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Abstract A nanoscale surface plasmon all-optical diode is
proposed based on a plasmonic slot waveguide having an
asymmetric plasmonic grating in the center. The asymmetric
configuration of the plasmonic grating and the unique
dispersion relations of the plasmonic slot waveguide ensure
the nonreciprocal transmission properties. High transmittance
contrast ratio of 1,150 is achieved theoretically. The perfor-
mance of the surface plasmon all-optical diode does not have
any high power requirement. This may open a new way for
the study of integrated photonic devices based on surface
plasmons.
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slot waveguide

Introduction

Nanoscale all-optical diode is one of the essential compo-
nents of optical computing, optical interconnection systems,
and integrated photonic circuits. Analogous to its electronic
counterparts, nanoscale all-optical diode has nonreciprocal
transmission properties, i.e., transmitting light in one
direction and blocking it in the reverse direction. There
are two key characteristics for nanoscale all-optical diodes:
low operating threshold power and high transmission
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contrast, which is defined as the ratio of maximum
transmission in one direction to the corresponding trans-
mission in the reverse direction. Various schemes have been
proposed to demonstrate nanoscale all-optical diodes,
including using nonlinear photonic crystal and photonic
bandgap microcavities [1-5], chiral photonic crystals with
an anisotropic defect layer [6], left-handed periodic struc-
tures with a Kerr nonlinear defect layer [7], low-symmetry
magnetic photonic crystals [8], periodically poled lithium
niobate waveguides [9], and photonic crystal fibers [10, 11].
However, owing to the relatively small nonlinear optical
susceptibility and magneto-optical coefficient of conventional
materials, the operating threshold intensity is very high, often
in several gigawatts per cubic centimeter order [9-11].
Moreover, the achieved transmittance contrast is very low,
usually less than 90 [9-14]. Recently, Hwang and Song
pointed out that it is possible to realize low-power all-optical
diodes by combining the photonic bandgap effect and the
unique interface properties of asymmetric liquid-crystal
photonic bandgap heterostructure, without adopting any
optical nonlinearity [15, 16]. Subsequently, Cakmakyapan et
al. reported a low-power all-optical diode in an asymmetric
metallic grating heterostructure with a subwavelength slit
[17]. Our group also realized a low-power all-optical diode
based on tunable surface plasmon polaritons (SPPs) in a silver
grating coated with nonlinear optical material [18]. However,
the propagation direction of the signal light is perpendicular
to the metal film [17, 18]. This makes the all-optical diode
unsuitable for the practical integration applications.

The aim of this letter is to study how to realize a low-power
and high-contrast nanoscale surface plasmon (SP) all-optical
diode suitable for the practical on-chip integration applica-
tions. For this purpose, we adopted a plasmonic slot
waveguide consisting of a silicon waveguide sandwiched
between two silver films, as previously used by Dionne et al.
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[19]. The plasmonic slot waveguide provides the transverse
magnetic (TM) polarized SP modes, which are strongly
confined in the interface of the dielectric waveguide and
metal films [19]. The electric field distribution of TM, SP
modes is symmetric with respect to the silicon waveguide,
while that of the TM; SP modes is asymmetric with respect
to the silicon waveguide [19]. The TM SP modes propagate
in the direction parallel to the silver films, which is suitable
for the on-chip integration applications. To achieve the
nonreciprocal transmission properties, an asymmetric plas-
monic grating, having a grating formed in the upside of the
silicon film, and a grating with a scattering block in its right
side, formed in the downside of the silicon film, was placed
in the center of the plasmonic slot waveguide. Barnes et al.
and Balci et al. have pointed out that a stop band for the SP
modes will be formed when the grating period is nearly half
of the SP wavelength [20, 21]. The structural parameters of
the plasmonic grating were carefully designed, so that the
stop band of the TM, SP modes overlaps a part with that of
the TM; SP modes. A symmetric SP mode, whose resonant
frequency dropping in the TM, stop band, but within the
TM; pass band, was used as the signal light. A part of the
energy of signal light can be transferred into the asymmetric
SP mode due to the strong scattering effect of the scattering
block, which has been confirmed by Zayats et al. [22].
Therefore, when the signal light is launched from the right
side, it is firstly transferred into the TM; mode by the
scattering block and subsequently propagates through the
grating region. The signal can propagate through the
plasmonic slot waveguide in the direction from right to left
side. When the signal light is launched from the left side, it
will be reflected completely by the plasmonic grating
because its frequency was located in the TM, stop band.
Therefore, a nanoscale SP all-optical diode can be achieved
without any high power requirement.

