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Silicon-based plasmonic waveguides show high con-
finement well beyond the diffraction limit. Various de-
vices have been demonstrated to outperform their di-
electric counterparts at micrometre scales, such as lin-
ear modulators, capable of generating high field con-
finement and improving device efficiency by increas-
ing access to nonlinear processes, limited by ohmic
losses. By using hybridised plasmonic waveguide ar-
chitectures and nonlinear materials, silicon-based plas-
monic waveguides can generate strong nonlinear ef-
fects over just a few wavelengths. We have theoretically
investigated the nonlinear optical performance of two
hybrid plasmonic waveguides (HPWG) with three dif-
ferent nonlinear materials. Based on this analysis, the
hybrid gap plasmon waveguide (HGPW), combined
with the DDMEBT nonlinear polymer, shows a four-
wave mixing (FWM) conversion efficiency of −16.4dB
over a 1µm propagation length, demonstrating that plas-
monic waveguides can be competitive with standard
silicon photonics structures over distances three orders
of magnitude shorter. © 2015 Optical Society of America
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Silicon-based plasmonic waveguides provide high field con-
finement, making them good candidates to integrate sub-
diffraction limit propagation into contemporary silicon photon-
ics and nano-electronics[1–5]. Plasmonic waveguides enable sub-
diffraction propagation[6, 7] and nano-focussing[8–11], which
allows efficient nonlinear optical generation for ultrafast optical
signal processing and data transfer[1]. This enhanced efficiency
can be utilised to reduce the device size of linear modulators
from centimetre scales in silicon photonic modulators[12] down
to the order of micrometres[13]. Nevertheless, semiconductor

plasmonic waveguides are still affected by prohibitive ohmic
losses, which limit the propagation length to tens of wavelengths
or less. However, it has been shown that these losses can be par-
tially reduced by incorporating a low refractive index material
between the metal and high refractive index semiconductor,
forming a hybrid plasmonic waveguide (HPWG)[6]. HPWGs
exploit the high modal confinement of plasmonic waveguides
with reduced but omnipresent losses.

Although both electro-optical[13] and all-optical[14] modu-
lation have been examined in silicon plasmonic waveguides,
an important wavelength conversion phenomenon for signal
processing – four-wave mixing (FWM) – remains unexplored. A
consequence of the Kerr effect-induced intensity-dependent re-
fractive index change, FWM involves the interaction of two
pump photons that generates two new photons at different
frequencies[15]. Degenerate FWM, where both input pump pho-
tons have the same frequency, has been shown to be an efficient
method to transfer information from the input pump beam to
the output idler beam with almost perfect fidelity[19, 20].

An active plasmonic material with very low refractive index
but very high Kerr index is desirable to enhance nonlinearities. A
low refractive index reduces propagation losses[21], and a high
Kerr index amplifies a material’s nonlinear optical response[15].
Some organic materials have been shown to be capable of high
optical nonlinearities, due to delocalised π-bonds which pro-
duce Kerr indices independent of linear refractive index[15], in
contrast to inorganic materials that have a close relationship
between their linear index and their Kerr index. These nonlin-
ear organic materials have already been effectively utilised for
nonlinear wavelength conversion and modulation in photonics
through the silicon-organic hybrid slot waveguides[16–18]. Such
materials can offer the high nonlinear effects and low refractive
indices that are advantageous for HPWGs. In this letter, we ex-
amine two different HPWGs: the metal-insulator-semiconductor
plasmonic waveguide (MIS)[5] (Fig. 1a) and the hybrid gap plas-
mon waveguide (HGPW)[11] (Fig. 1b). These platforms offer the
potential of generating higher field confinement and lower prop-
agation loss than other silicon plasmonic waveguides, making
them suitable for nonlinear optical signal generation.

