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Abstract—Plasmonic waveguides are promising in nonlinear
optical applications because of their subwavelength field con-
finement, which can strongly enhance light-matter interactions
and greatly reduce the device footprint. We investigate the Kerr
nonlinear characteristics of two typical plasmonic waveguides
and compare their relative merits to a conventional all-dielectric
silicon slot waveguide. This work provides useful guidance on
designing ultra-compact nonlinear optical devices.

I. INTRODUCTION

Compact integrated nonlinear photonic chips, operation at
low power level and high efficiency, has been attracting much
attention in applications such as all-optical generation and
signal processing [1]-[3]. For Kerr-type nonlinearity, strong
nonlinear effects or equivalently large nonlinear coefficient ~y
can be achieved by using either strong nonlinear materials
or small effective mode area [4]. By confining the electro-
magnetic fields beyond the diffraction limit and thus greatly
enhancing light-matter interactions, plasmonic waveguides
have been predicted to be a promising platform for efficient
Kerr nonlinear devices on the scale of micrometers [5] even
though they exhibit absorption. Calculations have shown that
the nonlinear coefficient of a plasmonic waveguide reaches
v o~ 10" W—1km ™! [6], [7], orders of magnitude larger
than conventional all-dielectric waveguides. Four wave mixing
(FWM) was also experimentally observed in a 10 um hybrid-
plasmonic waveguide by Diaz et al [8]. However, the effect
was weak and more work is required to design and optimize
such structures for better nonlinear device performance.

Recently we the generalized full-vectorial nonlinear
Schrodinger equation governing nonlinear pulse propagation
in a lossy waveguide, derived the power threshold allowed in
such a highly confined waveguide by taking into account the
local field enhancement and the material damage threshold,
and proposed a simple and versatile FOM for Kerr nonlinear
waveguides with linear losses [9]. Based on these results,
here we investigate the Kerr nonlinear characteristics of two
typical plasmonic waveguides and compare their merits with
a conventional all-dielectric waveguide.

II. RESULTS AND DISCUSSION

We consider two typical plasmonic waveguide configura-
tions, namely an all-plasmonic waveguide (noted as APW) and
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a hybrid-plasmonic waveguide (HPW), and compare them with
an all-dielectric silicon-slot waveguide (ADW) (see Fig. 1(a)).
All of these incorporate a slot fillled with DDMEBT, a highly
nonlinear polymer [10]. To ensure a fair comparison, the same
structure and identical material parameters are used except
that the ridges are silver-slot-silver (from top to bottom) for
the APW, and silver-slot-silicon for the HPW, and silicon-
slot-silicon for the ADW. All the waveguide eigenmodes were
analyzed numerically using COMSOL with w = h = 220 nm,
A = 1550nm, ngio, = 1.45, nps = 0.144 4+ 11.3667 [11],
n = 3.477 and ny = 2.5 x 107®¥ m? W~ for silicon [12],
n = 18 and no = 1.7 x 107" m2W~! for DDMEBT
[10]. We estimate the DDMEBT damage threshold to be
I, = 5GWem™2, which is inferred from experiments [10].
The slot thickness hy was varied between 5nm and 200 nm
in steps of 10 nm. The attenuation losses of the APW and the
HPW are assumed to be absorption losses, and that of the
ADW to be scattering loss, which is taken to be independent
from hg for simplicity, and the corresponding attenuation
length is taken to be Lart = 1.89mm [13].

We characterize a lossy nonlinear waveguide as follows.
The effective mode area A.g defined in [14] is used as a
measurement of the mode confinement. The nonlinear coeffi-
cient v defined in [14] determines the magnitude of the
nonlinear effects. The power threshold P, defined in [9]
means the maximum pump power allowed in the waveguide.
The nonlinear length Lyp, = 1/(vFPy) [4] provides the length
scale over which the nonlinear effects become important.
Our previously proposed and validated figure of merit, 7 =
vLaTT Py t1, determines the maximum achievable degenerate
four wave mixing conversion efficiency as, Nmax = 4F2/27,
and the nonlinear phase shift as A®yy, = 2F/3, at the optimal
waveguide length Lopr = In3 - Lyt ~ 1.1Lapr [9].

Using these measures, the APW, the HPW and the ADW
are compared in Figs. 1(b)—1(f). Figure 1(b) shows that
the effective mode area of the APW can be as small as
0.002(\/2)?, far below the diffraction limit, while that of the
HPW can reach 0.04(\/2)?, and that of the ADW is always
larger than 0.1()\/2)2. Accordingly, the nonlinear coefficients
reach values as high as v = 8.3 x 105 W~'km ' for the
APW and v = 5.7 x 105W~'km™! for the HPW, and
only v = 1.4 x 10°W~1km™" for the ADW, as shown in
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Fig. 1. (a) Schematics of the APW, HPW, and ADW structures. (b) Aesr /Ao
with Ag = (A/2)2, (©) v, (d) Poth, (€ Lo, () F versus hg. The
waveguides selected for further study are indicated by open circles.

Figs. 1(c). Thus, in terms of mode confinement and nonlinear
coefficient, the APW is better than the HPW and much better
than the ADW. However, tighter confinement leads to stronger
electric field enhancement, and thus lowers the maximum
power allowed in the waveguide, Py ¢, as shown in Fig. 1(d).
Combining Figs. 1(c) and 1(d), the nonlinear length is shown
in Fig. 1(e). Results show that Ly, can be as short as
100 um for the APW, compared with 740 ym for the ADW.
Figure 1(f) shows that F of the APW and HPW are two
orders of magnitude smaller than that of the ADW. As a
result, if a nonlinear phase shift of order 7 is required, or
a high conversion efficiency, the ADW is the best candidate.
in contrast, if low-power operation or small device footprint
is crucial, the APW is preferred.

To illustrate the nonlinear performance of the three partic-
ular waveguide configurations, an APW with h; = 5 nm, an
HPW with hy, = 20 nm and an ADW with A, = 30 nm.
We optimize each of them separately for four-wave mixing
efficiency 7, making sure that their power thresholds are not
exceeded, using an approximate analytic solution that we
validated previously [9]. As an example, for an input power of
Py =10 mW, Fig. 2 confirms that the APW has the highest
conversion for short waveguide lengths (L < 19 ym), the HPW
is more favorable for intermediate lengths (19 < L < 43 pum),
while the ADW is best if a large footprint is not an issue.

III. CONCLUSION

In conclusion, we compare the Kerr nonlinear properties two
typical plasmonic waveguide configurations, the all-plasmonic
waveguide and the hybrid-plasmonic waveguide, and compare
with a low-loss all-dielectric silicon slot waveguide. We find
that the all-plasmonic waveguide is the best choice for low-
power operation and ultra-compact integration, followed by
the hybrid-plasmonic waveguide, but both plasmonic wave-
guides suffer from limited nonlinear phase shift and conversion
efficiency due to losses. The all-dielectric waveguide is best
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Fig. 2. Comparison of the conversion efficiency 1 of the APW, the HPW and
the ADW versus the waveguide length L, for Py = 10 mW. Vertical lines
indicate the optimal waveguide lengths Lopr.

if a large nonlinear phase shift or high conversion efficiency
are required in applications such as optical switching. These
results provide theoretical guidance in choosing the most
suitable waveguide geometry.
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