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With its unique and exclusive linear and nonlinear optical characteristics, epsilon-near-zero (ENZ) photonics has
drawn a tremendous amount of attention in the recent decade in the fields of nanophotonics, nonlinear optics,
plasmonics, light-matter interactions, material science, applied optical science, etc. The extraordinary optical
properties, relatively high tuning flexibility, and CMOS compatibility of ENZ materials make them popular
and competitive candidates for nanophotonic devices and on-chip integration in all-optical and electro-optical
platforms. With exclusive features and high performance, ENZ photonics can play a big role in optical commu-
nications and optical data processing. In this review, we give a focused discussion on recent advances of the theo-
retical and experimental studies on ENZ photonics, especially in the regime of nonlinear ENZ nanophotonics and
its applications. First, we overview the basics of the ENZ concepts, mechanisms, and nonlinear ENZ nanopho-
tonics. Then the new advancements in theoretical and experimental optical physics are reviewed. For nanopho-
tonic applications, the recent decades saw rapid developments in various kinds of different ENZ-based devices and
systems, which are discussed and analyzed in detail. Finally, we give our perspectives on where future endeavors
can be made. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.427246

1. INTRODUCTION

Epsilon-near-zero (ENZ) materials are a category of near-zero-
index (NZI) materials [1–3] that are regarded as a novel plat-
form for integrated photonics and nanophotonic devices [4].
Generally, there are four main mechanisms to realize ENZ
[4], namely, first, to utilize the collective motion of free carriers
at bulk plasma frequency in semiconductors [5]; second, to im-
plement photonic multilayer design via the media mixing of
alternating layers of dielectric and metal materials [6,7] and cre-
ate an effective medium [8]; third, to use a metallic shell to
force and confine electromagnetic (EM) energy in a waveguide
below cutoff frequency so as to obtain a near-zero effect [9–11];
and last, to exploit the photonic Dirac cone in the Brillouin
zone [12–14]. Among these, the first mechanism is more
widely used, because heavily doped silicon-based semiconduc-
tors [5], III-V group semiconductors [15], metals [4,5], and
transparent conducting oxides (TCOs) [1,2,4,5,16] can easily
realize ENZ by adjusting their free carrier concentration. Most
of the ENZ materials operate in a wide range of the spectrum,
from ultraviolet (UV), visible, near-infrared (NIR), to the mid-
infrared (MIR) and far-infrared (FIR), making them perfect
candidates to be used in applications of visible light commu-
nications (VLC) and the IR telecommunication windows of
1.3, 1.55, and 2 μm.

In the recent two decades, novel phenomena have been
found in ENZ materials, such as EM energy squeezing and

tunneling [10,17], slow light trapping [18], pulse shaping
[19–21], enhanced electric fields [22–25], enhanced optical
nonlinearity [16,26–28], complex pulse dynamics
[20,29–36], second- [37–43], third- [40,44,45], high-har-
monic generations (SHG, THG, HHG), and cascaded
HHG [46–51], efficient frequency conversion and translation
[52,53], MIR nonlocality [54], super-coupling effects [55],
novel optical modes [56–59], spin-orbit interactions [60,61],
and enhancement of spatial nonlocality [62,63]. In the last cou-
ple of years, new methods to tune the ENZ properties have
emerged, such as electro- and all-optical tuning [64–66], con-
trolled annealing [67,68], laser-induced tunability [69], and
supercritical fluid (SCF) treatments [70]. The exclusive optical
properties and advanced experimental techniques have given
rise to numerous applications including manipulation of ther-
mal emissions [71], passively Q-switched solid-state lasers [72],
on-chip quantum networks [73], electro- and all-optical
switches [65,74–79], optical modulators [64,66,80–89],
absorbers [90–97], optical isolators [98], photonic memory
[99,100], on-chip light sources [101–104], circuit elements
[105], terahertz [106–108] and radio-frequency range opera-
tion [109], wireless communications [110], beam generation
and shifts [111–116], and improving the resolution of lithog-
raphy [117–119]. These mentioned works are only an overview
and brief examples of the progress in the ENZ community, and
more literature is discussed in detail in the following sections of
this review.
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Previous review papers [1,2,4,5,16] discussed ENZ photon-
ics in the aspects and perspectives of plasmonics [5], integration
platforms [4], NZI conditions [1,2], and nonlinear optical ef-
fects [16]. In this review, we focus on the recent progress of
theoretical and experimental researches on ENZ photonics,
typically in the realm of the rapidly developing nonlinear
ENZ nanophotonic physics and its applications in the last
two years. This review is structured as follows. In Section 2,
the basics, mechanisms, and nonlinearity of ENZ materials
are introduced. In Section 3, the recent advances in optical
physics of ENZ are summarized, especially with nanostructures
and subwavelength setups. In Section 4, the progress of ENZ
nanophotonic applications in the recent couple of years is dis-
cussed. In Section 5, we share our perspectives and visions on
future researches on ENZ photonics. Finally, in Section 6, con-
clusions are drawn for this review.

2. BASICS OF ENZ PHOTONICS

A. ENZ-Induced Linear Optical Phenomena

The refractive index n is a fundamental, simple, yet fascinating
constant to manipulate and play with. Departing from the
“normal” dielectric materials where n is always larger than one,
resembling the idea of “negative index” (e.g., Refs. [120–123]),

NZI materials begin with a conception that n can be tuned
smaller than one and near zero, according to the relation that
n equals the square root of the product of permeability μ and
permittivity ε. This means that three options are available to
realize NZI: μ-near-zero (MNZ), ε-near-zero (ENZ), and ε-μ-
near-zero (EMNZ). MNZ and EMNZ involve the manipula-
tion of μ, and they form their own category. Compared with
them, ENZ seems to be a more intensively studied topic, and
this might be due to its easier implementation, which is intro-
duced in Section 2.C. Generally, the exact spectral (frequency/
wavelength) point where the permittivity (or its real part) ap-
proaches zero is called an ENZ frequency/wavelength, or ENZ
point. The vicinity of the ENZ point is called an ENZ region
or ENZ zone, but by far, there is no clear definition of the
width of the ENZ region. It is possible to define the spectral
area where −1 ≤ ε ≤ 1 or 0 ≤ n ≤ 1 to be the ENZ region
based on a classical optics sense. Figure 1(a) shows the mea-
sured complex permittivity of an ENZ indium tin oxide
(ITO) with an ENZ wavelength at ∼1400 nm [108], and
Fig. 1(d) is a photograph of an ENZ ITO nanolayer. In some
materials such as TCOs, inevitable intrinsic loss exists in the
ENZ region, and therefore their permittivity and refractive in-
dex are complex. Assume that μ ≈ 1, for complex ε and com-
plex nC � n� ik, ε � n2C still holds. By expanding it, one can

Fig. 1. (a) Measured complex permittivity of ENZ ITO nanolayer. The ENZ wavelength is observed at 1400 nm [108]. (b) Field intensity
enhancement factor versus incident angle for multilayer, CdO:Dy, and ITO [124]. (c) Schematic diagram of a waveguide structure with an
ENZ section [125]. (d) Photograph of an ITO nanolayer deposited on a silica glass substrate. (e) Square quantum well model of the MIM structure
with thick metal layers [126]. (f ) Double barrier system of the quantum well model for MIM structure with thin metal layers [126]. (a) Springer
Nature and Changchun Institute of Optics, Fine Machines and Physics (CIOMP), under a Creative Commons CC BY License; (b), (c) American
Physical Society; (e), (f ) American Chemical Society.
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obtain ℜ�ε� � n2 − k2 and ℑ�ε� � 2nk. This means that no
matter what valueℜ�ε� is, as long asℑ�ε� > 0, n will always be
greater than zero. It also indicates that, if the loss is too high,
even if ε → 0, a “dielectric-like” n that is greater than one is
likely. In this case, ENZ cannot create an NZI effect, and
NZI can be used to describe materials with a lower intrinsic
loss [1,2].

From a classical standpoint, n → 0 can allow many phe-
nomena to occur that cannot be found in dielectric materials.
Consider the Snell’s law n1 sin θ1 � n2 sin θ2; if n1 → 0 and
n2 ≠ 0, no matter what the incident angle is, the angle of out-
put θ2 → 0, meaning a normal departure/emission. Therefore,
for ideal and near-ideal ENZ materials, the direction of emis-
sion can be controlled and engineered by the shape of the me-
dia, and achieve directive emission as an antenna [127].
Similarly, the continuity condition of electric fields at the boun-
daries of media gives ε1E1 � ε2E2. When one side of the equa-
tion has ENZ, it also needs a large electric field intensity to
balance. This is called the electric field enhancement effect
at the interfaces, and it has been reported under different setups
and scenarios [22,24,25,124]. In different ENZ materials, the
differences of the field enhancement effect are significant,
which are schematically shown in Fig. 1(b). This figure is a
comparison of field intensity enhancement factors in multi-
layers, ITO, and dysprosium-doped cadmium oxide (Dy:
CdO) [124].

Due to a near-zero n, the optical distance L 0 � nL is also
quite small. Consider the simplest case, a one-dimensional
plane wave with the form E � A exp i�ωt − βL� φ0�, where
A is the amplitude, ω is the angular frequency of the EM wave,
t is time, β � 2πn∕λ is the wavenumber, and φ0 is the initial
phase. After propagating for an actual distance L, the phase
change is Δφ � βL � 2πnL∕λ, which means that when
n → 0,Δφ → 0. Also, consider that when near-zero conditions
are satisfied, the phase velocity vp � c∕

ffiffiffiffiffi

εμ
p

results in a seem-
ingly “infinite” value, or a “static-like” electric field distribution
[1]. These indicate that, ideally, when the EM wave is incident
into the ENZ material, the phase at the output end almost
continues the phase at the input end, producing a “tunneling”
effect [125,127]. This effect enables high fidelity transmission
and arbitrary bending in ENZ materials [17,125], which is
schematically shown in Fig. 1(c). In 2019, Mousavi
Khaleghi et al. extended the ENZ tunneling effect for micro-
strip lines matching with different impedance characteristics us-
ing a substrate integrated waveguide [128]. Besides phase and
field tunneling, in 2019, Caligiuri et al. further introduced a
semi-classical view on the ENZ resonant tunneling modes in
metal-insulator-metal (MIM) nanocavities. They describe the
MIM cavity as a quantum well and use quantum mechanics to
explain the relationship between the complex refractive index
and cavity resonances. Figures 1(e) and 1(f ) are illustrations of
their quantum model. By experiments, they discovered that res-
onances in the cavity can be stimulated by illumination-
induced resonant tunneling through the metal, which can
be regarded as a photonic analog to a tunnel diode in micro-
electronics [126].

On the other hand, the group velocity is defined as
vg � ∂ω∕∂β, and when the ENZ condition is satisfied, one

can obtain the slow light effect [18,129,130] as in other non-
linear metamaterials [131], which allows adequate interaction
time between the light and the matter. This has a role to play in
part of the famous pulse shaping and radiation tailoring effects
(e.g., Refs. [19,132]), and the enormous enhancement of op-
tical nonlinearity (e.g., Refs. [27,28]). These two aspects are
discussed in detail in the following sections. Recently, ENZma-
terials were found to possess their own confinement modes
[133,134] and quasi-confined modes [135], which could allow
EM waves to propagate or localize under certain circumstances.
These extraordinary physical phenomena have sparked and in-
spired many novel discoveries in nanophotonics, nonlinear op-
tics, light-matter interactions, and their applications.

