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Interest and excitement in nanophotonics—the study and control of light-matter
interactions at the nanoscale—are driven by the ability to confine light to volumes
well below a cubic wavelength, and, thereby, achieve extremely high intensities.
This leads to light-matter interactions of unprecedented localization and
strength. Such extreme behavior—both in terms of field enhancement and
localization—can be achieved using plasmonic nanostructures, which
concentrate light in regions much smaller than the wavelength of light,
reducing the excitation power and, under certain conditions, removing phase-
matching requirements in the nonlinear regime. In this study, we theoretically
show that metal–dielectric–metal (MDM) slot waveguides (WGs), consisting of a
thin dielectric layer sandwiched between metal films, provide the strongest
confinement. We also demonstrate that integrating epsilon-near-zero (ENZ)
materials within the MDM slot significantly improves the nonlinear conversion
efficiency of these structures. The results show that the degenerate four-wave
mixing conversion efficiency of these ENZ-MDM structures surpasses that of
regular plasmonic structures and their dielectric counterparts, even under low
pump power conditions, and remains robust despite higher losses in the ENZ
material.
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1 Introduction

As photonic technologies progress, there is a growing need for faster, more compact
integrated photonic circuits that deliver ultrafast response times, broad bandwidth, and
reduced driving power (Tuniz, 2021; Yue et al., 2024; Garmire, 2013).

Photonic integrated circuits (PICs), which have waveguides (WGs) as their
fundamental building block, were developed in the 1960s (Miller, 1969) and are
currently an established and successful platform for transporting and processing light
on-chip. PICs are nowadays ubiquitous, from telecommunications (Doerr, 2015) to sensing
(Subramanian et al., 2015), machine learning (Bogaerts et al., 2020), potential
neuromorphic intelligence (Prucnal and Shastri, 2017), and quantum optical
technologies (O’Brien, 2007; Kim et al., 2020; Madsen et al., 2022; Bartolucci et al.,
2023). Quantum computing advancements, for instance, have been greatly enhanced by
PICs, where effects such as spontaneous four-wave mixing (SFWM) and non-classical light
states like squeezed light are crucial for achieving advantages in quantum optical
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computation, as exemplified by advanced photonic systems like the
Jiuzhang quantum computer and Xanadu’s Borealis processor
(Madsen et al., 2022; Zhong et al., 2020).

PICs have tremendous advantages over their electronic
counterparts, like repeatability, robustness to electromagnetic
noise, room temperature operation, and the capability to
modulate and transport information directly via photons—hence,
at the speed of light. However, all optical processing that requires
photon–photon interactions, like coherent light generation, all-
optical switching, quantum optical squeezing, and terahertz
photonics, is impaired because photons do not interact with each
other. For this to occur, photon interactions must be mediated by a
medium and are essentially photon-electron nonlinear interactions.
These interactions are extremely weak and, consequently, require
both high light intensities and materials with large intrinsic
nonlinearities (Boyd, 2003).

One of the many “nonlinear effects” produced by light-matter
interactions is the change in the refractive index n, which defines the
speed of light through a material, i.e., how the light is refracted and
reflected. This change is a function of the light intensity and the
intrinsic nonlinear optical properties of the material. The inspiring
work of the last few years has focused on materials for which, at a
specific frequency of light, n � �

ε
√

≈ 0, where ε is the dielectric
function. These materials, called epsilon-near-zero (ENZ), have
been at the heart of unique discoveries and demonstrations that
are pushing the limits of what was thought possible in photonics
(Liberal and Engheta, 2017; Alam et al., 2016; Reshef et al., 2017).
ENZ materials, like indium–tin oxide (ITO), used in modern touch
screen devices, are a category of materials that have garnered
attention for enabling high-fidelity transmission and enhancing
the electric field at material interfaces, which significantly boosts
nonlinear optical responses like Kerr nonlinearities (Wu et al., 2021;
Li et al., 2024). Although these materials are still substantially
unexplored (Peleckis et al., 2006; Jood et al., 2011; Sachet et al.,
2015), their nonlinear optical properties are arguably profoundly
interesting, as they can be enhanced by several orders of magnitude
in the n � �

