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Long-Range Hybrid Plasmonic Disk Resonators
for mW Bistability and Self-Pulsation
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Abstract—A side-coupled disk-waveguide system based on a
long-range hybrid plasmonic waveguiding configuration is theoretically investigated for Kerr bistability and self-pulsation. The
nonlinear response is studied with a theoretical framework combining perturbation theory and temporal coupled-mode theory,
where all relevant effects, including two-photon absorption (TPA)
as well as free-carrier dispersion (FCD) and absorption (FCA),
are taken into account. We show that bistable operation with
input powers as low as 40 mW is possible; a consequence of the
significant reduction in resistive losses made possible by the longrange waveguiding principle. The effect of TPA, FCD, and FCA
on the nonlinear response is thoroughly assessed and it is shown
that carrier lifetime must drop to 8 ps in order to suppress freecarrier effects and obtain a high-quality bistable response, which
is subsequently exploited for demonstrating ultrafast memory
operation with low power requirements and high extinction ratio
between states. Finally, by appropriate tuning of the carrier
lifetime, FCD can lead to self-pulsation. The operating regimes
in the detuning-power space are identified and the characteristics
of the spontaneous oscillation discussed.
Index Terms—Nonlinear optics, optical bistability, plasmonics,
long-range hybrid plasmonic waveguides.

I. I NTRODUCTION

N

ONLINEAR phenomena in guided-wave plasmonics are
attracting increasing interest, due to their potential for
implementing integrated components performing elaborate
functions [1]. In particular, exploiting the third order susceptibility, χ(3) , can be a favorable approach towards all-optical
devices with ultrafast response. Interestingly, the combination
of χ(3) nonlinearity and optical feedback in resonant nonlinear
structures can lead to bistable behavior. In turn, this opens
a pathway for implementing memory [2], switching [3], and
logic-gate functions [4], [5].
Initially, bistability studies in plasmonics revolved around
two-dimensional geometries with the metal-insulator-metal
waveguide. Addressing the need for practical, threedimensional bistable components, we have recently examined
the manifestation of optical bistability (BI) with nonlinear
traveling- [6] and standing-wave [7] resonators made of hybrid
plasmonic waveguides (HPWs), whose tight mode confinement renders them a prime candidate for nonlinear applications. Although the potential of plasmonic bistable structures
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has been highlighted, the power requirements for bistable
switching remain high (>1 W); a direct consequence of the
lossy nature of plasmonic structures.
In this work, we attempt to lower the power requirements
of integrated HPW-based components for Kerr bistability. To
this end, we apply the concept of long-range waveguiding, i.e.,
we mirror the waveguide structure in order to create a symmetric HPW configuration supporting modes with enhanced
propagation length [8], [9]. The resulting long-range hybrid
plasmonic waveguide (LRHPW) features significantly reduced
propagation (resistive) losses, while retaining the nanoscale
mode confinement of the original HPW. Consequently, resonant nonlinear systems based on the LRHPW are expected
to exhibit reduced power requirements for bistable operation.
This is demonstrated with a system consisting of a nonlinear
disk resonator side-coupled to a bus waveguide. We show that
through proper design bistable switching can be accomplished
with mW input powers.
For studying the optical response we employ a theoretical framework combining perturbation theory and temporal
coupled-mode theory (CMT), fed with full-wave simulations
of the linear system performed with the three-dimensional vectorial finite element method (3D-VFEM). All relevant phenomena are taken into account, including two photon absorption
(TPA) taking place in the silicon layer of the structure and
the effect of TPA-generated free carriers (FCs). We find that
although the effect of TPA is negligible, free-carrier induced
dispersion (FCD) and absorption (FCA) dramatically affect
the nonlinear response. Kerr-induced bistability can still be
observed, provided that carrier lifetime drops to approximately
10 ps. Such carrier lifetimes are comparable with the cavity
photon lifetime. We, thus, investigate the self-pulsing behavior
of the system, as well.
The paper is organized as follows. The nonlinear LRHPW is
presented in Section II. In Section III the LRHPW-based diskwaveguide system is designed for Kerr bistability, targeting
minimum power threshold and maximum extinction ratio
(ER) between bistable states. The theoretical framework is
introduced and, by momentarily neglecting FCD and FCA, a
system of two polynomial equations describing the CW nonlinear response is derived. The effect of FCs on Kerr bistability
is thoroughly investigated in Section III-C. Efficient bistable
operation with mW input power is demonstrated for a carrier
lifetime of 8 ps. As carrier lifetime becomes comparable with
the cavity photon lifetime, self-pulsation (SP) can be observed.
Section IV is devoted to the study of this phenomenon. Finally,
a discussion is provided in the concluding Section V.
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Fig. 1. (a) Nonlinear LRHPW. The nonlinear polymer DDMEBT occupies
the low-index regions between silver and silicon layers. The heights of the
L
U
U
five layers comprising the guiding ridge are {hL
Si , hp , hAg , hp , hSi } =
L
{243, 25, 15, 25, 260} nm. hSi has been properly tuned to render the mode
perfectly symmetric, despite the asymmetric nature of the structure due to the
SiO2 substrate. The waveguide width w is 200 nm. (b) Electric field norm for
the long-range mode at 1.55 µm. The mode is symmetric along the z-axis,
i.e., the E-field norm is equally strong on either side of the silver layer.

