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We rigorously analyze nonlinear propagation in hybrid silicon-plasmonic (HSP) waveguides. Focusing on the relative importance of Kerr and free-carrier effects (FCE) originating from two-photon
absorption, we establish a set of figures-of-merit applicable to any silicon-comprising waveguide. An
optimized HSP design is proposed, deeply confining the optical-field in a nano-sized nonlinearpolymer gap formed between a metal-wedge and an underlying silicon-wire. An exceptionally high
nonlinear parameter γ > 104 m−1 W−1 is attained, combined with an FCE power-threshold larger
than 1 W, even in CW. The formulation is also extended to multimode-waveguides, supported by
two all-optical applications of an HSP nonlinear directional-coupler.

I.

INTRODUCTION

The past decade’s advances in nanofabrication and materials’ science have unveiled numerous prospects for engineering compact and efficient optical devices with versatile functionality. Specifically, the nonlinear phenomena originating from the third-order χ(3) susceptibility
[1, 2], having outlasted every other contender towards
all-optical signal-processing in integrated photonics, have
re-emerged under more promising perspectives [3, 4]. Initial efforts focused on waveguide components built on
the silicon-on-insulator (SOI) platform have established
this technology as the de-facto for on-chip integration
of photonics with electronics, but, at the same time,
reached a fundamental barrier for nonlinear applications,
due to the diffraction-limit. The latter upholds that
classical index-contrast waveguides cannot be further reduced in size, thus halting photonic integrated circuits
(PICs) miniaturization. Furthermore, as conventional
SOI-waveguides cannot greatly benefit from novel highlynonlinear materials, long interaction-lengths are typically
required for any nonlinear application, which is identified
as a bottleneck in footprint-reduction. Timely enough,
the emergence of plasmonics [5] has provided unimagined opportunities with respect to integrated-component
miniaturization and, consequently, potential for boosting nonlinear response. Surface-plasmon polariton (SPP)
waves, localized on a metal-dielectric interface, can be
confined in deeply subwavelength dimensions, way below
the λ/2 diffraction-limit. The price paid is the increased
propagation losses owing to the metal presence, that limits the effective length of SPP-waveguides. Exploiting
features of both technologies, silicon-plasmonics [6, 7] is
developing into a promising platform for integrated optics with viable potential for nonlinear applications.
The purpose of this is work is to identify a versatile waveguide platform for dense PICs, capable of
rich nonlinear functionality accessed on micron-scale
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lengths. That said, probing the state-of-the-art waveguides built on the SOI platform, soon reveals two important points. Firstly, silicon waveguides’ Kerr-effect
magnitude is limited to a nonlinear parameter (γ) well
below 103 m−1 W−1 . Secondly, they are plagued by
two-photon absorption (TPA) in the near-infrared (NIR)
[8]; what is more, the TPA-generated free-carriers effects (FCE) [4, 9] have a detrimental impact on nonlinear performance imposing upper limits on the maximum
power and/or bitrate. For these reasons, millimeterlong waveguides and moderate average powers are typically required for the manifestation of any Kerr-type effect at the 10 Gbps benchmark bitrate [8]. In order to
circumvent these limitations, we invest on an alternative SOI-compatible nonlinear waveguide platform. Hybrid silicon-plasmonic (HSP) waveguides [7, 10] fuse plasmonic and index-contrast guiding mechanisms by trapping light in a low-index gap between a metal and highindex dielectric, i.e. silicon. In this manner, they exhibit
very high confinement that can result in a remarkably
high nonlinear parameter, given a highly-nonlinear lowindex gap dielectric. Furthermore, the TPA and FCE
penalization is largely alleviated since light is not guided
through the silicon-areas, similarly to the slot-waveguide
designs [11]. This means that high powers can be safely
launched allowing access to fully-developed Kerr-based
phenomena in an effective-length scale of some tens of
microns. The envisaged waveguide platform is SOI- and
CMOS-compatible while it displays potential for further
improvement in terms of γ, provided that novel materials
with higher nonlinearity are successfully incorporated.
The paper is organized as follows. We first introduce a figure-of-merit (FoM) applicable to any nonlinear
waveguide with losses. This basic FoM is a measure of
the power needed for any Kerr-related nonlinear application, e.g., self-focusing, spectral broadening, cross-phase
modulation, four-wave mixing, etc. We then extend
the basic FoM to encompass silicon-comprising waveguides, by accounting for TPA and, particularly, FCE.
All parameters are extracted from the waveguide eigenmode profile using a custom FEM-based solver and are
derived from a rigorous vectorial nonlinear Schrodinger
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equation (NLSE) formulation. Subsequently, we identify a promising family of HSP waveguides and propose an optimized design with respect to the established
FoM. Extensive validation is provided, where the HSP
are compared against standard SOI-based nonlinearwaveguides. Finally, the extension to multimode waveguides is outlined, corroborated by two example applications of an HSP nonlinear direction coupler (NLDC),
namely, a power-dependent polarization-selective switch
and an extinction-ratio booster for modulated signals.
II.

FIGURES-OF-MERIT FOR NONLINEAR
WAVEGUIDES

In this Section we establish a set of figures-of-merit
for the comparison of nonlinear waveguides. Initially,
conventional waveguides involving only standard Kerrnonlinearity and linear losses are addressed. Subsequently, we move on to waveguides comprising silicon,
where TPA and FCE come into play.
A.

Conventional Nonlinear Waveguides

The Kerr-induced nonlinear phase-shift in a waveguide
is given by ΦKerr = γPin Leff [2], where γ (m−1 W−1 ) is
the nonlinear parameter derived from the χ(3) susceptibility and the field-profile, Pin is the input peak-power
and Leff is the effective waveguide length accounting for
all linear loss mechanisms. Assuming that nonlinear effects take place on the foremost part of a lossy waveguide, its length should typically not surpass the propagation length Lprop = 1/α, where α (m−1 ) is the linearloss coefficient. In an Lprop -long waveguide, the linear
insertion losses are 4.34 dB and the effective length is
RL
Leff = 0 prop e−αz dz = 0.6321Lprop. So, in order to
characterize a lossy nonlinear waveguide in terms of its
Kerr-efficiency we define a basic figure of merit (FoM)
F = γLprop = γ/α,

(1)

measured in W−1 . For example, consider the following waveguides: a typical SMF with 0.2 dB/Km losses
and γ = 1.4 Km−1 W−1 would have F = 30 W−1
and a typical SOI waveguide with 1 dB/cm losses and
γ = 100 m−1 W−1 would have F = 4.3 W−1 ; in
terms of this FoM, the fiber is a more efficient nonlinear waveguide, albeit on a orders-of-magnitude longer
scale. Furthermore, it can be shown that the input
peak-power needed for any Kerr-related nonlinear effect
along an Lprop -long waveguide is inversely proportional
to this FoM (since F ∝ ΦKerr /Pin ), i.e., waveguides with
large F are more power-efficient. For instance, spectral FWHM-doubling of a guassian pulse [2] requires
Pin ≈ 4/F , nonlinear switching in a directional coupler
(due to desynchronization)[12] occurs at Pin > 9/F , and
a given degenerate four-wave-mixing (FWM) efficiency η
[11] requires a CW pump power of Pin ≈ 3η 1/2 /F .

B.