ε
√

≈ 0 regime (Alam et al., 2016; Caspani et al., 2016;
Ciattoni et al., 2010; Vincenti et al., 2011). For example, in ITO, the
refractive index change can be as high as 170% due to the strong field
enhancement effect (Wu et al., 2021). Additionally, they enable
supercoupling and tunneling (Li et al., 2024), which allows for
efficient transmission through sharp bends and obstacles in
waveguides. The supercoupling properties of ENZ materials,
particularly when assisted by transmission-type doping, enable
high transmission efficiency with zero-phase advance, minimizing
losses (Li et al., 2024). These materials also support the design of
flexible waveguides that maintain high transmission efficiency with
low insertion losses (Li et al., 2024). However, devices made from
ENZ materials need to be as small as possible due to their high
optical losses.

Nonlinear photonic devices are attractive for signal generation and
processing in classical and quantum regimes and for applications in
sensing and imaging (Wabnitz and Eggleton, 2015; Hendrickson et al.,
2014; Garmire, 2013). However, small, efficient, nonlinear
nanophotonic devices require huge optical intensities to be confined
in nanoscale volumes. PICs are not suitable for this due to their intrinsic
limitation caused by the diffraction of light, which constrains
waveguides to dimensions larger than ~ 200 × 300 nm in the

telecom. Moreover, using conventional dielectric materials for such
waveguides demands high power levels to achieve the necessary
nonlinear effects and cannot be integrated into microscale devices
(Tuniz, 2021; Cherchi et al., 2013). Plasmonic waveguides address
these challenges (Suchowski et al., 2013; Palomba et al., 2009), more
specifically metal–dielectric–metal slot waveguides—which consist of a
nanoscale dielectric layer sandwiched betweenmetal films—providing a
platform for efficient nonlinear devices (Yue et al., 2024). These provide
the strongest confinement without being limited by diffraction, with a
lower driving power (Li et al., 2018a). Calculations show that for
plasmonic waveguides, the nonlinear coefficient (γ) can be orders of
magnitude larger than in fully dielectric waveguides, thus proving the
proficiency of nonlinear plasmonics (Hossain et al., 2011). Nonetheless,
the performance of nonlinear plasmonic waveguides is restricted by
significant losses. Hence, plasmonic devices must remain confined to
the nanoscale to be effective, with waveguide lengths not exceeding a
few microns.

In the work done by Li et al. (2018a), the authors explored the
nonlinear performance of plasmonic waveguides by comparing
different plasmonic waveguide configurations. In their
investigation of the Kerr nonlinear performance of plasmonic
waveguides, Li et al. (2018a) focused on the maximum achievable
nonlinear effects in waveguides while accounting for optical damage
by ensuring that the local field intensity remains below the damage
threshold of the nonlinear materials. They highlighted that the best
nonlinear plasmonic structure is the MDM. Its enhancement
originates from the slow-light effect due to the forward
propagation of energy in a nonlinear dielectric and backward
propagation in the metal due to its negative permittivity. As a
result, this provides a significant increase in the effective
interaction length within a nonlinear medium and gives rise to a
larger nonlinear response. MDM structures also maintain strong
and uniform energy confinement even as the thickness of the central
layer approaches 0 (Maradudin et al., 2014). The authors also
showed that the maximum nonlinear conversion efficiency is
inversely proportional to the linear refractive index of the
nonlinear medium to the power of α, which is an integer
determined by the structure’s configuration. This relationship
suggests significant potential for enhancing performance by
selecting materials with lower refractive indices, such as
ENZ materials.