II. N ONLINEAR L ONG -R ANGE H YBRID P LASMONIC
WAVEGUIDE
Long-range modes were first studied with the stripe plasmonic waveguide [10]. The same principle of a symmetric
waveguiding environment supporting a long-range mode was
some years later transferred to HPWs [8], [9], in order
to take advantage of the tight confinement offered by the
metal/low-index-gap/high-index-semiconductor layer configuration. In practical situations where the cladding is different
from the substrate, the waveguiding configuration is not exactly symmetric. This has a detrimental effect on propagation
loss, compromising the long-range nature of the supported
mode. However, the propagation length can be restored to the
levels of the symmetric structure by following a procedure
of symmetrizing the mode (field) profile by varying certain
waveguide dimensions [11], [12].
The cross-section of the nonlinear LRHPW used in this
work is depicted in Fig. 1(a). It is the long-range counterpart
of the HPW employed in [6], [7] and consists of two lowindex, nonlinear polymer regions sandwiched between metal
and high-index semiconductor layers. More specifically, the
semiconductor is silicon and the metal silver since it exhibits lower resistive losses compared to other alternatives.
DDMEBT [13] is chosen as the nonlinear polymer, being
highly nonlinear (n2 = 1.7 × 10−17 m2 /W) and moreover
compatible with nanophotonic integration. At 1.55 µm the
linear refractive indexes for the materials involved are nSi =
3.48, nAg = 0.145 − j11.4 [14], np = 1.8, and nSiO2 = 1.45.
Regarding waveguide dimensions, the waveguide width
w is 200 nm and the heights of the five layers comL
U
U
prising the guiding ridge are {hL
Si , hp , hAg , hp , hSi } =
{243, 25, 15, 25, 260} nm. The 200-nm width ensures that the
underlying HPW is single mode. The 15-nm-thick metal layer
is sufficiently thin to guarantee large propagation lengths while
remaining technologically feasible [15]. Polymer layers are
both 25-nm thick so that the aggregate thickness equals 50 nm,
as in [6]. Notice that the lower silicon layer has been properly
tuned from the nominal thickness of 260 nm (hL
Si = 243 nm)

z

Input

x

Fig. 2. Nonlinear disk resonator side-coupled to a bus waveguide through
coupling gap g. The implementation is based on the LRHPW of Fig. 1.

to render the mode profile symmetric.
This can be verified by observing Fig. 1(b) where the supported long-range mode is depicted. Indeed, after adjusting hL
Si
the mode becomes perfectly symmetric along the z-axis, i.e.,
the E-field norm is equally strong on either side of the silver
layer. Note that the LRHPW can be considered a composite
waveguide consisting of two HPWs, coupled through their
common metal layer (provided it is sufficiently thin to permit
field tunnelling). As such, it supports two “supermodes” with
opposite field symmetries [12]. The long-range mode depicted
in Fig. 1(b) is characterized by a symmetric distribution of the
Ez component along the vertical direction (z-axis), whereas
the other “supermode” (not shown) is characterized by an
antisymmetric Ez distribution. The latter suffers very high
propagation losses and is not of practical interest for bistability
applications.
Returning to the long-range mode depicted in Fig. 1(b),
the effective index at 1.55 µm is 1.996 − j1.112 × 10−4 .
The imaginary part corresponds to a propagation length of
1110 µm, a spectacular improvement compared to the 80 µm
of the HPW in [6]. Importantly, this improvement is not
accompanied by a drastic change in the mode area. More
specifically, we calculate Aeff = 0.069 µm2 instead of
0.052 µm2 [6]. On the whole, the LRHPW of Fig. 1(a)
combines low loss with nanoscale confinement and is therefore
particularly well suited to our application. Finally, regarding
waveguide nonlinearity, by employing the definition in [16] we
find γwg = 1485−j11.4 W−1 m−1 . Nonlinearity stems almost
exclusively from the nonlinear polymer, due to its higher non−18
m2 /W) and the better
linear index than Si (nSi
2 = 2.5 × 10
overlap with the supported mode [Fig. 1(b)]. Specifically, the
contribution of Si to the real part of γwg is only 3%. However,
silicon manifests itself through the imaginary part of γwg ,
Si
which accounts for TPA (βTPA
= 5 × 10−12 m/W) and gives
rise to free carrier effects (FCEs).
III. D ISK -WAVEGUIDE S YSTEM FOR K ERR B ISTABILITY
The physical system under study is depicted in Fig. 2. It
consists of a disk resonator based on the nonlinear LRHPW of
Fig. 1 side-coupled with a standard LRHPW (silica occupying
the low-index regions instead of DDMEBT). The waveguide
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width is 200 nm. To study the nonlinear response of the
disk-waveguide system we employ a CMT framework where
nonlinearity is introduced by utilizing perturbation theory
[6], [17], [18]. The resonator is treated as being lumped;
dependence on spatial coordinates is absent and the physical
system is hidden in the coefficients entering in the CMT
equation. They are specified by conducting full-wave simulations of the linear system, carried out with the 3D-VFEM
[19]. Following this approach we avoid tedious nonlinear fullwave simulations, saving valuable resources without, however,
sacrificing the accuracy of the results [18], [20].

A. Coupled-Mode Theory Framework
A CMT framework for modeling Kerr-induced bistability
in photonic crystal structures was originally described in [17].
In [21] this framework was extended to include TPA and the
resulting free-carrier effects (FCD and FCA) in the context
of silicon-on-insulator microring resonators. Since a Si layer
is present in our structure, all of these effects should be
taken into account. However, here we will first outline the
framework by including TPA but not FCEs. This will allow us
to derive a system of two polynomial equations for describing
the CW nonlinear response when FCEs are negligible. Note
that due to the presence of TPA it is no longer possible to
end up with a single polynomial equation, as in [6]. However,
the system of two polynomial equations is still useful and
moreover permits us to derive a closed-form expression for
the detuning threshold for bistability.
We start from a CMT equation identical with the one in [6],
with the exception of an extra term accounting for TPA:
r


da
1
1
1
2
a+j
+
+
si , (1a)
= j(ω0 +∆ω)a−
dt
τi
τe
τTPA
τe

st = si + j

r

2
a.
τe

(1b)

In (1) τi and τe denote cavity photon lifetimes corresponding
to linear intrinsic losses (radiation and resistive) and external
(coupling) losses, respectively. The respective quality factors
are given by Q = ω0 τ /2. ∆ω is the Kerr-induced nonlinear
frequency shift perturbing the resonant frequency ω0 . Furthermore, si and st denote incident and transmitted wave
amplitudes, normalized so that |s|2 expresses guided power.
In the same way, the cavity amplitude a is normalized so that
|a|2 is the energy stored in the resonator, W . On resonance,
where electric and magneticRRRenergies are equal, the stored
2
2
energy is given by (ε0 /2)
V n (r) |E0 | dV . Note that
unlike τi and τe , τTPA is not constant; it depends on the stored
energy since TPA is a nonlinear intrinsic loss mechanism.
Thus, when solving (1) for constructing the hysterisis loop
one has to bear in mind that the stored energy is hidden
not only in ∆ω = −γKerr W (notice the minus sign), but