Waveguides Comprising Silicon

Waveguides comprising silicon and operating at λ <
2200 nm exhibit TPA [8], a loss mechanism proportional
to the optical power. Moreover, TPA is responsible for
the generation of free-carriers which induce additional
absorption and index-change [9] in the silicon-parts of
the waveguide, which depend quadratically on the optical power. In view of these effects, the basic FoM introduced in the Section II A is in need of revising. For this
purpose, we recast the vectorial single-channel NLSE [13]
that fully describes the propagation of the slowly-varying
envelope A(z) of a CW signal in the following form
"
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where A is measured in W1/2 and moves at the
exp(iβ0 z) phase-reference.
In this equation, γ =
Re{γc } is the real-valued nonlinear parameter while r =
Im{γc }/Re{γc } represents the relative TPA-magnitude;
γc is the complex-valued parameter fully characterizing
the instantaneous electronic χ(3) -response of the waveguide [13]. The parameters fA and fD (m−1 W−2 ) scale
the free-carrier absorption (FCA) and dispersion (FCD).
Note that Eq. (2) stands for a CW signal envelope, so
all time-derivatives associated with dispersion and freecarrier temporal-dynamics disappear.
Before we give the expressions for these NLSE parameters, we will highlight the degradation of the basic figureof-merit F upon the onset of TPA and FCE based on
simple inspection of Eq. (2). Specifically, the FCD has
an opposite sign to the Kerr nonlinearity thus reducing
the nonlinear phase-shift, while both TPA and FCA contribute to an increase of the waveguide losses. Consequently, we can heuristically apply two power-dependent
reduction terms to the F of Eq. (1), one that decreases
the Kerr-nonlinearity (γ ′ = γ − fD |A|2 ) due to FCD and
one that increases the losses (α′ = α+2rγ|A|2 +2fA |A|4 )
due to TPA and FCA:
F′ =

1 − (fD /γ)|A|2
γ′
=
F
.
α′
1 + 2rF |A|2 + 2(fA /α)|A|4

(3)

This expression is explicitly power-dependent and reduces to that of Eq. (1) for TPA-free waveguides. The
parameters γ, α, F , r, fA and fD depend only on the
waveguide design (materials and geometry), whereas the
power |A|2 is dictated by the specific application targeted
and resides in the order-of-magnitude of 1/F .
Focusing on the impact of free-carriers, the threshold
power levels where FCE would severely degrade the Kerreffect response can be easily discerned from Eq. (3). For
instance, when Pin > (α/fA )1/2 then FCA quenches the
optical power thus hindering all nonlinear effects, and,
when Pin > γ/fD then FCD dominates over the Kerr
effect. In the latter case, the F ′ can even acquire large
negative values, indicating a regime where FCD could
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alternatively be used in the context of power-dependent
refractive-index [14]; however, FCD is always accompanied by high FCA that limits its potential for this type
of nonlinear applications.
C.

Calculation of the Nonlinear Parameter

In order to calculate the complex-valued nonlinear parameter γc [13, 15] in nanophotonic waveguides, we employ a formulation that takes rigorously into account the
cross-sectional distribution of the vector guided-modes,
the material-heterogeneity and, finally, the anisotropy of
the χ(3) tensor properties for crystals like silicon,
γc =

3ω0 ε0
4N 2

x,y,z
X ZZ

µ,α,β,γ

(3)

χµαβγ e∗µ eα e∗β eγ dxdy,

(4)

∞

RR
where N = Re{ (e × h∗ ) · ẑdxdy}, in Watt. In these
expressions, e and h are the complex-valued, vectorial
cross-section profiles of the electric and magnetic fields
of the guided-mode and N is a normalization-integral
associated with power-flow along the waveguide. The
cross-section profile of the µαβγ-component of the thirdorder susceptibility is given by
"
ρ
(3)
(3)
χµαβγ = χ1111 (δµα δβγ + δµβ δαγ + δµγ δαβ )
3
#
(5)
X
+(1 − ρ)
Rqµ Rqα Rqβ Rqγ
q

where ρ is the anisotropy factor in χ(3) (≈ 1.27 for
silicon [4], ≡ 1 for isotropic materials) and Rµν are the
elements of a 3 × 3 rotation matrix providing passage
from the crystallographic coordinate system to the one
used for the waveguide. In this work, we assume that
silicon waveguides are fabricated along the [1̄ 1̄ 0] direc(3)
tion. The reference component χ1111 , expressed in the
crystallographic axes, is given by

4
βTPA 
(3)
χ1111 = ε0 cn20 n2 1 + i
,
(6)
3
2k0 n2

where n0 is the linear refractive index, n2 (m2 /W) is the
nonlinear index and βTPA (m/W) is the TPA coefficient.
Evidently, TPA can be seamlessly introduced as an imaginary part in n2 .
We stress that for absorbing waveguides
RR the complexvalued normalization-integral N ′ =
(e × h) · ẑdxdy
[16], stemming from the most general form of the reciprocity theorem of Maxwell’s equations, appears a more
natural choice instead of N . This latter choice, along
with the generally complex-valued phase-constant, would
necessitate for a more careful handling of the modeorthogonality condition used in [13, 15]. Alternatively,
one can include a small imaginary correction-term to
N , as introduced in [17]. However, for the full-range of

waveguides considered in this work, we have numerically
verified that all nonlinear-parameters show negligible differences when calculated following either the N - or the
N ′ -based derivation. This is intuitively understood as,
even in high-loss plasmonic waveguides, the imaginary
part of the propagation constant (accounting for losses)
is still roughly three orders-of-magnitude smaller compared to the real part, and thus acts in a perturbative
way.
D.

Free-Carrier Effects

Evolution of a single CW-signal according to Eq. (2),
comprises the steady-state form of the free-carrier rate
equation [4, 8] that complements the NLSE in the pulsedregime. The rate equation monitors the temporal evolution of the effective free-carrier (electron-hole pair) density N generated via TPA along the waveguide
∂N
N
=G−
,
∂t
τfc

(7)

where N is measured in m−3 , τfc is the effective carrier
lifetime and G is the effective carrier generation rate that
is proportional to the TPA-coefficient times the square
of the optical-power. In the pulsed regime, G varies in
both time and longitudinal distance, following the evolution of the complex field envelope, A(z, t). In this case,
Eq. (7) must be accounted for along the waveguide, together with the envelope’s NLSE. For example, utilizing
the split-step Fourier method (SSFM) [2], this can be
easily accomplished by solving Eq. (7) in the frequencydomain according to


FT{G(z, t)}
N (z, t) = IFT
,
(8)
τfc−1 − iω
where FT/IFT is the Fourier-Transform pair at the
envelope-frequency ω (in the vicinity of the carrier frequency ω0 ). However, for CW signals, Eq. (8) reduces to
the steady state solution N (z) = G(z)τfc where the density varies only along the waveguide as the optical field
is attenuated.
In the context of the NLSE, we aim at extracting parameters from the waveguide cross-section that quantify
the various effects (attenuation, dispersion, nonlinearity,
etc.) along the propagation of the optical field envelope. In this respect, it is instructive to qualitatively
compare the HSP waveguides to the most representative
SOI-based nonlinear waveguides in terms of FCE magnitude. We observe that, as opposed to the SOI-wire
waveguide [Fig. 1(a)] the optical field of the slot and
the HSP [Fig. 1(b) and (c), respectively] is almost exclusively outside the silicon areas. Taking into account
that free-carriers are generated only in silicon and that
their density is proportional to the square of the optical
power, we can distinguish HSP waveguides from siliconcore ones in two ways [11]. Firstly, the rate of free-carrier
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where P̃z = Pz / Pz dxdy is the normalized guidedpower density (m−2 ), i.e., Pz = P̃z |A|2 , and ~ω0 is the
energy of the absorbed photons. Now, in order to relate N to the induced change in refractive index (∆nfc )
and absorption (∆αfc ) in silicon, we firstly assume that
the density of photogenerated electrons and holes is approximately the same: Ne = Nh = N . Additionally, we
adopt a Drude-model indicating a directly proportional
relation of ∆nfc and ∆αfc on N , where the respective
scaling factors at λ = 1550 nm are σn ≈ 20 × 10−28 m3
and σα = 14.5 × 10−22 m2 , respectively [9]. In this
way, the complex-refractive-index perturbation profile
within silicon, ∆ufc = [∆nfc + (i/2k0 )∆αfc ], is given by
∆ufc = σu N where σu = [−σn + (i/2k0 )σα ]. Note that
in the commonly used Soref & Bennett experimental fittings for FCD [9], the electron and hole contribution to
the index-change follow a Ne1.05 and Nh0.805 slope, respectively. However, the scope of this Section is to provide
qualitative insight on the degradation due to FCE, so, for
the sake of simplicity, we have adopted a linear Drudefitting valid for relatively high free-carrier densities. In
all our simulations, we insured that the average carrierdensity is kept below 1026 m−3 .
Having calculated the cross-sectional distribution of
the perturbations ∆nfc and ∆αfc , we can calculate the
effective perturbation on the propagating optical field.
Following the formulation of [13], we apply on ∆ufc the
averaging
RR
∆ufc (x, y, z)|e|2 dxdy
RR
h∆ufc i =
= σu hN i,
(10)
|e|2 dxdy
N (x, y, z) =