Still, ENZmaterials alone, like ITO, reach a limit as they suffer from
relatively high optical losses that are intrinsically linked to their
nonlinear behavior (Tuniz, 2021; Wu et al., 2021). These losses are
caused by free carrier scattering, arising from energy dissipation due to
ohmic losses (Tuniz, 2021) andmaking it essential for ENZmaterials to
be as compact as possible when integrated into plasmonic devices (Li
et al., 2024). This constitutes one of the major challenges in the
development of nonlinear nanophotonic devices, requiring extreme
optical intensities to be confined within nanoscale volumes. As
previously mentioned, MDM slot waveguides provide the strongest
confinement with the least amount of driving power compared to other
waveguide geometries and, therefore, serve as an ideal platform for
exploiting the extreme nonlinear effects of ENZ materials.

Multiple works have reported that ENZ films in nano-antenna
plasmonic structures result in larger nonlinear responses, achieving
high field confinement, tunable second-harmonic generation (SHG),
and ultrafast refractive index changes (Schulz et al., 2020; Alam et al.,
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2018; Dass et al., 2020; Xu et al., 2023). Dass et al. (2020) reported
that ENZ-modified metal–insulator–metal (MIM) patch nano-
antennas coupled with ITO films showed SHG enhancements up
to 50,000 times compared to off-device setups and achieved
near-perfect absorption (>98%) across a 245 nm range at a
wavelength of 1,150 nm, enabling tunable SHG with high
enhancement factors.

In this work, we show that integrating ENZmaterials withMDM
slot waveguides would boost the nonlinear conversion efficiency,
even if the losses of the ENZ are higher than those of the metal. We
conduct simulations on MDM slot waveguides integrated with ENZ
media, which exhibit unprecedented nonlinear optical conversion
efficiency in an ultra-compact device. We first demonstrate that the
degenerate four-wave mixing (DFWM) conversion efficiency of
MDM slot waveguides integrated with the DDMEBT polymer as
the nonlinear medium is significantly higher than that of any
dielectric counterpart; furthermore, the device is extremely
compact and exhibits a pump power consumption of orders of
magnitude lower than any dielectric counterpart. We then
theoretically demonstrate that changing the nonlinear polymer
with an ENZ material effectively supplies an additional benefit to
the nonlinear conversation efficiency.

2 Methods

2.1 Theoretical model

The nonlinear effect of interest in this proposal is the Kerr effect.
In conventional treatment, it leads, amongst other things, to a
variation Δn in the refractive index n with light intensity I,
i.e., n � n0 + Δn;Δn ≈ n2I, where n0 and n2 are, respectively, the
linear and nonlinear refractive indices of the material. In turn, this
leads to an intensity-dependent nonlinear phase shift, which
expresses the strength of the nonlinear effects
ΔϕNL � (n2P0/A)k0Leff , where k0 � 2π/λ, n2 is the nonlinear
refractive index of the material, λ is the wavelength, P0 is the
input power, A is the area of the beam, and Leff is the effective
length, i.e., the length over which the light can propagate before it is
mostly absorbed. In conventional nonlinear optics, ΔϕNL effects are

weak and require phase matching to prevent destructive interference
of the generated fields, along with high optical field excitations.
Hence, it is crucial to use materials with the strongest possible
nonlinearity and geometries that maximize these effects in
small volumes.

Comparing different classes of devices typically requires an
appropriate figure of merit (FOM). FOMs for waveguides that
have been used include γ, which is related to the nonlinear phase
shift (ΔϕNL � γP0Leff , where γ � k0 n2/A0). For example, compared
to bulk optics, an optical WG’s nonlinear phase shift per unit length
(ΔϕNL/L) is more pronounced as it reaches its maximum at much
lower driving power (Stegeman and Stolen, 1989). This is illustrated
in Figure 1, where, initially, both bulk and optical waveguides’
nonlinear materials exhibit similar behavior for a plane wave;
however, due to the slow-light effect and field confinement
present in waveguides (Li et al., 2018a), their low-power slope,
which is given by γ � k0 n2/Aeff, is larger than that of bulk materials.
High values of γ were demonstrated in structures such as
chalcogenide tapers with γ � 90W−1m−1 (Yeom et al., 2008) and
silicon-organic slot waveguides with γ � 103 W−1m−1 (Koos
et al., 2009).