−1
in τTPA
= γTPA W as well. The nonlinear parameters γ,
measured in W−1 s−2 , are given by
 3
1 ω0
c0 ω0 κKerr nmax
,
(2a)
γKerr =
2
4 c0
 3
1 ω0
max
γTPA =
c20 κTPA βTPA
.
(2b)
8 c0

Obviously, γKerr and γTPA are the resonator (3D) counterparts
of real and imaginary parts of the waveguide (2D) nonlinear
parameter γwg . The dimensionless nonlinear feedback parameters κKerr and κTPA appearing in (2) are defined as
ZZZ


1
 3
n2 n2 |E0 · E0 |2 + 2|E0 |4 dV
c0
3
V
κKerr ,
,
 ZZZ
2
ω0
1
2
2
max
n |E0 | dV n2
2
V
(3a)
ZZZ


1
 3
βTPA n2 |E0 · E0 |2 + 2|E0 |4 dV
c0
3
V
,
κTPA ,
2
 ZZZ
ω0
1
2
2
max
n |E0 | dV βTPA
2
V
(3b)
with E0 denoting the unperturbed electric field in the structure
(the coordinate dependence is suppressed). Note that the
integrations in the nominator of (3a) and (3b) will be primarily
performed in polymer and semiconductor layers, respectively,
since DDMEBT is almost exclusively responsible for the Kerrinduced frequency shift (Si contribution to κKerr is 3.8%) but
TPA takes place in silicon. Therefore, κKerr (κTPA ) measures
the degree of overlap between the supported mode and the
polymer (semiconductor) material. Note also that κKerr is
inversely proportional to the effective mode volume [6].
As already mentioned, in the steady state (1) can reduce to
a system of polynomial equations. To this end, we follow a
procedure similar to the one in [6]. More specifically, making
use of the standard definition for the quality factor we can
associate the linear intrinsic resonator losses (radiation and
resistive), Pi , with the stored energy through
Pin − Pout − PTPA
Pi
= Qi
.
(4)
ω0
ω0
Note that here Pi is not simply Pin − Pout as in [6], since
TPA losses are also present. The power dissipated due to TPA
in the infinitesimal volume dV can be expressed as
W = Qi

1
dPTPA = Re{E∗0 · jωP(3) }dV
2


ε 2 c2 n 2
= 0 0 βTPA |E0 · E0 |2 + 2|E0 |4 dV.
12
Integrating over the resonator volume we can write
PTPA = 2γTPA W 2 = 2γTPA |a|4 .

(5)

(6)

Now, assuming a harmonic (exp{jωt}) time dependence,
using (4) in both (1a) and (6), and following a normalization
procedure identical to the one in [6], we can arrive at the
system of polynomial equations
2

2

(δ + pi ) + (1 − rQ + rTPA pi )
pout
=
2
2,
pin
(δ + pi ) + (1 + rQ + rTPA pi )

(7a)
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pTPA = rTPA p2i ,

κKerr Q2i nmax
2

2
,
τi2 γKerr

(8)

the characteristic power of the system associated with the
threshold for Kerr bistability. In (7) δ = τi (ω − ω0 ) is the
normalized detuning, rQ = τi /τe = Qi /Qe the internal to
external quality factor ratio, and rTPA is defined as

Equations (7) can be readily used for constructing the
hysterisis loop: by appointing a specific value to pin , a system
of two equations with two unknowns (pout and pTPA ) is
formed. In addition, through (7a) we can specify a closed-form
expression for the detuning threshold for bistability. Following
the procedure outlined in [7], i.e., setting ∂pin /∂pout = 0 and
requiring a positive discriminant, we arrive at
√
(1 + rQ )( 3 + rTPA )
√
δ<−
.
(10)
1 − 3 rTPA
Note that in the√absence of TPA, rTPA = 0, (10) reduces to
δ < −(1 + rQ ) 3, in agreement with [6].
B. System Design and Performance
In this Section, we design the physical system (i.e., determine the disk radius R and coupling gap g, Fig. 2) for optimum performance. In particular, we are interested in minimum
threshold for bistability and maximum ER between bistable
states. As thoroughly discussed in [6], the first requirement is
met by minimizing P0 and retaining the detuning δ close to the
respective threshold, whereas the second by satisfying the critical coupling condition. When only linear intrinsic losses are
present, critical coupling corresponds to the condition rQ = 1
(Qe = Qi ); in the presence of TPA (a nonlinear intrinsic loss
−1
−1
mechanism) it is modified to Q−1
e = Qi + QTPA .
We first focus on minimizing the system characteristic
power P0Kerr , or, equivalently, maximizing the κKerr Q2i product [Eq. (8)]. To this end, we perform eigenvalue simulations
of the uncoupled resonator (in the linear regime), varying
the disk radius in order to identify the optimum value. As
R increases, radiation losses are reduced leading to higher
values of Qi . On the other hand, κKerr decreases as the mode
−1
occupies larger volumes (κ ∝ Veff
). We are, thus, looking
for the radius offering the best compromise between the two
competing trends. The described procedure is performed for
the symmetric structure (disk suspended in air), i.e., we momentarily ignore the silica substrate in order to avoid a separate
mode symmetrization procedure (like the one performed for
the waveguide in Section II) for each radius value.
The results are depicted in Fig. 3. Each marker corresponds
to a resonant mode with different azimuthal order m, marked
in Fig. 3(b). Note that for each mode we have adjusted the
radius value in order to center the resonance within ±2 nm
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Fig. 3. Uncoupled disk resonator based on the nonlinear LRHPW, modeled
with the 3D-VFEM as an eigenvalue problem. The structure is symmetric,
i.e., no substrate is considered. (a) Nonlinear feedback parameter κKerr and
effective mode volume Veff , as well as (b) intrinsic quality factor Qi and
characteristic power P0Kerr for the resonant modes of azimuthal order m =
7 − 14. The optimum radius is 1.16 µm (m = 10) and the corresponding
characteristic power is only 2.75 mW.

