-
served. The plots are normalized to the same input electric energy. Inset:
as the anisotropy of the cladding is increased, the mode length decreases
significantly below the diffraction limit with completely transparent me-
dia. This can be achieved with a cladding size (width b) three times that
of the core size (width a).
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increased power in the core and a striking difference between
the evanescent decay in the cladding for the two waveguides.

We follow the conventional definition of mode length
adopted from the concept of mode volume in quantum optics
and widely used in nanoscale waveguide theory [5,15]. For
the lowest order TM, waveguide mode, it is given by
L, = [% W(x)dx/ max{W(x)}, where W(x) is the energy
density of the mode [5,15]. It is clear from the inset of Fig. 2
that the mode length is diffraction limited (above 1/27,.) for
conventional waveguides. However, once the cladding is made
anisotropic, the mode length achieves subdiffraction values.
We plot the role of the component of the dielectric tensor
(¢,) that is responsible for confining the evanescent waves.
The increase of this constant helps compress the evanescent
waves in the cladding, decreasing the mode length below
the diffraction limit when the index crosses 7, = \/€, ~ 3.
We emphasize that this is within reach at optical communica-
tion wavelengths. The anisotropic metamaterial cladding also
achieves a significantly better power confinement in the core as
compared to the conventional waveguide (Fig. 3). This in-
crease in power confinement is accompanied by a proportion-
ate decrease in mode length as compared to the conventional
Waveguide (Fig. 3, inset). For any given core, irrespective of its
subwavelength size, we can achieve subdiffraction confinement
of light and extreme power concentration in the core if the
cladding anisotropy is increased. Note the diffraction limit is
defined as per convention with respect to the core index where
most of the power is confined. This shows that optical mode
volumes can also be governed by the index felt by the evan-
escent fields outside of the core.

The optimum performance occurs when &, — 17 and
&, > 1. In Supplement 1 we show a detailed study that the
cladding anisotropy and cladding size are degrees of freedom
that can be exploited to confine the mode, irrespective of core
index and core size.

1.5

—

m—— [sotropic
= Anisotropic

0.010.1 02 03 04 05 06 0.7

a/\

Fig. 3. Mode length comparison of slab waveguides with core size.
It shows that the anisotropic cladding (¢, = 1.1 and &, = 15) can
confine the TM mode to subdiffraction values. Inset: we emphasize that
the net power in the core is also higher for the TCW as compared to
conventional waveguides.
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We have decoupled the momentum of the propagating
mode in the core (related to effective mode index) from the
momentum of the evanescent wave in the cladding (related
to confinement). This implies that the enhanced confinement
does not require a high effective mode index, in contrast to
conventional approaches. We expect this fundamental
difference to be a major design advantage for mode matching
in various devices and couplers.

4. 1D PRACTICAL REALIZATION

We discuss how to practically achieve these momentum trans-
formations. First, we argue that no naturally occurring
medium has a strong anisotropy, and the maximum contrast
between permittivity tensor components is low for natural
dielectrics (e.g., TiO,) and artificial polymers [16]. Thus,
we cannot use natural dielectrics to preserve TIR with a glass
or silicon waveguide core interface while simultaneously in-
creasing the momentum of evanescent waves. However, we
can realize this extreme anisotropy by artificially structured
media using available lossless dielectrics.

One practical approach consists of a muldlayer structure
consisting of two materials with high index contrast and layer
thicknesses far below the wavelength of light [17]. Effective
medium theory [18] for this superlattice predicts a homo-
genized medium with an anisotropic dielectric tensor given
by € = €pighp + €10w(1 - p), where ¢ is the dielectric con-
stant parallel to the layers and 1/e; = p/epigh + (1 - p) /10w
is the dielectric constant perpendicular to the layers. p is the fill
fraction of the high-index material &g,

A. Application to Photonic Integration

The major advantage of our approach for practical applications
is the reduction in cross talk once the metamaterial is introduced
in the region between any conventional dielectric waveguides.
This is because our approach relies on altering the evanescent
field outside the core for confinement, the fundamental origin
of cross talk. This is a key figure of merit for photonic integra-
tion [19] and we outperform state-of-the-art structures by 1
order of magnitude taking nonidealities into account.