For many years, metal-based waveguide devices have promised
to overcome many challenges in nonlinear optics (Palomba et al.,
2009; Palomba et al., 2010; Kauranen and Zayats, 2012). Compared
to dielectric slot waveguides, MDM plasmonic waveguides have
demonstrated higher nonlinear conversion efficiency.

On one hand, metals can strongly compress light, leading to high
intensities. On the other hand, losses reduce the power P0 during
propagation, thus limiting the maximum achievable ΔϕNL. Although
the literature on nonlinear plasmonic devices is vast (Sederberg and
Elezzabi, 2015; Palomba and Novotny, 2008; Palomba et al., 2010;
Kauranen and Zayats, 2012), most papers describe the numerical
investigation and optimization of a particular plasmonic structure.
For example, it was recently proposed to combine dielectric
materials and metals in so-called hybrid-plasmonic waveguides,
which maintain high field confinement with mitigated losses
(Oulton et al., 2008), thus enhancing light-matter interactions and
reaching γ � 104 W−1m−1, which is two orders of magnitude larger
than that of typical silicon waveguides (Pitilakis et al., 2014; Pitilakis and
Kriezis, 2013; Diaz et al., 2016). More general parameter combinations
have been proposed but without presenting a rigorous justification or
systematic optimization (Hossain et al., 2011). While such reports
typically identify the optimal thickness of a certain layer in a
particular device based on numerical simulations, there are few
studies that address general trends. It is, therefore, not clear whether
a chosen optimized device represents a local or a global maximum.

A subtle deficiency of using γ as a FOM is the implicit
assumption that nonlinear effects are independent of power. This
cannot be true since, at very high power levels, the material sustains
damage and ultimately disintegrates. There must be a power level,
Pth, at which the maximum nonlinear refractive index change is
reached before damaging the material. For this reason, we
introduced a comprehensive FOM, F � γPthLATT, where LATT �
1/α with α being the absorption coefficient (Li et al., 2016). Rigorous
calculations showed that the optimal nonlinear interaction length of
lossy waveguides is LOPT � ln 3 · LATT. At LOPT, the nonlinear phase
shift is ΔϕNL,OPT � 2F /3 and the maximum DFWM conversion
efficiency is ηmax � 4F 2/27 (Li et al., 2016). In MDM structures,

FIGURE 1
Nonlinear phase shift per unit length ΔϕNL/L versus driving power
P0 for bulk material (blue) and a waveguide (red). Both show an initial
linear increase with slope k0 n2/A0 and γ, respectively. The maximum
achievable nonlinear effect is limited by optical damage (dashed)
(Li et al., 2018a).
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1≤ β≤ 3 depending on device geometry, where Δnmax ∝ γPth is the
maximum nonlinear index change sustainable by the dielectric
material and n is the refractive index of the nonlinear medium
(Li et al., 2018a; Li et al., 2018b). Since F becomes significantly large
as n ≈ 0, it is highly advantageous to use ENZ materials in MDM
structures.

F ∝
Δnmax

nβ
. (1)

ENZ materials were largely overlooked in nonlinear optics until
2016, when their unusually large nonlinear properties were first
reported by Alam et al. (2016) and by Caspani et al. (2016), who
conducted free-space, intensity-dependent reflection and
transmission measurements on a 310-nm-thick ITO sample.
They reported unprecedented changes in the ITO refractive index
Δn ~ 0.72 and a nonlinear response time of <200 fs, which is
compatible with ultrafast nonlinear signal processing. Caspani
et al. additionally reported free-space, pump-probe measurements
on a 900-nm-thick aluminum-doped zinc oxide (AZO), which also
exhibited an immense intensity-dependent change in the refractive
index Δn ~ 0.45.