from 1.55 µm. Observing Fig. 3(a), one can readily verify that
κKerr decreases with radius, being inversely proportional to the
effective mode volume. The opposite is true for Qi , Fig. 3(b),
as anticipated. Minimum characteristic power is attained with
a radius of 1.16 µm corresponding to the m = 10 resonance
(λres = 1552 nm). It is only 2.75 mW, as can be verified by
plugging κKerr = 1.27 × 10−2 and Qi = 14330 in (8). Note
that this power level is significantly reduced compared with
the nonlinear HPW-based disk in [6] (215 mW). Applying the
long-range concept has resulted in much lower resistive losses,
translating into higher quality factors for the resonator.
We now switch to the asymmetric structure and look for the
m = 10 resonance, specified as the optimum. The presence of
the silica substrate renders the supported mode asymmetric,
having a detrimental effect on the quality factor. As in the
waveguide case (Section II), by varying the thickness of the
lower Si layer we can symmetrize the mode profile along
the vertical direction (z-axis) and restore resistive loss to the
symmetric structure level. Specifically, the height required for
this purpose is 250 nm, as demonstrated in Fig. 4 where
the resonant mode is plotted. However, radiation loss cannot
be restored (the silica/Si index contrast is weaker than the
air/Si contrast, translating into increased radiation losses for
the asymmetric disk structure). On the whole, even after the

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

This is the author’s version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/JLT.2015.2511447
F. AUTHOR et al.: SHORT ARTICLE TITLE

5

m =10

Re{Ez }

x103
12
(a)
Qi
9
6
g

3
0

0

250nm

xz-plane

SiO2

Fig. 4. Resonant mode of the asymmetric disk structure (i.e., with silica
substrate) after the mode symmetrization process (lower Si height: 250 nm).
The disk radius is R = 1.158 µm and the resonant wavelength 1550 nm
(m = 10). Real part of Ez (dominant electric field component) (a) at the
xy-plane slicing the lower polymer layer in half and (b) at the xz-plane
containing the resonator axis. Notice the symmetric mode profile. For the
illustrated mode κKerr = 1.26 × 10−2 , Qi = 10720, and P0Kerr = 5 mW.

symmetrization process, the intrinsic quality factor of the
m = 10 resonant mode drops to 10720, instead of 14330. As
a result, the characteristic power of the asymmetric structure
becomes 5 instead of 2.75 mW; still, this power level is quite
low and well within limits for telecom applications. Note that
the disk radius has been adjusted to R = 1.158 µm, with the
corresponding resonant frequency falling at exactly 1.55 µm.
By observing Fig. 4(b) one can readily verify that the
modes of the disk we are interested in are symmetric with
respect to the vertical direction (z-axis), as was the case with
the waveguide mode in Section II. Again, it is these modes
that exhibit reduced propagation losses and, consequently,
high quality factors. In the coupled system, the symmetric
mode of the disk can only couple to the symmetric mode
of the waveguide; coupling with an antisymmetric mode is
not permitted since the aggregate (spatial) overlap of the
evanescent tails would be zero.
Let us now specify the optimum coupling gap. Since we
cannot directly satisfy the modified critical coupling condition
(QTPA depends on the stored energy), we are seeking the
gap value that corresponds to rQ = 1 as a starting point for
obtaining high ERs between bistable states. If needed, we can
further tune the coupling gap, until the desired ER is reached.
Again, we perform eigenvalue simulations in the linear regime
with the 3D-VFEM. From the imaginary part of the complex
eigenfrequency we can extract the loaded quality factor, Qℓ . It
is plotted in Fig. 5(a) for gap values in the range 250−550 nm.
Naturally, as g increases the resonator-waveguide coupling
becomes weaker and Qℓ increases approaching the unloaded
value (10720) marked with a dashed line. In Fig. 5(b) we
=
plot the external quality factor determined through Q−1
e
−1
Q−1
−
Q
and
the
quality
factor
ratio
r
=
Q
/Q
.
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Fig. 5. Nonlinear LRHPW disk resonator coupled to LRHPW bus waveguide.
The 3D-VFEM is employed for performing eigenvalue simulations in the
linear regime. (a) Loaded quality factor Qℓ versus coupling gap g. The
unloaded (intrinsic) value is marked with a dashed line. (b) External quality
factor Qe and quality factor ratio rQ = Qi /Qe versus coupling gap g. The
rQ = 1 condition is met for g = 400 nm.

rQ = 1 condition is satisfied for g = 400 nm.
We complete the design process by specifying the normalized detuning. As already mentioned, δ must be kept close
to the respective threshold for bistability manifestation at low
input powers [6]. In our case, rTPA = 0.0095 (TPA is weak
since the mode overlaps primarily
with the polymer layers)
√
and δth = −3.54 ≈ −2.05 3 [Eq. (10)]. We therefore set
δ = −5.55 ≈ 1.57δth , meaning that the operating wavelength
should be 400 pm higher than the resonant wavelength of the
unperturbed resonator, i.e., equal to 1550.4 nm.
Having designed the physical system, we assess its performance. The bistability curve is plotted in Fig. 6. Notice that
the effect of TPA in our case is negligible, as can be verified
by the additional curve calculated by setting rTPA = 0. The
hysterisis loop appears for an input power of approximately
28 mW (5.6P0Kerr). Just after the onset of bistability there is an
input power level that leads to almost vanishing transmission
(point A′ ). Since the coupling gap was designed to satisfy
rQ = 1, it would be exactly zero if TPA was absent (only then
does rQ = 1 correspond to critical coupling). However, as is
evident from Fig. 6, when TPA is weak the prescription rQ = 1
guarantees very high ERs (though not infinite). In Section III-C
we will show how we can obtain arbitrarily high ERs between
bistable states by further tuning (increasing) the rQ value in
order to account for nonlinear intrinsic loss mechanisms (TPA
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Fig. 6. Bistability curve for the optimum disk-resonator system (R =
1.158 µm, g = 400 nm). The operating wavelength is 1550.4 nm, 400 pm
higher than the resonant wavelength of the unperturbed resonator. Bistability
manifests for an input power of approximately 28 mW. Two photon absorption
is weak (rTPA = 0.0095) and has a negligible effect on the bistability curve.
The maximum ER is measured between points A, A′ and equals 31 dB.

