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The interaction between light and matter has long stimu-
lated scientific discovery'’. From early experiments with
mirrors, lenses and prisms, researchers have learned
how to engineer materials to provide a wide range of
desired optical properties®”’, even producing effects that
are not achievable with natural materials®'*. Central to
this pursuit has been the study of techniques to enhance
the generally weak interaction between light and matter,
allowing for a richer design space for photon manipula-
tion and control. Among the many approaches studied
is the investigation of materials in which the refractive
index (n) is near zero for certain wavelengths — these
materials are called near-zero-index (NZI) materials.
Since the pioneering works by Nader Engheta, Richard
Ziolkowski, Stefan Enoch and others'**?, NZI materi-
als have been shown to produce a host of fascinating
and sometimes mind-bending optical effects, such as
photon tunnelling'*'>*, super-coupling****, control of
emission®'>'”*% and extreme nonlinear interactions” .
The NZI condition has been realized in numerous sys-
tems, including homogenous materials (BOX 1) including
metals (such as silver**-*), doped semiconductors (such
as Al or Ga:ZnO (REFS*****)) and phononic materials
(such as SiC (REFS*™*9) or through structured materials
(BOX 2) such as metamaterials”~*', waveguides near the
cut-off frequency'*™", resonant cavities**~*' and photo-
nic crystals'®>*-°. Although diverse, these approaches
retain common features that are at the base of the
unique NZI effects: diverging velocities, expansion of
the wavelength and enhancement of the electric field.

* Clayton DeVault?, Alexandra Boltasseva® and

Abstract | The discovery, design and development of materials are critically linked to advances in
many areas of research, and optics is no exception. Recently, the spectral region in which the index
of refraction of a material approaches zero has become a topic of interest owing to fascinating
phenomena, such as static light, enhanced nonlinearities, light tunnelling and emission tailoring.
As aresult, such near-zero-index (NZI) materials bridge materials development and optical
research. Here, we review recent advances in various classes of NZI platforms, with particular focus
on homogeneous materials, including metals, semi-metals, doped semiconductors, phononic

and interband materials, discussing the novel optical phenomena that they can produce. We also
overview the developments in a key area for NZI materials, nonlinear optics, and survey some of
the future goals in the field, such as the development of tailorable NZI materials in the visible
range and the improvement of the theoretical description of the nonlinear enhancements in

Features of NZI

Diverging velocities. To illustrate the phenomenon of
diverging velocities in a material with refractive index
close to zero, we consider the propagation of a plane
wave in a region described by a Drude oscillator (BOX 1).
As w—w, in the lossless case, where w, is the plasma
frequency, n(w)—0. Thus, the phase velocity diverges
(vp(w) =c/Ve(w) and e= n*/p, with ¢ the speed of light in
vacuum, ¢ the permittivity and y the permeability of the
material), while the group velocity:

d c+/e(w)
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tends to zero, because the slope of the permittivity
is finite”-*. An example of diverging velocities was
obtained in the optical range using a hollow metallic
waveguide® (FIC. 1a). The silver-based structure achieved
an effective NZI condition for plasmonic modes near
cut-off. The waveguide was excited using a high-energy
electron beam and the scattered optical emission was
observed spatially and spectrally. The angular emission
pattern approximates a line dipole as the wavelength
approaches cut-off, demonstrating a large phase velo-
city for the guided mode. Furthermore, by varying the
position of the electron beam within the waveguide
while measuring the scattered spectral intensity, the
spatial distribution of the resonant mode was observed.
By combining the energy of the scattered light with
the interference pattern, the momentum of the mode

NATURE REVIEWS | MATERIALS



REVIEWS

(" . .. .
Box 1| Near-zero-index properties in homogeneous materials

To describe the optical response and near-zero-index (NZI) properties in
homogeneous materials, models such as the Lorentz model for bound
electrons and vibrational (phononic) resonances and the Drude model for
free electrons are used”'*:
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Here, ¢, is the free space permittivity, y the material susceptibility at
infinite frequency, A, the strength of the ith oscillator that is governed by
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dipole transition rates’"*, T the damping rate, w,; the resonant frequency, N
the free carrier density, m the effective mass of an electron m=m*m_and

q the electron charge. For each of these models (shown in the figure), there

is a spectral region where the real portion of the permittivity may cross zero
(|Refe}| <1, shaded in blue), which is called the e-near-zero (ENZ) region®*’*!
and occurs near the resonant condition for each oscillator. Although the ENZ
condition is only focused on the real permittivity, very large loss values can
limit its effect. As such, many works seek to minimize the loss in the ENZ
regime, achieving materials with not only a vanishing permittivity but also
avanishing refractive index ((n:\/(sy), shaded in red on the figure)'’*:

Re{./z") z%jke{s} +[Re(e) + Imfe}? <1

(B1.3)

Although this condition may be realized by reducing the value of the
permittivity, of the permeability (y, to obtain y-near-zero, MNZ, materials)
or of both (to obtain e-MNZ, EMNZ, materials??), the permeability
of homogeneous materials in the optical range is taken as unity. The
condition in Eq. B1.3 creates a range of potential combinations of the real
and imaginary parts of the permittivity related bylm{e} < 2./1 — Re{e}.
This condition is readily satisfied by low-loss ENZ materials. For Drude
materials, it extends to real permittivity values much below zero, whereas
for Lorentz materials, it is satisfied only on the blue side of the resonance
frequency (shaded grey). It is important to note that, in homogeneous
materials, these regions necessitate the presence of finite losses to
maintain causality; thus, absorption must be carefully considered. Yet,
homogeneous materials achieve ENZ and NZI properties at the local scale,
as they are inherent in the material’s dispersion.

NZI properties in homogeneous materials can be understood by
considering the propagation of light through the material. The incident
electric field polarizes the atoms, which then reradiate (scatter) the light
with a frequency-dependent phase delay, A¢(w), determined by the loss
of the oscillator y. This process occurs many times as the light passes
through the material, which effectively contributes an additional,
spatially varying phase (momentum) to the propagation of the wave,

a(w) =(Ag(w))/d, where d is the distance between scattering events.

The phase velocity becomes v, =w/(k,~a), with k, the free-space momentum;
thus, it diverges when a=k_, essentially the condition when the phase

lag produced by the scattering events compensates for the phase gain

of the wave over the same effective distance, such that the wave appears
uniform over that distance. Such a large phase shift typically occurs

when strong light-matter coupling is present (that is, near resonance)

and dispersion results in a reduced group velocity.

was calculated to determine the waveguide dispersion
(k=mmn/L, where L is the length of the waveguide, in this
case 2 um). For widths smaller than 200 nm, the wave-
guides exhibit a cut-off mode with momentum near zero
and a significantly reduced group velocity.
Additionally, a diverging phase velocity with a finite
group velocity has been demonstrated by observing the
refraction from a NZI metamaterial prism exhibiting a
Dirac-cone dispersion® (FIC. 1b). Dirac-cone materials
support both electric and magnetic resonances (that is,
they have both ¢, and y;); thus, a low effective refractive
index can be realized for propagating modes while main-
taining a finite group velocity to facilitate transmission
through the structure’**>**, When the system is excited
at the NZI wavelength of the prism, the phase velocity
diverges, producing a wave with nearly uniform phase
across the prism. As a result, the wavefront (and refrac-
tion angle) is defined by the shape of the flat exit facet,
which produces a large anomalous refraction at 0°.

Diverging velocities are a central feature of NZI
materials, because they result in a strong enhancement
of light-matter interactions®*. Consequently, they
have been explored across a wide range of optical appli-
cations, including sensors®, cloaking and transforma-
tion optical devices'*%, near-perfect optical absorbers®,
optical memories®*~"’, systems with enhanced quantum
interactions*”’>” and nonlinear interactions***”*7%, as
well as pulse shaping”.