This large change in the refractive index can be qualitatively
understood from the relation Δn ≈ Δε/(2 �

ε
√ ) � Δε/(2n). When

n≪ 1, Δn can be very large, even for modest Δε, which is
consistent with the experiments conducted by Alam et al. (2016)
and Caspani et al. (2016). However, in materials with low n like ENZ
materials, the implicit assumption in traditional nonlinear
optics—that Δn is a small perturbation—is no longer valid,
meaning that the conventional nonlinear optics theory needs to
be reviewed. A first step was taken by Reshef et al. (2017), who
derived a more general equation for the intensity-dependent
refractive index that remains valid in low-index materials by
accounting for significant higher-order nonlinearities. In addition
to this, ENZ materials also support high field intensities: the
continuity of the normal component of the displacement field D �
εE causes this electric field component to become very large as ε ≈ 0
(Liberal and Engheta, 2017). Phase matching is also not required
since ENZ materials do not exhibit phase accumulation (Suchowski
et al., 2013).

In summary, thus far, only free-space nonlinear optical
experiments with ENZ materials have been reported. These
experiments show enormous nonlinear effects, orders of
magnitude larger than those in conventional materials.
Transferring these experiments to waveguide geometries such as
MDMs will enhance the nonlinear effects of such structures.

2.2 Computational details

Following the method reported by Li et al. (2016) and Li et al.
(2018a), the DFWM conversion efficiency, ηDFWM, at a length L
driven by a power P0, can be calculated by Equation 2 as follows:

ηDFWM ≈ e−αL γP0Leff( )2, (2)

where the attenuation and nonlinear coefficients, respectively, α and
γ, were calculated from the electromagnetic field, using the mode
analysis outlined by Equation 3 in the following manner:

γ � k0
ε0
μ0

( )∫ n2m x, y( ) n2 x, y( )
ρ
2 | e|4+ e·e( ) e*·e*( )

3 + 1 − ρ( )∑j�x,y,z ej
∣∣∣∣ ∣∣∣∣4]dA

∫ e × h*( ) · ẑdA
∣∣∣∣∣ ∣∣∣∣∣2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ .

(3)
Here, ε0, μ0, and k0 are the permittivity, permeability, and wave
vector in vacuum, respectively; nm and n2 are the linear and
nonlinear refractive indices, respectively; ρ � 1 for isotropic
materials, while ρ � 1.27 if silicon is used when the wavelength is
in the telecom band; and both e and h were given by the eigenmode,
found through mode analysis; and the effective length Leff was
defined as Leff � (1 − e−αL)/α. This expression is in agreement with
the one reported by Li et al. (2020) for lossy waveguides.

We have considered that the linear refractive index (nm) for
silver, at a wavelength λ � 1550 nm, is nm � 0.144 + 11.366i, while at
λ � 1425 nm (ENZ wavelength of ITO), it is nm � 0.133 + 10.358i.
At the telecom frequency, nm of the nonlinear polymer DDMEBT
and silicon is 1.8 and 3.5, respectively. For the ENZ materials, ITO
has a refractive index of nm � ������

0 + 0.5i
√

and AZO has a refractive
index of nm � ������

0 + 0.2i
√

. The nonlinear refractive index (n2) is n2 �
2.5 × 10−18m2W−1 for silicon, n2 � 1.7 × 10−17m2W−1 for
DDMEBT, n2 � 5.2 × 10−16m2W−1 for AZO (Reshef et al., 2019),
and n2 � 0.11 cm2GW−1 for ITO (Alam et al., 2016). Finally, the
damage power threshold for different structures can be calculated
following the work of Li et al. (2018a).

3 Results and discussion

In this section, we have applied the outlined theory to simulate the
DFWM conversion efficiency of a plasmonic MDM slot waveguide,
where the dielectric “D” is composed of a highly nonlinearmedium, like
theDDMEBTpolymer.We compared the results with those of themost
efficient photonic platform to generate nonlinear signals like DFWM,
i.e., a fully dielectric Si-slot waveguide. We have run two simulations:
one where the pump power is set to the maximum power threshold
(Pth) allowed for each structure and another wherePth is fixed based on
the plasmonic slot waveguide with the smallest slot since it exhibits the
lowest power threshold. We then swapped the nonlinear polymer with
an ENZmaterial, observing a further boost in the nonlinear conversion
efficiency for DFWM generation in plasmonic slot waveguides. This
enhancement is due to the inverse proportionality of the nonlinear
figure of meritF (Equation 1), which is directly related to the nonlinear
conversion efficiency. The increase in ηDFWM is due to the low, close to
0, refractive index of the nonlinear material, which maintains its high
intrinsic nonlinearities.