Figure 4(a) shows the schematic for two coupled slab wave-
guides where the cladding has been transformed to allow TIR
and cause fast decay of evanescent waves in the cladding to
reduce the cross talk. We consider two silicon slab waveguides
(ng; = 3.47) with a center-to-center separation of s = 0.51. A
periodic multilayer combination of high-index and low-index
dielectrics shows the extreme effective anisotropy that is
needed for the optical momentum transformation. The meta-
material claddings are made of high-index (z; = 4.3) and low-
index thin films (n, = 1.5) at the operating wavelength of
1550 nm. Two representative materials with such indices are
germanium and silica. We emphasize that the band-edge loss at
1.55 pm in germanium is not a fundamental impediment. For
a medium 1 filling fraction of p = 0.6, multilayer effective
medium theory predicts anisotropic dielectric constants of
e, =4.8 and e, = 11.9. Figure 4(b) shows the coupling
length of the fundamental mode in the waveguide with increas-
ing core size. For comparison, we also show the coupling
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Fig. 4. Dense photonic integration at optical telecommunication
wavelength (1 = 1550 nm). (a) Extreme skin depth cladding with
low cross talk between closely spaced waveguides. This can be achieved
by surrounding the waveguide cores (thick blue layers) with multilayer
all-dielectric metamaterials. The multilayer metamaterial consists of alter-
nating subwavelength layers of germanium (26 nm) and silica (14 nm).
This all-dielectric structure achieves anisotropy of ¢, = 4.8 and
e, = 11.9. (b) Comparison of coupling length (cross talk) for conven-
tional slab waveguides, slot waveguides, and TCWs. It is seen that the
TCW improves the cross talk by 1 order of magnitude and the practical
multilayer structure result is in excellent agreement with the effectively

anisotropic cladding. The core is silicon with a center-to-center separa-
tion of 0.51 between waveguides. Each slot waveguide has the same net
size as the core of the other waveguides; the slot size is 0.014 and is filled
with glass. If the slot size is larger or the slot index is lower, the cross-talk
performance is worse than that shown. Also note that the slot waveguide
cross talk is, in fact, always more than that in the conventional waveguide.

length when the surrounding medium is simply silica. A dra-
matic impact of the anisotropy is clearly evident in the
coupling length, which shows 1 order of magnitude increase
for various core sizes for the transformed cladding structure.
For completeness, we have also compared the cross-talk
performance of our waveguide with another state of the art
structure—slot waveguides [7,13]. Higher index cores in slot
waveguides and photonic crystals can lead to enhanced power
confinement; however, the cross talk of our TCWs always
outperforms them by 1 order of magnitude.

The anisotropic cladding can be exploited for designing
bends and splitters, as well. The dielectric constant of the
cladding perpendicular to the core governs TIR and can be
minimized or altered to decrease power loss. A detailed analysis
of quasi-2D waveguides, splitters and bends with extreme skin
depth claddings and their performance will be presented else-
where, but we now focus on showing how our approach can be
generalized to 2D waveguides.

5. 2D EXTREME SKIN DEPTH WAVEGUIDES

The momentum transformation can be used to strongly con-
fine light in an infinitely long glass rod with an arbitrarily
shaped cross section (4 < 4%). The cladding has to be aniso-
tropic to allow for the lowest order mode (HE11) to travel
inside the glass core and bounce off by TIR but simultaneously
decay away rapidly, causing subdiffraction confinement
of the mode (Fig. 5). The set of nonmagnetic media that
can cause the momentum transformation are anisotropic
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Fig. 5. Simulated distribution of the electric energy density inside a
low-index 2D dielectric waveguide with arbitrary cross section using
metamaterial claddings. (a) Waveguide without cladding, and (b) the
waveguide with all-dielectric nonmagnetic cladding (e, = &, = 1.2
and &, = 15). When the anisotropic cladding is added, the mode area
of the waveguide is decreased from about 804, to 0.7 A, and the
fraction of power inside the core to the total power is increased from

less than 1% to about 36%.

homogenous dielectric materials with 1 <&, =€, < gga
and €, > 1.

The simulated electric energy density of the arbitrarily
shaped waveguide with an all-dielectric anisotropic cladding
(e, = €, = 1.2and ¢, = 15) is shown in Fig. 5(b). The shape
of the cladding is chosen to be the same shape as the arbitrary
core, but with twice the local radius. The numerical calculation
shows that about 36% of the total power is inside the low-
refractive-index core and the mode area for this waveguide
is about 0.7 Ay (Ay = (4/2n.,)?). Note that, without the
momentum transformed cladding, the fundamental mode of
the subwavelength core is weakly guided and most of the
power lies outside the core [Fig. 5(a)]. The calculated mode
area for the bare waveguide is about 804, and only 1% of
the total power lies inside the core. Availability of high-index
building blocks for metamaterials at lower frequencies can lead
to better performance specifically for the 2D designs [20].
Nanowire metamaterials in the cladding can achieve the de-
sired anisotropy (see Supplement 1).

6. CONCLUSION

In conclusion, we have introduced a paradigm shift in light
confinement strategy that rests on transforming the momen-
tum of evanescent waves. Our transformations can be achieved
by all-dielectric media fundamentally overcoming the foremost
challenge in the field of plasmonics and metamaterials: optical
absorption. We showed that, for practical device applications,
the introduction of our engineered anisotropy in the space be-
tween conventional waveguides confines evanescent waves and
always decreases the cross talk, irrespective of core index or size.
The approach of altering the momentum of evanescent waves
can be utilized all across the spectrum for electromagnetic
waves, leading to a new class of devices that work on control-
ling evanescent field momentum.
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