B. Nonlinear ENZ Nanophotonics

The enhancement of optical nonlinearity is also another fasci-
nating subtopic of ENZ photonics that attracts much scientific
attention. Due to its relatively stronger intensity, the third-or-
der nonlinearity first came into the sight of the ENZ commu-
nity. For Kerr nonlinearity, the nonlinear-index coefficient n2
in n � n0 � n2I has the following relation with the third-order
susceptibility χ�3�:

n2 �
3

4ε0cn
2
0

ℜ

�

χ
�3�
xxxx

�

: (1)

Here, for linearly polarized light, only one component of the
fourth-rank χ�3� tensor has the contribution to n. In this rela-
tion, a near-zero n0 results in a large n2, and considering the
field enhancement effect of ENZ, the change in refractive index
can be as significant as 170% in ENZ ITO [27]. A detailed
comparison of n2 and χ�3� among Ag, Au, AZO, ITO, and
some metamaterials was done using various pulse widths
and techniques at different probe wavelengths [16], and for
the second-order nonlinear effects, recently, the bulk and sur-
face second-order susceptibility for ENZ AZO was obtained by
Tian et al. [136]. The second- and third-order nonlinearity can
influence the EM wave via the nonlinear polarization terms in
Maxwell’s equations [137]:

PNL � ε0�χ�2�:EE� χ�3�..
.
EEE�: (2)

The large nonlinear optical response is not limited to TCO
materials, but effective media as well. Through the endeavors
and investigations of many authors, the community’s under-
standings of ENZ materials’ nonlinearity, its mechanisms,
and implications have become deeper and deeper. Here we pro-
vide a glance at the progress made in the past two years. Kinsey
and Khurgin expressed their opinion that nonlinear ENZ ma-
terials possess two key features of simultaneous enhancements
of both extrinsic and intrinsic light-matter interactions that
make them unique and exclusive, and distinguish them from
other conventional slow light media [138]. Nahvi et al. studied
the nonperturbative magnetic nonlinearity in doped ENZ me-
dia [139], which provides a novel mechanism for designing
nanoscale optical switches and modulators. By constructing
a metamaterial of alternating layers of metal and TCO,
Vincenti et al. demonstrated that a high degree of anisotropy
is likely to be the necessity of boosting nonlinear processes ef-
fectively [140]. They also showed that the nonlocal effects and
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hot electron nonlinearity can greatly affect the linear and
nonlinear responses. For highly degenerated semiconductors
such as TCOs, the second-order nonlinearity can be signifi-
cantly reduced, yet the second-order nonlinear process can still
be enhanced via the designed multilayers. Deng et al. also dem-
onstrated that the second-order nonlinearity can be enhanced
by an engineered plasmonic-ENZ metasurface, which exhibits
a 104-fold SHG enhancement [141]. For the nonlinear mecha-
nism itself, in several seminar works, Benis et al. studied the
spectral and angular dependence of nonlinear refraction in
ENZ ITO [142]; Solis et al. gave a theoretical explanation
of the nonlinear response enhancement in ENZ media
[143] and found that when the linear ε decreases, the conver-
sion efficiency increases; and Liu et al. investigated the loss and
thickness dependency of ENZ ITO’s nonlinear responses,
where the surface response is significantly larger than the bulk
[144]. The role of hot electron scattering in ENZ ITO’s non-
linearity was discussed by Wang et al., where they proposed an
electron scattering model that considers the distribution situa-
tions in a non-parabolic band. They found that the ionized
impurity scattering and acoustic phonon scattering are the ma-
jor factors that can contribute to a deeper understanding of the
ENZ ITO’s optical nonlinearity [145]. Resembling the situa-
tion in ENZ TCOs, for multilayered ENZ metamaterials,
Suresh et al. demonstrated that an alternating stack of
Ag-SiO2 layers can have its ENZ wavelength tuned anywhere
in the visible spectrum [146,147]. They also discovered that,
besides generating an effective zero-permittivity, this structure
can also exhibit a large nonlinear-index coefficient of
n2 � 1.2 × 10−12 m2∕W and a nonlinear absorption coeffi-
cient of −1.5 × 10−5 m∕W. Niu et al. realized a coupled system
with large and broadband optical nonlinearity, consisting of
ENZ material and gold dolmens. This polarization-selected op-
tical nonlinearity transition system demonstrates a more than
three orders of magnitude enhancement in susceptibility and
nonlinear refractive index [148]. Besides the recent progress,
some earlier works can bring new insights into the intriguing
nonlinear ENZ phenomena, such as transmissivity directional
hysteresis [149], solitons [29,30,150], and optically induced
metal-to-dielectric transition [151].

C. Realization of ENZ

Realizing a near-zero permittivity by utilizing different mech-
anisms and materials has been another heated aspect of ENZ
photonics. The current realization methods can be categorized
into four types, namely, the bulk plasmon frequency induced
by free carriers (plasmonic ENZ materials); the effective media
implemented by photonic multilayers (subwavelength aniso-
tropic ENZ materials); Dirac cone in the center of Brillouin
zone [Γ point in an all-dielectric photonic crystal (PC)];
and metallic hollow waveguides (ENZ effect at the cutoff
frequency).

For plasmonic ENZ materials, metals and semiconductors
are commonly used. The collective movements of free carriers
create the bulk plasma effect, where ENZ is a result of the car-
riers’ response to a certain frequency range of the electric field
oscillation in the EM waves. Their behavior can be modeled by
the famous Drude model [152]

εR � εb −
ω2
p

ω2 � iγω
� εb −

ω2
p

ω2 � γ2
� i

ω2
pγ

�ω2 � γ2�ω, (3)

where the high frequency (also called “background”) permittiv-
ity εb, electron scattering rate (or Drude damping rate, Drude
relaxation rate) γ, and plasma frequency ωp are related to fab-

rication methods, conditions, and processes. Specifically, ωp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ne2∕�ε0m��
p

and γ � e∕μm�, where N is the free carrier
concentration, μ is the mobility of the material, e is the charge
of an electron, and m� is the effective mass of the electron.
Plasmonic ENZ materials often suffer from large intrinsic
(ohmic) loss, which greatly limits their applications in large-
scale devices. However, most of them are compatible with
the state-of-the-art complementary metal oxide semiconductor
(CMOS) platform for on-chip integration and suitable for
nanoscale photonic devices. Also, the fabrication technologies,
such as magnetron sputtering, chemical vapor deposition, and
atomic layer deposition (ALD), of these materials are relatively
mature, which can greatly reduce their costs. The most popular
materials in this category are TCOs. In the consumer electron-
ics industry, TCOs are vastly implemented in nano-electronic
devices or used as transparent electrodes in touchscreens. In
such products, transparency and conductivity are the main con-
cerns; in optics, the electric properties serve as a conduit to help
realize and tune the intended optical properties, such as EM
field strength, phase, velocity, nonlinearity, and loss. In ENZ
studies, the commonly used TCOs include ITO [153],
aluminum-doped zinc oxide (Al:ZnO, AZO) [154], gallium-
doped ZnO (Ga:ZnO, GZO) [155], indium-doped cadmium
oxide (In:CdO, ICO) [156–158], fluorine-doped CdO (F:
CdO, FCO) [159] whose atomic force microscopic (AFM)
scanning is shown in Fig. 2(a), and many other dopants used
in CdO [4,160,161]. Recently, the ultra-large optical nonlinear
response in ITO [27] has led to extensive studies in nonlinear
nanophotonics, and the possibilities for AZO, GZO, and ITO
to form Tamm plasmon polaritons in NIR are demonstrated
[162]. Realizing ENZ by the bulk plasma is “natural” and does
not require subtle engineering; therefore, the implementations
of this mechanism come in various forms, for example, thin
film, two- and three-dimensional (2D and 3D) structures,
and metasurfaces (e.g., Ref. [163]), and recent advances in
plasmonic ENZ focused more on the optical science and ap-
plications, which are discussed in Sections 3 and 4.

Since the discovery of the photonic bandgap [164,165], un-
til now the concepts, design methods, and applications of PCs
have been greatly expanded and enriched. Over the decades,
PCs, quasi-crystals, or more generally, multilayers have been
proven to possess high flexibility, versatility, and tunability from
UV to FIR [166–169]. They can also be used for ENZ real-
izations and applications by three different mechanisms:
(i) metal-dielectric multilayers to form effective media [8],
which have an equivalent near-zero permittivity; (ii) stacked
ENZ-dielectric materials to help enhance the ENZ character-
istics; and (iii) exploiting the band structure and using a Dirac
cone at the Γ point in an all-dielectric PC to realize ENZ. For
effective media, the permittivity can be well described by the
Maxwell-Garnett equations
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ε∥ �
εdielectricd dielectric � εmetaldmetal

d dielectric � dmetal

,

ε⊥ � εdielectricεmetal�d dielectric � dmetal�
εdielectricdmetal � εmetald dielectric

, (4)

where the parameters d are the thicknesses of the respective
materials. The combinations of the materials can be diverse
and tailored for certain needs. In 2011, Rizza et al. demon-
strated a kind of gain-assisted nanocomposite multilayer with
an ENZ modulus in the visible wavelengths [172]. In 2013,
Maas et al. realized ENZ at visible range using multilayers
[173]. Besides previous endeavors, in 2019, Zhao et al. de-
signed an ENZ multilayer medium to achieve the isotropic
equivalent ENZ effects using alternating layers of Ag and
SiC [174]. Kelley et al. experimentally demonstrated that
multiple ENZ resonances can be supported in the individually
tuned CdO multilayered optical thin film [175]. Simultaneous
IR emissions from each layer were observed in such a structure,
which opens new opportunities in absorber and light emitter
designs. For light propagation and confinement, optical mode
hybridization has been discussed and studied in silicon photon-
ics [176]. Interestingly, the hybridization of ENZ modes was
also found in ENZ photonics by utilizing resonant tunneling in
layered MIM structures of Ag and Al2O3 [177]. From this
standpoint, ENZ MIM cavities can be a new playground for
light-matter interactions with high coupling efficiency. In
2020, for a deeper insight into the light-matter interactions,
Rashed et al. studied the hot electron dynamics in an ENZ

multilayer by the two-temperature model (2TM) [178].
They discovered the ultrafast effective permittivity modulation
and a relaxation time of 3.3 ps in an Ag-TiO2 stack. Localized
plasmon resonance (LPR) is another intriguing aspect of the
interaction, and it is known to be related to multiple factors
such as the environment, shapes, and sizes. Habib et al. showed
that by engineering the multilayer structure, the size depend-
ence of LPR can be greatly reduced, and LPR itself can be con-
trolled by the ENZ parameters of the structure [170]. The cross
section of their multilayer design and the subwavelength nano-
disks are illustrated in Figs. 2(b) and 2(c). The photonic multi-
layer design can also help enhance the ENZ properties of the
original ENZ TCO materials by manipulating their transmis-
sion, reflection, and absorption [179]. For other mechanisms of
ENZ realization, by using a metallic rods structure, 2D PCs can
also operate at a constant cutoff frequency [180], and by a care-
fully constructed all-dielectric PC, shown in Fig. 2(d), dual
zero-index can be obtained via a triply degenerated Dirac cone
at the center of the Brillouin zone [21].

Apart from the effective NZI media induced by subwave-
length multilayers, an equivalent ENZ can be realized by ex-
ploiting the cutoff frequency of a waveguide. From Maxwell’s
equations [137], one knows that in a waveguide there exists a
cutoff frequency determined by the smallest dimension and the
refractive index. Below the cutoff frequency, the EM waves can
neither propagate nor localize in the structure; instead, they
radiate in the so-called radiation mode. However, if a PEC
boundary condition is satisfied, the EM energy is “forced” back

Fig. 2. (a) AFM scanning of F:CdO thin film [159]. (b) Scanning electron microscopy (SEM) image of the cross section of the multilayer
structure [170]. (c) SEM image of the nanodisks [170]. (d) Photograph of the all-dielectric PC design and setup [21]. (e) SEM image of the
deep-etched 4H-SiC gratings [171]. (a) American Chemical Society; (b), (c) De Gruyter, under a CC BY Creative Commons Attribution 4.0
International License; (d) Springer-Nature, under a Creative Commons CC BY License; (e) American Chemical Society.
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to the waveguide and forms an ENZ mode with the effective
index equal to zero. With μeff � μ0, the effective permittivity
here can be expressed as

εeff � ε0

�

n2 −
c2

4ν2w2
H

�

: (5)

Here wH is the H-plane width of the waveguide. In this
scenario, the phase velocity is infinite, and the phase in the
structure becomes constant. The past two decades saw the theo-
retical and experimental verifications of this concept [9–11].
Recently, Zhou and Li demonstrated that by using a sub-
strate-integrated waveguide, the cutoff frequency can operate
at 3.5 GHz with an efficiency higher than 63% [181]. As
shown in Fig. 2(e), Folland et al. fabricated high aspect ratio
gratings using 4H-SiC with strong IR absorption, >90 high
Q-factor, and effective permittivity of 0.0574� 0.008i
[171]. They show that the modes can be supported in both
aqueous and anhydrous surroundings. Ji et al. designed an
extremely anisotropic waveguide with two types of dielectric
materials and metal wires [182]. In this design, the focusing
of energy at a size smaller than 0.2 times the wavelength
was observed, besides the directive emission and bending phe-
nomena already reported by earlier reports on effective ENZ
waveguides.