In order to understand the relationship between high confine-
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ment and high losses for different active materials, we need to
examine how each influences FWM as the pulses traverse the
waveguide. In degenerate FWM, a strong initial pump pulse
with frequency ω1 interacts with a signal probe pulse at a fre-
quency ω2. This results in both the potential amplification of
the signal pulse, as well as the generation of a new idler conju-
gate pulse at ω3 that can be related back to the pump pulse by
2ω1 = ω2 + ω3[19]. For degenerate FWM, a set of three coupled
equations derived from the non-linear Schrödinger equation
(NLSE) gives the complete description of the pulse propagation
down the waveguide. The three coupled equations describe how
the pump pulse A1 interacts with a seeded signal pulse A2 and
the two generate a third idler pulse A3. These three equations
differ only by their phase matching term (PM) and can be given
by Eq. 1 (with j = 1, 2, 3):
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where T denotes the retarded time T = t − zβ1 and
PM1 = 2iγ1 A∗1 A2 A3exp(i∆kz), PM2 = iγ2 A∗3 A2

1exp(−i∆kz)
and PM3 = iγ3 A∗2 A2

1exp(−i∆kz). βn,j on the left of Eq. 1 de-
notes the nth order dispersion for the pulse Aj. Dispersion up
to the third order (n = 3) is considered, and all dispersion val-
ues were calculated at each wavelength using ComSol. On the
right, linear absorption loss is given by αj and the free carrier
absorption α f c,j where α f c,j = σj N f c, with σj as the free carrier
absorption coefficient given by σj = 1.45× 10−21(λj/λ0)

2[m2]
and N f c is the free carrier density. The free carrier-induced re-
fractive index change is given by δn f c,j and can be related to
the free carrier density by δn f c,j = ζ j N f c where ζ j = −1.35×
10−27(λj/λ0)

3[m2], with λ0 as the initial pump wavelength. The
free carrier density Nn+1/2 can be calculated approximately at
each temporal step using[22]
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where the free carrier lifetime τc ≈ 1ns[23]. The second term
on the right of the equality in Eq. 1 describes the self-phase mod-
ulation (SPM) of each pulse. The nonlinear coefficient γ̃j is com-
puted for each material and scaled by the respective fractional en-
ergy E f ,j with an effective nonlinear coefficient γ̃e f f = ∑ γ̃jE f ,j,
with each constituent γ̃j given by[19, 24]

γ̃j =
ωjn2

cAm
+ i

βTPA
2Am

, (3)

where n2 is the Kerr index of the material, Am is the effective
mode area, βTPA is the two-photon absorption (TPA) coefficient,
and c is the speed of light. The final two terms in Eq. 1 de-
scribe the cross-phase modulation (XPM) and PM of each pulse,
where the PM of the pulse contains the propagation distance z
and phase-mismatch term ∆k which relates to the propagation
constants for each pulse according to ∆k = k2 + k3 − 2k1 where
kj = ñjωj/c and the effective refractive index ñj = nj +∆nj with
∆nj as the change in refractive index due to waveguiding[19].

However, this is of little impact as a propagation distance of
only a few wavelengths is examined. SRS terms are absent from
Eq. 1 as Raman effects were found to be negligible, as was an
XPM term in Eq. 2. A term for third harmonic generation is also
neglected[25] as there is little overlap between the fundamental
and third harmonic field profiles in the proposed structures.

Fig. 1 depicts the two silicon hybrid plasmonic waveguide
architectures studied in this letter: a) MIS and b) HGPW and
their respective electromagnetic modal distributions c) and d).
The MIS waveguide is made of a silicon-on-insulator (SOI) stan-
dard strip waveguide with a spacer layer of thickness S, topped
with a metal strip of thickness M all with a width W1. With
the given dimensions, the waveguide supports predominantly
transverse-magnetic (TM) modes. The HGPW architecture dis-
cussed in [11] differs from the MIS waveguide by patterning
a metal gap of width W2 atop the spacer layer and not etch-
ing the sides. The HGPW waveguide supports predominantly
transverse-electric (TE) modes. Both geometries allow high con-
finement due to the metal regions loading the underlying slab,
raising the local effective index contrast and generating strong
lateral confinement[11].

Fig. 1. a) The MIS geometry where the active material fills the
spacer layer. b) The HGPW waveguide where the active ma-
terial fills the gap and cladding. c) Mode diagram of the MIS
geometry - W1=50nm, S=20nm, M=40nm. d) Mode diagram of
HGPW geometry, W2=20nm, S=20nm, M=40nm.