Leftside

Fig. 1 Schematic structure of the plasmonic slot waveguide

@ Springer

Simulation Model

The schematic structure of the plasmonic slot waveguide,
consisting of a silicon waveguide sandwiched between two
silver films, is shown in Fig. 1, as previously used by
Dionne et al. [19]. An asymmetric plasmonic grating,
having a grating formed in the upside of the silicon film
and a grating with a scattering block in its right side formed
in the downside silicon film, is placed in the center of the
plasmonic slot waveguide. The plasmonic slot waveguide is
finite in the z direction, while infinite in x and y directions.
In order to benefit the practical experiment measurements,
the thickness of input and output part of the silicon was
enlarged. The length of the grooves of the plasmonic
grating is infinite in the y direction. Ay, &y, h3, hy, and hs
represent the depth of the grooves, depth of the scattering
block B, the thickness of the silicon waveguide in the
center, the thickness of the silver films, and the thickness of
the input/output side of silicon waveguide, respectively. a
and / were the lattice constant and the width of the grooves,
respectively. The finite-difference time-domain (FDTD)
method (using a commercial software RemCom XFDTD,
version 6.4.18.2) was used to study the transmission
properties [23]. In our calculation, Ay, hy, h3, hy, and hs
were set at 100, 225, 600, 1,000, and 1,200 nm, respectively. a
and / were set at 500 and 250 nm, respectively. The dielectric
constant of silicon was 11.56. The complex permittivity of
silver were obtained from Johnson and Christy’s experimental
data [24] and fitted with the Drude model to conduct the
calculations of the dispersion relation and the transmission
properties of the plasmonic slot waveguide, as previously
done by Kim et al. [25]. A 1638-nm symmetric SP mode,
belonging to a TMy mode, was used as the signal light. The
propagation direction of the signal light is perpendicular to
the grooves, i.e., along the x direction.

hs

Rightside



Plasmonics (2011) 6:619-624

621

Dispersion Relation Properties

We calculated the dispersion relations of the plasmonic slot
waveguide in the low-frequency range with and without the
plasmonic grating, and the results are shown in Fig. 2. The
scattering block B was not included in the calculation of the
dispersion relation. It is very clear that the plasmonic slot
waveguide can provide TM-polarized SP modes. There
were several continuous TM pass bands for the plasmonic
slot waveguide without the plasmonic grating. We only
showed three low-order TM bands, i.e., TMy, TM,, and
TM, band in Fig. 2a. When the plasmonic grating was
placed in the center of the plasmonic slot structure, stop
bands appeared in the dispersion relation curves, as shown
in Fig. 2b. The reason lies in that when the period of the
plasmonic grating is half the wavelength of the SP modes,
the strong Bragg scattering will lead to the formation of
stop bands in the dispersion diagrams [20]. The stop band
covered the frequency range from 0.5156 to 0.7058 27c/a
for TMy modes and from 0.6522 to 1.0328 27tc¢/a for TM;
modes, respectively. So, the stop band of TM, modes
overlaps with that of TM; modes in the frequency range
from 0.6522 to 0.7058 27mc/a. As a result, a symmetric SP
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Fig. 2 Dispersion relations of the plasmonic slot waveguide for the

low-frequency range. a Without the grating structure. b With the
grating structure but without the scattering block B

mode with a resonant frequency of 0.6106 2mc/a,
corresponding to the wavelength of 1,638 nm, drops in
the stop band of TMy modes but within the pass band of
TM; modes, as shown in Fig. 2b.

All-Optical Diode Performances

To study the all-optical diode functions, we calculated the
electric filed distribution of the signal light, the 1,638-nm
symmetric SP (belonging to TM, mode), through the
plasmonic slot waveguide by use of the FDTD method,
and the results are shown in Fig. 3. The 1,638-nm
symmetric SP drops in the stop band of TM, modes, but
within the pass band of TM; modes, as shown in Fig. 2b.
For the left side incidence case, the 1,638-nm symmetric SP
entered the plasmonic grating directly. So, the 1,638-nm
symmetric SP was reflected completely by the plasmonic
grating because of the strong stop band effect of TM,
modes. Therefore, the signal light could not propagate
through the plasmonic slot waveguide in the direction from
the left side to the right side. The case changed when the
signal light was incident from the opposite direction. For
the right side incidence case, a part of the energy of the
1,638-nm symmetric SP was firstly transferred into an
asymmetric mode by the scattering block B and subse-
quently entered the plasmonic grating. The 1,638-nm
asymmetric SPP mode is situated in the pass band of the
TM; modes. So, the signal light could propagate through
the plasmonic grating. Therefore, the signal light could
propagate through the plasmonic slot waveguide in the
direction from the right side to the left side. An all-optical
diode is realized based on the plasmonic slot waveguide
without any high power requirement.