3. ADVANCES IN OPTICAL PHYSICS

A. Velocities and Dispersions

In Section 2, it is shown that for an ideal ENZ material, a near-
infinite phase velocity and a low group velocity (“slow light”)
can be obtained. The velocities here can have deeper implica-
tions and thus deeper influences on other physical character-
istics, which contributes to a more profound understanding
of the optical physics of ENZ photonics. Benis et al. studied
the effect of these velocities on the large nonlinear phase shift
in ENZ TCOmaterials [183,184]. They found that the slowed
group velocity and the enhanced phase velocity can form a con-
dition that can greatly increase the material-permittivity-related
phase sensitivity. They demonstrated that the contributions of
the two velocities can be concluded into a formalism that ex-
plains the nonlinear phase shift. Additionally, they conducted
an experiment that shows that even when the nonlinear index is
not necessarily altered, at ENZ, the nonlinear phase change of
the probe beam can be as close as π∕2. The authors carried out
their measurements via the nondegenerate beam deflection
method, which is implemented at a normal incidence. The
cross-phase modulation (XPM) experiment is also conducted.
These measurements show no sign of polarization-related
dependence because the effects of third-order nonlinearity
are significantly weaker than those of the sub-picosecond car-
riers. The observed frequency shift, however, is greatly depen-
dent on the nonlinear-phase-shift-induced temporal dynamics
of the pulse, meaning that shorter pulses could help create
greater frequency shifts in ENZ materials.

Regarding the group velocity, it also has an important role to
play in the aforementioned frequency shift phenomenon in
ENZ materials, which can hopefully be exploited in the appli-
cations of optical signal processing. Khurgin et al. studied the
group velocity’s impact on the adiabatic frequency shift (AFS)

under the ENZ setup [52]. They showed that the AFS can be
realized in the ENZ region with a shorter length. For the op-
tically induced refractive index change, the efficiency of the
AFS is higher when the pump operates at the ENZ wavelength.
These effects result from the slow light effect and electron re-
laxation dynamics near the ENZ wavelength, which is caused
by the low group velocity. They then verified their theoretical
predictions with experiments using an ENZ AZO thin film and
revealed that TCOs near their corresponding ENZ point can be
suitable for realizing frequency conversions; a more detailed dis-
cussion on this topic is presented in Section 3.C.

In nonlinear optics, another important concept originated
from group velocity is the high-order chromatic dispersions.
These chromatic dispersions are the Taylor expansion factors
of the propagation constant, which are defined as βξ≡
dβξ∕dξω, where ξ is the order of the dispersion. From this def-
inition, each order is the “dispersion” (the variation of the
value with wavelength or frequency) of the previous order,
which reflects the variation trend and speed of the curve with
high-order perturbations and fixes. If one tries to calculate the
chromatic dispersion near the ENZ wavelengths of the ENZ
materials, the obtained values can be very large due to their
dispersive nature. By symbolic computations, Wu et al. nu-
merically showed [33] that these high values of the second- and
third-order dispersions are orders of magnitude greater than
those of the highly dispersive InP waveguide [185] and the
commonly used or dispersion-engineered silica fibers [137,186,
187]. This is also mentioned by Kelley and Kuznetsova in their
modeling of pulse interactions in ENZ AZO [188]. It seems
that these chromatic dispersion values are useful for designing
a high-efficiency nanophotonic dispersion compensator by us-
ing the dispersion management technique [189].

However, the situations for higher orders of dispersions with
the ENZ materials are not that “classical,” and the realization of
dispersion compensation based on this mechanism faces a great
challenge due to the complex dispersion patterns between or-
ders and another deeper difficulty. By analytical deduction and
mathematical analyses, Wu et al. demonstrated a more in-depth
investigation into chromatic dispersion [35]. They found that
in both physical and mathematical senses, the concept of
high-order chromatic dispersions based on the Taylor expan-
sion definition is not applicable near the ENZ wavelength
for at least the ENZ TCO materials with Drude-like permit-
tivity dispersion, because the chromatic dispersions are essen-
tially derived parameters rather than fundamental physical
quantities, and they do not converge near the ENZ point.
This situation is illustrated in Fig. 3. In other words, the de-
scriptions by the finite orders of chromatic dispersions of ENZ
materials near the ENZ wavelength do not contain sufficient
information to illustrate the whole picture—the effects of
high-order dispersions exist, but it is just not suitable to apply
the concept here. This is also demonstrated by the authors’
comparison between the permittivity-based finite-difference
time-domain (FDTD) method and the dispersion-based non-
linear Schrödinger equation, which showed that the results of
FDTD are more realistic under the ENZ setup. It is worth
mentioning that, in previous researches, the inapplicability
issue of higher orders of chromatic dispersions also occurs in
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the effective media and metamaterials with engineered permit-
tivity [190–192], which might indicate that the inapplicability
of high-order chromatic dispersions can also happen under cer-
tain circumstances in effective-media-based multilayered aniso-
tropic ENZ materials [79,178], as long as their permittivity
curves cause divergence near the ENZ wavelength.

B. Pulse Dynamics and Light-Matter Interactions

The behavior of an optical pulse in a medium is different from
that of a plane wave. Pulse dynamics and light- (pulse-) matter
interactions can take various forms and have been fascinating to
researchers for a long time. Previously, the linear and nonlinear
light-matter interactions were studied under the near-subwave-
length and longer-than-wavelength setups based on ideal ENZ
materials [19,22,28]. For a more realistic setup considering
complex dispersions, high absorption and optical nonlinearity,
reflection and scattering of light in a subwavelength structure,
interesting new patterns can happen [32]. Recently, Wu et al.
demonstrated this idea a step further with ultrashort chirp-free
and chirped pulses in ENZ ITO [34], and the combination of
these factors forms the pulse self-interaction, where in both
spectral and temporal senses, the studied ITO slab is “sub-
pulse,” and allows the pulse to interact with its reflected part
linearly and nonlinearly, creating superposition results of evo-
lution patterns that are exclusive to ENZ materials. They also
found a quasi-standing-wave pattern induced by two identical
but counterpropagating pulse sources, which can be used in a
nanoscale resonator’s design. Kelly and Kuznetsova demon-
strated the modeling of pump-probe modulation and inter-
actions in an ENZ AZO/ZnO multilayer metamaterial [36]
and also the adaptive ultrashort pulse re-shaping in that
material [20] using a modified FDTD algorithm.

At the nanoscale, localized surface plasmon resonance
(LSPR) is a typical representative of light-matter interactions
in a subwavelength structure. It is already known that the

wavelength and intensity of LSPR are related to the shapes,
sizes, compositions, dopant or free carrier concentrations of
the studied optical structure, and also the ambient environment
[4,5,193–195]. In metals such as Au nanorods and Ag nano-
particles, LSPR is found to be dependent on the wavelengths
and bandwidths of the light sources [196,197]. Wu et al.
numerically illustrated the differences in localized resonance
patterns between a 10 fs pulse and a 100 fs pulse [35]. They
mentioned that in a real-world scenario, the underlying mecha-
nism can be even more complex, and more physical processes
might be involved, such as the 2TM inmultilayered ENZmeta-
materials [178]. A so-called non-thermal process [198–200] can
occur when the pulse’s temporal width is shorter than the scat-
tering relaxation time of the free carriers [52,201] between each
excitation between bands [52,202]. For the influence of engi-
neered optical structures on light-matter interactions, Yildiz
andCaglayan showed that by using plasmonic nanorods strongly
coupled to the ENZwaveguide operating at the cutoff frequency,
the aforementioned control limitations can be overcome, and
the waveguide exhibits two hybrid modes of guided ENZmodes
and LSP modes [203]. The dispersion curve and the field dis-
tributions of an infinite rectangular hollow silver waveguide, as
an example, are shown in Figs. 4(a)–4(c). This coupling can cre-
ate a strong Rabi splitting according to their FDTD simulations,
which can be inspiring for the manipulation of modes in ENZ
media. Habib et al. used a nanodisk array to eliminate the size
dependence of the plasmon resonance and assumed effective
control over the phase distribution by tuning the ENZ region
of the substrate material [170], whose phase distributions
of the electric field of different parameters are illustrated in
Figs. 4(d)–4(g). These findings can be very helpful in precise
control in flat optical designs and applications.

The interactions of light with matter are, per se, the inter-
actions of fields. Arnoldus and Xu studied the force on an elec-
tric dipole near an ENZ surface [204]. This force is induced by
the reflected evanescent EM field of its own from the ENZ
medium, which is repulsive and perpendicular to the ENZ in-
terface. On the other hand, Nefedov and Rubi investigated the
Casimir forces in ENZ boron nitride, which emerges from the
transverse-magnetic (TM) waves [205]. For isotropic absorp-
tive ENZ materials, the force is larger than hyperbolic materi-
als, which makes it a good candidate for applications in
nanotechnology. Castro et al. studied the local optical density
of states in the vicinity of ENZ materials [206]. For a dipole
emitter, they established criteria for assessing the threshold of
radiative and non-radiative processes. Their results show that
the complete cancellation of the local optical density of states
stems from the near field of radiative modes in a lossless case,
and for the real-life lossy samples, they also evaluated their per-
formances and the limits of the cancellation effects.

C. Frequency Generation and Harmonic Waves

The group velocity of ENZ materials can help improve the AFS
efficiency near the ENZwavelength [52], as shown in Fig. 5(a).
The frequency conversion operation can produce new fre-
quency components and redistribute energy within the
spectrum, which is very useful in applications such as on-chip
ultra-compact multiwavelength light sources. Recently, Zhou
et al. demonstrated a broadband frequency translation in an

Fig. 3. Calculated (a)-(d) first- to fourth-order chromatic disper-
sions in the ENZ region of AZO, GZO, and ITO by symbolic cal-
culation. The values of dispersions do not decline with the increment
of the order for the Drude-like permittivity ENZ materials [35].
(a)–(d) American Physical Society.
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ENZ ITO by time refraction [53,207]. For materials that
exhibit significant refractive index differences in time, this ef-
fect can be used to realize a changed EM frequency with an
unchanged wave vector. This refractive index change can be
induced optically in a sub-picosecond time scale. The sche-
matic diagrams on utilizing this time-refraction phenomenon
are illustrated in Figs. 5(b)–5(d). By experiments, they demon-
strated a controllable and broadband shift up to 14.9 THz in
the ENZ region. This finding allows for one more dimension of
control and manipulation in ENZ materials. The expansions of
the Kerr-nonlinearity-induced time-varying refraction enabled
frequency shift can be found in the seminar works of the same
group [208–210]. Bruno et al. studied the broad frequency
shift of parametric processes in ENZ AZO [211]. Specifically,
they looked into the frequency shift for four-wave-mixing
(FWM) generated fields. Their experiments show that the shift
is as significant as 60 nm compared with the 40 nm pulse. They
further demonstrated the negative refraction by a time-varying

plasmonic nanoantenna metasurface [212]. The strong cou-
pling and interactions result in a Rabi splitting of 30% and
a 2× frequency generation with nonlinear polarization. The
negative refraction has a conversion efficiency four orders of
magnitude higher than the ENZ film alone. In 2021, Jia et al.
realized 3 THz broadband generation in both transmission and
reflection signals in ENZ ITO under the illumination of an
NIR ultrafast Ti-sapphire pump source [108].

Another well-known frequency generation effect is har-
monic generation. For heavily doped degenerated semiconduc-
tors such as ENZ TCOs, the second-order susceptibility χ�2� is
greatly reduced, which is related to SHG and sum-frequency
generation (SFG). However, experiments by different groups
have shown that the effects of second-order nonlinearity exist.
In 2015, Capretti et al. demonstrated SHG in ENZ ITO and
TiN [38] and enhanced THG in ENZ ITO [45]; in the same
year, Luk et al. investigated THG in ultrathin ENZ films [44].
In 2019, Passler et al. studied SHG from ENZ Berreman

Fig. 4. Influence of optical structure on light-matter interactions [203]. (a) Effective index dispersion of the fundamental mode for ENZ wave-
guides with different core sizes wx . (b) Electric E field and magneticH field distribution at the cutoff frequency on xy plane. (c) y component of the E
field along the waveguide axis at the ENZ wavelength of 870 nm and a shorter wavelength of 600 nm. Influence of the substrate [170]: phase
distribution profiles of the x component of E field for ENZ nanodisk diameters of 120 nm (left) and 180 nm (right) (d) on glass at the wavelength of
684 nm; (e) on hyperbolic metamaterial at 684 nm; (f ) on glass at 751 nm; and (g) on hyperbolic metamaterial at 751 nm.
(a)–(c) American Physical Society, under a Creative Commons Attribution 4.0 International License; (d)–(g) De Gruyter, under a Creative
Commons Attribution 4.0 International License.
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modes in polar crystal films [41]; in 2020, Kolmychek et al.
investigated the SHG spectroscopy in ENZ gold nanorods
[43], Vianna et al. demonstrated SHG enhancement in an
ENZ substrate [42], and Dass et al. discovered the gap-
plasmon-enhanced SHG in ENZ nanolayers [39]. Rodríguez-
Suné et al. investigated the impacts of hot electrons and non-
local effects in ENZ ITO’s SHG and THG [40]. For HHGs, in
non-ENZ materials, up to the 15th order has been reported
[213,214], extending from UV to IR. In ENZ materials,
HHGs up to the ninth order in ICO pumped by a solid-state
Ti:sapphire laser were experimentally demonstrated [46] by
Yang et al. For numerical simulations, by considering the cas-
caded effects, Xie et al. discussed the giant enhancement of
THG and fifth-harmonic generation in an ENZ Au-ITOmeta-
surface [50], and Wu et al. studied HHGs in an ENZ AZO
nanopyramid array [49] and nanolayer [48]. These simulations
show the potentials of ENZ TCOs, but the conditions to real-
ize in experiments remain to be explored. In 2021, Tian et al.
experimentally realized UV HHG up to the fifth order in ITO
pumped by an Yb-based fiber laser, with two orders of magni-
tude higher efficiency than previous reports [51].