where quantities with a tilde (ũ, ψ̃) denote envelope functions.
Equations (11), (12) are complemented with the normalized
√
version of (1b): ψ̃t = ψ̃i + j rQ ũ. Notice that in dynamic
conditions apart from the CMT equation an additional rate
equation for specifying the (normalized) carrier density, n̄,
must be solved [Eq. (12b)]. Regarding the parameters appearing in (11) and (12), the values calculated for the system under
study are compiled in Table I. Note that quantities rFCD ,
rFCA depend on τc . The values included are calculated for
τcref = 8 ps. However, one can readily obtain values for a
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ũ
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In Sections III-A and III-B the effect of free carriers was
deliberately overlooked for the purpose of deriving closedform expressions for the CW response and the detuning
threshold. The weak overlap of the resonant mode with the Si
regions where carriers are generated and the marginal effect
of TPA itself on the bistability loop (Fig. 6) could perhaps
imply that FCEs would not significantly affect the nonlinear
response. However, as will become evident this is not the case.
The presence of carriers results in index modulation (FCD)
and absorption (FCA). These effects can be incorporated in
the CMT framework of Section III-A following the procedure
outlined in the appendix. Only the resulting equations (after
appropriate normalizations) are shown here, for CW

√
j2 rQ ψ̃i =j δ + |ũ|2 − rFCD |ũ|4 ũ

(11)
+ 1 + rQ + rTPA |ũ|2 + rFCA |ũ|4 ũ,
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Fig. 7. Bistability curves for the optimum disk-resonator system (R =
1.158 µm, g = 400 nm). (a) Effect of carrier lifetime: FCEs have a
detrimental effect on the nonlinear response preventing the manifestation of
bistability for τc = 0.5 ns. Carrier lifetime must drop to 8 ps for a good
bistability loop to form. The onset of bistability is approximately 40 mW and
a maximum ER of 22 dB is measured between points A and A′ . Points B,
C are used in Fig. 8 for toggling between them. (b) For a carrier lifetime of
30 ps it is FCD that hinders bistability manifestation. FCA is weak and the
resulting ER degradation can be readily compensated by tuning the rQ value.

different carrier lifetime by multiplying with τc /τcref , since,
as shown in the appendix, rFCD/FCA are proportional to τc .
In addition, rFCD depends on the input power through the
dependence of carrier density N̄ on Pin . As will become
evident in the appendix, specifying rFCD for a power level
2
different than 40 mW is a simple matter as N̄ scales with Pin
.
Let us now investigate the effect of free carriers on the
bistability curve by solving (11). For a typical carrier lifetime
for submicron waveguides of 0.5 ns, no loop can be observed
whatsoever (Fig. 7). Carrier lifetime must drop to 8 ps for a
loop with good characteristics, i.e., high ER between bistable
states and wide span, to appear. Such a carrier lifetime can
perhaps be attained through carrier sweeping; recent studies
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Fig. 8. Temporal response of the optimum disk-resonator system (R =
1.158 µm, g = 400 nm) with τc = 8 ps and δ = −5.55. (a) Basic memory
operation is demonstrated with set/reset pulses toggling the system to the
low-output state (through route ABA′ on the bistability curve) and then back
to the high-output state (A′ CA route). Points A, B, A′ , and C are clearly
marked in Fig. 7(a). (b) Evolution of the normalized carrier density. Rise
time is limited by the cavity photon lifetime τℓ and equals 19 ps, whereas
fall time is determined by both carrier and cavity lifetimes and equals 47 ps.

have demonstrated lifetimes as low as 12 ps with moderate
biasing voltages [22]. Notice that the onset of bistability is
approximately 40 mW (8P0Kerr ), instead of 28 mW in Fig. 6,
meaning that despite the significantly reduced carrier lifetime
FCEs have not been completely suppressed. This is also
confirmed by the maximum ER which equals 22 dB, instead
of 31 dB in Fig. 6.
Both FCD and FCA are responsible for preventing bistability to manifest when τc = 0.5 ns. FCD induces a frequency
shift acting against the Kerr effect (opposite-sign shifts),
whereas FCA, as with any loss mechanism, reduces the height
and width of the bistability region until a loop is no longer
observable. In our case, FCD is the most restricting of the
two. This is demonstrated in Fig. 7(b) with a carrier lifetime
of 30 ps. More specifically, when both FCD and FCA are
considered bistability does not manifest. On the other hand,
when only FCA is considered a clear bistability loop is formed.
The maximum ER in the bistability region is 17 dB; it is
not infinite due to FCA and, in a lesser extent, TPA loss (cf.
Fig. 6). As already mentioned, this can be amended by tuning
−1
= Q−1
+ Q−1
rQ to satisfy the condition Q−1
e
i
TPA + QFCA ,
instead of Qe = Qi (rQ = 1). More specifically, by setting
rQ = 1.3 (it corresponds to g = 383 nm, Fig. 5) the ER
becomes 38 dB. Through a finer adjustment of rQ we can fully
compensate the ER degradation due to FCA and TPA, reaching
arbitrarily high (theoretically infinite) values. Although the
procedure was demonstrated for the case without FCD, it
obviously holds when FCD is present, i.e., tuning rQ can also
boost the ER of the τc = 8 ps curve in Fig. 7(a).
High-quality bistable response, like the one depicted in
Fig. 7(a) for τc = 8 ps, can be exploited in practical applications. For example, in Fig. 8(a) we demonstrate ultrafast