Wavelength expansion. Substantial wavelength
expansion in NZI materials is a natural consequence of
the diverging phase velocity. A, = /1 (A, is the wave-
length at which n approaches 0 and A, the free-space
wavelength); thus, when the refractive index #» is small,
the wavelength increases drastically. The consequence
is a surprisingly small — almost negligible — phase
advance (kL =2nL/A,,—0) of the wave propagating
through a NZI film with thickness L much larger
than the free-space wavelength. The phenomenon of
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Box 2 | Near-zero-index properties in structured materials

In structured materials, the near-zero-index (NZI) condition is achieved through the careful design of the microstructure or
nanostructure of the material, as the constituent materials generally do not exhibit NZI effects within the region of interest.
One approach is effective medium theory, a technique exploited in many optical metamaterials. Here, the permittivity of

a system of two intermixed materials is given byf::;:f: +(1-1) :::;:':f =0, where f is the volumetric filling fraction’®,

¢, and ¢, are the permittivities of the two constituent materials and e, is the effective permittivity of the metamaterial;
all permittivities may be complex. By properly mixing a material with a negative permittivity and one with a positive
permittivity (for example, alternating layers of a metal and a dielectric), an effective NZI or e-near-zero (ENZ) region can be
obtained. Although somewhat challenging in the optical range owing to the large magnitude of metallic permittivity, this
approach has been investigated in systems including nanoparticle composites, rod structures and lamellar layers®’#%26%-271,

Another approach is to manipulate the geometry of a guiding structure. As an example, we consider the dispersion
of a transverse magnetic mode, TM,,, in a metallic rectangular waveguide in which k=k V(1-(A/2a)) =k n_, (REF.), with k,
the free-space momentum and n_ the effective refractive index. When the height of the waveguide a approaches half
of the wavelength A, the momentum k tends to zero, producing an effective mode index of zero (panel a of the figure,
orange and red curves to the left of the light line).

Another interesting condition can be found in thin films characterized by a Drude dispersion***’2. For very thick films
(d—0), the dispersion approximates a semi-infinite surface plasmon dispersion (red solid line). As the film’s thickness is
decreased past the skin depth, the surface plasmons at each interface begin to interact and form two branches, the long-
range and short-range surface plasmon polaritons, whose dispersion varies with thickness (dashed orange curves for
150-nm films). For ultrathin films, such as the d=2-nm film corresponding to the green curve, the long-range mode
becomes nearly flat and asymptotically approaches the dispersion of the plasma frequency within a range of wave
numbers. This mode occurs at exactly the frequency at which the permittivity is approximately zero and is referred to as
the ENZ mode. Above the plasma frequency, the bulk plasmon branch also exhibits a flat dispersion near the plasma
frequency and is denoted as either the Berreman
or the Brewster mode**!'%?7-2"% These modes exhibit

directional-dependent perfect absorption at frequencies a 121 Ve LVL' heli

corresponding to Im{w} =0 (REFS®"*"%). Similar conditions /// 7 'ght fine

can be found for modes in dielectrics cladded with NZ|

materials, in fibre-based platforms?’® or in broadband ?g)’

super-octave absorbers through an asymmetric o

Fabry-Pérot cavity metasurface?’”’. g’
Yet another approach is the use of resonant structures, gck =

such as a stack of dielectric resonators (panel b of 3 H

the figure). When the size of the resonators becomes & E

comparable to the wavelength, the optical response is 'S

described by Mie theory”’®. Excitations produce electric i

resonances due to the linear polarization of the dielectric - o L=yl aloy) E £

by the electric field, and magnetic resonances due to the 0.2 e=1 5

formation of whispering gallery modes®**4?307%-281 These v

resonances result in a reradiation of the field (scattering)

with some finite phase shift, and multiple scattering

events produce a growing phase delay. If the size of the

resonators a is much smaller than the wavelength (k a<1), b

we may define an effective permittivity and permeability
(generally following a Lorentzian dispersion) related

to the phase shift expected over the thickness of the
effective medium, Ap=n_k_t. By properly controlling
the structure of the resonators, the refractive index,
permittivity and permeability can be simultaneously
(NZI, e-y-near-zero materials) or independently (NZI, ENZ,
p-near-zero materials) brought close to zero while
maintaining control over the impedance Z= \/(ye“/eeﬁ).
Similar conditions can be realized in plasmonic
metamaterial structures’®®’¢?’%3 and in so-called
Dirac-cone 2D photonic crystals***.

Panel b is adapted from REF.*, Springer Nature Limited.

wavelength expansion in NZI materials was observed
using a corrugated waveguide structure that achieved
the NZI condition through a Dirac-cone optical disper-
sion” (FIC. 1¢). When the excitation wavelength at both
ends of the waveguide was tuned towards the point of
zero-mode index (excitation wavelength of 1,625 nm),
an interference pattern with diverging beat length was
observed, indicating negligible phase advance over

large distances. Interestingly, this phenomenon is read-
ily observed using standard objectives, because the
expansion of the wavelength results in standing waves
with nodes that are larger than the diffraction limit in
free space. This diverging wavelength effect has been
used to achieve phase-matching-free nonlinear optical
devices™*%-%, super-coupling'****+% antenna reso-
nance pinning’*** and geometry-invariant cavities®.
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Fig. 1| Overview of the effects observed in near-zero-index materials.
a| Scanning electron microscope image of a silver plasmonic waveguide
that guides confined plasmonic modes within the SiO, gap. As the
excitation approaches the cut-off frequency of the waveguide (dispersion
plot, centre), the group velocity and effective mode index tend to zero,
producing a nearly uniform phase across the structure and a directional
radiation pattern equivalent to a line dipole (right). b| Scanning electron
microscope image (left) of an on-chip, zero-index metamaterial prism
placed at the end of a silicon waveguide with an SU-8 slab guiding region
and a circular scattering element. When excited through the silicon
waveguide from the bottom left, the light enters the prism and refracts at
an angle determined by momentum matching. As the excitation wavelength
approaches the zero-index region, the phase velocity tends to infinity and
a nearly uniform phase is achieved within the prism, as shown by the
simulated interference pattern (centre), which results in emission leaving in

y (um)

the direction normal to the interface instead of at an arbitrary angle (right).
c| The wavelength tends towards infinity in a metamaterial waveguide with
counterpropagating modes. The beat length of the interference pattern
(described by the wavelength of the mode) extends greatly as the excitation
wavelength approaches the zero-index condition. d | Field enhancement of
the normal component of the electric field in near-zero-index (NZI)
materials. For a wave propagating in a silicon waveguide, when a NZI layer
is placed on top of the waveguide, a strong field confinement is observed.
Wrapping a layer of CdO around the waveguide also results in strong
confinement of the normal component of the electric field and gives rise
to compact and efficient optical amplitude and phase modulation devices.
CL, cathodoluminescence. Panel a is adapted with permission from REF.*,
copyrighted by the American Physical Society. Panel b is reproduced from
REF."%, Springer Nature Limited. Panel c is reproduced with permission
from REF.**, ACS. Panel d is reprinted with permission from REF.*!, OSA.
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It was also the focus of interesting theoretical work on
‘DC’ or ‘static’ light™.

Field enhancement. Finally, an electric field (E) enhance-
ment occurs in the material due to the electromagnetic
boundary conditions®’, requiring that the normal
component of the electric field across a boundary in a
charge-free region in an isotropic material obeys the rela-
tionship ¢ E,* =¢,E,*. This results in the enhancement
of the normal component of E inside the NZI material,
E,%, by a factor of ¢,/¢,. Because €,—0, an effective con-
finement of energy inside the NZI layer is realized. This
effect is illustrated for a propagating photonic mode in
a silicon waveguide cladded with air (FIG. 1d). When a
small layer of NZI material is placed on top of the wave-
guide, a sharp region of high electric field is observed,
in which light is confined. This effect was utilized by
combining a high-mobility (250 cm?V~'s™"), dynami-
cally tunable cadmium oxide layer with a hybrid plas-
monic waveguide®’ ~'. When an electric field was applied
across the CdO layer, electrons accumulated within the
material and formed a thin NZI region, which, owing to
the boundary conditions associated with NZI materials,
caused a large portion of the light to be confined within
the dynamic CdO layer. Unlike in previous experiments,
in which similar devices were used to produce ampli-
tude modulation, high-mobility CdO can achieve a
low-loss operational condition such that efficient phase
modulation is possible. A modulation efficiency V, L of
0.005V cm was predicted, compared with 1.8 Vcm in
lithium niobite modulators™. This confinement effect
has been central to the enhancement of light-matter
interactions, enabling extreme, nonlinear optics¢"-*%-%
and integrated nanophotonic devices™'%, in which a key
feature is the ability to dynamically control the NZI or
e-near-zero (ENZ, BOX 1) condition by electrical or optical

meanSZS,H, 104,1 t)S.