Silicon
Gap

Pz (x,y)

distribution of the free-carrier density (m−3 ) is therefore

0

FIG. 1. Typical guided-power-density distribution, Pz (x, y),
for three waveguide types: (a) TE mode of a silicon-wire of
W × H = 300 × 200 nm2 , (b) TE mode of a 50 nm-wide
low-index slot formed between two W × H = 125 × 200 nm2
Si-wires, (c) TM mode of a generic hybrid silicon-plasmonic
waveguide formed by a 50 nm gap separating a metal-layer
and a W ×H = 300×150 nm2 Si-wire. In all three waveguides,
the cladding is a low-index dielectric with n = 1.8.

generation is comparatively smaller, reflected on smaller
values of the relative TPA-parameter (r). Secondly, the
free-carries are not co-localized with the maximum of the
optical field (being confined inside the gap), so they are
not as efficient in perturbing the field in an averaged
sense; this aspect is contained partly in a confinement
factor (referred to as Π in [13]) and partly in the effective
carrier-lifetime, τfc . The former quantifies the fraction
of optical intensity in the silicon-area of the waveguide
assuming uniform free-carrier density therein, while the
latter accounts for carrier diffusion, drifting, recombination and injection [4]. The value of τfc depends on many
factors including the silicon surface-to-volume ratio, the
treatment at the material interfaces as well as any externally applied carrier-sweeping static-field [18]. Its calculation exceeding the scope of this work, we have adopted
a fixed value of 1 nsec, typical for subwavelength SOI
waveguides [4]. Instead, we focus on extracting a more
rigorous expression for the carrier-field overlap factor, in
place of the simple fractional confinement factor Π, in
order to establish a better metric for FCE-penalization
in silicon-comprising nonlinear waveguides. Nevertheless,
τfc is a crucial parameter for telecom applications since
pulses shorter than τfc suffer less from free-carrier effects;
consequently, the metrics defined in Section II B can be
considered pessimistic in terms of FCE-impairments, due
to the CW illumination considered.
The cross-sectional distribution of the generated freecarrier density N (x, y) is proportional to the TPAinduced rate-of-change of the optical-power density along
the z-axis, ∂PTPA /∂z in W/m3 . In this work, we assume that the latter is proportional to βTPA (x, y) times
the square of the guided-power-density that is given
by the axial component of the time-averaged Poyntingvector, Pz (x, y) = Re{ 12 (E × H∗ ) · ẑ}, measured in
W/m2 . Note that in a longitudinally invariant waveguide Pz ≫ (Px2 + Py2 )1/2 , meaning that it is safe to assume that Pz is the optical power density responsible for
free-carrier generation; generally, one should use the total guided-power density, i.e. |P|, since TPA is neither
direction-selective nor bound to guided-modes only. The

where the angled brackets denote the normalized overlap with the optical intensity |e(x, y)|2 in the infinite xyplane; however, note that ∆ufc is non-zero only inside
silicon where βTPA (x, y) is non-zero. In a similar manner, the averaged carrier-density of Eq. (9) is
hN i =

Ξ
|A|4 τfc ,
2~ω0

(11)

where Ξ is a carrier-field overlap parameter given by
RR
βTPA P̃z2 |e|2 dxdy
2
RR
Ξ = hβTPA P̃z i =
(12)
|e|2 dxdy

and measured in m−3 W−1 . The parameter Ξ provides
a spatial-measure of how the free-carriers perturb the
optical field that incites them via TPA. For siliconcore waveguides, Ξ can be related to the dimensionless confinement factor Π [13] under the assumption of
uniform field distribution exclusively inside the silicon
area; in this case it holds that P̃z ≈ A−1
Si and hence
Ξ ≈ βTPA A−2
Π,
where
A
is
the
silicon-area
in the
Si
Si
waveguide cross-section.
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Returning to Eq. (2) and [13], the FCA and FCD perturbation terms that scale the FCE magnitude are given
by
ΓnSi
1
× h∆αfc i,
neff
2
ΓnSi
fD |A|4 = −
× k0 h∆nfc i,
neff
fA |A|4 = +

(13a)
(13b)

respectively, where the minus-sign for the FCD term
stems from our definition of fD in Eq. (2), nSi is the refractive index of silicon, neff is the effective index of the
guided-mode and Γ is the dimensionless longitudinal-field
enhancement factor (LEF)
ZZ
Γ = c0 ε0 neff N −1
|e|2 dxdy.
(14)
∞

The LEF is equal to unity for purely TEM, TE and TM
modes, while Γ > 1 for hybrid-modes. For nanophotonic Si-waveguides, the factor ΓnSi /neff contributes to
approximately a two-fold increase in the FCE magnitude, Eqs. (13), with respect to large cross-section SOIwaveguides where Γ ≈ 1 and neff ≈ nSi . The final expressions for the parameters fA and fD are the following
Ξτfc
1
ΓnSi
×
× σα ,
fA =
neff
2~ω0 2
ΓnSi
Ξτfc
fD =
×
× k0 σn .
neff
2~ω0

(15b)

Concerning the relative importance of the Kerr-effect
vs. the FCE, a secondary FoM can be defined
γ neff
,
ΞΓ

HYBRID SILICON-PLASMONIC
WAVEGUIDES

A waveguide platform for integrated photonic components aimed at χ(3) -nonlinear applications should combine acceptable losses with strong mode-confinement localized in a highly nonlinear material. Additionally, efficient interfacing with conventional waveguides integrated
in a common hybrid-motherboard is desired. The above
specifications can be satisfied by what is collectively referred to as Hybrid Silicon-Plasmonic (HSP) waveguides
[10].

Waveguide geometry and supported modes

(15a)

Waveguide Optimization Outlines

ζfc =

III.

A.

Note that these FCE parameters are implicitly related to
the absolute TPA-rate, Im{γc } = rγ, since Ξ ≈ 2rγ/ASi .
This expression holds for large cross-section silicon-core
waveguides, while it only qualitatively hints at how the
FCE parameters scale in HSP waveguides. In view of the
latter, the carrier-field overlap parameter Ξ constitutes a
rigorously generalized metric for any silicon-comprising
waveguide.
E.

power-level for Kerr-applications (≈ 1/F ), a waveguide
should ideally satisfy Pth,FCD ≫ 1/F or, equivalently,
F ζfc ̟ ≫ 1.
From the viewpoint of silicon-based waveguide (conventional or hybrid) optimization for Kerr-type nonlinear
applications, we can conclude that a maximum F and ζfc
is sought. Alternatively, when the operating-power is apriori set, then the F ′ of Eq. (3) can be used as a single
overall FoM.

