. Biblioteca Universitaria
Investigo

UniversidagaVigo

Area de Repositorio Institucional

Peer reviewed version

Citation for published version:

José R. Salgueiro and Albert Ferrando, "Energy- and time-controlled switching of
ultrashort pulses in nonlinear directional plasmonic couplers,” Opt. Lett. 47, 5136-5139
(2022), DOI https://doi.org/10.1364/0L.472269

Link to published version:

https://opqg.optica.org/ol/fulltext.cfm?uri=ol-47-19-5136&id=507407

General rights:

© 2022 Optica Publishing Group. One print or electronic copy may be made for personal
use only. Systematic reproduction and distribution, duplication of any material in this
paper for a fee or for commercial purposes, or modifications of the content of this paper

are prohibited.


https://doi.org/10.1364/OL.472269
https://opg.optica.org/ol/fulltext.cfm?uri=ol-47-19-5136&id=507407

Letter ‘

Optics Letters 1

Energy and time controlled switching of ultrashort
pulses in nonlinear directional plasmonic couplers

JOSE R. SALGUEIRO!” AND ALBERT FERRANDO?"

L Universidade de Vigo, Escola de Enxefiaria Aerondutica e do Espazo, As Lagoas s/n, 32004 Ourense, Spain
2 Institut de Ciéncia dels Materiales, Universitat de Valéncia, C/ Catedratic J. Beltran, 2, Paterna 46980, Spain

*Corresponding author: jrs@uvigo.es

Compiled December 26, 2022

We propose an ultra-compact nonlinear plasmonic direc-
tional coupler for switching of ultra-short optical pulses.
We show that this device can be used to control the rout-
ing of ultra-short pulses using either the energy or the
duration of each individual pulse as switching parame-
ters. The coupler is composed of two cores of a nonlinear
dielectric material embedded into metallic claddings.
The intricate nonlinear spatiotemporal dynamics of
the system is simulated by the Finite-Difference Time-
Domain (FDTD) technique. © 2022 Optica Publishing Group

http://dx.doi.org/10.1364/a0. XX XXXXXX

The interactions of electromagnetic radiation in metallic
structures has come out to the field of plasmonics which has
quickly developed great scientific and technological interest for
nanophotonics. In fact, such structures containing metals are
able to confine light to distances much shorter than wavelength
—typically two orders of magnitude shorter— and to overpass
the usual diffraction limits [1, 2]. This effect, which is extremely
desirable to fabricate ultra-compact waveguiding devices[3-5],
has, however, a serious drawback: it introduces an inherent high
loss at optical frequencies inasmuch as metals do not behave
as perfect conductors for the infrared or visible range of the
spectrum. Nevertheless, in a nanometric scale these losses may
become an acceptable inconvenience, balanced by the advan-
tages described above, and so the achievement of functional
devices results in a real possibility[6].

On the other hand, strong confinement at nanometric scales
naturally induces extremely high intensities that cannot be ig-
nored in the design of nanometric plasmonic waveguiding de-
vices with dielectric cores. For this reason, in the analysis of
ultra-compact plasmonic devices with light confined in dielectric
cores with a typical width one order of magnitude smaller than
the carrier wavelength, nonlinear effects are expected to play
a crucial role and they should be considered in the design pro-
cess. On the other hand, additional functionalities are expected
to come to light from the use of nonlinear effects to carry out
all-optical processing of signals. In fact, different nonlinear plas-
monic devices were already described[7-9] as slot waveguides
or directional couplers and functional systems demonstrated for
optical limiting, self-phase modulation, second harmonic gener-
ation or logic gates. The best studied devices operate, however,
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in a CW regime.

The possibility of using ultrashort pulses increasing the
power density is definitively an advantage to efficiently trigger-
ing the nonlinear response with a reasonable amount of energy.
Modeling such systems is more difficult, however, as nonlin-
ear spatiotemporal effects come into play, specially in highly
dispersive materials as metals. Nonlinear plasmonic systems
with ultrashort pulses are in such a way little studied. Only few
works can be found where plasmonics is combined with short
pulses, mainly focused on simple devices as surface plasmon
polaritons (SPP) in metal-dielectric interfaces[10-16] or single
slot waveguides [17, 18].

In this work we study switching by ultrashort pulses in a two
slot waveguide plasmonic directional coupler, simulating the
system by the finite-difference time-domain (FDTD) technique.
In the following we will then describe the system as well as the
way to model its metal and nonlinear dielectric layers. Section
describes the linear regime and the evaluation of the coupler
beating length discussing its dependence on the pulse time-
width. Then two studies on the device as an optical switch will
be carried out, one based on pulse energy and the other on pulse
duration.