D. Nonlinearity and Loss

Gigantic optical nonlinearity in ENZ materials is an intriguing
optical property that distinguishes them from other nonlinear

materials. In 2016, Alam et al. obtained a large nonlinear re-
sponse in ENZ ITO [27]. In 2018, they found that large op-
tical nonlinearity can be enhanced by a gold nanoantenna
coupled to an ENZ ITO metasurface [215]. Later, it was un-
veiled that the huge nonlinear response is not exclusive to plas-
monic ENZ materials, but also multilayered ENZ
metamaterials where an effectively high nonlinearity can be ex-
hibited [146]. Khurgin et al. revealed that slow and fast non-
linearities exist in ENZ materials [130]. Compared with
conventional materials, although their strength is not signifi-
cantly larger, the advantages are obvious, namely, the response
time, enhancement of the slow light effect, and broad band-
width, which are important attributes to ultrafast optics.

While high nonlinearity is a “good” property that scientists
are pursuing, the accompanied relatively high loss is the “bad”
property that should be minimized in the most non-loss-oper-
ated applications. However, the relation between the two prop-
erties seems to be symbiosis. In their seminar works, Kinsey’s
group proposed a carrier kinetic model [216] and analyzed the
role of loss in optical nonlinearity [217]. They then found that
the band non-parabolicity and absorptive loss are the sources of
large nonlinear effects [218]. According to their explanation,
the absorption of EM energy takes two forms, namely, the in-
terband absorption, which increases the number of free elec-
trons through excitation and blueshifts the ENZ wavelength,
making the material more metallic, and the intraband absorp-
tion, which elevates the energy of the free-electron cloud, red-
shifts the ENZ wavelength, and reduces the material’s ability to
interact with an external field. They found that the conduction
band’s non-parabolicity has a contribution to intraband non-
linearity, which is also the origin of the free carriers’ effective
mass dispersion. The schematic diagram of their explanation
model is illustrated in Fig. 6. On the other hand, Rocco et al.
investigated the influence of loss on second-order nonlinearity
by implementing a dielectric AlGaAs nanoantenna on an ENZ
substrate [219]. They discovered that the conversion efficiency
highly relies on the damping of the substrate when compared to
the impacts of optimization.

However, the intrinsic high loss present in plasmonic ENZ
materials, such as TCOs, and in metals, which affects MIM

Fig. 5. (a) AFS in ENZ materials with Drude-like dispersion [52].
(b) Refractive-index-change-defined spatial boundary and a refractive-
index-change-defined boundary defined by time-refraction [53].
(c) Temporal change in refractive index and light intensity [53].
(d) Redshift or blueshift of the frequency of the probe when the pump
beam falls behind or leads the probe [53]. (a) Optical Society of
America. (b)–(d) Springer-Nature, under a Creative Commons CC
BY License.

Fig. 6. Schematic diagram of (a) intraband nonlinearity of ENZ
materials: pump-induced permittivity change, which in turn alters
the reflectivity; (b) electron effective mass modification (elevation)
by pump energy absorption (absorptive loss); (c) effective-mass-
change-induced plasma frequency redshift [218]. (a)–(c) Optical
Society of America.
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ENZ structures, limits the scale of nanophotonic devices
and their applications. On the contrary, for loss-operated ap-
plications, the loss needs to be controlled, adjusted, and ma-
nipulated. By inserting an ENZ thin film into the MIM
structure, Liu et al. demonstrated a method to tailor and widen
the absorption spectrum [220]. Li et al. proposed theoretically
and numerically an approach to reduce the loss in ENZ ma-
terials by adjusting the structural dispersion, and thus the ef-
fective parameters, rather than the material itself [221]. They
demonstrated two usage scenarios: the propagation of plane
waves in a bulk medium and a surface plasmon polariton
(SPP) at the ENZ interface. In experiments, Wu et al. intro-
duced the SCF treatment technique into ENZ photonics for
the first time and used CO2 to lower the intrinsic loss (linear
loss) of the ENZ ITO nanolayer by 10.52% in its ENZ region
[70]. In 2021, Ma et al. proposed principles for controlling the
nonlinear saturable and reverse saturable absorption of ENZ
TCOs [222].

E. Aligning the ENZ Wavelength

The extraordinary characteristics of ENZmaterials happen only
within its ENZ region, or even only at the small proximity of
the ENZ wavelength. Also, the bandwidths of many optical

devices and components are only tens of nanometers.
Therefore, there is an urgent need to align the ENZwavelength
of the material with the light source. For multilayered ENZ
metamaterials, it is already demonstrated that by changing
the layer design and materials, with state-of-the-art high preci-
sion manufacturing, the ENZ wavelength can be stably placed
anywhere in the spectrum [146]. Nevertheless, for plasmonic
ENZ materials, especially TCOs, this is a whole different story.
By the Drude model, one can discover that with only a fraction
change in the free carrier concentration, the ENZ wavelength
will drift through a wide range of the spectrum. This situation
is illustrated in Fig. 7(a), where with a small change in the steep
N curve, the permittivity will be very different and results in an
ENZwavelength elsewhere. The more severe thing is that many
factors during the fabrication of TCOs can lead to significantly
different results, such as the air pressure, airflow, target purity,
humidity, temperature, time, ambient atmosphere, and
annealing conditions. Recently, a study by Xian et al. showed
the effects of oxygen stoichiometry on the optical structure and
ENZ properties of ITO films [223]. Obviously, ENZ TCOs
are less stable than multilayers in terms of ENZ wavelength.
The past years saw many beneficial attempts to address this

Fig. 7. (a) Relation between complex permittivity of ENZ ITO and free carrier concentration [80]. (b) Controlled annealing protocol (temper-
ature) for ITO for ENZ wavelength tuning [68]. (c) Temperature, dopant ratio, and thickness dependence of ENZ AZO in ALD fabrication and
condition control [224]. (a) IEEE, under a Creative Commons Attribution 4.0 License; (b) AIP Publishing; (c) John Wiley and Sons.

Review Vol. 9, No. 8 / August 2021 / Photonics Research 1625



problem, and they can be categorized into two groups: tempo-
rary methods and semi-permanent methods.

For the temporary measures, it was previously discovered
that the ENZ wavelength can be adjusted optically, electrically,
and thermally [170]. For the optical method, the temporary
permittivity change can also be observed in time refraction phe-
nomena. By working the nonlinear refractive index back to the
equivalent permittivity, a Kerr-induced permittivity change can
be obtained. It is worth noting that when the laser is too strong,
permanent changes might happen within the material, making
this so-called temporary method irreversible. For the electrical
control scheme, by applying an external electric field
[225,226], the voltage can redistribute the free carriers, thus
changing the ENZwavelength. This is basically the mechanism
of electro-optical modulators [64]; the redistribution of
free carrier concentration happens only within several nano-
meters beneath the interface [80], and the permittivity change
is very limited. For the thermal approach, if the temperature is
not too high, the heating of the material can help excite more
electrons, resulting in a change in permittivity. For higher
temperatures, heating becomes annealing—a semi-permanent
method.

However, the temporary methods have a significant draw-
back: they require external support, i.e., pump, electric source,
or heater. These can limit their applications in integrated plat-
forms and chips. For the semi-permanent approaches, all that is
needed is pre-, in-, or post-fabrication processing. An optical
solution is also available: Hong et al. investigated the laser-in-
duced permittivity tunability in ENZ ITO films [69]. They
found that the pulsed laser irradiation introduces some defects
that alter the optical properties of ENZ ITOs. Their FDTD
simulations agree with the experiments and prove their method
effective. Zheng et al. [227] and Gurung et al. [224] used ALD
to assume tunability and controllability over the ENZ proper-
ties of AZO nanolayers, whose condition dependence is illus-
trated in Fig. 7(b). The two groups of Wang et al. [67] and
Johns et al. [68] separately and independently investigated con-
trolled annealing protocols to manipulate and tune the ENZ
wavelength of ITO. The tunability curve is shown in Fig. 7(c).
Annealing requires a relatively higher temperature (hundreds of
degrees Celsius), and longer time (several hours), and the tun-
ing results are less stable and can jump over a wider range of the
spectrum. Considering the use scenario where a small spectral
adjustment is required, such as aligning into the gain band of
the erbium-doped fiber amplifier, the controlled annealing pro-
tocols are not as flexible as the SCF treatment, because in the
NIR range, the ENZwavelength can change dramatically when
a slight change occurs in free carrier concentration. SCF
[228,229] is a state of a material that above a certain temper-
ature and pressure point becomes indistinguishable between gas
and fluid. Due to its ability to fix defects and improve the per-
formance of microelectronic devices [230–235], recently Wu
et al. introduced this technique to ENZ photonics and dem-
onstrated that the low temperature (120°C) and time-saving
(1 h) SCF oxidation technology can stably shift the ENZ wave-
length for nanometer grade [70], which can be useful in the
final fine-tuning of ENZ wavelength alignment. Other SCF
processing techniques, such as oxidation and nitridation, hold

the key to unveil deeper connections between electric and
optical properties.

4. ENZ SYSTEMS FOR NANOPHOTONIC

APPLICATIONS

A. Optical Isolators

An optical isolator can be regarded as the photonic counterpart
of an electronic diode. By breaking Lorentz reciprocity, an op-
tical isolator can allow the EM wave to propagate from one
direction but block the other [236].

There is a trend in the world of ENZ nanophotonics to ex-
plore the realization of all on-chip integration signal processing
and logic (operation) elements using ENZ, and an optical iso-
lator is no exception. Davoyan et al. proposed two distinctive
designs of ENZ-enabled optical isolators by merging ENZ
material with magneto-optical materials [98], as illustrated
in Figs. 8(a) and 8(b). For a given handedness of circularly po-
larized EM waves, the forward propagating one experiences a
transparent medium, while the backward propagating one sees
an opaque medium. They explored two possible implementa-
tions of this idea, namely, a metal-dielectric multilayer stack
and a rectangular waveguide operating at its cutoff frequency.

However, recent years did not witness much progress in this
topic by “conventional” mechanisms, except for incorporating
non-Hermitian optics, for example, in Ref. [237], shown in
Fig. 8(b). We suspect the main reason is that the benefits
and enhancement brought by implementing ENZ materials
do not significantly outperform the optical isolators realized
by other mechanisms. The use of magneto materials is essential
in this application, meaning that the “normal” non-magnetic
ENZ material itself cannot achieve the optical isolation effect
alone. Yet, it is too early to conclude that ENZ isolators, and
hopefully, other linear and nonlinear effects of ENZ materials,
can be implemented into the design for performance optimi-
zations, or achieve properties that cannot be found in other
kinds of optical isolators.