(16)

measured in m2 . This FoM is derived as follows: according to Eq. (3), the threshold input CW power where
FCD overwhelms the Kerr-effect can be approximated
by Pth,FCD = γ/fD = ζfc ̟, where ̟ = 2~c0 /(τfc nSi σn )
is approximately 9.2 × 109 W/m2 using the parameter
values adopted in this work; a similar expression can be
formulated for the threshold power related to FCA. In order to make full use of the Kerr-effect, a waveguide with a
relatively high FCE-threshold would be required. More
specifically, for FCD-free performance near the critical

Figure 2 depicts three possible HSP waveguide designs
that have already been proposed in [7], [19] and [20], respectively, albeit in a context different from nonlinear optics. Their common feature is a silicon region separated
from a metal-film by a low-index gap material. When the
latter is actually a highly-nonlinear material, then, the
HSP waveguide’s nonlinear parameter (γ) can be considerably boosted by means of increased mode-confinement.
In the design of Fig. 2(a), referred to as the standard
conductor-gap-silicon (CGS) waveguide, both low-indexdielectric and metal regions have the same width as the
silicon area whereas in the design of Fig. 2(b) they are allowed to an infinite extent. In the latter design, referred
to as “extended” CGS, an extra parameter is invoked,
namely, an inverted metal rib that aids in further localizing the electric field. We could also invoke a thin slab
next to the silicon-wire (thus changing the structure to
a silicon-rib) that would provide additional electric contacts for sweeping the TPA-generated free-carriers and
thus reducing their effective lifetime (τfc ). This siliconslab is omitted in all subsequent calculations, since it
marginally affects optical waveguiding and is relevant primarily to the rigorous calculation of τfc , not undertaken
in this work. Finally, the design of Fig. 2(c) replaces
the inverted metal rib with an inverted wedge, a feature
leading to more pronounced plasmonic-confinement. In
what follows, we focus on the extended CGS designs of
Fig. 2(b) and (c) for which a fabrication procedure has
been recently outlined [19].
For a sufficiently small gap between silicon and metal,
the fundamental TM-like (y-polarized) mode supported
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FIG. 2. Cross-section of the hybrid silicon-plasmonic (HSP)
waveguides: (a) standard CGS (b) extended CGS with inverted metal-rib (c) extended CGS with inverted metalwedge.

by the HSP waveguides is accommodated almost exclusively inside the nonlinear material, therefore leading to
an exceedingly high γ as the gap area is reduced. However, reducing the gap also increases the Ohmic loss since
the field penetrates relatively more into the metal; consequently, the propagation losses (apart from obvious technological constraints) will set lower bounds on the dimensions of the gap. On the contrary, when the gap thickness
is increased, the TM-like mode degenerates to a typical
SOI photonic mode, provided that the silicon-area is sufficiently large. In a similar manner, efficient interfacing
between the HSP and conventional SOI waveguide is possible [7] by simply removing the metal. Finally, if the
underlying silicon ridge is wide enough, the HSP waveguide additionally supports a TE-like photonic mode; this
mode’s losses are smaller than those of the TM, but in
any case non-negligible, especially for small gaps. In this
Section, we opted for silicon wires larger in the vertical
dimension so as to favor the TM-mode (over the TE) of
the underlying SOI waveguide, which could serve as feed
to the HSP waveguide, all integrated in a common wafer.

B.

Material choices

The HSP waveguides are targeted for applications in
the telecom C-band, so λ = 1550 nm throughout. In
order to minimize Ohmic losses, we selected silver (Ag),
characterized by a refractive index of nAg = 0.145 + i11.4
[21]. For the gap material, the highly-nonlinear organic polymer DDMEBT is selected [22], described by
a linear and nonlinear index of n0 = 1.8 and n2 =
1.7 × 10−17 m2 /W, respectively. Although materials
with an order-of-magnitude higher nonlinear index have
been reported, e.g., the polydiacetylene para-toluene sulfonate (PDA/pTS) [23] or the polystyrene [24], they have
not yet been demonstrated in planar subwavelength photonic structures. Other nonlinear material candidates are
chalcogenide glasses [25], possessing a n2 equivalent to
that of the DDMEBT; unfortunately, their higher linear
indices (n0 ≈ 2.4) disfavor both confinement and prop-

agation losses. Furthermore, we stress that DDMEBT
is free from TPA, and thus also from FCE. The linear and nonlinear indices of silicon are n0 = 3.45 and
n2 = 2.5 × 10−18 m2 /W [13], respectively, and for silicondioxide n0 = 1.45 and n2 = 2.7 × 10−20 m2 /W, respectively. The TPA parameter of silicon is βTPA =
5 × 10−12 m/W [13]. The cladding here considered is
air, but, in any case, this material negligibly affects the
optical waveguiding in the designs of Fig. 2(b) and (c).
The non-local ponderomotive force resulting in a Kerrlike χ(3) -response from the metal [26] was found to have
a negligible effect on γ, since the electric-field does not
penetrate deeply inside the metal. Finally, the maximum
electric-field intensity was checked to be below the typical dielectric strength of thin polymers layers to avoid
breakdown.

C.

Optimization of HSP waveguides

We employ an in-house finite-element method (FEM)
spectral mode-solver [27] to extract the eigenmodes of
a given waveguide geometry and operating wavelength.
The FEM modeling allows for arbitrarily heterogeneous
geometries, with respect to both the linear and the
nonlinear properties of the materials involved. The
waveguide cross-section is discretized with triangular finite elements, each one attributed the set of material
parameters introduced in Sections II C, II D and III B
(n0 , n2 , βTPA , ρ, σu ). The linear index is the only one actually intervening in the eigenmode solver, while the rest
are subsequently used for the calculation of the NLSEparameters from the extracted linear eigenmode profile.
In every HSP waveguide, the parameter that has the
greatest effect on the nonlinear response is the gap size,
so, we initially focus on a simplified version of the extended CGS design of Fig. 2(b). We set W × H =
220 × 340 nm2 corresponding to a subwavelength SOIwire supporting a well-formed TM-like mode, we momentarily ignore the inverted metal rib (tr = 0), and we set
the silver-film thickness to tm = 50 nm. Subsequently, we
calculate all the critical nonlinear parameters as a function of the gap-size (g), ranging from 300 nm down to
5 nm. Figure 3(a) depicts the fundamental tradeoff between plasmonic confinement and Ohmic losses, reflected
on the opposite trend between the nonlinear parameter
γ and the propagation length Lprop . When the gap is
large, the mode of the HSP waveguide degenerates to
that of a standard Si-wire leading to a γ ≈ 100 m−1 W−1
and an increasing Lprop , eventually limited only by the
fabrication-quality, e.g. 1 dB/cm. On the contrary, as
the gap decreases, the TM-mode shifts to the highlyconfined and thus lossy HSP regime, where the increase
in γ is inversely proportional to the decrease in the effective mode-area (Aeff ). Figure 3(b) depicts the effect
of the gap on the TPA-ratio r = Im{γc }/Re{γc } and the
carrier-field overlap factor Ξ, Eq. (12); the former decreases with the gap-decrease since the HSP mode resides
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FIG. 3. Effect of gap size in the extended CGS waveguide
with W × H = 220 × 340 nm2 , tm = 50 nm and tr = 0.
(a) Nonlinear parameter and propagation length, (b) TPAratio and carrier-field overlap factor, (c) effective-index and
longitudinal-enhancement factor.