Realizing near-zero-index materials

There are many approaches to realizing NZI properties,
each with their own trade-offs. Structured materials
(metamaterials, composites and waveguides) provide
advantages such as extreme tunability in the near-zero
condition and a bandwidth that can be engineered by
controlling the geometry and constituent materials.
Furthermore, the ability to control both the permea-
bility and permittivity of some structures allows for a
diverging phase velocity with a finite group velocity and
impedance, resulting in NZI, ENZ, y-near-zero (MNZ)
and e-MNZ (EMNZ) materials*>*"*>®, This is important
for applications in which efficient transmission through
the NZI layer is desired, such as waveguiding, nonlinear
frequency conversion and optical pulse shaping. Yet,
these benefits are achieved at the cost of significantly
increased fabrication costs and complexity.

NZI effects can also be mimicked in other structured
materials, in which they have a fundamentally different
origin. For example, random photonic structures can
produce strong light-matter interactions'*'**: the multi-
ple scattering events can be viewed as an effective reduc-
tion in the group velocity of the light passing through the
material. Similarly, photonic crystals can exhibit extreme

REVIEWS

slow-light phenomena®*”". As the frequency of light
approaches the band edge of the material, the dispersion
of modes within the crystal flattens (due to the coupling
of forward-propagating and backward-propagating
modes), reducing the group velocity by a factor of over
100 while maintaining a finite momentum®.

However, structured materials can achieve NZI behavi-
our only as an effective property, occurring on distances
larger than the size of the structural unit. Conversely,
homogeneous (non-structured), naturally occurring
NZI materials achieve this property locally, which is
beneficial for combining NZI phenomena with nano-
resonators and quantum emitters. Furthermore, they
can be realized in a simple thin film with relatively
low losses, which can be readily combined with other
structures, such as metasurfaces’'*”'"* and guiding
structures'*>'*>!"-112 However, a key limitation of homo-
geneous materials is the impedance mismatch incurred
when realizing low-loss NZI materials, as the impedance
tends towards zero or infinity (Z= v (we)).

From this perspective, NZI materials can be
viewed as a subset of a more general class of materials
that realize light-matter enhancement through slow
light, and the optimal approach depends on the appli-
cation and desired outcome®->*>*'">, Here, we focus on
the development of homogeneous NZI materials, dis-
cussing the advantages of Drude-based and resonant-
based approaches to achieve a NZI or ENZ response.
We also overview the optical losses at the crossover
wavelength (the wavelength at which the real part of the
permittivity changes sign) and discuss associated trends.
More information on the advances in structured NZI
and ENZ materials and in MNZ and EMNZ materials
can be found in other reviews”™'"*.

Metals. Metals exhibit a large free-carrier density
(5-10x 10*cm™) and their optical properties are largely
dominated by Drude dispersion. As a result, ENZ prop-
erties occur naturally, with many materials exhibiting a
crossover from positive to negative values of the real part
of the permittivity in the visible and ultraviolet spectral
range'"*"'* (FIG. 2, circles). However, in many metals (for
example, titanium, thallium, tungsten and zinc), the
crossover wavelength is located in the deep ultraviolet
due to the large intrinsic carrier density. Although such
metals can achieve the ENZ condition, and some can
reach the NZI condition, they have not been explored in
detail owing to the short wavelengths required. Gold and
silver are an exception, with an ENZ region at 520 nm for
gold (with ¢_", the value of the imaginary permittivity at
the crossover wavelength of the real permittivity, equal
to 3) and at 362 nm for silver (¢ " =0.5), wavelengths
readily accessible in optical experiments.

Nonlinear optical processes in gold in the ENZ
regime have been studied for many years'”'. Preliminary
works were motivated by the exploration of the non-
linearity in the vicinity of the interband transition, but an
NZI and ENZ region arises in the same spectral window.
The nonlinear interaction in gold films was observed
using Z-scan at 532 nm; the refractive index was found
to be #1 = 0.5 +2.0i and the third-order susceptibility
¥ =(-3.4+0.8i) x 10"°m? V2, 6-7 orders of magnitude

NATURE REVIEWS | MATERIALS
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Fig. 2 | Comparison of experimentally realized bulk homogeneous e-near-zero and near-zero-index materials.

The value of the imaginary permittivity € is plotted at the crossover wavelength (A ) at which the real permittivity is zero.
Materials with an imaginary permittivity smaller than 2 at the crossover wavelength exhibit near-zero-index (NZI) properties.
The lines connect the different measured values of Im{e} for a given statically tunable material and illustrate their variability.

ENZ, e-near-zero; hBN, hexagonal boron nitride.

larger than that of silica'*. Furthermore, theoretical cal-
culations show that this large enhancement coincides
with the NZI region in the film'*. Nonlinear studies
on gold films are summarized in REF'**. Moreover, the
expansion of the wavelength combined with the tight
confinement in the ENZ range has motivated theoretical
studies of non-local effects in metals and of their poten-
tial role in applications such as superlensing, waveguiding
and quantum plasmonics>~'%’.

An alternative approach would be to forgo NZI
effects (slow light and wavelength expansion) and focus
on the confinement and impedance effects achieved in
the ENZ region. A material realizing these properties,
presumably with large optical losses, would be quite
efficient as an absorber and useful for applications such
as hot-electron generation'*, photocatalysis'”’, local
heating and nanoparticle trapping'**~'*>. In this sense,
chromium may be an interesting metal for broadband
ENZ-enhanced absorption, because it possesses a weakly
negative and relatively flat permittivity across the visible
and near-infrared spectrum'"".

Despite their potential applications and interest-
ing physics, ENZ and NZI effects in metals are largely
under-investigated. Research has instead focused on
utilizing them as constituent materials for metamaterials
and structured ENZ approaches, and on exploring
their plasmonic properties for other nanophotonic

applications”. However, the development of 2D materials
hasled to the exploration of ultrathin'** and 2D metallic
films, such as stanene (2D a-tin(111))"**-*, borophene
(2D boron)'*” and argentene (2D silver)'*, and of their
optical properties. Theoretical predictions suggest sig-
nificantly reduced optical loss factors in these 2D metals
as compared with their bulk counterparts, in addition
to new and interesting physics that can be combined
with NZI and ENZ properties to explore extreme con-
finement of light and the enhancement of light-matter
interactions'**"****!*_Furthermore, theoretical predic-
tions show that a bulk lossless metal can be achieved
within a given frequency band by manipulating the rel-
ative energy-band offsets'*". However, it is important to
note that a key limitation of metals is the lack of spectral
tunability of the ENZ condition. Although alloying
and annealing of films have been used to demonstrate
tunability of noble metals such as silver (the crossover
wavelength, A_, varied from 350 nm to 600 nm)*>**' and
gold (A, varied from 440 nm to 500 nm)"**'**, this tun-
ability is, in general, limited in range and produces loss
factors comparable to or larger than those of the pure
metals. Another approach is to realize ultrathin, trans-
dimensional films with a thickness of only a few atomic
layers and properties in between those of 2D and 3D
materials'*. In such thin films, the optical properties can
be tuned by applying electrical, optical and mechanical

www.nature.com/natrevmats



stress or strain. This added tunability may provide a
unique opportunity to vary the NZI and ENZ region in
these materials.

Semi-metals. By combining elemental metals with
semiconducting and dielectric elements, semi-metals
are obtained, with a carrier density that is reduced
(1-5%102cm™) compared with that of a pure metal,
facilitating permittivity crossovers within the visible
spectrum™ (FIC. 2, squares). A recent focus on the devel-
opment of such semi-metals has identified vast families
of materials (such as silicides'**~'¥/, transition-metal nitri
des’*145-151 germanides'**'** and hydrides'**) that exhibit
metallic properties across the ultraviolet-near-infrared
spectrum.

Among these materials, transition-metal nitrides
have demonstrated promise for nanophotonic appli-
cations in the visible range and have been widely stud-
ied"**>>-'* They comprise various metallic compounds,
such as TiN (A,,=500nm, ¢," =3), ZrN (1, =430nm,
e,"=1.1)and HIN (A =430nm, ¢,,” =1.3), and provide
the opportunity to explore ENZ effects within the blue-
green region. Several other compounds, such as VN, YN
and WN, are predicted to exhibit similar properties'®
but have yet to be rigorously studied experimentally. The
loss factors of the explored transition-metal nitrides are
presently too large to enable deep NZI effects, although
ZrN and HfN achieve a weak NZI condition in the visi-
ble range with theoretical predictions demonstrating the
potential for improvement'®.