memory operation using third-order super-Gaussian set and
reset pulses with a FWHM of 26 ps. The first pulse peaking
at PB [Fig. 7(a)] toggles the system to the low-output state
(A′ ), whereas the second exploits point C below the bistable
region to toggle the system back to the high-output state (A).
The evolution of carrier density is also presented, Fig. 8(b).
Rise (10%-90%) and fall (90%-10%) times are clearly noted
and equal 19 and 47 ps, respectively. Carriers are generated instantaneously through TPA. Therefore, carrier rise time should
closely follow the pulse rise time, which is 7 ps. However,
the rate at which the cavity can fill with light is limited by
the loaded cavity lifetime τℓ = τi /2 = 8.8 ps, which in our
case is more restrictive. Therefore, we expect a rise time of
ln(9)τℓ = 19.4 ps which agrees well with the 19 ps measured
in Fig. 8(b). On the other hand, carriers do not recombine
instantaneously (the carrier lifetime is finite); carrier fall time
is determined by both carrier and cavity lifetimes and equals
47 ps. The disparity in carrier rise and fall times is reflected
on the output power with the first transition happening faster
than the second [Fig. 8(a)]. However, in both cases the system
settles at the new state in less than 50 ps. As a result, memory
operation with rates exceeding 10 Gbps is possible. Finally, we
note that by employing a second signal near a different cavity
resonance more elaborate functions can be demonstrated such
as on-off switching and logic-gate functions [3]–[5].
IV. S ELF P ULSATION
When carrier and cavity lifetimes are of the same order
of magnitude, self-pulsation can manifest [23], [24]. In our
case, the cavity photon lifetime of the uncoupled disk is τi =
17.6 ps (Qi = ω0 τi /2 with Qi = 10720). Therefore, in the
process of suppressing FCEs by lowering the carrier lifetime
in Section III-C we come by a regime where τc is comparable
with τi and carrier effects are strong enough to result in SP.
More specifically, depending on the carrier lifetime we can
distinguish between regimes where only SP or SP and FCDinduced BI are possible. This is clearly demonstrated in Fig. 9
where four different values of the normalized carrier lifetime
τc′ = τc /τi are investigated. (Details on how the SP/BI regions
are specified in Fig. 9 can be found in the appendix.) For
τc′ = 0.45 (τc = 8 ps), FCD has been significantly suppressed
and only Kerr-induced BI is observed, Fig. 9(a). The rest
point, Pin = PA , used for demonstrating memory operation
in Fig. 8(a) is marked with a star. A clear SP region appears
for τc′ = 1.5, Fig. 9(b). It spans negative detunings only and
extends to input powers as low as 25 mW. Note that BI does
not manifest since Kerr and FCD effects induce comparable
frequency shifts that cancel each other out. In Fig. 9(c),
τc′ = 2.5, the SP region broadens and extends to positive
detunings as well. The FCD-induced frequency shift exceeds
the Kerr counterpart resulting in FCD-induced bistability. Note
the stars marking points inside and outside the SP region that
will be used in Fig. 10 for demonstrating oscillating and stable
operation, respectively. Finally, for τc′ = 4.5, Fig. 9(d), we
again observe both SP and FCD-induced bistability regions.
This time, the two regions overlap; in the intersection we
get bistable behavior with the operating points lying on one
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Fig. 9. BI and SP regions for different carrier lifetimes. (a)
= 0.45
(τc = 8 ps): FCD is weak due to the short carrier lifetime. Only Kerrinduced BI is observed. A star marks the point used for demonstrating memory
operation in Fig. 8(a). (b) τc′ = 1.5: SP manifests for negative detunings
only. (c) τc′ = 2.5: Non-overlapping SP and FCD-induced BI regions. SP
extends to positive detunings as well. Stars mark points used in Fig. 10 for
demonstrating oscillating and stable operation. (d) τc′ = 4.5: Overlapping SP
and FCD-induced BI regions. As τc′ increases, FCD becomes stronger and
the corresponding BI manifests for lower input powers.

branch leading to stable output and those lying on the other
to oscillating output [23]. Note also that as τc′ increases, FCD
becomes stronger and BI manifests for lower input powers.
By observing Fig. 9 one can readily verify that Kerr-induced
BI appears for negative detunings, whereas FCD-induced BI
for positive detunings. This is because of the opposite sign of
the respective frequency shifts. On the other hand, SP can span
both negative and positive detunings, as shown in Fig. 9(c,d).
In Fig. 10 we investigate the characteristics of SP oscillations in the temporal domain by solving (12). Two different
input power levels are considered, inside and outside the SP
region, respectively. They are clearly marked in Fig. 9(c)
(τc′ = 2.5) and correspond to δ = −3. For an input power
of 27.2 mW, inside the SP region, we obtain an oscillating
output, Fig. 10(a). The periodic response is highlighted by
the limit cycle formed in the phase-space diagram of the
normalized cavity amplitude ũ [inset in Fig. 10(b)]. The noncircular shape indicates deviation from a sinusoidal response,
something attributed to the Kerr effect. Regarding oscillation characteristics, we find a frequency of 7.5 GHz and a
max
high modulation depth of 0.8, calculated through (Pout
−
min
min
max
Pout )/(Pout + Pout ). On the other hand, for an input power
of 21.2 mW, outside the SP region [Fig. 9(c)], the spontaneous
oscillation cannot be sustained and the output power eventually
reaches a constant value. This is highlighted by the spiral shape
in the phase-space diagram [inset in Fig. 10(d)].
As with bistable operation, self-pulsation can also be exploited in practical applications. For example, as indicated by
Fig. 10(a) we can design an integrated clock operating with
an input power below 30 mW and considerable modulation
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Fig. 10. Temporal response for two different Pin levels inside and outside the
SP region. They are clearly marked in Fig. 9(c) (τc′ = 2.5) and correspond to
δ = −3. Top panels depict input and output power, whereas bottom panels
depict normalized carrier density and stored energy. (a,b) Self-pulsation for
Pin = 27.2 mW. The periodic response is highlighted by the limit cycle
formed in the phase-space diagram [inset in (b)]. The non-circular shape
indicates deviation from a sinusoidal waveform, something attributed to the
Kerr effect. (c,d) Pin = 21.2 mW: The system eventually reaches a stable
state as indicated by the spiral shape in the phase-space diagram [inset in (d)].