Figure 4 depicts the effect of the gap on the aggregate
FoM parameters F and ζfc , defined in Section II. Large
gaps lead to a high F > 0.2 W−1 , but also to a low
ζfc ≈ 10−12 m2 , indicating a low FCD power-threshold
of 10 mW (CW). On the contrary, for a gap of 10-20 nm,
F and ζfc peak at about 0.1 W−1 and 15 × 10−12 m2 ,
respectively. In this case the FCD power threshold is
increased to 150 mW but, still, the critical power-level
for Kerr-effect applications (∝ F −1 ) is a hundred times
higher. A small increase in the FoM of this HSP waveguide design [Fig. 3(b)] is possible by optimization of all
its geometrical parameters leading to F = 0.15 W−1 and
ζfc = 40 × 10−12 m2 ; these values are obtained by setting
g = 20 nm, H = 220 nm, tm = 50 nm and the optimum
W = 140 nm and tr = 70 nm [28].
We now focus on an alternative cross-sectional patterning of the metal-film which can offer enhanced plasmonic confinement, thus improving the FoM of the HSP
waveguide. A waveguide consisting of a laterally infinite metal-wedge in a homogeneous cladding supports a
plasmonic mode localized at the tip of the wedge [29]. In
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mostly outside silicon, while the latter decreases slowly
but rises sharply below the threshold gap of 20 nm. This
threshold gap is due to the less-efficient confinement from
the side of the silicon/dielectric interface (as compared
to the dielectric/metal one), and can be pushed lower in
narrower Si-wires (smaller W ). Finally, in Fig. 3(c), we
witness the plasmonic enhancement as the gap decreases,
resulting in an increase in both neff and the factor Γ
(LEF), Eq. (14).

Gap (nm)
FIG. 4. Effect of gap size on figures-of-merit F and ζfc , for
the extended CGS waveguide with W × H = 220 × 340 nm2 ,
tm = 50 nm and tr = 0.

the presently addressed nonlinear-waveguide context and
for our material choices (a silver wedge in a DDMEBT
cladding), the propagation length and nonlinear parameter are Lprop ≈ 50 µm and γ ≈ 103 m−1 W−1 , respectively, leading to a F of 0.05 W−1 . However, bringing the metal-wedge tip in close proximity to a laterally
aligned underlying SOI waveguide, increases the confinement and consequently the nonlinearity, thanks to the
hybrid guiding mechanism. To this end, we investigate
the effect of the structural parameters of this HSP waveguide, Fig. 2(c), on F and ζfc ; the parameters of the
inverted wedge are the tip-curvature radius (Rw ), the
angle (ϕw ) and the height (tw ). In our modeling, the
width of the base of the triangular wedge is implicitly
dependent on the rest of its parameters (Rw , ϕw and
tw ). The investigation with respect to the three wedgeparameters is presented in Fig. 5. In all cases, the Si-wire
is W × H = 220 × 220 nm2 , the silver film is tm = 50 nm
and the gap is g = 20 nm. When not parametrically
varied, the wedge parameters are fixed at Rw = 1 nm,
ϕw = 2 tan−1 (0.5) = 53.2◦ and tw = 100 nm. As depicted in Fig. 5, both F and ζfc increase with decreasing
Rw and ϕw , while the scale of the wedge (expressed in
terms of its vertical height tw ) does not have an important impact. To visualize the influence of ϕw and Rw ,
we plot the cross-sectional distribution of the normalized
electric-field intensity of the TM00 mode, for three wedgeparameter configurations. Specifically, Fig. 6(a), (b) and
(c) correspond to the reference design, to a larger wedgeangle and to a larger curvature-radius, respectively; evidently, increasing ϕw or Rw leads to reduced confinement. Furthermore, we ascertained that the FoM do not
drop appreciably neither for W > 220 nm (optimal Siwidth) nor for reasonable horizontal misalignments between the wedge and the underlying Si-wire. This constitutes an attractive feature since the waveguide design
is relatively insensitive to fabrication-imperfections concerning lateral-resolution accuracy.

IV.

COMPARATIVE ASSESSMENT AND
VALIDATION

In this Section we firstly compare the most promising
silicon-comprising waveguides for nonlinear applications
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and subsequently call upon the nonlinear Schrödinger
equation (NLSE) in order to validate the salient points
of the conducted investigation. Our main target is to
establish the relation between the proposed FoM and
practically meaningful quantities, namely, the nonlinearthreshold (NLT) powers where the FCE performancepenalties become important.
A.

Comparative Assessment

As discussed in Section II E, in order to assess the
comparative performance of silicon-comprising nonlinear
waveguides in terms of the Kerr-effect, we need to maximize both F and ζfc , given by Eqs. (1) and (16), respectively. Additionally, it was discussed that F ζfc ̟ ≫ 1
is desired for negligible FCD-impairment in the CWregime.
Up to date, the most promising silicon-based nonlinear waveguides are the standard SOI-wire/rib [30] and
the nonlinear-slot [11]. Even though SOI-wire/rib are
the most technologically mature, their high F > 1 W−1
is only available in the 1 cm length-scale, while their
low FCD-threshold limits their overall potential for Kerrapplications (F ζfc ̟ ≈ 0.05). Compared to SOI-wire/rib,
the nonlinear-slot designs can offer a slightly smaller

F , in the order of 0.5 W−1 , along with an order-ofmagnitude improvement to the length-scale (Lprop >
1 mm) and to the FCD-threshold (F ζfc ̟ ≈ 0.5). In
a similar manner, the optimized HSP waveguide with
the inverted metal-wedge, can provide equivalent FoM
to the nonlinear-slot (accommodating the same nonlinear polymer) but on a length-scale twenty times smaller,
leading to even more compact devices. Moreover, the inverted metal-wedge HSP waveguide penetrates the FCDfree range of F ζfc ̟ > 1 as the gap is reduced below
10 nm. On the contrary, F ζfc ̟ peaks at 0.02 for the
extended CGS (for g = 15 nm in Fig. 4) and at 0.7 for
the nonlinear-slot design [11] (for a slot-width of 50 nm).
It should be noted that in the latter design we assumed
1.6 dB/cm losses and calculated the parameters γ and
ζfc based on our formulation. Other silicon-plasmonic
waveguides already proposed [21, 31] are less promising
compared to this HSP design, due to low F and/or ζfc .
Finally, we stress that in both SOI-wire/rib and
nonlinear-slot designs the propagation-length is delimited by the scattering losses related to fabricationimperfections of the waveguide sidewalls; conversely, the
losses of HSP design are dominated by Ohmic-losses owing to the metal presence, so, fabrication-imperfections
are less likely to further increase the losses. The comparative advantage of HSP waveguides over nonlinear-slot
ones, is the potential for considerably larger nonlinearity
(owing to the plasmonic confinement) that compensates
for the high plasmonic losses while keeping the required
interaction lengths below the 0.1 mm regime. As a concluding remark, the metal-wedge was chosen as a paragon
of extreme plasmonic-confinement and was thus incorporated in optimizing HSP waveguides; actually, any nanosized feature (such as simply patterning the metal-layer
into a narrow stripe), when methodically optimized, can
potentially lead to equivalent performance.

B.