A recent intersection between semi-metals and ENZ
behaviour lies in the theoretical investigation of on-
chip quantum networks in TiN (REFS'®"'®*). The super-
coupling effect® that occurs in the NZI and/or ENZ
region, in which waves can propagate through subwave-
length features and around sharp bends without reflec-
tion, is exploited to significantly shrink the footprint
of the overall network and provide near-synchronous
excitation of multiple quantum emitters. Although the
loss in the TiN sample studied is large (e " =4), the
coherence length of the mode (~400nm) is roughly
40 times larger than in noble metals, making TiN an
interesting material for visible-spectrum quantum net-
works, in which numerous room-temperature quantum
emitters, such as nitrogen-vacancy centres, operate'®’. In
the same work, a simulation of a 5x 5 grid occupying a
15x 15-pum? area and containing 25 quantum emitters
revealed that the electric field is well distributed with
nearly uniform phase, enabling coherence across the
network. However, it is clear that losses will be a chal-
lenge in this system, and the structures and materials
should be optimized.

Beyond extending ENZ properties across the visible
and near-infrared ranges, an advantage of semi-metals
is that their stoichiometry and structure can be manip-
ulated to broadly tune the crossover point; dynamic
tuning through electrical and optical excitations is also
possible. Control over the deposition (AA_,=710nm)'**
and annealing conditions (AA,=2,200nm)"” and the
introduction of ternary compounds (AA_ =140nm)'®
have been exploited to this end. This tunability allows
the design of these materials for specific applications.
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This was demonstrated, for example, by controlling
the deposition of metal ceramics: by mixing TiO, and
TiN, a double-crossing ENZ material was obtained'*.
It was suggested that the double-crossing behaviour
is a result of small TiN inclusions in a TiO,/TiON,
host that provides plasmonic resonances. The control
over nitrogen pressure allowed for substantial tuning
of the ENZ region, producing an extremely wide and
tunable ENZ bandwidth (650-1,400 nm), although the
region has large optical losses. Such a broad ENZ region
and the corresponding enhanced absorption may be use-
ful for improved materials for water splitting, an appli-
cation in which TiN and TiO, structures have shown
promise'*~'*%. More information on the development of
semi-metals for optics can be found in REF.

Doped semiconductors. Arguably the most versatile
and widely studied NZI and ENZ materials are doped
semiconductors. In particular, doped oxides®***'¢*-'7},
nitrides'>'” and arsenides'*'”* are studied for their NZI
properties (FIC. 2, diamonds). Doped semiconductors
exhibit several attractive properties: broad tunability of
the NZI and ENZ condition; low losses at the crossover
point; wide NZI and ENZ region bandwidth due to
Drude response; and static and dynamic tunability of the
NZI and/or ENZ region. Moreover, they comprise a wide
range of material classes and can be fabricated using well-
developed protocols, both as single crystals and epitaxial
materials. Highly doped oxides (such as In:SnO, Ga:ZnO
and In:CdO) can reach a permittivity crossover up to
the edge of the visible spectrum (~1,150 nm)*', whereas
Si:InAs reaches a permittivity crossover into the far-
infrared (15,800 nm)'”*. By varying the base material,
composition and doping level, the entire spectral range
between these values can be covered.

In the near-infrared spectral range, highly doped
oxides such as In:SnO, Al:ZnO and In:CdO have been
heavily studied, largely owing to their low optical losses
(Ga:ZnO: A =1,180nm, ¢ =0.3 (REFS"*'7); Dy:CdO:
A,=1,870nm, ¢," =0.13 (REF."9)) and a NZI and/or
ENZ range that coincides with the telecommunication
spectrum (for example, Al:ZnO has A  =1,300nm and
e,"=0.3 (REF*). The presence of NZI and ENZ prop-
erties in this technologically important spectral range,
combined with enhanced nonlinearities, has led to sig-
nificant efforts to develop communications devices con-
trolled electrically and optically*%274104105177178 A thin
layer of In:SnO sandwiched between a silicon rib wave-
guide and a gold cap was recently used to demonstrate
a compact, on-chip, hybrid plasmonic optical switch'”
(FIG. 3a). The confinement of the light in the plasmonic
section allows strong modulation to occur within a small
footprint, reducing the energy consumption and increas-
ing the speed of the device. Under a 2-V electrical bias
between the silicon and the gold, the In:SnO accumu-
lates electrons and the refractive index of a small region
of the device is biased into a NZI condition. As a result,
light becomes strongly confined within the NZI region
of the indium tin oxide (ITO), where it is absorbed
(6.5-dB extinction ratio in 4 um at a speed of 2.5 GHz).
Modulator designs using NZI and ENZ materials have
been previously proposed and demonstrated at low
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speed. However, ion and trap state migration'*"'"** have
led to difficulties in demonstrating reliable and impact-
ful performance at high speeds, which was overcome in
this work. More information on active devices for tele-
communication based on NZI materials can be found in
the reviews in REFS*>10%181,

These oxides host other interesting phenomena. Gold
antennas with lengths varying from 300 nm to 800 nm
were fabricated on Al:ZnO and Ga:ZnO substrates®.

When the scattering spectrum of the antennas was
measured, it was observed that they all exhibited a res-
onance that coincided with the permittivity crossover of
the substrate (FIG. 3b). This occurs because, at the NZI
point, the wavelength diverges, producing a strong elec-
tric dipole resonance within the nanoantenna, inde-
pendent of its size. The length-independent character of
the dipole resonance was subsequently confirmed using
scanning near-field optical microscopy to determine the
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Fig. 3 | Studies of near-zero-index and e-near-zero properties in
homogeneous materials. a | False-colour scanning electron microscope
image of a nanophotonic modulator utilizing a dynamic near-zero-index
(NZI) layer (left). The device achieves large modulation (-10 dB) at the NZI
wavelength of 1,560 nm, as shown by the transmission reduction versus
applied DC voltage (right), and is suitable for high-speed (>2 GHz)
operation, as shown by the eye diagram inset. b | Reflection spectra from
plasmonic antennas on NZI substrates (Al:ZnO and Ga:ZnO) and on a
reference substrate (ZnO). The resonance of all antennas is pinned to the
NZI region, independent of their size. ¢ | Scanning near-field optical
microscopy (SNOM) images showing the dipolar resonance of the
plasmonic antennas on an Al:ZnO NZI substrate, showing that
the resonance does not depend on the size of the antennas. d | A scanning
electron microscope image (left) of a resonant plasmonic metasurface
fabricated on a quantum well structure, with a doped InGaAs e-near-zero
(ENZ) layer in between. The metasurface and ENZ region are detuned from
the quantum well structure and produce two strong-coupling regions, as
observed in the simulated transmission maps (right). e | The transmission
spectrum of the same metasurface/ENZ/quantum well structure measured
when the ENZ layer is brought in-resonance with the quantum well
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transitions shows the suppression of the middle absorption branch.
f| Strong coupling between asilicon carbide surface phonon polariton and
the ENZ mode of an ultrathin film of aluminium nitride. The strongly
coupled system exhibits a large splitting at the degenerate ENZ frequency,
which is modelled accurately using the Hopfield model for two oscillators.
r, is the p-polarized reflection coefficient. g | Illustration of silicon carbide
cavities with different cross sections with an embedded germanium rod.
The cavities improve, shape and provide enhanced coherence to random
thermal emitters placed within them, as seen from the emission pattern at
the ENZ wavelength and from the absorption cross-section o, _for thermal
emission. h | Illustration of electric levitation using ENZ materials; a field
profile similar to that used for magnetic levitation is obtained, which results
in a repulsive force between the ENZ substrate and a dipole emitter. Panel
ais reprinted with permission from REF.', OSA. Panel b is reprinted with
permission from REF.?°, OSA. Panel c is reprinted with permission from
REF.’82, OSA Panels d and e are adapted with permission from REF.*,
copyrighted by the American Physical Society. Panel f is reproduced with
permission from REF.*%, ACS. Panel g is reproduced with permission from
REF.?*%, PNAS. Panel h is adapted with permission from REF.”*%, copyrighted
by the American Physical Society.
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spatial phase of the resonance'* (FIG. 3¢). At the NZI wave-
length, a strong reduction in the near-field coupling of
dimer antennas was also observed, which is advantageous
for improving fabrication tolerance, device robustness
and developing dynamic sensors. The use of doped sem-
iconductors such as In:SnO has also been explored for
tuning both dielectric and plasmonic metamaterials'*>'®.
NZI materials provide efficient tuning of dielectric meta-
materials made from silicon (31% modulation depth) by
facilitating the extraction of the energy of the resonant
mode from the dielectric antenna'®’. For plasmonic meta-
surfaces, the large change in local refractive index under
dual-gate electrical bias provides a strong shift in the
antenna resonance, enabling a tunable phase shift greater
than 300° and a reflectance modulation of 90%'*. More
information on the use of NZI materials for metamaterial
tuning can be found in the reviews in REFS'>'%,

Another interesting phenomenon in doped sem-
iconductors is the excitation of ENZ and Berreman
modes™»*4678:109187 A key feature of these modes is the
near-perfect and spectrally sharp absorption obtained
in deeply subwavelength NZI films'*. This is accom-
plished by coupling to plasma oscillations with wave
vectors above (ENZ modes) or below (Berreman modes)
the substrate and superstrate light lines, which exhibit
low group velocity at the permittivity crossover (BOX 2).
These modes exhibit strong polarization-dependent
and directional-dependent absorption that may prove
useful for various filtering applications. Perfect absorp-
tion coincides with the transition from bound to leaky
modes, happening when Im{w} =0 (REF*) (BOX 2). The
application of ENZ and Berreman modes for perfect
light absorption was demonstrated in an ultrathin
In:SnO film that could be tuned via doping concen-
tration and electrical bias; a shift of 20% of the perfect
absorption wavelength was obtained'®. Although this
effect has been first demonstrated in doped oxides, the
results are general and perfect absorption is achievable
in many materials that exhibit a NZI point.