depth. The oscillating frequency can be tuned by varying the
input power [24]. More specifically, varying Pin in the range
25-45 mW, the oscillating frequency is tuned from 7.15 to
9 GHz, while maintaining a fairly sinusoidal waveform with
a modulation depth exceeding 0.8 in the entire range.
V. C ONCLUSION
To summarize, we have proposed a hybrid plasmonic diskwaveguide configuration for Kerr bistability and self pulsation,
operating with mW input powers. Such power requirements
would have been deemed impossible with plasmonics a few
years ago (early works in nonlinear plasmonics mentioned
W or even kW power levels), due to the accompanying
resistive losses. They have been made possible by a favorable
combination of the nanoscale confinement offered by HPWs
(metal/low-index dielectric/high-index dielectric layer configuration) with the reduced resistive losses of long-range modes
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(symmetric waveguiding environment). We stress that other,
more developed nanophotonic technologies do not provide
lower input power requirements when it comes to Kerr-induced
bistability (see for example [17]). Low-power bistable switching in silicon photonics for example relies on carrier [4] or
thermal [3] nonlinearities instead of the Kerr effect, since such
effects are associated with lower CW power thresholds for the
particular structures examined. However, the response time in
these cases is in the ns/µs range and cannot compete with
the ps response of the current, Kerr-based approach. This also
means that a comparison of CW power levels is not exactly fair
since response times and bit rates differ significanlty; rather,
it is safer to compare switching energies (per bit) for specific
memory/switching operations. It is the ability of LRHPWs to
accommodate the supported mode in nanometer-sized gaps
hosting a highly-nonlinear χ(3) material while maintaining
propagation losses at a minimum that permits such high values
of resonator nonlinearity (κKerr ) and, thus, ultrafast, Kerrinduced bistability with mW input powers.
We have demonstrated high-quality bistable response leading to ultrafast (10 Gbps) memory operation with low input
power requirements (∼40 mW) and high ER (>20 dB) between states. For this to happen, carrier lifetime must drop
to 8 ps in order to suppress FCA and, more importantly,
FCD. Such lifetimes can perhaps be attained through carrier
sweeping. Alternatively, different material systems that do not
suffer from TPA can be examined (e.g., III-V semiconductors, chalcogenide glasses, etc.), provided that an adequately
strong index contrast between low-index/high-index regions is
attained. In addition, we have demonstrated self-pulsing behavior by properly tuning the carrier lifetime. For τc = 44 ps,
the oscillations feature considerable modulation depth (>0.8)
and a frequency which can vary between 7.15 to 9 GHz by
tuning the input power in the range 25-45 mW.
For the numerical analysis a theoretical framework based on
perturbation theory and coupled-mode theory was employed,
incorporating all relevant effects: Kerr, TPA, FCD, and FCA.
For an even more comprehensive analysis one would have
to include thermo-optic effects as well, stemming from Joule
heating, TPA, and FCA. Such effects induce strong index
changes [21], but (fortunately) not losses. In CW operation
they can substantially impact the system response, leading
themselves to bistable behavior. However, in the context of
ultrafast dynamic operation, such as the memory operation
demonstrated in Section III-C (Fig. 8), their effect is marginal.
More specifically, since their response time is dictated by
thermal diffusion, anticipated time constants are in the µs
range. This means that they cannot follow the changes in
stored energy induced from ps-long set and reset pulses. As
a result, thermal frequency shifts are constant with time.
Therefore, obtaining the memory operation of Fig. 8 in the
presence of thermal effects is simply a matter of properly
selecting the detuning in order to account for the constant
thermo-optic frequency shifts. This was not possible with
FCD, which had to be suppressed by tuning the carrier
lifetime, since although carriers recombine with ns lifetimes,
they are generated instantaneously.
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A PPENDIX
I NTRODUCING F REE -C ARRIER E FFECTS IN CMT
F RAMEWORK
In this appendix, we show how FCEs are introduced in
the CMT framework and specify all parameters appearing in
equations (11) and (12) presented in Sec. III-C. As is well
known, free carriers affect the linear susceptibility of Si (both
real and imaginary parts) through
(1)

∆χFCE = 2n∆nFCD − j

nc0
∆aFCA ,
ω

(13)

where [25]
∆nFCD = −σne N − (σnh N )0.8 ,
∆aFCA = +σa N,

(14a)
(14b)

with σne = 8.8 × 10−28 m3 , σnh = 4.6 × 10−28 m3 , and σa =
14.5 × 10−22 m2 . N (measured in m−3 ) is the coordinatedependant electron/hole density (TPA generates electrons and
holes in equal proportions, Ne = Nh ≡ N ), governed by
1 dPTPA
N
dN
=− +
,
dt
τc
2~ω0 dV

(15)

with dPTPA /dV given by (5).
Using first-order perturbation theory [18], [21], we can
calculate the correction ∆ωFCE due to FCs on the unperturbed
resonant frequency ω0 :
ZZZ
(1)
∆χFCE |E0 |2 dV
1
∆ωFCE
V
ZZZ
=−
.
(16)
ω0
2
n2 |E0 |2 dV
V

∆ωFCE is a complex quantity; its real part describes the
resonant frequency shift due to FCD (∆ωFCD = Re{∆ωFCE })
−1
and its imaginary part the losses due to FCA (τFCA
=
−1
Im{∆ωFCE }). ∆ωFCD and τFCA can be directly introduced
in the CMT formalism for describing the effect of FCD and
−1
FCA, respectively, just as ∆ω and τTPA
describe the effect
of Kerr and TPA in (1a). In what follows, we specify these
terms for both CW and dynamic conditions and outline the
normalization procedure followed for arriving at (11), (12).