The device is formed by two parallel identical planar waveg-
uides with dielectric nonlinear cores embedded in metallic
claddings. In Fig. 1 a sketch of the structure is shown and its ex-
pected behavior for pulse multiplexing illustrated. The structure
lies in the XZ plane being invariant in the y-direction. Coordi-
nates x and z describe transversal and propagation directions
respectively and they both are normalized after rescaling by
the wavenumber kg = wg/c = 27w/ A at a particular reference
wavelength Ag (c is the vacuum speed of light). Time is also
scaled to normalized units using the correspondent reference fre-
quency wq = 27tc/Ag. We chose Ayp = 800 nm meaning a space
normalized unit of about 127 nm and a normalized time unit of
0.42 fs. Fields are also expressed in Heaviside-Lorentz units in
order to drop all the natural constants in Maxwell equations and
make both electric and magnetic fields to have a similar scale.
We consider a TE-polarized field —TM in the waveguiding the-
ory context— with in plane electric components E, and E, and
a perpendicular to the plane magnetic component Hy.

As it was shown in other nonlinear systems based on direc-
tional couplers[19], for a CW beam there is a change of regime
from linear to nonlinear as power increases. For a pulse such
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Beat length

Fig. 1. Sketch of the directional coupler with the reference
system. Clear zones are waveguide cores while dark zones are
metallic claddings. (a) Ilustration of the device use for pulse-
energy multiplexing. (b) Intended use for pulse time-width
multiplexing.

effect is also expected and related to the energy and time-width
as both parameters determine its power density profile. If both
waveguides are identical, in a linear regime energy is transferred
from one core to the other after propagation for a so-called beat-
ing length. In a nonlinear regime, however, propagation for such
a distance makes energy to partially remain in the same core to
which it was originally coupled.

Considering a device of a beating length, pulses of different
energy but same time-width are expected to switch from the
second core to the first one as energy increases [Fig.1(a)], i.e. the
low energy ones are transferred to the second core remaining at
the first core those with higher energy. On the other hand, for
pulses of different time-width but same energy it is expected a
transference of the long ones, remaining the short ones at the
first core [Fig.1(b)]. In an intermediate regime a mixed behavior
should be obtained. This setup of a beating length constitutes
the functional part of the device and a practical implementation
would require from input waveguides which get closer and
connect to the coupler as well as output waveguides which
separate away from the coupler.

The device is simulated using the FDTD technique describing
both cores and claddings with a specific model. Nonlinear cores
are suppose to show a Kerr response with dielectric function
€ = €; + «|E|2, where ¢ is the linear dielectric constant and «
the Kerr coefficient. The time domain modeling is accomplished
assuming an instantaneous response [20] taken €; = 2.25 and
a normalized nonlinear coefficient « = 1. This value only im-
plies an appropriate rescaling of the field amplitude and has no
qualitative influence. Consequently, the results are qualitatively
valid for any nonlinear Kerr-type dielectric. Quantitative results
only require the use of the particular dielectric constant €; and
the rescaling of the field with the particular Kerr coefficient «.

In order to model the metallic claddings a cold plasma model
was considered[20] described by the Drude formula,

2

P
- __r_ 1
w? +iTw W

e(w)=1 @

dependent on two parameters, the plasma frequency w and the

electronic collision frequency I'. We took silver as the cladding
metal and so those parameters were evaluated from experimen-
tal data taken from the literature[21] at the chosen reference fre-
quency wy = 27tc/ Ao, obtaining the values wp = 1.30 x 101 Hz
and T' = 2.93 x 103 Hz. Nonlinear response of the metal was
not taken into account for simplicity. Nevertheless there are
studies claiming that the nonlinear response of metals could be
as important as that of many dielectrics[22, 23] and so a more
elaborated model could be necessary in future for a more accu-
rate description[24]. In any case, this linear model is expected
to be realistic when the dielectric used for the cores presents a
strongly enough nonlinearity, well over the metal nonlinearities.

The FDTD modeling[20] is carried out dividing the structure
into different domains and using the specific model for the cor-
responding material. Also specific models to implement the Per-
fect Matching Layers (PML) are used at the domains surround-
ing the structure (Fig. 1) to get rid of the radiation that reaches
the boundaries. On the other hand, a source is implemented
at the line z = 0 correspondent to one of the cores (first core)
using the total-field /scattered-field (TF/SF) technique. Since the
system is nonlinear, it is relevant the amount of energy forward-
coupled into the waveguide and so this technique is useful to
minimize the back-reflected energy.

Following previous experience modeling this type of
devices[19, 25] we chose cores of width w = 0.5 separated by
a distance of 4 = 0.5. For the given values, as it will be found
in section , beating length is around z; ~ 50. This means the
device will have transversal dimensions of about 350 nm, well
into the nanoscale, and a longitudinal dimension of about 7 ym,
reasonably small to keep losses to acceptable values.

The first study was carried out in linear regime to determine
the beating length of the coupler, i.e. the necessary propagation
distance to transfer all the energy to the second core. The Kerr
coefficient was consequently set as « = 0 and a pulse of Gaussian
spatial as well as temporal shape was launched into the input
(first) core (C; in Fig. 1). The total energy of the pulse for any of
the cores is obtained at each z-position by the time-integration of
the power flux, i.e. integrating the z-component of the Poynting
vector in space (limited to the half-plane correspondent to each
core) and time:

trop 5 R

Wi(z) /0 /CL2 [S(x,z) z} dxdt, ()
where integration domains for cores C; and C, are respectively
C1 = [-o0,0) and C; = (0,4o0] and time ¢, stands for the
total simulation time. In Fig. 2 we plot the results for three
different values of the pulse time-width (At) including results
for a loseless medium [i.e. taken I' = 0 in Eq. (1)] for the sake of
comparison.