Low-doped semiconductors such as ZnO (REF."),
InAs (REF."7%) and Si (REF."") can achieve crossover points
in the mid-infrared spectral range'””. This is useful for
bringing ENZ and NZI properties to an entirely new
set of applications related to thermal imaging, chemi-
cal sensing and vibrational spectroscopy. Additionally,
due to the reduced carrier density, the Drude losses
are, in general, smaller as compared to those in highly
doped semiconductors. NZI effects were obtained in
semiconductors with loss factors below unity'”>'*.

The complex coupling of metamaterial, intersub-
band and ENZ modes in doped semiconductors has
been studied in a plasmonic metasurface fabricated on
a quantum well structure*. In this type of system, strong
coupling between the resonant modes of the metastruc-
ture and the quantum wells can produce unwanted
Rabi splitting. The transmittance of the structure can
be tailored by adding a layer of doped InGaAs between
the metasurface and the quantum wells. Initially, three
strongly interacting dispersion branches are observed
(FIG. 3d). The first shows an anti-crossing point near
600 cm™, which arises due to the coupling of the ENZ
mode with the metamaterial resonators, whereas the
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second crossing occurs near 800 cm™ and is due to
intersubband transitions in the quantum wells. However,
when the doping of the InGaAs ENZ layer is adjusted to
coincide with the intersubband transitions at 800 cm™,
the central dispersive branch disappears and the splitting
between the metamaterial and intersubband transitions
widens (FIG. Ze). In this case, by tuning the permittivity
of the InGaAs layer either electrically or optically, the
coupling of the various resonators can be adjusted and
the transmittance greatly modified. Furthermore, the
ENZ layer serves to relay and enhance the out-of-plane
component of the electric field produced by the meta-
surface due to the boundary conditions. This results
in a stronger interaction between the two resonances,
whose tunability may be useful for enhanced nonlinear
effects'”, spectral filters'* or tailored light emission'*.

Building on decades of academic and industrial
development of semiconductors, a wide range of mate-
rial platforms are available, fabricated with many estab-
lished methods, including sputtering®’, laser ablation'*,
chemical vapour deposition'”’, molecular beam epitaxy™
and liquid chemistry'”’, which can produce both poly-
crystalline and single-crystalline films, as well as nano-
particles'”’ and nanorods'”"'”’. In particular, In:SnO and
ZnO blends have been well studied owing to their use as
transparent contacts for displays, touchscreens and solar
cells, as well as in high-quality blue LEDs'**~***. These
efforts have produced well-understood growth methodo-
logies*'%%175:205-207 enabling, for example, the formation
of monolithic, single-crystal, low-defect ZnO on c-plane
and a-plane sapphire with highly doped Ga:ZnO con-
tacts with appreciable mobility (45 cm?V~!s7!)19%204209 By
contrast, in other works, ZnO, Al:ZnO and Ga:ZnO are
deposited using pulsed-laser ablation of a blended target
under extreme oxygen deprivation, producing materials
with significant defect concentrations®. This morphol-
ogy variation is a key feature for interband nonlinear
processes (BOX 3), in which defects facilitate enhanced
recombination rates for sub-picosecond switching?.
Similar growth-optimization procedures can be com-
pleted for other materials classes, focusing on key areas
such as reducing losses and improving tunability and
substrate compatibility, although specific goals may vary
based on the intended application.

In:SnO has shown the shortest crossover wavelengths,
approaching 1,100 nm (REFS***'), whereas CdO blends,
including Dy:CdO, In:CdO and Y:CdO, which have
exceptionally high mobilities (4 =250-500cm?V~"'s™
(REFS'7%21021l) compared with y=~45cm?V~"'s™ in
Ga:ZnO (REFS'?2%%)) and exhibit the lowest loss factors
among doped semiconductors, with ¢ " =0.15. More
recently, the development of various 2D semiconductor
films such as silicene?***"* and transition-metal dichalco-
genides such as Mo§, (REF*"“) have driven advancements
in electronics and optics, and offer new opportunities to
explore NZI physics. For example, preliminary reports
demonstrate that emerging chalcogenide materials may
facilitate the creation of NZI and ENZ regions in the visi-
ble?'*". As a result of their exceptional tunability, well-
developed fabrication methods and low optical losses,
doped semiconductors are poised to continue driving
NZI and ENZ research in the infrared spectral range.
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Phononic materials. Phononic materials exhibit vibra-
tional resonances that can give rise to a metallic region in
the material’®*'*. Generally, this occurs between the reso-
nant frequencies of the longitudinal and transverse optical

92,219

phonons, a region called the reststrahlen band'
The effect can be modelled using the Lorentz for-
malism®'® (BOX 1) and provides a straightforward
approach to achieving NZI and ENZ properties in the

p
Box 3 | Nonlinear dynamics in metal oxides

Transparent conductive oxides exhibit near-zero-index (NZI) enhanced
nonlinearities. Here, we focus on intensity-dependent electron nonlinearities
in which the probe photon resides at the NZI frequency, w,,, and is
modulated by a pump photon of frequency w, via an effective, third-order,
nonlinear coefficient y 4*(w,,w,). Broadly speaking, the nonlinearities can
be differentiated into two classes, depending on the relative energies

of the bandgap and the optical pump. Intraband nonlinearities (panel a of
the figure) occur when the energy of the optical pump is smaller than the
bandgap of the semiconductor; conversely, interband nonlinearities (panel b
of the figure) occur when the pump energy is greater than the bandgap.
The experimentally observed quantity is the intensity-dependent refractive
index n(l)=n_+n,l, where n is the base refractive index, | the intensity of the
pump and n, the nonlinear refractive index. The nonlinear enhancement
arises from the inverse proportional relation between the nonlinear
refractive index and the base refractive index, nzo<As/\/s (REFS7%77),

Intraband nonlinearities

When an ultrafast optical pulse with energy smaller than the bandgap
excites a metal oxide, the conduction-band electrons undergo intraband
transitions via free-carrier absorption. Before the pulse arrives, the
conduction-band electrons are in equilibrium and described by a room-
temperature Fermi distribution, in which the Fermi energy resides inside
the conduction band. Immediately following excitation, the electrons are
energized and their distribution is highly non-thermal; however, within a few
femtoseconds, the excited plasma relaxes via electron—electron scattering
to a smeared-electron distribution described by a quasi-Fermi distribution
and an elevated electron temperature T.. The result is an increase in the
average effective mass of the electron sea, due to an overall shift to higher-
energy, higher-mass states within a non-parabolic conduction band,
thereby producing a red-shift of the Drude plasma frequency”**%*:

1
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where Nis the electron density, q the electron charge, m,, ., the average

mass of the electron population in the excited (initial) distributions

Moo =M g ey Mor & the vacuum permittivity, w the frequency and T

the damping factor. This tends to reduce the reflectivity, as the material

appears more dielectric. The thermalized plasma then dissipates energy

through electron—phonon interactions, increasing the lattice temperature
» until the system returns to its initial equilibrium state. The two-

temperature model is a common method to describe the temperature

dynamics of electrons and phonons’*2¢>2:
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where C_ and C, are the volumetric heat capacity of electrons and the
lattice, respectively, « is the thermal conductivity, G is the electron-phonon
coupling constant and H is the spatial-temporal source term. More
sophisticated models of the electron temperature consider non-thermal
electrons, non-parabolic bands and local-field corrections?®1°7:285267.285
However, carrier-scattering models may also be used to describe the
relaxation process without the need for a temperature-based definition.