A. CW Conditions
First, let us assume CW conditions. This means that
dN/dt = 0 in (15) and N (r) = (τc /2~ω0 )dPTPA /dV .
Subsequently, we approximate (14a) by ∆nFCD = −σn N ,
where σn = σne + (σnh )0.8 N̄ −0.2 is rendered spatially constant by making use of N̄ : a weighted spatially-averaged
carrier density, instead of the coordinate-dependent N , defined
through
ZZZ
N (r)|E0 (r)|2 dV
V
.
(17)
N̄ = Z Z Z
|E0 (r)|2 dV
V
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Considering the above, by plugging (13) into (16) we find
−1
∆ωFCD = γFCD W 2 and τFCA
= γFCA W 2 , where
 6
1 ω0
σn (N̄ )τc c20
max
γFCD =
κFCE βTPA
,
(18a)
16 c0
~
 6
σa τc c30
1 ω0
max
κFCE βTPA
,
(18b)
γFCA =
32 c0
~ω0

dyn
dyn
Using again (13) in (16) we find ∆ωFCD
= γFCD
σn (N̄ )N̄ and
dyn −1
dyn
(τFCA
)
= γFCA
N̄ , representing dynamic frequency shift
and loss due to FCEs. The fact that the dynamic versions of
∆ωFCD , τFCA are functions of N̄ instead of W 2 should not
come as a surprise, as the driving term in (21) directly depends
dyn
dyn
on |a|4 , i.e., W 2 . The nonlinear parameters γFCD
, γFCA
are
the dynamic counterparts of γFCD , γFCA and are given by

are nonlinear parameters measured in W−2 s−3 . In (18) we
have defined the nonlinear feedback parameter κFCE as
 6
c0
κFCE ,
ω0
ZZZ


1
βTPA n3 |E0 · E0 |2 + 2|E0 |4 |E0 |2 dV
3
V
×
.
 ZZZ
3
1
2
2
max
n |E0 | dV βTPA
2
V
(19)
As mentioned in [24], [26], normalizing the CMT equations
is essential for obtaining robust numerical solutions. Since we
focus on Kerr-induced bistability, we normalize the involved
quantities with respect to P0Kerr . To this end, we
p normalize
wave and cavity amplitudes by defining ψ̃i = s̃i / P0Kerr and
√
ũ = τi γKerr ã, respectively. For the FCE terms we get
max
σn (N̄ )τc κFCE βTPA
γFCD
=
2,
2
τi γKerr
τi ω02 ~ κ2Kerr (nmax
)
2
max
σa τc c0 κFCE βTPA
γFCA
=
=
.
2
τi γKerr
2τi ω03 ~ κ2Kerr (nmax
)2
2

rFCD =

(20a)

rFCA

(20b)

Note that rFCD depends on N̄ through σn and, therefore, on
the input power. In Table I we present a value corresponding
to Pin = 40 mW. More specifically, feeding the bus waveguide
with this power level, while assuming critical coupling conditions and an operating wavelength coinciding with the cavity
resonance, we find N̄ = 1.6×1024 m−3 in the resonator. Using
this value we get σn = 2.7 × 10−27 m3 and rFCD = 0.0294.
Specifying rFCD for any other power level is a simple matter
2
as N̄ scales with Pin
.
B. Pulsed Conditions
Let us now switch to the dynamic case. Introducing N̄ in
Eq. (15) we get
N̄
dN̄
= − + γN |ã|4 ,
dt
τc

(21)

6

(22)

with
γN

1
=
8



ω0
c0

c20
max
κN βTPA
,
~ω0

measured in W−2 s−3 m−3 , and
 6
c0
κN ,
ω0
ZZZ


1
βTPA n2 |E0 · E0 |2 + 2|E0 |4 |E0 |2 dV
3
.
× ZZZ V
 ZZZ
2
1
2
2
2
max
|E0 | dV
n |E0 | dV βTPA
2
V
V
(23)

1 κFCE
,
ω0
2
κN
1 κFCE
σa .
= c0
4
κN

dyn
γFCD
=

(24a)

dyn
γFCA

(24b)

2
To reach (12), we normalize N̄ through n̄ = (τi γKerr
/γN )N̄
(ũ and ψ̃i as in the CW case). Using, in addition, τi as the
time unit (i.e., t′ = t/τi and τc′ = τc /τi ) we find
rFCD
dyn
rFCD
(n̄) =
,
(25a)
τc′
rFCA
dyn
rFCA
=
.
(25b)
τc′
dyn
One can verify that rFCD/FCA
do not depend on the carrier
lifetime, since rFCD/FCA ∝ τc [Eq. (20)]. The values of
dyn
rFCD/FCA
for the system under study are compiled in Table I
and are used for producing the results depicted in Figs. 8, 10.
Finally, let us briefly show how (12) is used for obtaining the
SP/BI regions in Fig. 9. A linear stability analysis is conducted
on the steady-state solutions of these equations, as discussed
in [23], [24], [26]. Letting ũ′ = ũ + δũ and n̄′ = n̄ + δn̄,
the perturbation array ε ≡ [δũ δũ∗ δn̄]T is found to satisfy
dε/dt′ = Jε with


J1 J2 J3
J =  J2∗ J1∗ J3∗  ,
(26)
J4 J4∗ J5
dyn
where J1 = j(−δ−2|ũ|2 +rFCD
(n̄)n̄)−(1+rQ +2rTPA |ũ|2 +
dyn
dyn
dyn
2
2
rFCA n̄), J2 = −j ũ − rTPA ũ , J3 = jrFCD
(n̄)ũ − rFCA
ũ,
∗
2
′
J4 = 2ũ |ũ| and J5 = −1/τc . The eigenvalues of (26)
determine the limits of BI and SP regions as discussed in [23],
[24], [26]. In addition, they characterize the SP oscillations:
the oscillation frequency is proportional to the imaginary part.
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