Fig. 8. Schematic diagrams of (a) multilayered metal-MO stack iso-
lator [98]; (b) waveguide-based isolator [98]; (c) non-Hermitian ENZ
optical isolation scheme [237]. (a), (b) Optical Society of America;
(c) John Wiley and Sons.
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B. All-Optical Switches

Optical switches are essential components of optical signal
processing units and optical logic gates, holding the key to
the optical computing system as well as integrated optics. The
current state-of-the-art design of ENZ-based optical switches
includes all-optical switches and electro-optical switches. The
main working principle of all-optical switches depends on
the unprecedented optical nonlinearity of the natural ENZ
TCO material. In 2017, Guo et al. experimentally demon-
strated an all-optical switch based on ITO nanocrystals syn-
thesized by a wet-chemistry route [74]. Their results show
that ITO nanocrystals exhibit a short recovery time of ≈450 fs
(corresponding to a response speed of ≈2 THz ) and modula-
tion depth ≈160% in the ENZ region, which benefits from the
surface trap states of ITO nanocrystals. By integrating ITO and
poly(methyl methacrylate) film into a fiber waveguide, an all-
optical fiber switch enabling to convert the continuous wave
(CW) into ultrafast femtosecond laser pulses has been demon-
strated as a proof of concept. In 2018, Jiang et al. showed an

ITO film that achieves an optical amplitude modulation of
7.4% under the incident light intensity of 306 MW · cm−2

in the experiment [238]. Using ITO film as a saturable absorber
in integrated waveguide chip lasers for optical switches at
1.9 μm is shown in Fig. 9(a). They also realized Q-switched
mode-locked and stable pulse laser output with a repetition rate
of 6.4 GHz and an average output power of 28.6 mW. In 2019,
Zhang et al. presented an investigation into the nonlinear satu-
rable absorption of ITO thin film and realized passively
Q-switched lasers with wavelengths of 1063, 1340, and
1410 nm [77]. Hu et al. numerically showed an all-optical
switch by using high-mobility CdO integrated into a Bragg mi-
crocavity, which has a reflectance of 94% under a pump fluence
of 7 μJ · cm−2 [76], as plotted in Fig. 9(b). In addition, Saha
et al. demonstrated an optical switching platforms-based
yttrium-doped CdO [239]. With pump-probe experiments,
the CdO film achieves a maximum reflectance change of
135% in the MIR region with a relaxation time of 45.6 ps
under a pump fluence of 1.3 mJ · cm−2. In 2020, Zhang et al.

Fig. 9. (a) Layout of the Q-switched waveguide using the ENZ ITO [238]. (b) Reflectance spectra of CdO-based Bragg microcavity under
different pump fluences at a 45° incident angle [76]. (c) Transmission of the all-optical switch under different pump light intensities at 30° incident
angle; the inset is the schematic of the all-optical switch [65]. (d) Schematic of the Si photonic waveguide, and transmission of the device in ON and
OFF states [240]. (e) Schematic of the MIM nanocavity with two ENZ modes. The high energy (HE) and low energy (LE) resonances display low
reflectance at the ENZ points (top). Change of R for the signal probe pulse upon optical pumping of the HE ENZ mode; the gray curve represents
the equilibrium positions of the resonances [79]. (f ) Schematic of the dielectric guided-mode resonance gratings. The reflectance of the three primary
color devices at the color-on state (no bias) and color-off state (under bias). CIE 1931 coordinates calculated by the proposed device (solid line) and
the color gamut of the sRGB triangle (dashed line) [241]. (a) De Gruyter, under a Creative Commons Attribution 4.0 International License;
(b) Optical Society of America; (c) IEEE, under a Creative Commons Attribution 4.0 International License; (d) Chinese Laser Press;
(e) Spring-Nature, under a Creative Commons Attribution 4.0 International License; (f ) Royal Society of Chemistry.
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studied the ENZ ITO as an optical switch at 2.06 μm in experi-
ments [72]. Xie et al. designed an all-optical switch based on a
metasurface utilizing the large nonlinearity of ITO near the ENZ
point, which has an extinction ratio (ER) exceeding 5 dB with a
response time of ∼650 fs under the control of the pump light, as
shown in Fig. 9(c) [65]. In 2021, Li et al. numerically proposed a
femto-joule all-optical switch based on an electrically tunable
plasmonic-CdO-Si waveguide [78]. High-mobility CdO has
ENZ-enhanced optical nonlinearity in the telecom wavelength
region. Their design has a modulation depth of 15.9 dB/μm
and a switching time of 230 fs at the cost of switching energy
of 13.5 fJ. Bohn et al. studied the all-optical switching of ENZ
plasmons via pump-probe experiments in the Kretschmann-
Raether configuration [242]. Their results demonstrate that a
thermal switching mechanism leads to a shift in the plasmon
resonance frequency of 20 THz for a TM pump intensity of
70 GW · cm−2, and additional two-beam coupling is observed
for degenerate pump and probe frequencies. The aforemen-
tioned two mechanisms combine to result in a measured change
in reflection of the probe from 1% to 45% for a pump intensity
of 70 GW · cm−2 in a 60 nm ITO thin film [242].

Another principle of all-optical switches depends on the ar-
tificial structure with effective ENZ parameters. An ultrafast
on-chip remotely triggered nanoscale all-optical switch, which
consists of two silicon PC nanocavities, silicon PC waveguides,
multicomponent nanocomposite, and a control waveguide, was
demonstrated by Chai et al. in 2017 [243]. The multi-
component nanocomposite nano-Au:(Er3�:Al2O3) was de-
signed to achieve large optical nonlinearity enhancement
with effective ENZ parameters. The proposed device has an
ultralow threshold control intensity of 560 kW · cm−2, ultrafast
switching time of 15 ps, and high switching efficiency of 60%
in the experiment. In 2018, Neira et al. designed an artificial
effective ENZ cavity by implementing a few Au nanorods in-
side a Si photonic waveguide, as shown in Fig. 9(d) [240]. The
designed structure has strong nonlinearity with switching en-
ergies below 600 fJ, a modulation depth of about 30 dB/μm,
and a loss of less than 0.8 dB. In 2020, Kuttruff et al. proposed
an approach for ultrafast all-optical switching based on the
MIM nanocavity, which can be described as effective ENZ res-
onances [79]. They used an antisymmetric optical pumping in
the UV region in the MIM nanocavity, to achieve an approach
for ultrafast all-optical switching in the NIR, as illustrated in
Fig. 9(e). The results show the MIM nanocavity approaching
a sub-3 ps control of the reflectance with a relative modulation
depth of 120%.

C. Electro-Optical Switches

For electro-optical switches, the electro-optical functionality is
realized by tuning the electron density of TCOs via applying a
bias voltage. In 2019, Hu et al. constructed a solid-state electro-
optical switch using a high-Q CdO Bragg microcavity [76].
The reflectivity of the device can be switched from close to zero
to 89% with a low bias electric field, and the transmittance of
the device can be modulated from 4% to 44%. An electro-
optical metasurface switch based on ENZ ITO, which has a
large modulation depth of up to ∼17 dB, was proposed by
Xie et al. in 2020 [65]. Finally, in 2021, Wang et al. numeri-
cally demonstrated an electrically switching reflective structural

color display, which combined ENZ ITO with dielectric
guided-mode resonance (GMR) gratings, as displayed in
Fig. 9(f ) [241]. The device can be electrically turned on or
off by switching between a narrowband reflector and a trans-
parent film. A large color gamut beyond sRGB (∼161%) and a
modulation speed of ∼10 MHz were estimated in their re-
search.

D. Electro-Optical Modulators

In natural ENZ materials such as TCOs, the free carrier con-
centration of TCOs can be tuned under an applied voltage,
which in turn results in a dramatic change in the ENZ point
and the optical property of the TCOs materials. This effect re-
sults from the accumulation (or depletion) layer of these ma-
terials and can be built up when TCOs are bounded by a
dielectric as a response to an electrostatic field. TCOs are
emerging as attractive active materials for electro-optical mod-
ulators due to their electrically tunable physical property.

In 2012, Lu et al. numerically presented an ENZ electro-
absorption modulator by sandwiching a thin ENZ AZO film
into a Si slot waveguide [244]. Their results show that the pro-
posed modulator can achieve over 3 dB modulation depth in a
250 nm long waveguide. In 2013, Vasudev et al. proposed an
ENZ ITO modulator and provided its operating principles
[66]. The modulator consists of a Si strip waveguide coated
with aHfO2 layer and an ITO layer. They found that the trans-
mission of an optical mode through the waveguide can be di-
minished by altering the local index and increasing the carrier
absorption of the ENZ region, and an electric field concentra-
tion exactly in the region of highest free carrier absorption
under ENZ condition. The modulator allows for 3 dB in an
under 30 μm long waveguide, and energy consumption of
100 fJ/bit. In 2014, Lee et al. experimentally demonstrated
an ultra-compact plasmon slot waveguide field-effect modula-
tor based on ENZ ITO [245]. They realized a high dynamic
range of 2.71 dB/μm and a low loss of ∼0.45 dB∕μm. In 2015,
Zhao et al. investigated butt-coupling and evanescent-coupling
schemes for a slot waveguide ENZ ITO modulator [246]. In
the butt-coupling scheme, the modulator has demonstrated an
insertion loss (IL) below 1.3 dB and an ER above 6.0 dB for a
wavelength range from 1.25 to 1.42 μm. In the evanescent-
coupling scheme, the modulator has achieved an ER greater
than 6.0 dB and an IL less than 1.7 dB for a wavelength ranging
from 1.25 to 1.39 μm. In the same year, Baek et al. proposed an
ultra-compact integrated phase modulator that consists of two
vertically stacked Si layers and a core with ultrathin HfO2∕
ITO∕HfO2 multilayers. When a voltage bias between the
ITO thin film and the Si layer is applied, the ENZ effect
leads to a dramatic change in the fundamental TM-like mode
of the input light, resulting in both phase and amplitude
modulation. Their computer simulations show that the
proposed phase modulator has a modulation efficiency of
V πL ∼ 0.0071 V · cm and bandwidth of ∼70 GHz [247].
In 2016, Koch et al. studied the carrier accumulation process
of TCO-based plasmonic absorption modulators [248]. They
employed the stationary quantum hydrodynamic to get an
inhomogeneous carrier distribution in the TCO layer and pre-
dicted the transfer functions of plasmonic absorption modula-
tors by solving Maxwell’s equations. The results show that the
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digital modulation characteristic arises from carrier accumula-
tion in the thin TCO layer. In 2017, Sinatkas et al. compre-
hensively studied and evaluated electro-optical modulators
developed on the Si-rib and Si-slot waveguides [249]. They
achieved an integration of Maxwell wave theory and solid-state
physics, by employing the drift-diffusion model for the descrip-
tion of free carrier dynamics in semiconductors, and the electro-
optic effect was introduced using a unified finite element
method (FEM). The results show that the Si-slot waveguide
outperforms the Si-rib design in all metrics and is proven com-
parable to the performance of the plasmonic waveguide.
Campione et al. numerically proved that CdO shows better
modulation performance than indium oxide [250].

In 2018, Liu et al. experimentally demonstrated a chip-scale
slot waveguide modulator exploiting ENZ ITO [84]. As shown
in Fig. 10(a), the modulator consists of a Si strip waveguide
covered with 8 nm of HfO2 and a 15 nm ITO film, which
forms a metal oxide semiconductor (MOS) capacitor. A tapered
grating coupler is used to couple a normally incident, free-space
laser beam into and out of the waveguide. Simulation and ex-
periment results show that the ENZ effect can increase the
overlap of the guided mode with the ITO layer. They also

created a 50 nm wide slot in the center of the Si strip waveguide,
and performance measurements show the modulator with the
slot has greater benefits compared to the modulator without a
slot. Wood et al. reported a design of a fast, compact electro-
absorption modulator composed of Si∕HfO2∕TCO∕Au on a
Si rib waveguide in the experiment illustrated in Fig. 10(b) [64].
The proposed modulator has an operation with a 6.5 dB ER
from 1530 to 1590 nm, a 10 dB IL, and achieved digital modu-
lation at rates of 2.5 Gb/s. A modulator based on a plasmonic
slot waveguide was investigated by Gao et al. [82]. The device
is composed of an active Au plasmonic slot waveguide with
electrodes between two silicon waveguides, and 10 nm thick
HfO2 is deposited on top of the Au slot waveguide followed
by filling the slot with 200 nm thick ITO [82]. The modulator
experimentally demonstrated a uniform modulation with 70 nm
optical bandwidth across the 1530–1600 nm band, modulation
of 2.62 and 1.5 dB/μm, and dynamic modulation speed at
40 MHz. In Li et al.’s experimental investigation, their device
was composed of a Si/oxide/ITO MOS capacitor built at the
center of a one-dimensional silicon PC nanocavity on a Si strip
waveguide [251]. By applying a gate voltage, the modulator can
work in dual mode of cavity resonance and optical absorption by

Fig. 10. (a) Schematic of the chip-scale electro-absorption modulator and SEM image of fabrication result [84]. (b) Schematic and SEM image of
the gigahertz speed ENZ modulator, and transmission of the modulator under DC electro-optical characterization [64]. (c) Schematic and SEM
image of coupling-enhanced dual-gated ITO modulator, cross-sectional image, and mode profile illustrating the device layers and operating mecha-
nism of the active region [252]. (d) Schematic of the Mach-Zehnder modulator; Si∕ITO∕Al2O3∕Au active device region, and corresponding
eigenmode profiles to light ON and OFF states; optical microscope image of the Mach-Zehnder modulator [253]. (a) American Chemical
Society; (b) Optical Society of America; (c) De Gruyter, under a Creative Commons Attribution 4.0 International License; (d) Optical
Society of America.
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utilizing the change in refractive index from both the conduc-
tive oxide and the Si strip waveguide. The modulator demon-
strates 0.5 dB extra optical loss, moderate Q-factor above 1000,
and energy efficiency of 46 fJ/bit. A comparative analysis of
TCO electro-absorption modulators was presented by Gao
et al. in 2018 [254].