Interband nonlinearities

For optical pulse energies greater than the bandgap, the dominant
contribution to ultrafast transients comes from interband transitions.
Electrons that reside in the valence band are promoted into the

Relaxation

Intraband

b . .
Interband Recombination

Unperturbed

conduction band and increase the total free-carrier density, blue-shifting
the plasma frequency (panelb). This, in turn, tends to increase the
reflection, as the material appears more metallic. Excited carriers then
relax via a manifold of pathways, dictated by the electronic properties of
the material, which include band-to-band, trap-assisted and Auger
recombination?®’, The local temporal evolution of the excited free-carrier
population, N, is captured using a first-order rate equation, from which the
initial change in electron population can be calculated from the pump’s
local absorption, fluence, energy, and, under appropriate fluences,
multi-photon cross sections as?**?°%;

dN

= =_AN-BN*-CN?
dt

(B3.4)
where A, B and C are the monomolecular, bimolecular and Auger
recombination coefficients, respectively. The subsequent change to the
permittivity, assuming a Drude material, is:

ANg® 1

Ae(w)=— —
me, w +Tlw

(B3.5)

where m is the electron mass m'm,, AN the change in carrier density,

w the probe frequency, ¢, the free-space permittivity, g the electron
charge, and I’ the Drude damping rate’”. Additional contributions, such
as band filling, are neglected, because we consider probe frequencies
near the crossover point, at which free-carrier absorption is dominant.
The extremely fast recombination rate in metal oxides is attributed to the
large density of mid-gap defect states, which enhance trap-assisted
recombination and reduce the relaxation times to the sub-picosecond
range?7%,
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infrared spectral range, as the effect occurs naturally in
heteropolar semiconductors (such as AIN (REF?*"), GaN
(REF>*!) and SiC (REF*9) and in some 2D materials, such
as hexagonal boron nitride (hBN***-*°). One of the key
strengths of phononic materials lies in their exception-
ally low losses at the crossover point. As a result, many
phononic materials achieve not only ENZ but also deep
NZI effects (FIC. 2, pentagons). SiC (A_,=10,500 nm,
=0.3)*%, InP (A_,=6,500nm, ¢_” =0.1)**” and hBN
(}\w =12,350nm, ¢ " =0.05)"* are among the most prom-
ising materials in “this class and can exhibit a refractive
index several times closer to zero than other materials.

A key area of interest for phononic NZI and ENZ
materials has been the study of ENZ and Berreman modes
for coupled light-matter interactions. These modes exhi-
bit unique, nearly flat dispersion at the permittivity
crossover, which is useful for producing sharp, perfect-
absorption resonant modes (BOX 2). Initial investigations
focused on the coupling between planar metamate-
rials and doped semiconductor nanolayers at near-
infrared and mid-infrared wavelengths®***'*”. A large
Rabi splitting was observed in these systems because of
the strong coupling between the metamaterial resonators
and the ENZ mode of the nanolayers. Strong coupling
between a single surface phonon polariton at a SiC/AIN
interface with an ENZ phonon polariton in the ultra-
thin AIN film was recently demonstrated and shown
to exhibit hybrid features of the constituent modes,
namely, long propagation length and ultrahigh field
confinement* (FIG. 3f).

Additionally, several theoretical works have illus-
trated the potential of phononic materials in the NZI
regime’”’. For example, silicon carbide is a promising
material for enhancing the spatial coherence of ther-
mal radiation. When placing a thermal emitter inside
the ENZ material cavity, the large phase velocity results
in a nearly uniform phase across the cavity, enhanc-
ing coherence. However, when an additional resonant
structure is included inside the cavity, such as a high-
index rod or sphere®, even for random excitations, the
total emitted field is uniform in magnitude and phase
on the surface with enhanced emission (FIG. 3g). Under
these conditions, the emission pattern is determined
by the shape of the cavity, allowing more efficient con-
trol of thermal radiation. This unique property of NZI
films has been used for the design of selective thermal
and mid-infrared emitters consisting of either ultrathin
films of doped semiconductors or phononic materials
to engineer the emissivity of thin-film stacks?****'.

It has also been predicted that electric levitation using
ENZ materials is achievable, because the electric field
distribution is similar to the magnetic field distribu-
tion, which enables magnetic levitation with supercon-
ductors®?. The electric field produced by an oscillating
dipole placed near an ENZ medium would be parallel to
the surface, as its normal component would go to zero
due to the continuity of the normal electric displacement
field (FIG. 5g). The resulting average force on the parti-
cle would be F; o< Re(- N S"b)( )_4Pd1pole> where ¢ is
the permittivity of the ENZ substrate, I the distance
between the dipole and the substrate, and P, ,. the radia-

dipole
ted power of the dipole. As a result, for distances smaller
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than the wavelength, a net positive force would act on
the particle. Although small, for radio frequencies, the
distances and values associated with the levitation condi-
tion are achievable (f=1GHz, I=6 A, h=1/100~3 mm),
should a suitable ENZ material be found. In the optical
range, the small distances required introduce additional
problems, such as the effects of van der Waals forces,
Casimir forces and forces due to optical excitation of the
emitter, which make the realization of electric levitation
challenging.

Although the low losses of phononic materials are
key for many applications, the high quality factor of
phononic resonances (Q =200 (REF*"")) makes them par-
ticularly attractive for switching devices. However, the
resonance occurs owing to vibrational modes within
the material and it is difficult to statically tune the
position of the NZI or ENZ point. The primary methods
to tune the resonance are strain, thickness and control
of the dielectric environment”'****, but there are also
methods to achieve dynamic control of the resonance™*.
Phononic materials are presently the best approxima-
tions of zero-index materials; thus, they provide a play-
ground to test fundamental physical phenomena and
the limits of light-matter interactions.

Interband materials. Another interesting and largely
underexplored approach to achieve NZI and ENZ pro-
perties is with Lorentz-type resonances, such as inter-
band transitions or intersubband transitions. As shown in
BOX 1, on the blue side of a Lorentz resonance, the permit-
tivity has a dip. This feature can result in an ENZ region
for materials with a strong resonance and/or a low back-
ground permittivity. Because of these two requirements,
such properties are largely expected to reside within
the blue and ultraviolet region, where interband transi-
tions are prevalent and the background permittivity
of the host material is reduced. In fact, in Bi, ;Sb, ; Te, ,Se, ,,
this effect was used to achieve plasmonic behaviour
(negative permittivity) in the ultraviolet region**.
Naturally, a permittivity crossover exists in this material
as well, at 200nm (e " =3) and 660 nm (g_," =26).

Although an ENZ region can be found in interband
materials, optical losses near the resonance constitute a
challenge. As a result, achieving NZI effects is difficult.
However, the ENZ region may be beneficial for enhancing
optical absorption effects.

Nonlinear optics

All-optical control of materials properties and devices
is one of the ultimate goals of photonics; however,
photon-photon interactions are extraordinarily weak, so
it becomes necessary to mediate them with matter. This
is typically accomplished by utilizing inherent material
nonlinearities. However, most light-matter interactions
are linear and only exhibit a weak nonlinear response®*.
Large field amplitudes are, therefore, typically required
to generate efficient, nonlinear light-matter interactions.
Consequently, considerable efforts in nonlinear optics
research are devoted to finding novel ways to enhance
nonlinear effects or discovering or engineering new
materials with a large nonlinear response. For example,
large changes in transmission can be achieved using the
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intensity-activated birefringence zero-crossing shift*’.
The effect exploits the iso-index point of a crystal (such
as CuAlSe,), at which the birefringence changes sign,
giving rise to a wavelength for which the ordinary and
extraordinary directions have the same index, so that
polarization cross-coupling is possible. When the crystal
is placed between crossed polarizers, a filter is formed
whose transmission curve can be shifted by nonlin-
ear modulation, resulting in strong modulation of
the transmission.