Validation by NLSE

In this Section, the NLSE is employed to model the
CW single-mode nonlinear propagation in order to quantify the penalties arising from TPA and FCE. As comparison metrics, we use the nonlinear phase-shift (∆ΦNL )
and the nonlinear insertion-losses (ILNL ). These quantities evolve along the waveguide and their output-values
can be easily calculated by numerical integration of the
NLSE, Eq. (2), for a given input power (Pin ) and waveguide length (L). The NLSE parameters (namely α, γ, r,
fA and fD ) are derived from the waveguide cross-section
using our FEM-based eigenmode solver.
The nonlinear phase-shift ∆ΦNL is the phase-difference
from the reference linear phase-accumulation (β0 L) and
can be easily extracted from the angle of the slowlyvarying signal-envelope, i.e. ∆ΦNL = −i ln(A/|A|). This
phase-shift has contributions from the Kerr-effect and the
linear-losses, as well as from the rest of the nonlineareffects, i.e., ∆ΦNL = ΦKerr + Φnon-Kerr . In our approach,
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that rises from zero as the the power is increased. The
NLT for the phase-degradation due to TPA and FCE can
be associated with the power Pin where rδ > 1.
The nonlinear insertion-losses ILNL account only for
the TPA- and FCA-induced attenuation, and are given
by the overall attenuation extracted from the amplitude
of the signal-envelope in the NLSE, Eq. (2), if we exclude
the linear-losses
|A|2
=
exp(L/Lprop ).
Pin

(dB)

ΦKerr = γPin Leff (when TPA and FCE are switched
off) is positive-valued and beneficial while Φnon-Kerr is
negative-valued and associated with TPA and FCE impairments. The absolute value of Φnon-Kerr increases according to two power-dependent mechanisms. Firstly,
as the nonlinear losses (TPA and FCA) reduce the Leff
from its value in the linear-regime, which is equivalently
perceived as a contribution in Φnon-Kerr , and, secondly,
as the FCD induces an index-change of opposite-sign to
the Kerr effect. Consequently, in order to quantify the
NLT-power where the non-Kerr contribution dominates
the ∆ΦNL , we define the ratio

(18)

Figure 7 depicts the metrics rδ and ILNL as a function
of the input optical power for three nonlinear waveguides,
namely a SOI-wire [13], a nonlinear-slot [11] and our optimized inverted metal-wedge HSP design; the corresponding NLSE parameters are given in Table I. For the purpose of comparison, the waveguide-length is set to L =
Lprop for each of the three designs. The vertical dotted
lines in Figs. 7(a) and (b) correspond to the NLT-powers
Pth,FCA = (α/fA )1/2 and Pth,FCD = γ/fD , and can be
associated with amplitude- and phase-penalization due
to FCA and FCD, respectively. It is readily inferred
that these NLT-powers correspond to ILNL ≈ −2.5 dB
and rδ ≈ 0.7, respectively, values that are representative
measures of the FCE-induced penalties on the propagation of CW-signals along Lprop -long waveguides. Additionally, the HSP outperforms both nonlinear-slot and
SOI-wire waveguides in terms of FCE-penalization, successfully withstanding CW-powers above 1 W. Finally,
we note that rδ can exhibit a peak, indicating an optimal
power-regime for using the FCD as a phase-manipulating
nonlinear effect; this feature is especially pronounced in
the SOI-waveguide, e.g. at Pin = −6 dBW in Fig. 7(b).
Concerning the pulsed-regime, it is important to stress
that the corresponding NLT-powers are considerably increased with respect to the CW-regime ones. This is
generally true for pulses shorter than the carrier-lifetime
(τfc = 1 ns) and for low repetition-rates [4]. In these
scenarios, even though the FCE are triggered instantaneously due to TPA, they do not considerably affect
the pulse that generates them because the accumulationtime for the build-up of a critical carrier-density exceeds
the pulse-duration. Consequently, both FCD and FCA

FIG. 7. NLSE-calculated (a) nonlinear insertion-losses ILNL
and (b) Nonlinear phase-shift fraction rδ as a function of
input-power. The dotted lines in each subfigure correspond
to the threshold powers Pth,FCA = (α/fA )1/2 and Pth,FCD =
γ/fD , respectively, for each waveguide. The waveguide parameters are given in Table I.

TABLE I. Nonlinear waveguide NLSE parameters.
NLSE-parameter
γ (m−1 W−1 )
rTPA (%)
Lprop (µm)
fD (m−1 W−2 )
fA (m−1 W−2 )
a
b
c

SOI-wirea
117
19
43430
13118
1173

NL-slotb
286
0.69
2710
358
32

HSP-wedgec
12400
0.072
29.3
5546
496

TE-mode, Si-wire is 400 × 340 nm2 , 1 dB/cm losses, DDMEBT
cladding, τfc = 1 ns.
TE-mode, DDMEBT-slot is 140 nm-wide and formed by two
200 × 220 nm2 Si-wires, 1.6 dB/mm losses [11], τfc = 1 ns.
TM-mode, DDMEBT-gap is 20 nm, Si-wire is 200 × 220 nm2 ,
Ag-wedge is tw = 100 nm, ϕw = 53.2◦ and Rw = 1 nm
[Fig. 2(c)], τfc = 1 ns.

power-thresholds are at least 10–20 dB higher than the
CW-ones. This allows for higher peak-powers and, consequently, more pronounced Kerr-response than anticipated from the CW-regime, particularly for the worstperforming SOI-waveguides [30]. Even for NRZ systems
(where long sequences of “1” bits are anticipated to suffer more) and/or high repetition-rates (where the freecarriers generated by one pulse can considerably affect
the following ones), the FCE power-thresholds are still
higher than those calculated for CW-radiation. In overall, the estimates of this Section mainly provide relativefigures for the NLT-powers over which FCE become important in different waveguide designs. Nevertheless,
they can be employed in the context of comparative
waveguide assessment and optimization, since the penalization always scales with the factor ζfc , in the pulsed, as
well as in the CW-regime.
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V.

MULTIMODE WAVEGUIDE EXTENSION

In this Section we extend our formulation in order
to include the nonlinear mode-coupling in multimode
silicon-comprising waveguides. In this case, instead of
a single equation, we presently have a set of K coupled
NLSE, where each one describes the spatiotemporal evolution of the kth-mode’s complex-valued slowly-varying
envelope, Ak (z, t). Following the notation of [13], the
envelope of the kth-mode evolves as
X

∞
(k)
∂Ak
∂n
αk
n+1 βn
k
=
i
Ak − Ak + T3o
+ Tfck . (19)
n
∂z
n!
∂t
2
n=1
Apart from the self-acting nonlinear-effects described in
Section II, nonlinear coupling between the modes additionally arises from the third-order susceptibility term
k
(T3o
) as well as due to TPA-generated free-carriers term
(Tfck ), where
k
T3o
(z, t) =

K
X

iγklmn Al A∗m An exp(i∆βklmn z), (20)

l,m,n=1

Tfck (z, t) =

K
X
l=1

 (l)
(m)
iδkl Al exp i[β0 − β0 ]z ,

(21)

In these expressions, γklmn (a constant) is the generalization of the nonlinear parameter γc of Eq. (4) and
describes how the kth-mode is affected by the lmnmodes through the instantaneous χ(3) -processes, i.e. the
Kerr and TPA effects. Additionally, δkl (z, t) describes
how the kth-mode is affected by the lth-mode through
the overall free-carrier-induced complex-refractive-index
perturbation in silicon at (z, t). Finally, ∆βklmn =
(k)
(l)
(m)
(n)
−β0 +β0 −β0 +β0 is a phase-matching term, where
(k)
(k)
β0 = k0 neff are the phase-constants at the central frequency ω0 . The expressions for γklmn and δkl are
γklmn =

∗(k) (l) ∗(m) (n)
xyz Z Z
eµ eα eβ eγ
3ω0 ε0 X
(3)
χµαβγ
dxdy,
4
(Nk Nl Nm Nn )1/2
∞
µαβγ

(22)

