584 CHINESE OPTICS LETTERS / Vol. 8, No. 6 / June 10, 2010

Active modulation of plasmonic signal with a subwavelength
metal /nonlinear dielectric material /metal structure
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Light propagation through a metal/nonlinear dielectric material/metal (M-NL-M) structure is numerically
studied. The design parameters of the M-NL-M structure are found with the waveguide theory so that the
structure only supports the symmetric surface plasmon polaritons (SPP(0)) mode and the antisymmetric
surface plasmon polaritons (SPP(1)) mode. The coupling between the two modes within the M-NL-M
structure is exploited. Through controlling the propagation constants of the two modes with the intensity-
dependent dielectric constant of the nonlinear Kerr material, an effective all-optical control of plasmonic
signal modulator can be realized with this M-NL-M structure.
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Plasmonics is considered to be a very promising area for
new devices and the miniaturization of photonic circuits
at nanoscalel!l. Currently, the control of the path of sur-
face plasmon polaritons (SPP) is realized with passive
subwavelength metal structures®=5!. In order to achieve
functional SPP circuits, active devices is necessary!®.
Recently, the active control of plasmonic signals by im-
plementing electro-opticl®, all-opticall”™?!, and thermo-
optic modulations'® and gain mechanisms in plasmonic
structures have been reported. Among the various pos-
sibilities, fast all-optical control is the most attractive
approach("811:12] - Compared with those usual dielectric
all-optical devices based on various types of optical non-
linearities, these new nonlinear optical devices based on
subwavelength metal structures have the advantages of
smaller sizes and stronger nonlinear effects enhanced by
SPP in the metal structures.

In this letter, we propose new active plasmonic de-
vices using a thin layer of nonlinear optical material
sandwiched between two layers of metal films with
metal/nonlinear dielectric material/metal (M-NL-M)
structure. This structure is similar to that proposed
in Ref. [13]. However, the light flow in those structures
in Ref. [13] is predetermined and cannot be readily mod-
ulated during operation, while our structure is an all-
optical plasmonic switching that can actively modulate
light and possess some advantages of fast response, low
threshold, and easy integration. At low incident opti-
cal power, the M-NL-M structure can be considered as
metal-dielectric-metal (MDM) structure. The parame-
ters of M-NL-M structure can be designed with waveg-
uide theory such that the structure only supports the
symmetric SPP (SPP(0)) mode and the antisymmetric
SPP (SPP(1)) mode. Coupling of these two distinct
modes in the MDM structure will give rise to coherent
propagation of energy along the interface of the metal
and dielectric, leading to a zigzag path of optical flow
power along the slit[!3l. Nonlinear optical materials with
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fast response time and large nonlinear coefficient can
be chosen for fast all-optical control®*1. Our modu-
lation is based on adjusting the difference between the
propagation constants of SPP(0) and SPP(1) by chang-
ing the refractive index of the nonlinear Kerr material
with light, which is applied to control the distribution of
coherent energy. In this letter, we reveal this active sig-
nal control mechanism and demonstrate the effect using
nonlinear two-dimensional finite difference time domain
(2D-FDTD) numerical simulation.

The proposed M-NL-M structure is illustrated in
Fig. 1. In this structure, a single slit’s filled with
nonlinear Kerr optical material in a thick metal film.
Silver is chosen to be the metal. The slit width is d,
and the slit length is L. ean = €e + €n is the dielec-
tric constant of the nonlinear optical material in the
slit, where ¢, is the linear part and &, is the nonlin-
ear part, and €, is the dielectric constant of Ag. For
the M-NL-M structure, the optical property depends
on the electric field intensity. At the low electric field
intensity, the M-NL-M structure can be treated as a
MDM structure. In the MDM structure, the field com-
ponents can be expressed as H, = Hy(x)e,exp(ifz)
and FE = [E e, + E.e.]exp(ifz) for transverse magnetic
(TM) mode, where [ is the propagation constant along
the z axis, e;, ey, and e, are unit vectors along the z,
y, and z directions, respectively. Maxwell’s equation for
TM modes can be written as

dE
d; =iBE; —iwpnogHy,
dH,
—Y = _jwepeE,,
dx
BH, = wepeEy, (1)

where g9 and pg are the free space permittivity and per-
meability, respectively.
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Fig. 1. Schematic layout of the M-NL-M structure. The re-
fractive index of the material which is surrounding the device
is 1.

The variation of dielectric constant of the structure
takes the following form:

o g, d<x <0
_{ Em,T > 0,2 < —d. (2)

Applying the boundary conditions of continuity of the
field components H, and E, at the interface between the
metal and the nonlinear dielectric, we can derive the dis-
persion relation for the TM modes in the slit as!*®!