Among the many approaches studied, NZI materi-
als are intrinsically well suited for enhancing nonlinear
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optical interactions because of their small refractive
index and the associated effects, such as diverging veloc-
ities, wavelength expansion and field confinement™*.
In the case of nonlinear optics, the efficiency of the
process hinges on key elements such as phase match-
ing and interaction length of the photons, as well as the
peak electric field. NZI materials help to meet these
conditions thanks to three properties: a diverging phase
velocity (that is, a diverging wavelength), which ensures
phase matching is satisfied (FIC. 4a); a slow group veloc-
ity, which causes light to spend more time inside the
material, increasing the effective interaction length;
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the continuity of the displacement field across the NZI
interface, which results in an extremely large electric
field within the NZI material for oblique illumination
(FIG. 4b). As an example, we can consider the output
intensity of a second-harmonic process proportional to
nlzrf sinc(2L), In this case, when the refractive index at the
puip frequency (n,) tends to zero, the phase mismatch
Ak tends to zero, such that sinc(x)— 1, while the group
velocity is reduced, effectively increasing the interac-
tion length L (I is the pump intensity). All these effects
tend to increase the conversion efficiency of the non-
linear process, which is ultimately limited by the loss
within the material. Similar arguments can be made for
other nonlinear phenomena, such as four-wave mixing
(FWM) and the intensity-dependent refractive index.
The result of these enhancement mechanisms in NZI
materials are interactions with contributions com-
parable to the linear response, as was shown in trans-
parent conducting oxides™”. These observations make
NZI materials an exciting platform for investigating
nonlinear optical phenomena.

Boosting nonlinearities using a uniform phase dis-
tribution and field enhancement in NZI materials can
be done for both naturally occurring materials and arti-
ficially engineered structures. Waveguides operating at
cut-off frequencies were among the first materials used
to demonstrate remarkable nonlinear enhancements
due to the uniform field and high confinement along the
propagation direction*>*. When nonlinear elements are
incorporated into a waveguide, a number of interesting
nonlinear phenomena can be observed, such as efficient
control of subwavelength tunnelling®, low-threshold
hysteresis and giant, second-order nonlinear signals**.
Similar effects have been noted in other nanostructured
materials, such as metamaterials®”##>**-2%3 and pho-
tonic crystals®. More information can be found in the
reviews in REFS'>7°**; here, we focus on nonlinearities
occurring in homogeneous NZI and ENZ materials.

< Fig. 4| Nonlinear optics in near-zero-index media. a| Schematic of phase matching in a

non-e-near-zero (ENZ) medium (top) and in an ENZ medium (bottom). The phase variation
is constant across the ENZ medium and contributes to both forward and backward signal
generation. This can also be understood by considering the wave vector mismatch, which
vanishes for a near-zero-index (NZI) material with kpump—>0. b| Enhanced backward four-
wave mixing (FWM) in a fishnet metamaterial with a NZI wavelength near 1,360 nm.

c| Second-harmonic generation enhancement in a low-loss silicon/Dy:CdO multilayer
film. d | Observation of efficient phase conjugation (PC) and negative refraction (NR) in
a thick film of aluminium-doped zinc oxide (AZO) near its NZIl wavelength. The output
of a Tizsapphire laser is passed through an optical parametric amplifier (OPA) through
abeam splitter (BS) to generate a pump and probe beam, in which the probe is passed
through a lens (L) before arriving on the AZO sample. When the pump and probe arrive
simultaneously, a peak in the PC and NR beams occurs, with a width limited to the
temporal cross correlation width of the two pulses (bottom-left). The efficiency, #, of PC
and NR generation coincides with the realindex of the film, demonstrating the effect of
the NZI condition (bottom-right). e | Field enhancement across an ENZ film sandwiched
between a metal and a glass layer. The inset shows the electric field vector map for an
oblique plane wave excitation (white shaded region) that couples to the ENZ film,
producing a strong confinement and enhancement of the out-of-plane electric field.

f| Kerr nonlinear coefficient, M) ety of an indium tin oxide film extracted using the Z-scan
technique for a range of transverse magnetic-polarized incident angles (6). The NZI region
is shaded in grey. Panel b is reproduced with permission from REF.*’, AAAS. Panel c is
adapted with permission from REF*, copyrighted by the American Physical Society.
Panel d is adapted with permission from REF.**’, copyrighted by the American Physical
Society. Panel f reproduced with permission from REF.*, AAAS.
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Frequency mixing. One of the most fundamental non-
linear processes is harmonic generation. Harmonic pro-
cesses depend critically on the field intensity, interaction
length and phase matching, and, therefore, benefit from
NZI enhancements, as was predicted®**-*** and exper-
imentally demonstrated®*>*. For example, the second-
harmonic generation (SHG) efficiency under off-normal
illumination was compared for ITO thin films with a
thickness of ~40 nm and varied permittivity crossover
wavelengths (A =1,050-1,630nm, ¢_" =0.5)*". In this
condition, the NZI nature of the film aids phase match-
ing and the off-axis illumination couples with quasi-
Brewster modes in the ITO film to further enhance
field confinement and interaction length. A peak in
the SHG efficiency of the ITO layers was consistently
found in the NZI region of each sample (which varied
between 1,050 nm and 1,630 nm). Additionally, the
magnitude of the SHG signal was comparable to that
of the signal obtained from a 0.5-mm-thick crystal-
line quartz substrate’™, which implies an enhancement
of the process of 4 orders of magnitude. Interestingly,
TiN films with varying permittivity crossovers in the
visible (A_,=510-645nm, ¢ " =3-8), which coincides
with the second harmonic, were also tested. No clear
peak was observed at the permittivity crossover, indi-
cating that the large losses in the system and the
lack of enhancement at the pump frequency restricted
the observable enhancement of the SHG signal.
Similar avenues have also recently been used to enhance
high-harmonic-generation processes*".

It is also interesting to consider materials in which
the NZI condition is realized only in one or two direc-
tions instead of in all directions, as in isotropic mate-
rials. Theoretical investigations of alternating silicon
and dysprosium-doped cadmium oxide (Dy:CdO)
10-nm-thick layers (FIG. 4c) suggest that, in this system,
SHG is enhanced by as much as a factor of 20 (total SHG
efficiency of ~107°) in the NZI region compared to bulk
Dy:CdO of the same overall thickness, and is compara-
ble to that of conventional nonlinear materials®. This is
attributed to the additional confinement provided by the
anisotropy and is especially useful for boosting surface
nonlinearities when the constituent materials do not
possess an inherent bulk y®.

With third-order nonlinearities, a rich set of
potential frequency-mixing combinations is available
through FWM processes. Because three input photons
are involved, the efficiency is extremely sensitive to the
phase-matching criteria and to the refraction index
of the material. Thanks to the diverging wavelengths
provided by NZI media, phase-matching criteria are
greatly relaxed in these materials and all photons add
coherently (FIC. 4a). In fact, enhanced third-harmonic
generation was demonstrated in ITO layers, under sim-
ilar conditions as those discussed above for SHG”. The
third-harmonic generation in the NZI region was two
orders of magnitude bigger than at wavelengths far from
this region, and the total y,,,, was 600 times larger than
in crystalline silicon.

Additionally, third-order nonlinearities allow for
interesting processes such as phase conjugation, which
implies a time-reversal of the wavefront. In the formal
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demonstration of this process, two counter-propagating
pump beams within the medium are used to provide
equal and opposite momentum, such that the introduc-
tion of a third probe beam produces an output beam
with opposite momentum to maintain momentum con-
servation; this beam is excited by the complex conjugate
of the third beam”*. However, phase conjugation was
achieved in a 500-nm-thick, aluminium-doped zinc
oxide (AZO) film without counter-propagating pumps
and with an internal efficiency approaching unity*’. The
origination of the phase conjugation for this degenerate
case, when pump and probe wavelengths are identical,
is proposed to be the result of a time-dependent optical
surface oscillating at the second harmonic of the pump,
which modulates the probe beam, coupling two output
beams, (k,w) and (k,—w), in the frequency-momen-
tum space™ (FIG. 4d). The result is the generation of a
backwards-propagating phase-conjugate wave and of
a forward-propagating wave with negative refraction;
both were observed in the experiment with near-unity
conversion efficiencies.

Intensity-dependent refractive index. The intensity-
dependent modulation of the refractive index is another
widely studied nonlinear effect in NZI materials (FIC. 4¢).
However, unlike frequency-mixing nonlinear processes,
index modulation has predominately been achieved
through effects such as free-carrier generation (inter-
band) and absorption (intraband) processes (BOX 3).
In fact, several works have demonstrated exceptionally
large and ultrafast intensity-dependent index nonlineari-
ties at NZI frequencies, particularly within films of metal
oxides, such as the families of zinc®**"****, indium*7*””
and cadmium oxides™’, inducing effects such as metal-
to-dielectric transitions**, optical Doppler effect’”® and
non-reciprocity”’.