δkl (z, t) =

ω0 ε0 nSi
(Nk Nl )1/2

ZZ

∞

∆ufc [e∗(k) · e(l) ]dxdy, (23)

where, for the kth-mode, e(k) is the complex-valued vectorial cross-section distribution and Nk is the normalization integral defined in Section II C. Additionally,
∆ufc (x, y, z, t) = [∆nfc + (i/2k0 )∆αfc ] = σu N is the
isotropic χ(1) -perturbation [4, 9] due to the free-carriers,
where σu is the complex-constant introduced in Section II D and N (x, y, z, t) is the cross-sectional distribution of the free-carrier density at (z, t), generated by the
combined TPA-effect of all modes in the waveguide.
Equations (19)-(23) describe the coupled-mode propagation under very general conditions. However, these

expressions can be significantly simplified in certain situations as pointed out in [13]. Firstly, when the waveguide
is symmetric across the x- and/or y-axes, then, it supports a symmetric-set of modes; consequently, using the
permutation symmetry of χ(3) and mode-orthogonality,
it can be shown that most of the γklmn in Eq. (20) are
either vanishing or degenerated, thus leading to a considerably smaller set of nonlinear-parameters. Secondly,
the spatial-symmetry of ∆ufc in waveguides supporting a
symmetric set of modes, prescribes that δkk is the dominant term in Tfck , since the mode-projection [e∗(k) · e(l) ]
eventually restricts the integral in Eq. (23). Thirdly,
when the waveguide is strongly birefringent, then many of
k
the non-phase-matched terms in T3o
oscillate-rapidly and
the system is dominated by the phase-matched terms, unless special treatment is taken. Even though these three
corollaries strictly apply to a limited number of practical applications, nevertheless, they approximately apply also for more relaxed conditions. For instance, even
when there is a relatively-small waveguide asymmetry,
e.g. a different dielectric cladding and substrate material
for an SOI-wire (i.e. a y-axis asymmetry), then many
of the γklmn have negligible values, thus leading to a reduced nonlinear-parameter set; that is also the case when
the number of supported modes and/or polarizations involved is limited and symmetric (e.g. two TE/TM modepairs). The HSP waveguides marginally satisfy these relaxed conditions, and therefore an extended set of γklmn
terms should normally be accounted for.
Focusing on the multimode-extension for the FCE, the
dominant δkk -term in Tfck can be calculated by plugging
Eqs. (10) and (14) into Eq. (23), yielding
δkk (z, t) =

k0 nSi Γ(k)
(k)

neff

σu hN ik ,

(24)

where hN ik denotes the cross-sectional overlap of the
overall free-carrier density distribution N at (z, t) with
the intensity-profile of the kth-mode, |e(k) |2 . The freecarrier generation rate is assumed proportional to the
overall power-density rate-of-change dissipated through
TPA, as introduced in Section II D. To this end, we need
the overall power-density PT (in W/m2 ), which is given
by the sum of the power-density carried by each mode,
P
P
(m)
(m)
PT =
=
|Am |2 ; in this expression,
m Pz
m P̃z
we have used the normalized power-density distribution
(m)
P̃z of the mth-mode, multiplied by its envelope power
|Am |2 . Similarly to Eq. (9), the free-carrier generationrate G is given by
 K
2
βTPA X (m)
P̃z |Am |2 .
(25)
G(x, y, z, t) =
2~ω0 m=1
In the CW-regime all time-dependencies disappear, and
the effective free-carrier density perturbing the kth-mode
at z is given by
hN ik = τfc hGik =

K
τfc X
|Am |2 |An |2 Ξ(k)
mn , (26)
2~ω0 m,n=1
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(k)

where the Ξmn is the multimode generalization of the
carrier-field overlap parameter of Eq. (12)
(m) (n)
Ξ(k)
P̃z ik
mn = hβTPA P̃z

(a)

Symmetric (even) TM00

dw

(27)

and shows how efficient are the free-carriers generated by
the combination of the mth- and nth-modes in perturbating the kth-mode. Equation (26) depicts that, even
though the free-carrier density is generated by the combination of all waveguide modes, it eventually affects each
one in a different manner. Finally, in the pulsed-regime,
each hN ik obeys its proper rate-equation [Eq. (7)] depending on hGik and τfc ; evidently, this formulation al(k)
lows for different τfc to be used, attributed to each
mode.

0

d Si
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VI.

NONLINEAR DIRECTIONAL COUPLER

In this Section, we present the nonlinear direction coupler (NLDC), a practical integrated component based on
HSP waveguides that can be designed and analyzed with
the tools presented.
A.

Linear and Nonlinear Analysis

The device consists of a coupler formed by two HSP
waveguides in proximity, Fig. 8. The coupler, viewed
as a single waveguide, supports a pair of supermodes,
namely a symmetric and an anti-symmetric one, as for
example in Fig. 8(a) and (b), respectively. Feeding an
asymmetric input to the coupler results in an excitation
of both its supermodes; specifically, launching light into
one of the coupler-waveguides results in an approximately
equal excitation of the two supermodes. In this situation, the interference (beating) of the supermodes will
result in a periodical coupling of the light between the
two waveguides. The coupling-length quantifying this
(S−A)
beating-period is given by Lc = 12 λ/∆neff
, where “S”
and “A” denote the symmetric and antisymmetric mode,
respectively. Furthermore, when the two waveguides of
the coupler are identical, then the device is synchronized meaning that maximum power-exchange between
the waveguides is allowed. Now, if the constituent waveguides additionally support two polarizations, i.e., both
TM- and TE-like modes, then the coupler will support
two pairs of supermodes. As the coupling-lengths of the
two polarizations are generally different, one can tune the
coupler cross-section parameters so that LTM
= 2LTE
c
c .
Additionally setting the coupler-length L = LTM
renc
ders this 2 × 2 component into a polarization-splitter,
where the TE (and TM) modes experience the BAR (and
CROSS) state.
Moving on to describe the nonlinear aspects of this
component, we point out that as the power of an
asymmetric input-excitation increases, then the Kerreffect increases the refractive-index only inside the inputwaveguide, thus desynchronizing the coupler. When this

φw

tw
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DDMEBT

Si
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SiO2
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0

FIG. 8. Electric-field distributions, Re{ey (x, y)}, of the (a)
symmetric/even and (b) anti-symmetric/odd TM-like supermodes of a directional-coupler formed by a pair of HSPwaveguides.

self-focusing induced
desynchronization is large enough,
√
∆βKerr Lc > π 3 [16], then, light cannot couple to
the opposite waveguide and the output of the Lc -long
2 × 2 component switches from the CROSS- to the BARstate. Assuming that the coupler-desynchronization can
be associated with the nonlinear phase-shift in a singlewaveguide, ∆βKerr Lc ≈ ∆ΦNL = γPin Leff , the critical
input-power for NLDC-switching is estimated by
Psw >

√
π 3
.
F [1 − exp(−Lc /Lprop )]

(28)