3.1 MDM with DDMEBT material

The first set of simulations is performed with a highly nonlinear
medium, like DDMEBT, inserted within the gap of an MDM slot
waveguide. These are shown in Figure 2, where the DFWM
conversion efficiency of MDM slot waveguides, with the
DDMEBT polymer embedded in the small gap as the nonlinear
medium, is higher than its dielectric counterpart, i.e., the Si-slot
waveguides.
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When the MDM and the Si-slot waveguides are driven at their
respective power thresholds (Figure 2A), both plasmonic structures
exhibit a nonlinear conversion efficiency at least an order of
magnitude higher than their dielectric counterparts at a device
length smaller than the optimal length (LOPT). When the
waveguides are longer than this LOPT, plasmonic structures no
longer perform effectively due to metal losses, which deplete the
confined electromagnetic field propagating within their gaps. This
shows that the photonic slot waveguides are superior only at large
footprints, whereas the plasmonic slot waveguides are superior for
footprints smaller than 6 μm and gaps smaller than 25 nm.

Moreover, in terms of nonlinear effectiveness EFFNL (Li et al.,
2018a), which is defined as the ratio between the nonlinear phase shift
change in the mode and that of a plane wave in bulk—thus quantifying
a mode’s ability to convert a material’s nonlinear index change into a
nonlinear phase shift—the results we have obtained are summarized in
Table 1. EFFNL < 1 for a dielectric Si-slot waveguide, whereas
EFFNL > 1 for an MDM slot waveguide with a gap smaller than
25 nm. This implies that an MDM slot waveguide harvests more
nonlinearity than in the bulk. This superiority is explained by the
fact that the MDM slot waveguide has substantial slow-light effects for
small values of the gap (hs), leading to a longer effective path length
through the nonlinear material, thus increasing nonlinearities. The
slow-light effects in MDM structures arise because the energy in the
metal propagates backward as a result of the metal’s negative
permittivity (Li et al., 2018a). Since the permittivity of the dielectric
and the metal have opposite signs for a broad wavelength range, the
slow-light effect and, thus, the nonlinear effectiveness of MDM are

intrinsically broadband. This phenomenon is similar to slow-light
effects observed in photonic crystals; however, unlike photonic
crystals, it does not rely on resonance, making it extremely broadband.

Table 1 shows that the plasmonic slot waveguide with the smallest
gap, i.e., MDM1, (hs � 5 nm) requires a maximum pump power that is
1,000 times smaller than that of the respective photonic slot waveguide.
Hence, the plasmonic slot waveguide not only achieves significantly
higher nonlinear conversion efficiency but also does so while
consuming three orders of magnitude less power than a
conventional photonic slot waveguide with the same footprint.
Furthermore, its nonlinear effectiveness is twice that of bulk
material, which implies that plasmonic slot waveguides with small
gaps have a higher capability of harnessing a nonlinear phase shift
change than bulkmaterials. However, when operated at the same pump
power, MDM’s superiority is even more evident (Figure 2B). The
nonlinear conversion efficiency of MDM1 is approximately five
orders of magnitude higher than that of the best respective photonic
counterpart. Therefore, when pumped with the same power, plasmonic
slot waveguides outperform their photonic counterparts, particularly in
compact footprints up to <30 μm.

3.2 MDM with ENZ materials

In the previous section, we have demonstrated that plasmonic slot
waveguides outperform their photonic counterparts for small
footprints, i.e., length up to <30 μm when using the same pump
power and up to <10 μm when using their respective pump
thresholds. In this study, we show that by combining the high
nonlinearity from ENZ materials, such as ITO, with high field
enhancements from MIM waveguides and the additional boost
provided by the inverse proportionality of the conversion efficiency
with the linear refractive index, ENZ-MDM slot waveguides prove to be
the best-performing architecture at small footprints. This performance
gain is attributed to the low refractive index of ENZ materials and its
relationship, as described by Equation 1 with the nonlinear conversion
efficiency, i.e., the lower the linear refractive index, the higher the
expected nonlinear conversion efficiency.