Initial studies of index modulation in NZI materials
included the observation of non-degenerate, free-carrier
generation in AZO films*. Here, a material with initial
index at the crossover n=0.5+i0.2 was modulated by
An=-0.17 +i0.25 when excited with a 325-nm pump at
normal incidence. The recombination time of the free
carriers was found to be less than 100fs, giving rise to an
ultrafast and large change in the reflection and transmis-
sion of the film. Shortly thereafter, even larger nonlin-
ear index modulation was observed in ITO films using
a Z-scan technique through intraband processes®. As
this measurement is inherently degenerate (as opposed
to the non-degenerate pump-probe measurement in
REF.*), both the pump and probe wavelengths reside
within the NZI region and simultaneously experience
enhancement. Consequently, degenerate processes scale
as n ;. compared with n7}  for non-degenerate pro-
cesses. Through spectral measurements, the nonlinear
index modulation was shown to reach its peak in the
NZI region, and off-axis illumination provided an addi-
tional boost. Overall, a sub-picosecond index modula-
tion as large as An~0.7 was observed, starting from an
initial index at the crossover n=0.42 +i0.42, more than
doubling the refractive index of ITO (FIG. 4.

More recently, NZI-enhanced interband and intra-
band processes have been combined in AZO films’. The

refractive index changes between interband and intra-
band processes are opposite in sign, enabling unique
opportunities for shaping the refractive index of a mate-
rial in time and space. Using a two-colour pump-probe
spectroscopy setup with a 262-nm (interband excitation)
pump, a 787-nm (intraband excitation) pump and a
1,300-nm probe, the reflection and transmission of the
sample were studied while varying the arrival time of
both the 787-nm pump and the 1,300-nm probe. The
results indicate that these sub-picosecond, nonlinear
interactions are independent for pump fluences smaller
than 10-20 mJ cm™, enabling the algebraic summation
of the responses. This linearity is a key foundation for
the development of many potentially useful devices real-
izing, for example, ultrafast pulse shaping, complex spa-
tial index modulation, spectrum control and multi-state
optical transmission.

It is important to note that these interband and intra-
band index modulation processes are proportional to
Ae/N &, such that the minimization of the index is the
key factor, not the real permittivity’®”’. This is illustrated
in a study of the nonlinear response of two sputtered
TiN films, a polycrystalline film and a textured epitax-
ial film*”. Under normal incidence, no enhancement
to the nonlinear index coefficient was observed when
passing through the ENZ region, likely due to the high
loss within the material, which precludes NZI-based
enhancement effects such as slow light. However, field
confinement could still be achieved at oblique incidence
due to boundary conditions and, when studied under
off-axis illumination, a slight enhancement at the ENZ
wavelength was observed for the granular epitaxial
sample. This result illustrates the key role that loss and
structural quality play on the enhancement of nonlinear
effects, demonstrating that NZI conditions, rather than
ENZ conditions, are the primary driver for nonlinear
enhancement™’>”!7%,

Discussion and outlook

A wide range of NZI and ENZ materials, homogeneous
and structured, have been studied across the spectrum,
from ultraviolet to infrared, opening the path for sev-
eral interesting future directions of research. For many
described materials (FIC. 2), higher losses are experienced
for shorter crossover wavelengths. As a result, NZI mate-
rials are difficult to achieve in the visible spectrum, in
which only select elemental metals with limited tunabil-
ity can be used. Therefore, the development of tailorable
NZI materials in the visible is key for the introduction
of NZI effects in various applications, such as micro-
scopy, imaging, quantum nanophotonics and chemical
sensing. Additionally, it would be desirable to explore
methods to extend the already broad NZI and ENZ
region present in some NZI materials, such as metals.
A relatively flat dispersion combined with ENZ effects
may provide access to efficient broadband absorption
without structuring. This may be accomplished through
controlling the material’s stoichiometry, alloying multi-
ple materials with varied ENZ regions or by realizing
ultrathin (few atomic layers) films with properties in
between those of 2D and 3D materials, which are par-
ticularly sensitive to dynamic tuning methods, such
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as electrical accumulation, optical modulation and
mechanical stress and strain'*. Furthermore, the discov-
ery and investigation of new 2D and other van der Waals
materials®"’ are giving rise to a plethora of new exotic
and coupled polariton modes in materials such as GaAs
(REF.) and black phosphorous®‘. Such materials may
also give rise to dispersion conditions similar to those
of bulk NZI and ENZ materials, which may provide new
avenues for discovery.

We have emphasized the application of NZI materials
for enhancing a broad range of nonlinear interactions.
However, it should be noted that a key reason for the
enhancement of nonlinear phenomena is the reduc-
tion of the group velocity observed in NZI materials**.
Slow light can also be produced by several different
approaches, such as photonic crystals, waveguides,
random media and optical resonators. In fact, some of
these methods can achieve slow-light effects with sig-
nificantly lower loss than homogeneous NZI materi-
als®=*. As a result, the structures can provide a narrow,
high-Q-factor resonance and can produce appreciable
changes in the optical properties in response to small
perturbations (An = 1x107*-1x1072), which is useful for
developing sensitive nonlinear sensors, switches and
filters®®. However, the large Q-factor and slow relaxa-
tion may make high-speed and broad-bandwidth appli-
cations challenging®’. Alternatively, slow-light effect
combined with the low-Q resonance in homogeneous
NZI and ENZ materials can be useful for situations in
which losses, broad enhancement bandwidth and local
NZI effects are desired, such as in perfect absorption,
optical-energy harvesting, absorption-driven non-
linear effects (such as free-carrier effects) and ultrafast,
nonlinear devices. Although high-contrast switching
in NZI materials requires a large change in the optical
properties, or operation near a resonance (80X 1), radical
index modulations are possible (An~0.1-1) and enable
a shift of the crossover point by as much as ~100 nm
(REFS”*'7%) and transitions between metallic and dielec-
tric materials®’. The combination of these properties of
homogeneous NZI and ENZ materials with their sim-
plicity of fabrication, good static tunability and broad
wavelength coverage provides an avenue to enhance
light-matter interactions in some, although not all,
application spaces.

In transparent conducting oxides, both second-
order and third-order nonlinear processes have shown
remarkable efficiencies, and various applications are
being actively pursued, including studies of adiabatic
frequency conversion’'7***, Furthermore, additional
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benefits may be found exploring other emerging optical
materials, such as MXenes and doped nitride, carbide
and phosphide semiconductor compounds. Another
research direction is the use of hybrid NZI and ENZ
materials with metamaterials or metasurfaces to further
enhance optical effects. The recent demonstration of a
record high refractive index and phase shift in a meta-
surface coupled to a thin ENZ layer has shown that the
nonlinearity in an ENZ film can be further enhanced
by plasmonic near-field coupling, which may have
implications in quantum photonics”™.

Advancements should also be made in the theoreti-
cal description of the nonlinear enhancement in various
NZI materials, such as heavily doped semiconductors.
Specifically, the relationship between phenomenologi-
cal (driven by free-carrier effects) and more standard
perturbative expansion models (driven by nonlinear
susceptibilities) is unclear, as is their applicability to
various effects and applications. This is central to the
ability of a model to predict or aid understanding™'"%*.
In addition, it is likely that there is a significant, non-
local contribution near the crossover wavelength, espe-
cially in ultrathin films supporting ENZ and Berreman
modes, which has yet to be investigated. Hydrodynamic
models that account for both nonlinear and non-local
contributions in dilute plasmas could possibly provide
deeper insight into these questions'”**>%*,

From the point of view of applications, NZI-enhanced
nonlinearities represent a very exciting research direc-
tion. The large nonlinearities that have been observed
in transparent conducting oxide NZI films could poten-
tially enable extremely fast and efficient modulators for
on-chip nanophotonic applications, in which ultra-small
propagation lengths mitigate the inherent loss factor”;
unlock fascinating avenues for modelling cosmological
effects’'~**%; and enhance quantum interactions®’**%*,
Combining NZI materials with resonant structures may
be useful for the exploration of strong coupling, which
may help to control emission and to further enhance the
tunability of devices. Particularly, it would be interesting
to explore NZI strong coupling in the context of Fano
resonances, embedded eigenstates and bound states in
the continuum?® for photonic and plasmonic systems,
in which losses as a function of coupling strength can
be controlled*****®. In this sense, NZI materials are a
unique platform to couple materials development with
optical science and to advance both fundamental and
application-driven research.
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