This formula prescribes that as the available interactionlength increases (Lc ≫ Lprop ) then Psw decreases, at
the
√ obvious expense of increased IL. The floor-value is
π 3/F while, for a lossless-waveguide
(Leff ≡ Lc ), this
√
expression reduces to π 3/(γLc ). Finally, when TPA
and FCE come into play in silicon-comprising waveguides, the Psw is expected to increase due to the reduction
of the FoM (F ′ < F ).
The component performance is quantified by the
power-crosstalk (XT) between the output-waveguides
(ports) at a given polarization, as well as by the insertionlosses. Our multimode NLSE-system corresponds to the
slowly-varying field-envelopes of the coupler supermodes
(AS , AA ), however, the inputs and outputs are measured in terms of the left- and right-waveguide phasecorrected field-envelopes (AL , AR ). Consequently,
we
√
initially calculate the AS/A = (AL ± AR )/ 2 at the
coupler-input, we then numerically integrate the system
in terms of AS/A , and we finally reconstruct the AL/R =
√
(S)
(A)
[AS exp(iβ0 z) ± AA exp(iβ0 z)]/ 2 at the coupleroutput (z). That said, the output-waveguide crosstalk
for a given polarization is given by XT = |AL |2 /|AR |2 ,
and the same formulas apply for each polarization.
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As described in the previous Section, the NLDC made
of HSP waveguides can operate as a power-dependent
router for the TM polarization, while being powerinsensitive for the TE polarization. In order to design the
component, we initially investigate the effect of the lateral spacing [dw in Fig. 8(a)] between the two HSP waveguides on the coupling-lengths of the the TM and TE
modes. The rest of the coupler parameters, Fig. 8(b), are
set to W × H = 320 × 220 nm2 , g = 20 nm, tw = 100 nm,
ϕw = 53.2◦ and Rw = 1 nm; the width of the Si-wires was
increased to additionally accommodate a well-confined
SOI-like TE-mode along with the TM-mode of the HSP
waveguide. It can be inferred that the LTM
depends
c
mainly on dw , while the LTE
additionally depends on W
c
(wider Si-ribs lead to more confined TE modes, increasing
LTE
c for the same dw ). For the selected parameters, it was
TE
observed that LTM
≈ 2 for a wide range of spacings
c /Lc
dSi = dw − W = [250, 500] nm. Consequently, we focused
on three spacings dw = 600, 700, 800 nm that lead to
LTM
= 14.6, 28.2, 54.0 µm and LTE
= 8.0, 14.9, 27.9 µm,
c
c
TE
respectively. In this way, the condition LTM
= 2 is
c /Lc
relaxed for the rest of this Section; nevertheless, it can
be satisfied with fine-tuning of W for any given dw .
Moving on to the nonlinear analysis, we calculate
the parameter-set of the four-NLSE equation-system of
Eq. (19) for each value of dw , adopting a carrier-lifetime
of τfc = 0.1 ns for all FCE-related parameters. Subsequently, we numerically integrate the equations up to
L = LTM
for various CW input-powers. Figure 9(a) dec
picts the XT for the TE and TM polarizations at the
three lateral spacings previously defined, as a function
of Pin (CW input-power), distributed equally among the
supermodes: AS (0) = AA (0) = ( 12 Pin )1/2 . Concerning
the TM-polarization, when the LTM
increases (as the dw
c
increases) then the input-power for the XT-peak is decreased. Specifically, for dw = 600, 700, 800 nm, the
respective input-powers were found 18.5, 16, 14 dBW,
while the critical NLDC switching-powers from Eq. (28)
are Psw = 16, 14, 12.7 dBW, respectively (F ≈ 0.35 W−1
and Lprop ≈ 30 µm for this HSP waveguide); the agreement is satisfactory while the slightly increased powers
are due to FCE-degradation. Needless to say that with
increasing LTM
c , the component IL are increased; however, an additional drawback observed is the reduction
of the first XT peak-value, e.g. XT = 13.5, 11, 7 dB at
the above input-powers, respectively. This peak-XT reduction is due to the increased dephasing associated with
non-phase-matched XPM terms in Eq. (20).
Concerning the TE-polarization, dotted lines in
Fig. 9(a), XT > 10 dB in all three cases, as L = 2LTE
c
is approximately satisfied for the nominal W = 320 nm.
The dotted curves are truncated above the CW-power
where the average carrier-density, Eq. (11), exceeds
1026 m−3 . Additionally, the FCD is responsible for a
considerable XT-improvement, at certain Pin between 12TE
15 dBW. This is explained by noting that LTM
<2
c /Lc
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FIG. 9. (a) CW-characterization of the NLDC, i.e., crosstalk
between the output-waveguides as a function of the total input-power, for both TM (solid lines) and TE (dotted lines) polarizations. The three HSP-waveguide spacings,
dw = 600, 700, 800 nm, correspond to lengths L = LTM
=
c
14.6, 28.2, 54.0 µm, respectively. (b) Extinction-ratio increase at the output of the left-waveguide of the NLDC when
a TM-polarized 10 GHz NRZ-modulated signal of ER = 5 dB
is launched in its left input-waveguide. The peak-power is
14 dBW and the NLDC is 28.2 µm-long (dw = 700 nm).

for all three dw and that FCD reduces the neff of TEmodes. Consequently, the LTE
is decreased and eventuc
ally the phase-matching condition is compensated. Moreover, the dw = 800 nm (600 nm) coupler is the one closest
to (farthest from) satisfying the condition, so a smaller
(higher) power is required. In any case, the critical power
for NLDC-switching at the
√ TE-polarization is quite high,
in the order of Psw = π 3/(γTE L) > 20 dBW, so this
polarization always experiences the BAR-state. Finally,
it was noted that cross-polarization coupling was in all
cases negligible, e.g. < −40 dB.
Interestingly, the NLDC additionally offers the possibility of boosting the extinction-ratio (ER) of modulated
TM-polarized signals. For instance, examining Fig. 9(a),
we observe that an input-power-change of 10 dB (from
a Pin corresponding to an XT-peak) corresponds to an
output-XT-change > 30 dB for the TM-power. Exploiting this feature, we feed a modulated signal to the
input of the left coupler-waveguide and calculate the
temporal field-envelopes at the output of the couplerwaveguides (left and right). The input temporal-envelope
is a 10 Gbps NRZ signal with a 30 psec rise/fall-time, a

13
14 dBW peak-power (TM) and a poor ER = 5 dB; the
coupler is based on the NLDC design with dw = 700 nm
and L = LTM
= 28.2 µm, previously analyzed. The
c
SSFM was used to numerically integrate the pair of TMsupermode NLSE equations, and dispersion was found
to have a negligible impact in these length-scales. In
Fig. 9(b), we note that the ER at the output of the leftwaveguide (solid red curve) is improved by 15 dB with
respect to the input (dashed black curve), with approximately 4.5 dB insertion-losses. The overshoots during the
bit-changes in the output-envelope of the right-waveguide
(dotted blue curve) correspond to the power-levels where
the XT changes its sign [Fig. 9(a)] and, for this NLDC
design, they disappear entirely when Pin,peak < 13 dBW.
VII.

wedge was numerically optimized with respect to these
FoM, aiming at a waveguide where the Kerr-effect is not
dominated by FCE as the optical power increases. The
final design surpasses all similar hybrid plasmonic waveguides in terms of overall performance, while it constitutes
a fair alternative to non-plasmonic waveguides. Even
though the power-efficiency of these waveguides is still
quite low, there are promising indications that it can be
further increased with the use of novel nonlinear polymer
materials. Finally, the multimode extension of our formulation was used for the modeling of two all-optical applications of a nonlinear directional coupler made of HSP
waveguides, namely, a power-dependent polarizationselective switch and an extinction-ratio booster for modulated signals.

CONCLUSIONS

We have rigorously investigated the potential of hybrid silicon-plasmonic (HSP) waveguides for χ(3) -related
nonlinear applications in compact integrated photonic
components implemented on the prominent silicon-oninsulator platform. We have established a set of figuresof-merit for nonlinear-waveguide characterization that
account for nonlinearity, losses, as well as the additional effects arising from the silicon-presence, namely
the two-photon-absorption and the resulting free-carrier
effects. A nonlinear HSP waveguide design based on
the DDMEBT polymer and utilizing an inverted metal-
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