In 2019, Gao et al. used a highmobility In2O3 gate to replace
low mobility ITO to lower the voltage swing of the modulator
[255]. Experimental results show that the device can
achieve a small voltage swing of only 2 V to obtain an ER of
1.2 dB/μm. Tahersima et al. experimentally demonstrated a
compact coupling enhanced dual-layer ITO modulator consist-
ing of a Si photonic bus waveguide and short coupling island
waveguide separated away from the bus [252]. As shown in
Fig. 10(c), two waveguides are covered by an active ITO∕

Al2O3∕ITO stack. The concept of the proposed modulator al-
lows utilizing the normally parasitic Kramers-Kronig relations
synergistically. The island waveguide enables a higher ER com-
pared to the traditional absorption-only case in the absorptive
state of the modulator; the bus waveguide enables high optical
transmission in the light-ON state, because the coupling
between twowaveguides is minimized, and the absorption losses
are also minimized due to the non-plasmonic mode and
dielectric-like dual-gated ITO/oxide/ITO stack atop both wave-
guides. As a result, the authors indicated that a 2 dB ER modu-
lation with an IL of 2 dB for 4 V of applied bias can be achieved
using the proposed device. Forouzmand et al. performed a study
of an electro-optical amplitude and phase modulator [256]. The
modulator is designed by the ENZ ITO into a GMR mirror
metasurface, which consists of a high-index Si nanograting
placed on top of a Si guiding core followed by a Si dioxide optical
buffer layer and a highly reflective substrate. Amodulation depth
as high as∼0.80 and a phase variation of ∼210° in the 0.45–0.6
range can be realized by the proposed structure.

Additionally, in 2020, Rajput et al. realized a modulator with
a Si-ITO heterojunction between p-type silicon and
n-type ITO [257]. The reported Si-ITO heterojunction wave-
guide-based modulator exhibits more change in k, making it
more suitable for intensity modulation, compared to the
ITO-oxide-silicon hybrid waveguide. An ER of 7 dB for the
1.7 mm long device can be achieved at a maximum low voltage
of −5 V in their experiment. Zhou et al. designed and demon-
strated an ENZ modulator based on an Au∕ITO∕HfO2∕p-Si
MOS capacitor [88]. The device has an energy efficiency of
100 fJ/bit, modulation bandwidth of 3.5 GHz, data rate of
4.5 Gb/s, and optical bandwidth from 1515 to 1580 nm wave-
length in the experiment. By replacing ITOwith highermobility
TCO materials, the device can achieve 40 GHz modulation
bandwidth and 0.4 fJ/bit energy efficiency. As plotted in
Fig. 10(d), Amin et al. demonstrated a spectrally broadband,
gigahertz-fast Mach-Zehnder interferometric modulator, and
integrated it into Si photonic integrated circuits [253].
Experimental measurements indicate the modulator reveals
minuscule V πL of 95 V · μm, and an ER of ∼3 to > 8 dB.
Unlike lithium niobite optoelectronics, the proposed ITO
optoelectronics is crystal-orientation independent and synergis-
tic to enhancing electrostatics from transistor technology. In
2021, Sha et al. presented a comparative study on the designs

and optimizations of ENZ multi-slot waveguide modula-
tors [258].

As a summary, the performance characteristics of the ENZ
TCOs-based amplitude modulators are listed in Table 1 with
Refs. [64,66,80,82,84,85,87,88,244–246,248–253,255–257,
259–266]. Some values have been recalculated using parame-
ters given in the references.

E. Perfect Absorbers

A perfect absorber (PA) is a device designed to control the ab-
sorption spectrum in terms of intensity, bandwidth, and reso-
nance, and is crucial in the field of optical signal processing.
However, PA faces the challenge of a high material loss or large
thickness. Recent studies have shown that ENZ materials have
strong electric field enhancement and resonant light absorption
in thin layers due to the continuity requirement for the boun-
dary conditions at the interface for ENZ materials. Therefore,
ENZ materials have emerged as an ideal candidate to create PA
in ENZ photonic researches for both theory and experiment.

In 2012, Feng et al. demonstrated PA in ENZ-metal struc-
tures when the material is arbitrarily thin (thickness-to-
wavelength ratio < 1) and with arbitrarily low loss [267].
Their numerical and analytical solutions reveal that there is
a linear relationship between the thickness and the loss at per-
fect absorption, meaning the thickness can be pushed to zero
when the material approaches zero. The exotic phenomenon
can be understood in terms of coherent perfect absorption.
In 2014, Luk et al. experimentally demonstrated that perfect
absorption occurs slightly above the ENZ frequency of ITO,
and all incoming energy is absorbed in the λ∕50 thin film
ITO material, not in the metallic substrate [268]. The authors
indicated that similar behavior can be expected for any material
with similar dielectric properties, greatly expanding the list of
materials that can be considered for use as ultrathin PAs. Zhong
et al. showed that an anisotropic ENZ thin metamaterial with a
metallic substrate has perfect absorption of an incident plane
wave at a specific angle while the metamaterial can be arbitrarily
thin and have arbitrarily low loss [269]. Experimental results
demonstrate an absorber working at 5.35 GHz using ENZ
metamaterial with a thickness of λ∕56 and an absorption peak
of 95% at a 60° incidence angle.

TCO materials with natural ENZ effects and the compat-
ibility with current semiconductor fabrication techniques can
be used as absorbers. Thereinto, the simplest structure of an
absorber is TCO films or with a substrate. In 2015, Yoon
et al. experimentally implemented a PA based on ITO thin
films that work in an attenuated total reflection configuration
[270]. The multilayer of ITO films has an absorption close to
100% over a wide NIR wavelength range of 1450–1750 nm at
a 48.9° incidence angle. In 2016, Kim et al. also considered an
ITO double layer sandwiched between two ZnSe prisms, and
achieved an absorption >99% in 1443–1576 nm [271]. In
2017, Rensberg et al. used an ultrathin film of vanadium di-
oxide on an AZO substrate to completely suppress the reflec-
tion of light, and control the wavelength with minimal
reflection over the entire MIR range by changing the free carrier
concentration of the AZO substrate [272]. Bruno et al. also
reported that the air/AZO/glass system can exhibit an absorp-
tion close to 60% across the ENZ region in 2020 [273].
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In addition, artificial structures based on ENZ TCO mate-
rials are widely used for building PAs, such as metasurfaces and
metamaterials [90,92,274–277], plasmonic cavities [157], and

multilayers [93,175,227]. By embedding ITO film into an Au
grating metasurface, Park et al. designed a PA that can be con-
trolled by applying a voltage bias, as illustrated in Fig. 11(a)

Table 1. Comparison of ENZ Electro-Optical Modulatorsa

Year Reference Structure

Extinction

Ratio (ER)

Insertion

Loss (IL) FoM Speed Energy

Bias

(V)

2012 [244] Si∕SiO2∕AZO∕Si (Si slot-wg) 17.4 dB/μm 1 dB/μm 17 RC 7.28 ps N.A. N.A.
2013 [66] Si∕HfO2∕ITO∕Si (Si strip-wg) 0.11 dB/μm 0.0029 dB/μm 37.3 N.A. 100 fJ/bit 0 to 2.3
2014 [245] Au∕Al2O3∕ITO (plasmonic slot-wg)* 2.7 dB/μm 0.45 dB/μm 6 100 GHz 4 fJ/bit 0 to 2.2

[259] Si∕TiN∕HfO2∕ITO∕Cu (Si strip-wg) 19.9 dB/μm 2.9 dB/μm 6.9 11 GHz 0.4 pJ/bit −2 to 4
Si3N4∕TiN∕HfO2∕ITO∕Cu

(Si3N4 stripe-wg)
4.13 dB/μm 1.575 dB/μm 2.6 N.A.

2015 [246] Si∕SiO2∕ITO∕SiO2∕Si (butt-coupled,
Si slot-wg)

6 dB/μm 1.3 dB/μm 4.6 N.A. N.A. 2 to 4

Si∕SiO2∕ITO∕SiO2∕Si
(evanescent-coupling, Si slot-wg)

4 dB/μm 1.13 dB/μm 3.54

2016 [260] Si∕HfO2∕ITO∕Au (Si rib-wg) 4.3 dB/μm 2.6 dB/μm 1.65 40 GHz 22.5 fJ/bit 0 to 1.3
[261] Si∕HfO2∕ITO∕Au (Si strip-wg) 9.86 dB/μm 0.4 dB/μm 24.65 88 GHz 50 fJ/bit 0 to 3.4
[248] Si∕HfO2∕ITO∕Au (plasmonic wg) 1.7 dB/μm 0.47 dB/μm 3.7 30 GHz 60 fJ/bit 0 to 5
[262] Single layer (Si wg) 5 dB 0.87 dB 5.75 257 GHz 330 fJ/bit 0 to 4

2017 [249] Si∕HfO2∕ITO (Si rib-wg) 0.30 dB/μm (TE) 0.1 dB/μm 3 184 GHz 1.6 pJ/bit 0 to 4
0.25 dB/μm (TM) 2.5 219 GHz 2.4 pJ/bit

Si∕HfO2∕ITO (Si slot-wg) 1.11 dB/μm 0.11 dB/μm 111 175 GHz 0.6 pJ/Bit
[250] Si∕HfO2∕CdO∕Au (Si rib-wg) >4 dB∕μm N.A. N.A. N.A. N.A. N.A.

2018 [84] Si∕HfO2∕ITO (Si slot-wg)* 0.15 dB/μm N.A. N.A. 117 kHz 2 pJ/Bit −5 to 5
[263] Hybrid (plasmonic slot-wg) 0.29 dB/μm 0.0029 dB/μm 100 47.5 GHz 67.1 fJ/bit 0 to

2.35
0.34 dB/μm 0.049 dB/μm 6.94 140 GHz 22.7 fJ/bit

[64] Si∕HfO2∕ITO∕Au(Si rib-wg)* 1.63 dB/μm 2.5 dB/μm 0.652 RC 180 ps 2.1 pJ/bit −3 to 3
[82] Au∕HfO2∕ITO (plasmonic slot-wg) 2.62 dB/μm 0.58 dB/μm 4.52 250 GHz 30 fJ/bit 0 to 3.5

Au∕HfO2∕ITO (plasmonic slot-wg)* 1.5 dB/μm N.A. N.A. 40 MHz N.A. −2 to 2
[264] Si∕HfO2∕ITO (Si rib-wg) 0.25875 dB/μm

(TE)
0.009125 dB/μm

(TE)
28.36
(TE)

16 GHz N.A. 0 to 5

0.25625 dB/μm
(TM)

0.010625 dB/μm
(TM)

24.12
(TM)

Si∕HfO2∕ITO∕HfO2∕Si (Si rib-wg) 1.066 dB/μm
(TE)

0.0041 dB/μm
(TE)

260 (TE) N.A.