FIGURE 2
DFWM conversion efficiency of MDM and Si-slot waveguides for two different spacer thicknesses (tc) when each structure is driven at (A) its own
pump power threshold (P0,th � 1.8 × 10⁻² for MDM1, P0,th � 1.7 × 10⁻³ for MDM2, P0,th � 1 for Si-slot1, and P0,th � 0.32 for Si-slot2) and (B) the same pump
power threshold where P0,th was set to themaximum achievable pump power of MDM1, which is limited by optical damage. Based on the respective LOPT

values, which refers to the optimal length, (A)MDMwaveguides are shown to have a superior footprint when L≤6μm and (B)MDMs outperform Si-
slots for footprints of L≤30μm. The simulations were performed at the telecom wavelength, i.e., λ � 1, 550nm.

TABLE 1 Nonlinear effectiveness at each structure’s pump power threshold.

Structure Power threshold EFFNL

MDM1 1.7 × 10−3 2.2

MDM2 1.8 × 10−2 1

Si-slot1 0.32 0.8

Si-slot2 1 0.9
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The major issue with ENZ materials is their significant losses,
which are higher than those of metals. Therefore, although it may
initially appear that the addition of ENZmaterials to slot waveguides
would not notably enhance plasmonic structures the results shown
in Figure 3 demonstrate the opposite. M–ITO–M slot waveguides
exhibit a conversion efficiency that is two orders of magnitude
higher than that of the most efficient MDM slot waveguide, even
considering the substantial loss of the ENZ material at a wavelength
where the dielectric function crosses 0. In this case, LOPT of the
M–ITO–M slot waveguide is very low, ~ 100 nm, which makes it
difficult to classify as a waveguide. Regardless of this terminology,
the key advantage is that the ENZ-MDM slot waveguides are the
highest-performing nonlinear devices, showing superior nonlinear
conversion efficiency within ultra-compact footprints.

4 Conclusion

The results of our investigation highlight the significant
advances achieved through MDM-ENZ slot waveguide
architecture. Building on the foundational work by Li et al.
(2018a), which identified MDMs as the most effective nonlinear
plasmonic waveguides, we compared these structures with Si-slot
waveguides and demonstrated the clear superiority of MDMs. This
distinction becomes even more pronounced when all waveguides
operate under the same pump power, set to the lowest power
threshold. Under this condition, MDMs exhibit a nonlinear
conversion efficiency approximately five orders of magnitude
higher than their photonic counterparts. The unprecedented
results, however, were observed when ENZ materials, such as
ITO, were incorporated into the MDM structures. These
M–ITO–M configurations leveraged the unique properties of
ENZ materials to enhance nonlinear interactions while
harnessing the strong, uniform field confinement and slow-light
effects inherent to plasmonic slot waveguides. This integration
resulted in an additional two orders of magnitude improvement
in nonlinear conversion efficiency, surpassing even the top-
performing MDM slot waveguides. Our findings demonstrate
ENZ-MDM waveguide’s ability to contribute to nonlinear

plasmonic structure development while also paving the way for
their integration into cutting-edge on-chip applications.

Although the performance of ENZ-MDM structures is
remarkable, their optimal propagation length (~100 nm)
challenges the conventional definition of waveguides. Despite
this, the nonlinear conversion efficiency shown by M–ITO–M
slot waveguides underscores their value, especially in applications
where compactness and efficiency at a nanoscale outweigh
propagation constraints. Potential applications can be sought in
the field of quantum optical applications where extreme
compactness and high efficiency in harnessing pure and strong
nonlinearities become crucial, such as in squeezed light or photon
pairs. Overall, this work underscores the untapped potential of ENZ
materials in nonlinear optics, suggesting exciting directions for
future experimental validation and material optimization.
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