Kad = mm + 2arctan(€dozm/5ml€d), (3)

where rq = (kZeq — 2)Y?, am = (32 — k3em)'/?, and
ko is the free space wave vector of light. From Eq. (3),
we can derive the dispersion relation for m = 0 and m =
1 modes. Considering e, < 0, the dispersion relation for
m = 0 mode has solution only when 3/ky > /24, so the
dispersion relation for m = 0 mode changes into

tanh(aqd/2) = —eqam /Emaa, (4)

where ag = (8% — k2eq)'/?. According to Egs. (1) and
Eqgs. (4), m = 0 mode has no cut-off width, the mag-
netic field distribution of this mode is symmetric in the
core and exponentially decays away from the interfaces
(Fig. 2), which is the symmetric SPP mode designated
as SPP(0), so in MDM structure, m = 0 mode is SPP(0).
For m = 1 mode, the dispersion relation is

kad = 7 + 2arctan(equm /eEmKa)
= 2arctan(—emKd/€dm)- (5)

Equations (1) and (5) indicate that the magnetic field
distribution of the mode in the core is antisymmetry, so
m = 1 is the antisymmetric mode. According to Eq. (5),
it has solution when 0 < 3/kog < /€4 and 3/ko > /4,
so m = 1 mode has two forms and we designate it as

SPP(1). Above analysis means that the antisymmetric
SPP(1) mode has evolution progress, as shown in Fig. 3.
— ~
SPP(1) SPP(0)

Fig. 2. Magnetic field distributions of SPP(0) and SPP(1)
modes.
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Fig. 3. Real part of propagation constant 3; (i = 0,1) as a
function of the width of the nonlinear optical material slit.

Figure 3 shows the relationship between the real part of
propagation constants of these two modes 3; (i = 0,1)
and the width of metal slit d with A = 850 nm, L =
3.34 pm, and ng = 1.5. The dotted line represents the
wave vector in bulk dielectric with ng = 1.5, while the
solid line represents the SPP(0) mode that has no cut-off
width. The dashed line represents the evolution progress
of the SPP(1) mode. Firstly, it is cut-off, then the prop-
agation constants along the interface (3) is smaller than
wave vector (koy/€q) in dielectric, ie., 0 < 8/ko < \/€a
when the slit width increases to ~ 0.236 pm, which is
cut-off width, while after the slit width increases to criti-
cal width 0.668 pm, the propagation constants along the
interface is larger than the wave vector (kg /2q) in di-
electric, i.e., B/ko > \/24.

When the symmetric m = 0 and antisymmetric m =
1 modes are both excited, they will couple to each other
in the slit. The differences of losses of the two modes
are not significant at the incident light with the wave-
length of 850 nm, so we can assume that these two modes
have the same losses. Consequently, these two modes
can be expressed as Espp(g) = S(0) exp(ifoz) exp(—az)
and Ewg1) = AS(1) exp(if12) exp(—az), where a is the
transmission loss constant, S(0) is the electric field am-
plitudes of SPP(0) mode, while AS(1) is the electric field
amplitudes of SPP(1) modes. The coupling of these two
modes leads to a zigzag distribution of light intensity
which can be described as!*?!

I(z,2) =[S(0)]* + [AS(1)]* + 2[S(0)][AS(1)]
cos[Afz] exp(—az), (6)

where A is the difference between the propagation con-
stants of m = 0 and m = 1 modes along the z axis.
When L is fixed, AS determines the distribution of co-
herent light intensity. It shows that the coupling energy
transfers from one channel (interface of metal/nonlinear
medium) to the other channel periodically with the pe-
riod given by the coupling length L. = 7/AS. When an
appropriate slit length is chosen and fixed, light radiates
from single channel of the slit, similar to the structure
proposed in Ref. [13], where a nanometer light source
with high spatial resolution can be realized. If the slit
length is fixed, the channel from which the light radiates
can be controlled by adjusting AB. According to Egs.
(4) and (5), A depends on the dielectric constant of
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the material in the slit when the wavelength and width
of the slit are fixed. If the slit is filled with nonlinear
optical material, we can actively control A3 to modulate
the channel from which light radiates. For better sensi-
tivity, large value of AB(|E|?) should be chosen, which
requires appropriate d value derived in the case of weak
light. According to Fig. 3, we choose d = 0.25 um for
large value of AS, such that there only exist SPP(0) and
SPP(1) modes when the structure is irradiated by TM
incident light. So we study the coupling between SPP(0)
and SPP(1) modes. The distribution of magnetic field of
these two modes is shown in Fig. 2.