Holding all other parameters constant and varying the width
in each waveguide, the highest nonlinear response was at a
width of W1 = 50nm for the MIS waveguide and W2 = 10nm
for the HGPW gap. In each geometry, metal film thickness
M = 50nm, spacer layer thickness S = 20nm, and the silicon
layer thickness of 220nm, corresponding to a standard SOI sub-
strate with a 3µm buried oxide layer. The width W1 = 50nm
is the smallest width that still supports a bound mode in the
MIS waveguide. On the other hand, the HGPW waveguide can
support a mode with an infinitesimally small gap, but widths
smaller than W2 = 10nm are extremely difficult to fabricate,
even with template stripping processes. Three nonlinear ma-
terials were examined as potential active plasmonic materials,
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placed in the spacer for the MIS geometry and in the cladding for
the HGPW: DDMEBT[18], DAN2[26] and silicon nitride. Each
material was chosen either for its potentially high nonlinear re-
sponse (DDMEBT, DAN2) or for its CMOS compatibility (Si3N4).
Table 1 gives each material’s refractive index n, Kerr index n2,
TPA coefficient βTPA and the corresponding wavelengths.

Table 1. Optical constants used

Material λ(nm) n n2(m2/W) βTPA(cm/GW)

DDMEBT [18] 1550 1.8 1.7e-17 0

DAN2 [26] 1579 1.645 1.1e-17 1

Si3N4 1600 2.05 2.4e-19 0

Silicon 1550 3.458 2.6e-18 0.74

SiO2 1550 1.524 2.36e-20 0

Au 1550 0.56 -11.12i 7.8e-17 0

The effective mode area for each geometry is calculated us-
ing the definition of mode area A2 from [7] as it takes into ac-
count the total energy density of the mode, allowing character-
isation of the complete electromagnetic size of the mode. Fig.
2 shows the vacuum diffraction limit-normalised mode area
Am/A0 . The three nonlinear materials in the HPGW are com-
pared with DDMEBT as the spacer layer in the MIS waveguide,
and both architectures are compared with a typical SOI strip
waveguide (450nm× 220nm). Fig. 2 highlights the low mode
area of DDMEBT in the HGPW and shows that both HGPW and
MIS waveguides are capable of higher sub-diffraction confine-
ment than the SOI strip waveguide. Modal characteristics of
each waveguide were calculated using mode-solving algorithms
in ComSol. Calculating propagation length Lm, for DDMEBT in
the MIS waveguide Lm = 3.5µm. In the HGPW geometry, the
propagation length is Lm = 1.7µm for DDMEBT, Lm = 1.2µm
for DAN2 and Lm = 2.6µm for Si3N4. The strip SOI waveguide
has a propagation length Lm = 2cm[27].
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Fig. 2. Diffraction-limit normalised mode area for different
waveguide architectures and materials.

FWM is simulated in each geometry using hyperbolic-secant
input pulses with varying peak input power P1. Fig. 3a shows
the spectra for the HGPW geometry clad with DDMEBT, prop-
agating down a waveguide of length z = 10µm, with a pump

pulse A1 at a central frequency of λ1 = 1550nm with a peak
power P1 = 5W, an initial signal pulse A2 at a central frequency
of λ2 = 1363nm with a peak power P2 = 0.1W, with an idler
pulse at a central frequency λ3 = 1796nm. Each pulse has a
pulse width τ = 0.3ps. The entire power spectrum is normalised
to the input peak pump power P1. The highest power in the
idler pulse can be seen at z = 1µm. Fig. 3b gives the conversion
efficiency (CE) for the same waveguide, emphasising the losses
seen in Fig. 3a as each pulse reaches z = 50µm. It also shows the
improved efficiency for an SOI strip waveguide as the propaga-
tion length increases, where the SOI strip waveguide surpasses
the CE of the HGPW with DDMEBT at z = 14µm.
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Fig. 3. a) Complete spectra for FWM in an HGPW waveguide
over 10µm, normalised to the input peak pump power P1. Sig-
nal on the left, pump in the centre and idler on the right. b) CE
as a function of propagation distance.

The logarithmic ratio of the output idler pulse A3 f to
the initial signal input energy A2i gives the CE η[dB] =
10 log10(A3 f /A2i)[19]. The CE gives an indication of the
strength of FWM through the waveguide. Fig. 4 plots the CE
for each geometry and active material. The initial signal peak
power is kept at P2 = 0.1W and the input peak pump power
is varied from P1 = 0.1W to P1 = 6W. Each CE is calculated
over a distance of z = 1µm. DDMEBT in the HGPW geometry
gives highest CE, followed by the same material in the MIS. The
second highest material CE is given by DAN2, slightly below
DDMEBT in the MIS. Silicon nitride follows with significantly
worse efficiency, but still better than the SOI strip waveguide.
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Fig. 4. CE as a function of pump power in watts, calculated
over 1µm.