1.063 dB/μm
(TM)

0.0043 dB/μm
(TM)

247.21
(TM)

[251] Si∕SiO2∕ITO (Si strip-wg)* 14.93 dB/μm 1.33 dB/μm 11.23 87 GHz 46 fJ/bit 0 to
19.5

[265] Si∕ITO∕SiO2∕Au (Si strip-wg) 1.62 dB/μm (TE) N.A. N.A. N.A. N.A. N.A.
1.59 dB/μm (TM)

2019 [255] Si∕HfO2∕In2O3∕Au (Si strip-wg)* 1.2 dB/μm N.A. N.A. 55 MHz 110 fJ/bit −6 to
12

[80] Si∕HfO2∕ITO (Si slot-wg) 1.44 dB/μm 0.037 dB/μm 38.92 20 GHz 2.93 pJ/bit 0 to 5
[87] Si (access wg) 22.8 dB 1.6 dB 14.25 1.3 THz 3.25 fJ/bit 0 to 2

Si/ITO/Ag (ring wg)
[266] Si∕SiO2∕Si (access wg) 14 dB 0.076 dB 185 48.67 GHz 4.35 fJ/bit 0 to

2.35
Si∕SiO2∕ITO∕HfO2∕Si (ring wg)

[252] Si∕Al2O3∕ITO∕Al2O3∕ITO (Si strip-wg)* 0.5 dB/μm 0.5 dB/μm 1 5.4 GHz 200 fJ/bit 0 to 4
[85] Ag∕HfO2∕ITO∕Ag (plasmonic

stub-resonator wg)
> 10 dB N.A. N.A. 78 GHz 90 fJ/bit 0 to 5

[256] Au∕SiO2∕Si∕Al2O3∕HfO2∕ITO∕
Al2O3∕HfO2∕Si (metasurface)

N.A. N.A. N.A. N.A. N.A. −15 to
24

2020 [257] Si/ITO (Si rib-wg)* 0.0041 dB/μm N.A. N.A. N.A. N.A. −5 to 5
[88] Si∕HfO2∕ITO∕Au (Si rib-wg)* 0.4 dB/μm 2.7 dB/μm 0.15 15 GHz 64 fJ/bit 0 to

−10
[253] Si∕ITO∕Al2O3∕Au (Si rib-wg)* > 8 dB 6.7 dB > 1.19 1.1 GHz 2046 fJ/bit −10 to

10

aFigure of merit (FoM) is defined as ER/IL. “*” denotes experimental works, and those without “*” are theoretical/simulation-based works. “wg” is short for

waveguide.
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[90]. With electric biases, the carrier concentration of ITO can
be either decreased (depletion) or increased (accumulation),
leading to changes in the optical properties of the ITO. The
proposed PA has large modulation around the ENZwavelength
and achieves a 125 kHz modulation rate of absorption. Another
example of an ENZ-TCO-material-based metasurface is a pat-
terned metal squares MIM structure, depicted in Fig. 11(b)
[274]. Due to the coupling between an ENZ mode and gap
plasmon mode, the proposed device has shown a 240 nm wide,
flattop perfect (>98%) absorption at around 1550 nm wave-
length. In 2017, Yang et al. constructed an ultrafast tunable
high-Q-factor PA utilizing CdO with a Berreman mode
plasmonic cavity [157]. Experimental results show that
Berreman-type perfect absorption occurs at 2.08 μm. The per-
fect absorption resonance strongly redshifts on sub-bandgap
optical pumping due to the transient, which leads to a change
in the p-polarized reflectance from 1.0% to 86.3%. In addition,
Kelley et al. demonstrated a new class of IR nanophotonic ma-
terials based on multilayered CdO thin films in 2019 [175].

The structure consists of three CdO layers, each individually
tuned for the resonant perfect absorption condition, which
achieves 90%–97% peak absorption with peak widths as nar-
row as 307 cm−1. IR reflectivity measurements reveal that the
optical response of the multilayer structure combines with an
ENZ plasmonic polaritonic mode of each CdO layer [175].

Other materials and their artificial structures are also used to
construct PAs. The two-dimensional (2D) material graphene is
revealed to be a good candidate for efficient absorbers due to its
remarkable optical properties in the gigahertz regime. Lee et al.
introduced ENZ graphene within a plasmonic nanocavity
structure for a tunable absorber [279]. Because a periodic nano-
cavity composed of a metal grating and metal substrate supports
a strongly localized mode inside the cavity, greatly enhanced
absorption (∼80%) is achieved in ultrathin graphene. The ab-
sorption wavelength can be tuned by electrically controlling the
Fermi level of graphene, and achieve a large enhancement (∼35
times) of graphene absorption over universal graphene absorp-
tion at ENZ wavelength in a Fermi level of 0.7 eV. Lobet et al.
designed a device made of graphene sandwiched between poly-
(methyl methacrylate) thin films on ENZ metamaterial sub-
strate and achieved perfect absorption for normal incidence
without a metal grating to couple incident light to ENZ gra-
phene [280]. Mirshafieyan et al. used InSb with an ENZ point
at 35.17 μm to build an Ag∕n-InSb∕TiO2∕Ag thin-film-
layered absorber [281]. Halterman et al. theoretically proved
that ENZ Weyl semimetals can be employed as coherent
PAs for nearly any incident angle by choosing the proper geo-
metrical and material parameters [282]. Nahvi et al. introduced
nonlinear doped ENZ structures to design a nonlinear
absorber, which exhibits significantly enhanced nonlinearity
and tailorable intensity-dependent absorption characteristics
[91]. Artificial structures based on other ENZ materials or ef-
fective ENZ structures are also used to design PAs; among
them, the most important are metasurfaces and metamaterials.
For example, 2D Ti3C2Tx (Tx represents surface functional
groups) MXene is used to design metasurfaces exhibiting
broadband absorption by Chaudhuri et al., as shown in
Fig. 11(c) [278]. The proposed metasurface achieves absorp-
tion (∼90%) over a broad bandwidth of ≈1.55 μm, which
is attributed to strong LSPRs at NIR frequencies and the optical
losses inherent to Ti3C2Tx . Other metasurfaces such as
TiN∕SiO2∕InAsSb∕Au [283], Al∕SiO2∕Bi1.5Sb0.5Te1.8
Se1.2∕Au [284], and Al=MgF2∕SiO2∕Al have also been nu-
merically studied. Multilayers with an effective ENZ effect
are another type of structure used in PAs [97,285]. Also, Li
and Argyropoulos proposed nonlinear ENZ plasmonic wave-
guides composed of narrow periodic rectangular slits carved
in a silver screen, to realize tunable nonlinear coherent perfect
absorption [286].

F. Light-Emitting Devices

Light-emitting devices hold the key to optical connection net-
works, which can control the direction of emission and en-
hancement of emission rates. However, the light emission of
natural bulk materials is usually omnidirectional and unpolar-
ized, and constitutes a broad spectrum, which impedes the ef-
ficient utilization of light-emitting devices. ENZ materials
exhibiting exotic and directed emission behaviors due to the

Fig. 11. (a) Illustrations of an electrically tunable absorber, and the
reflectance spectra measured using a Fourier-transform IR microscope.
The red, blue, and green lines represent the reflectance of the device
under 0 V for no bias, −5 V for accumulation, and �5 V for
depletion, respectively; the gray curves represent reflectance with an
incremental step size of 1 V [90]. (b) SEM image of the fabricated
device and experimentally measured absorption spectrum compared
with simulated absorption spectrum [274]. (c) SEM images from
the fabricated Ti3C2Tx disk array on glass, Ti3C2Tx disk array on
Au/alumina, and experimentally measured absorption spectra for
transverse-electric (TE) and TM polarizations for two designs
[278]. (a) Springer-Nature, under a Creative Commons CC BY
License; (b), (c) American Chemical Society.
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unique properties of effective permittivity have become the
most promising candidates for light-emitting devices. Enoch
et al. had a seminar work on ENZ directive emission devices
[127]. Their results indicate that the energy radiated by a
source will be concentrated in a narrow cone in the surrounding
media, and emitted with high directivity when the metamate-
rial has an NZI parameter. Since then, ENZ-based light-emit-
ting devices have been extensively studied [1,4,287]. For recent
studies, in 2018, Liberal and Engheta theoretically demon-
strated that directional thermal emission from ENZ bodies
can be resonantly enhanced with the addition of dielectric par-
ticles to excite spatially static fluctuating fields, as shown in
Fig. 12(a) [71]. The results indicate that the directional thermal
emission is insensitive to any particular geometry or structural
resonance of the ENZ host, which is different from previous
works. Metal/dielectric nanocavities with CsPbBr3 perovskite
nanocrystal film were designed to be resonant with the
absorption and emission bands of the employed fluorophores
by Caligiuri et al. [288]. By special tailoring and ellipsometry
measurement, the proposed nanocavity has double ENZ
wavelength at 375 and 510 nm. The authors indicated that
the spontaneous emission and decay rate have been signifi-
cantly enhanced by the surface plasmon (SP) enhanced absorp-
tion and SP coupled emission. In 2019, Davoyan and Engheta
studied and showed theoretically that the interaction of mag-
neto-optical activity and ENZ optical wave dispersion signifi-
cantly alters radiation [289]. Duan et al. demonstrated a
nanocavity with different sizes in the coupled Ag nanorod
and ENZ film with the spectral accumulation of large sponta-
neous emission [290]. The nanocavity can achieve about 3400
times the spontaneous emission enhancement at ENZ fre-
quency, and 80.3% of the far-field radiation is radiated
forward with a small solid angle. The results originate from
the slowing down of the spectral shift of resonant nanocavities
at the ENZ point. In 2020, Caligiuri et al. demonstrated both
theoretically and experimentally the emission of a fluorophore
consisting of a push-pull chromophore by embedding it into
an ENZ MIM nanocavity [291]. Sakotic et al. proposed real-
istic silicon carbide structures based on Berreman embedded
eigenstates in ENZ layered materials [292]. As shown in
Fig. 12(b), the proposed structures give rise to quasi-coherent
and highly directive thermal emission around the embedded
eigenstate.

G. Sensors and Sensing

ENZ materials can also be applied in sensing and sensors.
Among them, the ENZ waveguide channel is the most
common kind of structure. Alù and Engheta reported an idea
to exploit the dramatic field enhancement associated with en-
ergy squeezing and tunneling in metamaterial-inspired ultra-
narrow waveguide channels with the ENZ effect to sense
small permittivity variations in a tiny object [293]. By modeling
the super coupling effect in the ENZ waveguide, the closed-
form expression of describing the presence of defects or permit-
tivity perturbations along the channel is obtained, which shows
how the high-intensity electric field in the channel can be suc-
cessfully used for sensing applications. Lobato-Morales sub-
sequently presented the waveguide channels with the ENZ
effect for dielectric permittivity characterization with high sen-

sitivity (error of characterized dielectric values within 3% and
13%) in the experiment [294]. Jha et al. numerically and ex-
perimentally utilized ENZ waveguide channels to design a sen-
sor for testing the permittivity of various dispersive liquids,
which typically demonstrates a 6% error under ideal conditions
[295]. Pacheco-Peña et al. theoretically realized an ENZ-based
sensor with a sensitivity up to 0.03 m/RIU, which is capable of
detecting changes in the permittivity/refractive index or posi-
tion with deep subwavelength analyte sizes [296].

Additionally, Fusco et al. reported the engineering of non-
periodic sodium tungsten bronze (NaxWO3) nanocrystals with
the ENZ effect and designed an efficient optical sensor of
NaxWO3 relying on a nonresonant sensing mechanism based
on refractive index matching [297]. By exposing ENZ meta-
materials in different environments, their device can achieve
an optical sensitivity as high as 150 nm/RIU. Meng et al. pro-
posed and demonstrated numerically an electrical tunable re-
fractive index sensor based on an ENZ ITO metasurface
[298]. In the glucose solution, the figure of merit (FoM) of

Fig. 12. (a) Sketch of ENZ bodies, numerical prediction radiation
pattern based on the normalized emission pattern at the ENZ wave-
length [71]. (b) Thermal emission around embedded eigenstate [292].
(a) National Academy of Sciences; (b) American Physical Society.
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the sensor reached 24.7 with a sensitivity of 213.3 nm/RIU.
Yang et al. designed a single-polarization single-mode PC fiber
(PCF) with ENZ SiC [299]. The proposed fiber is based on a
triangular lattice of air holes distributed in the cladding region,
and SiC is deposited into four air holes. It is found that the
resonance is sensitive to the relative ε variation of the material
filling the fiber’s air holes. The results show that the fiber sensor
has a sensitivity of 566.4 nm/RIU.

H. Within the New Communication Window of 2 μm

The past 50 years saw the evolution of optical communication
wavelengths, from the first and experimental 850 nm original
band (O band, 1260–1360 nm), extended band (E band,
1360–1460 nm), short-wavelength band (S band, 1460–
1530 nm), conventional band (C band, 1530–1565 nm),
longer-wavelength band (L band, 1565–1625 nm), all the
way to the ultralong-wavelength band (U band, 1625–
1675 nm). Now a novel and potentially useful communication
window, 2 μm, has become the academic hotspot of optical com-
munications, ultrafast fiber optics, and mode-locked lasers.