The Drude dispersion model is applied to describe the
metal section (the complex dielectric constant for Ag
film at 850 nm is —32.21658+1.726112i). In the pro-
posed M-NL-M structure, most of the light intensity
is concentrated in the nonlinear dielectric layer. Thus
the nonlinearity of silver is not considered here, even
though it is much higher than the nonlinearity of the
nonlinear dielectric. A nonlinear 2D-FDTD method
is used to simulate the modulating properties of the
M-NL-M structure. Recently, the nonlinear optical
medium with high third-order nonlinear susceptibility
(x® — 10~ %esu) has been reported™l. For our simula-
tion, we choose Au:SiO5[1718! as the nonlinear material
with x® = 1.4 x 10 esu ~ 1075 m2/V*.

In order to excite the antisymmetric mode SPP(1), the
structure should be illuminated by TM-polarized plane
wave at an oblique angle. To obtain the highest modula-
tion contrast means complete transfer of light from one
interface to the other, the amplitudes of the SPP(0) and
SPP(1) modes should be approximately equal, which are
controlled by the incident face of the structure and the
incident angle. This can be obtained by varying the in-
cident angle to adjust the coupling into these two modes
for a fixed structure. Figure 4 shows the relative power
at various angles of incident angle 6 with d = 0.25 ym
and L = 3.34 pm. The incident light is a TM-polarized
plane wave. The relative power is defined as the peak
power on the top side over the power on the opposite
side. From it, we can see that when the structure is il-
luminated by plane wave with the oblique incident angle
of 36.5°, most of the light radiates from one side of the
slit. The highest modulation contrast is obtained under
this condition.

Figure 5 shows the FDTD simulation of the time-
average power distribution of light switching with dif-
ferent power densities in the M-NL-M structure with
L = 3.34 pm at the oblique incident angle of 36.5°,
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Fig. 4. Relative powers at various incident angles.
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Fig. 5. Nonlinear 2D-FDTD simulation of the time-averaged
power distribution of M-NL-M structure. A TM-polarized
plane wave illuminates the structure at the oblique angle
of 36.5°. The power densities of the incident light are (a)
0.25 MW /cm?, (b) 56.25 MW /cm?, and (c) 95 MW/cm?. d
=0.25 pm, L = 3.34 pm.

the linear dielectric constant of nonlinear optical medium
ismp = 1.5, and other parameters are the same as the sim-
ulation above. In Fig. 5(a), the light radiates from the
bottom interface when P = 0.25 MW /cm?; however, it
will switch to the top interface with P = 56.25 MW /cm?,
as shown in Fig. 5(b). The phenomenon of switching is
consistent with our analysis mentioned above. According
to the dispersion relationship given by Egs. (3) and (4),
when the incident light power increases, AS decreases
and L. increases, leading to the switching of the chan-
nels from which light radiates. Our analysis also predicts
that if the power of the incident light continues to in-
crease, L. keeps increasing as well and the light radiation
switches back to the bottom channel again eventually.
This result is shown in Fig. 5(c) with a power of P =
95 MW /cm?. As shown in Fig. 5, the M-NL-M struc-
ture can manipulate the transmitted light with different
powers of incident light efficiently with low power. If a
proper grating structure is fabricated at the output end
for each channel, the power flow of each channel can be
coupled out into the optical propagation modes out of
the waveguide. This proposed structure, which combines
all-optical switching and SPPs, can work not only as a
simple dual-channel optical router but also possible as
unit integrated with surface-plasmon-based photonic cir-
cuits to realize the functions of light generation, channel-
ing, switching, and modulation on a metallic chip.

In conclusion, we propose and numericaly demon-
strate a concept for the active plasmonics that exploits
nanoscale M-NL-M structure. Coupling between SPP(0)
and SPP(1) modes can be used to effectively control the
light signals. Its mechanism is based on the intensity-
dependent behaviors of the propagation constants of two
modes by implementing the nonlinear Kerr material. For
ultrafast and ultrasensitive optical modulation, the non-
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linear Kerr material with large third-order nonlinear sus-
ceptibility and ultrafast response is necessary. Owing to
the excitation of the SPPs, the M-NL-M structure shows
great advantages of lower incident light intensity require-
ment. The proposed device can be used as a multiport
optical switch/router. These results cannot only improve
the design of active plasmonic devices, but also are help-
ful for analyzing the nonlinear phenomenon in subwave-
lengh M-NL-M array structure'9.
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