The HGPW geometry with DDMEBT cladding gives the high-
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est CE when z = 1µm. The HGPW offers a smaller mode area
(Fig. 2) than the MIS geometry and higher field confinement
due to its ability to maintain a mode at widths that MIS can-
not access. DDMEBT has the highest Kerr index of the three
nonlinear materials as well as a negligible TPA coefficient, and
when coupled with the HGPW, offers the highest mode con-
finement and strongest nonlinear response. For a peak input
pulse into the HGPW waveguide with DDMEBT cladding at
λ1 = 1550nm, λ2 = 1363nm, P1 = 5.5W, P2 = 0.1W, the maxi-
mum CE ηmax = −16.4dB.

DAN2 and Si3N4 return lower CEs. At length scales of only a
few micrometres, material nonlinear properties have a stronger
influence than linear properties on FWM. Although DAN2 has
lower absorption losses than DDMEBT, the reduced Kerr index,
larger mode area and larger TPA coefficient return a lower CE.
Similarly, Si3N4 has a lower Kerr index by two orders of magni-
tude which leads to lower CE. However, Fig. 3b shows that over
longer propagation lengths, DDMEBT in the HGPW becomes
less efficient than the other materials or DDMEBT in the MIS,
emphasising that the nonlinear strength of the HGPW geometry
with DDMEBT cladding is not sustainable for longer lengths.

Fig. 4 further shows the comparatively low efficiency of an
SOI strip waveguide over z = 1µm. Typical SOI FWM takes
place over length scales of three orders of magnitude longer, and
at such short lengths, SOI strip waveguides are not effective.
For typical SOI FWM lengths, phase-matching is an important
condition that would cause high walk-off in the other materials
used here, but plasmonic FWM distances are insufficient for
significant walk-off to occur, allowing access to a wider range of
materials and wavelengths not suited for phase-matching.

Our results are competitive with other ultrafast silicon pho-
tonic FWM experiments, as Table 2 shows. At the same peak
powers and pulse widths, we can only recover CEs 2-3 times
lower than the other experiments due to lower propagation
lengths. However, raising the peak power sees the CE increase
to a competitive level. Typical silicon waveguide experiments
avoid peak powers of more than a few watts due to high TPA,
but DDMEBT’s negligible TPA coefficient allows access to higher
input powers without losses due to TPA or significant free carrier
effects. The pump pulse energy E1 is closer to other experiments
as the high powers are pumped for a fraction of a picosecond.
This demonstrates that micrometre scale FWM in silicon hybrid
plasmonic waveguides can offer competitive efficiencies to con-
temporary silicon photonic waveguides over similar distances.

Table 2. CEs of ultrafast silicon FWM
Paper P1(mW) P2(mW) L(mm) τ(ps) E1(pJ) CE(dB)

Lavdas et al. [28] 200 20 60 0.5 0.1 −25

Salem et al. [29] 200 25 18 33 6.6 −20

Pu et al. [30] 200 0.3 3 1 0.2 −16.5

This work 5500 100 0.001 0.3 1.7 −16.4

This letter has shown that wavelength conversion via FWM
can be achieved over distances of less than a wavelength – dis-
tance scales that render phase-matching unnecessary – with
comparable CEs to contemporary ultrafast pulsed silicon pho-
tonics experiments three orders of magnitude longer, and with
a maximum CE ηmax = −16.4dB. The HGPW geometry with
DDMEBT cladding offers the highest CE due to large Kerr index
and high mode confinement combined with the reduced-ohmic
loss ability of a hybridised waveguide. Furthermore, we demon-

strate that nonlinear effects have a stronger influence on FWM
than linear loss over the scale of a few micrometres. These results
suggest that nonlinear effects could be utilised over wavelength-
scale distances in silicon hybrid plasmonic waveguides, which
could contribute to sub-diffraction optical propagation technolo-
gies, broadening the range of contemporary silicon photonics.
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