For ENZ photonics, the “MIR” band of 2 μm is relatively
new. The benefits of operating at the longer wavelength of
2 μm are that the heavy doping of the dopant is not required
according to the Drude model, which can result in a potentially
lower intrinsic loss and electron scattering rate, and a poten-
tially larger second-order nonlinearity due to its weaker degrad-
ing and fewer dopant-induced defects. In 2017, Yang et al. used
an ICO film with an ENZ wavelength of 2.10 μm for PA in
polarization switching purposes [157]. In 2018, Zheng et al.
fabricated AZO films using ALD techniques with ENZ wave-
length of 2204 and 2390 nm [227], and Jiang et al. imple-
mented ENZ ITO for optical switches in a waveguide at
1.9 μm [238]. In 2019, Wu and Li numerically calculated
the linear pulse propagation at 2 μm in an ENZ ITO [31];
Yang et al. experimentally demonstrated HHG in ENZ ICO
with an ENZ wavelength of 2.08 μm [46]. In 2020, Zhang
et al. successfully fabricated and first used ENZ ITO as an op-
tical switcher at 2.06 μm [72]. They achieved a 312 mWmaxi-
mum average output power with a repetition rate of 20.53 kHz
and a pulse temporal width of 2.42 μs. The pulse energy is
15.20 μJ with a peak power of 6.28 W. This experiment proves
that ENZ ITO is a good candidate for a saturable absorber in a
solid-state laser. For the 2 μm implementation, ENZ materials’
high tunability and flexibility are full of potential.

5. PERSPECTIVES

A. Measurements of Physical Parameters

As can be seen in the previous sections, besides experiments,
theoretical and numerical works can provide predictions and
explanations for the underlying physical processes and mecha-
nisms of the phenomena. They can also provide insights into
the potentials and possibilities of certain setups and design
schemes. Their contributions to the science community are
not neglectable. Although some data are available in previous
reviews [1,2,4,5,16], the current theoretical and simulation
studies in ENZ photonics still suffer from the lack of measured
experimental data. Many linear and nonlinear optical parame-
ters of commonly used materials are still nowhere to be found.

This greatly affects creativity and novelty in the fields because
experimental verifications can take years to finally be realized
due to laboratory conditions and equipment limitations. Here
we call for the measurement and characterization of the funda-
mental properties of commonly seen ENZ materials, such as
their background permittivity, damping rate, effective electron
mass, mobility, free carrier concentration, Lorentz correction
terms, second- and third-order susceptibilities, and nonlinear
absorption coefficient. It is worth noting that a novel method
for measuring the optical frequency field-effect mobility in
TCOs is proposed based on a microring resonator [300].
These parameters could help build more realistic models,
and the models will in turn assist future experiments, imple-
mentations, and applications. We encourage our colleagues
in this community to consider publishing their main investi-
gations along with these experimentally obtained data as sup-
plementary information or depositing them in professional data
journals and deposit archives. We also suggest systematic and
comparative studies over ENZ materials, which could also ben-
efit the community to a great extent.

B. Possibilities in Other Novel Materials

Besides naturally occurring materials such as semiconductors
and metals, and the engineered metamaterials such as multilay-
ered MIM stacks and all-dielectric stacks, other materials can
exhibit exclusive, different, and exotic ENZ properties. It has
been discovered that 2D materials [301], organic compounds
[109], perovskites [302–305], etc., can demonstrate ENZ or
even multiple ENZ points in the spectrum. Kharintsev et al.
introduced TiON nano-composites that show double ENZ
behavior [306]. Ran et al. also realized double ENZ using
NbNx films [307]. Lin et al. used black phosphor for ENZ that
operates at the terahertz regime [106]. Dai et al. experimented
with graphene/polyolefin elastomer ENZ metamaterials that
work with radiofrequency [109]. Li et al. demonstrated a
low-loss ENZ material consisting of stacked subwavelength
layers of polymer and silver [308]. Novel materials may over-
come the shortcomings of conventional ENZ materials, or
even develop into their own categories such as flexible ENZ
materials.

C. Focus on Novel Mechanisms

Novel mechanisms to realize ENZ, or to process and enhance
ENZ properties, are another interesting aspect that we believe
future endeavors in the field of ENZ photonics may focus on.
These novel mechanisms can hopefully help ENZ materials to
outperform other materials and become more practical in real-
life applications and products.

Resembling acoustic soft surfaces, Nahvi et al. introduced
EM soft surfaces with an enhanced nonlinearity. This is realized
by doping the ENZ media with zero-area perfect electric con-
ductor dopants [309]. These dopants can be used to control the
media’s response to TE waves, leaving the response to TM
waves unaffected. The involvement of magnetization could
bring new characteristics into ENZ photonics. Shen et al. stud-
ied giant magnetoimpedance in magnetized ENZ materials
[310], Davoyan and Engheta investigated the nonreciprocal
emission in magnetized ENZ media [289], and Zhao et al.
demonstrated the EM properties of dielectric-doped magnetic
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ENZ media [311]. For double ENZ, except for using new ma-
terials, Forouzmand and Mosallaei used ITO thin layers and Si
nano-bars to construct an electrically tunable dual-band ampli-
tude modulation metasurface exhibiting double ENZ [312].
For other physical and optical mechanisms, Popov et al. studied
the Brewster effect near the exceptional points (EPs) of degen-
eracy in ENZ media [313] and found that the constant phase
propagation does not demand the diminishing of real permit-
tivity. Ito et al. engineered mushroom-like silica nanopillars to
exploit phonon polaritons to realize an effective ENZ response
in MIR [314], and this design is claimed to be suitable for mass
production. Kolmychek et al. demonstrated enhanced mag-
neto-optical effects and anomalous birefringence in ENZ nano-
rod arrays [315].

It can be seen from the examples above that the idea of new
mechanisms to realize extraordinary ENZ effects can be in-
spired from other fields of photonics, and these new designs
can exhibit exclusive physical and optical phenomena that can
be very useful, for example, by introducing non-Hermitian op-
tics [316] and aperiodic structures [168,317,318]. This is ex-
pected to be one of the popular trends in future ENZ studies.

D. Tunability of ENZ Wavelength

From Section 3.E, one knows that the tunability issue of ENZ
materials, especially TCOs, is in a very early stage of develop-
ment. Most commonly used TCOs show their ENZ
wavelengths in the NIR to MIR range, combining their
CMOS compatibility, simple fabrication, and low loss, making
them the natural candidates for optical communications and
optical signal processing, especially in the form of on-chip
nanophotonic devices. Highly affected by their manufacturing
process and storing environment, TCOs are more like complex
mixtures rather than stable crystalline or chemical compounds.
The various and diverse attempts and methods developed by
different research groups have unveiled a sign of potential in
this sub-field. However, by far, there is no near-perfect ap-
proach to tune the ENZwavelength by demand within the ma-
terials’ physical limits. We believe that such an approach should
possess the following criteria: (i) low cost and not requiring
expensive processing equipment; (ii) being stable and highly
reproducible; (iii) flexible and can tune ENZ wavelength over
both a small spectral margin (several to tens of nanometers
scale) and large spectral margin (hundreds of nanometers
scale) with different conditions; and (iv) does not require harsh
experimental conditions, such as high temperature, high pres-
sure, and long time. These are the goals we think the ENZ
community could work towards. Mastering a good and stable
ENZ-wavelength-tuning method, new opportunities will be
created in other sub-fields such as ultrafast ENZ laser experi-
ments and ENZ fiber optics.

E. Ultrafast ENZ Experiments and ENZ Fiber Optics

The purpose of ultrafast ENZ laser experiments and ENZ fiber
optics is to establish a closer relationship between the fascinat-
ing ENZ photonics and state-of-the-art high-intensity ultrafast
optics, where new phenomena and applications can emerge by
combining the advantages of the two fields. For ultrafast laser
experiments, the community has seen the development of the
excitation of high nonlinearity and harmonic waves in ENZ

materials. The typical application in a laser is to act as a satu-
rable absorber, for example, in Nd:BGO lasers [96], and occa-
sionally implementing some pulse shaping functionalities. For
ENZ fiber optics, this area is relatively young due to some pre-
vious obstacles in combining ENZ materials into the fibers. In
2019, Yang et al. demonstrated the excitation of ENZ mode in
D-shaped optical fibers coated with AZO [319]. In 2020,
Hossain et al. proposed two ENZ PCF designs with ultrahigh
birefringence, near-zero flat dispersion, and low loss that oper-
ate at the terahertz domain [320]. Kim et al. proposed two
schemes of ENZ PCFs for the separation of orbital angular mo-
mentum modes [321]. In 2021, Yang et al. designed and an-
alyzed a single-polarization and single-mode PCF based on
ENZ with ultrawide bandwidth in terahertz regime [322].
These instances are indicators of the potentials in this field, es-
pecially for experimental realizations. Also, it would be inter-
esting to see some of the ultrafast-related theoretical proposals
be implemented in actual experiments.

F. Integration in Complex Systems and

Non-Hermitian Optics

The crossroads of different areas of photonics can sometimes
spark intriguing optical phenomena, and their underlying
physical implications might surpass their own meanings in each
field. In recent years, attempts to incorporate more complex
systems with ENZ, such as conventional optical waveguide net-
works [323–328] based on the transmission line theory (TLT),
have started to emerge. Pacheco-Peña et al. proposed an ENZ
sensor based on TLT [296], which introduces, verifies, and
broadens the use of TLT in the ENZ case. This example will
allow future authors to develop and calculate more complicated
ENZ systems, e.g., an ENZ interconnected network.

In ENZ photonics, there is also a tendency to merge with
non-Hermitian optics, especially with parity–time-symmetry
(PT -symmetry) optics. PT -symmetry first started as a quan-
tum mechanical concept that Hamiltonians should at least be
PT -symmetric, and Hermicity is not strictly necessary
[329,330]. Above a certain threshold, the PT -symmetry
breaks, and the Hamiltonian possesses complex eigenvalues in-
stead of real ones. In 2007, this concept was introduced into
optics [331] by El-Ganainy et al. In optics, PT -symmetry is
implemented by manipulating the refractive index, where a
complex conjugate setup is needed, i.e., n�x� � n��−x�, and
gain and loss materials of the same amount are required, often
achieved by doping. Below the spontaneous breaking point
(SBP, or EP), the system acts as a dissipative optical material
with balanced gain and loss. Extraordinary optical phenomena
happen above the SBP, such as high-quality single-mode lasing
by microring pairs [332,333]. In 2020, optical PT -symmetry
and breaking in one spatial unit rather than two was realized
[334]. Resembling the non-Hermitian waveguide networks
[317,328,335–337], the complexity of the optical system de-
sign can take a step up when combining the aforementioned
TLT, optical PT -symmetry and breaking, and ENZ proper-
ties, to realize logic and processing operations that are not
achievable in any of these individual systems.

For zero-index optics, there are early researches on realizing
zero-index effects using optical PT -symmetry [338,339].
In 2019, Jin and Argyropoulos achieved nonreciprocal
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transmission using defect-doped ENZ media in nonlinear PT -
symmetric materials [237]. Their findings can be a candidate
for photonic diodes, indicating a different path towards the ad-
vancement of previously introduced optical isolators. Li and
Argyropoulos investigated the spectral singularities and EPs
in active ENZ plasmonic waveguides [340], which could help
realize reflectionless ENZ media, all-optical switching, and
nanolasers as on-chip light sources. In 2020, inspired by the
idea that the high loss of ENZ materials can be compensated
for by optical gain, Coppolaro et al. showed that non-
Hermitian photonic doping can be extended in ENZ media
[316], presenting a possibility of reconfigurable nanophotonics
platforms controlled by gain.

Conclusively, the ENZ nanophotonic platform is full of po-
tential, and in light of the rapid growth of the integrated
CMOS and photonic chip science and industries, we believe
that the tendency of ENZ materials and effects to be merged
with other photonic platforms is promising and feasible.

6. CONCLUSION

In this review, we introduce the rapid developments, progress,
and advancements of ENZ photonics in recent years. First,
from the optical concepts induced by ENZ effects, the realiza-
tion mechanisms, and the nonlinear response of ENZ materi-
als, we present the basics of ENZ photonics. Then, the recent
advances in optical physics are analyzed in terms of velocities
and chromatic dispersions, pulse dynamics and light–matter
interactions, frequency conversion and harmonic waves, non-
linearity and loss, and attempts to align the ENZ wavelength
with light sources. Parallelly, for the implementation side, the
recent progress for the ENZ systems used in nanophotonic ap-
plications is discussed, in aspects of the optical communications
of 2 μm, optical isolators, switches, modulators, absorbers, and
sensors. Finally, we envision the future academic development
of ENZ photonics and share our perspectives in six ENZ-
related, young, and fast-growing sub-fields. We believe that the
ENZ photonic platform is a novel and promising one for future
academics, applications, and products.
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