Losses are responsible for the mismatch between the minima
and maxima of both curves (Fig. 2) in the lossy case. The beating
length changes very little with pulse duration (At) and may be
considered independent of it except but for the lowest values
of At. Additionally, for shortest pulses (case At = 5 in Fig. 2),
there is not a complete transfer of energy to the second core in a
coupling cycle and the accumulated effect in a number of cycles
lead to a balanced energy distribution at both cores.

Simulations in nonlinear regime were carried out launching
pulses into the first core and measuring the energy propagating
to a beating length. Energy evaluation was done integrating the
power at the ouput z = z, as described in Sec. and comes given
by Eq. (2). For this study pulse time-width was kept constant
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Fig. 2. Energy (accumulated power) crossing at position z

for every half-plane related to each of the cores. Continuous
and thin dashed lines are respectively energies for core C;
(the excited one) and core C,. Rows are results for different
pulse duration At as indicated. Both columns show results for
the realistic (left column) and non lossy (right column) case
respectively.

so that its energy is directly related to amplitude. In Fig. 3 an
example showing the three main scenarios is presented: linear
regime (a), intermediate (b) and nonlinear (c) and illustrating
the change of state of the coupler as energy rises.

In Fig. 4 we present plots of the measured energy at the
beating length position z = z;, normalized by the input energy,
against the input energy. Both realistic and non lossy cases are
presented for the sake of comparison and the different curves
on each of the plots correspond to different input pulse time-
width. Vertical scale is mainly conditioned by the loss and is
an indicative of the coupler efficiency. The curves show the
change of state (switching) as pulse energy overpass a particular
threshold.

Along with efficiency other relevant characteristics are switch-
ing sharpness and switching sensitivity. Sharpness is deter-
mined by the slope of the curve when the change of regime
takes place. In Fig. 4 it is shown such slope increases as pulse
time-width decreases, leading to a sharper transition for shorter
pulses. On the other hand sensitivity refers to the energy thresh-
old to induce the change of state. In the figure it is shown how
shorter pulses trigger the change of state at lower energy reveal-
ing a higher sensitivity for short pulses. This means the use of
short pulses constitute a definitive advantage respect to long
pulses or CW beams.

The dependence of the switching threshold on pulse duration
suggest the possibility of carrying out another switching modal-
ity based on pulse time-width for fixed-energy pulses. In Fig. 5
normalized output energy is plotted against input pulse-width
for three different input energy values. For short pulses power
density is larger and nonlinearity drives the process making a

0 20 40 60 80 100

Fig. 3. Three simulations of pulse coupling for three differ-
ent values of input energy. They correspond to a linear (a),
intermediate (b) and fully nonlinear (c) regimes. Simulations
are for a non lossy case (I' = 0) and for an input pulse-width
At = 20. Vertical dashed lines mark the source (z = 0), and
beating length (z = zj,) positions.

larger amount of energy to remain at the excited core. As pulses
get longer the nonlinear response gets weaker and a greater
amount of energy transfers to the second core (dashed lines),
decreasing in the first one (the excited one) to almost zero (con-
tinuous lines). High energy pulses require a longer duration to
trigger the change of state. In Fig. 6 plots of the input and output
power flux against time are presented for three different values
of the input pulse-width to better illustrate this change. The
output pulses at each core show the transition from a balanced
output between cores (short pulses) to a full energy transfer to
the second core (long pulses) resulting a pulse-routing effect as
was initially expected.

In conclusion, simulations of pulse propagation in plasmonic
directional couplers were carried out both in linear and non-
linear regimes. In linear regime it was shown there is little
dependence of the beating length to the pulse duration except
but for the shortest pulses. In nonlinear regime switching was
demonstrated for fixed time-width pulses when pulse energy is
raised, as well as for fixed energy pulses when pulse duration
is changed. Switching sharpness as well as sensitivity increase
for shorter pulses. The studied effects are useful for pulse dis-
crimination and allow pulse routing according to their energy
or time-width.

Funding. We thank the support of MCIN of Spain through the
project PID2020-120484RB-100, as well as Xunta de Galicia, Spain (grant
EDA431B 2021/22) and Generalitat Valenciana, Spain (grant PROME-
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Fig. 5. Normalized output energy against input pulse time-
width At for three different pulse input-energy values as indi-
cated on the labels. The input pulse is launched into the first
core (Cq). Continuous and dashed lines refer to the output at
the first (C1) and second (Cy) core respectively.

Fig. 4. Switching curves for different values of the pulse time-
width At as indicated on the curve labels. W;,, and W,,;; stand
for input and output energy at core C;. Curves show normal-
ized output energy against input energy. Both realistic (top)
and non lossy (bottom) cases are shown.
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