To further confirm the all-optical diode function of the
plasmonic slot waveguide, we calculated the transmittance
spectra of the plasmonic slot waveguide for the 1,638-nm
symmetric SP as a function of the number of the grating
period, and the calculated results are shown in Fig. 4. When
the grating period number was 6, the transmittance of the
1,638-nm symmetric SP was 23% for the right side
incidence case and 0.02% for the left side incidence case,
respectively. Therefore, high transmission contrast of 1,150
was realized, which is about two orders of magnitude larger
than that of the previously reported results [1-14]. High
transmission contrast is an indispensable and essential
index for all-optical diode. In practical applications, the
all-optical diode with a low transmission contrast will bring
about a serious signal crosstalk. With the increase of the
grating period number, the transmittance of the 1,638-nm
signal light decreased remarkably for the right side
incidence case. When the period number of the plasmonic
grating increased from 6 to 20, the transmittance of the
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Fig. 3 Electric field distribution a
of the 1,638-nm TM, mode. ¥ > -
a For the left side incidence

case. b For the right side LB

incidence case

signal light decreased from 23% to 3%. The reason may lie
in the strong scattering loss and the intrinsic loss of silver
originating from the large imaginary part of the permittivity
[26]. However, more than 10% transmittance can still be
achieved when the period number of the plasmonic grating
is less than 10. For the left side incidence case, the
transmittance of the 1,638-nm signal light also decreased.
But, the magnitude of the decrease was not very obvious
because the signal light can only enter few lattices due to
the strong stop band effect. So, the increase of the period
number of the plasmonic grating has a small influence on
the transmittance of the left side incidence case.

The above results are carried out by the calculation of
the perfect plasmonic grating structure. But, in practice,
when a plasmonic grating is fabricated, the structural
disorders cannot be removed, which can alter the photonic
band structure of the plasmonic grating. To study the
influences of structural disorders of the plasmonic grating
on the function of the all-optical diode, we calculated the
transmittance changes of the plasmonic slot waveguide for
the 1,638-nm symmetric SP with various degrees of
disorders caused by the perturbations in the depth of the
grooves, and the calculated results are shown in Fig. 5a.
The period number of the plasmonic grating was set at 6.
The disorder degree ¢ is used to describe the deviation in
the depth of the grating grooves. The depth of the grating
grooves is randomly distributed in the interval from
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Fig. 4 Transmittance changes of the plasmonic slot waveguide for the
1,638-nm TM, mode with different period number of the plasmonic
grating
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hi(1-3) to h1(1+d). So, the depth of the grating grooves
can be calculated by /;(1+Ad), where A is a random
number in the range of (—1,1). With the increase of the
disorder degree of grating groove depth, the transmittance
of the 1,638-nm signal light decreased remarkably for the
right side incidence case. When the disorder degree
increased from zero to 30%, the transmittance of the signal
light decreased from 23% to less than 5%. The perfect
photonic bandgap structure of TM modes will be destroyed
seriously with the increase of the disorder degree. For the
right side incidence case, the 1,638-nm signal light was
transferred into the asymmetric TM; mode by the scattering
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Fig. 5 Transmittance changes of the plasmonic slot waveguide for the
1,638-nm TM, mode with various structural disorders of the
plasmonic grating. a For the depth disorder of the grating grooves. b
For the width disorder of the grating grooves
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block B, which makes the signal light in the pass band of
TM; modes. McGurn et al. pointed out that structural
disorders could result in the exponential attenuation of light
in the pass band, which makes the transmittance of the pass
band decrease [27]. This makes the transmittance of the
signal light decrease. However, when less than 10%
disorder degree was introduced, more than 13% transmit-
tance can still be reached for the right side incidence case.
For the left side incidence case, the signal light was located
in the stop band of TM, modes. With the increase of the
disorder degree of the grating groove depth, the transmit-
tance of the 1,638-nm signal light increased gradually for
the left side incidence case. When the disorder degree
increased from zero to 30%, the transmittance of the signal
light increased from 0.02% to less than 0.65%. Frigerio et
al. pointed out that structural disorders could lead to the
presence of the band-tail states and localized defect states in
the stop band, which strengthen the transmittance of the
stop band [28]. However, when less than 10% disorder
degree was introduced, the transmittance was less than
0.021% for the left side incidence case. Therefore, a high
transmission contrast of over 600 can still be reached. This
indicates that a certain range of the degrees of the depth
disorder of the plasmonic grating grooves is acceptable to
the all-optical diode. Figure 5b shows the transmittance
changes of the plasmonic slot waveguide for the 1,638-nm
symmetric SPP wave with various degrees of disorders
caused by the perturbations in the width of the grating
grooves. The width of the plasmonic grating grooves / can
be calculated by /(1+Ad), where A is a random number in
the range of (—1,1), 6 is the disorder degree. The maximum
disorder degree & makes two neighboring grooves connect
with each other. Similarly, with the increase of disorder
degrees, the transmittance of the right side incidence
decreased and the transmittance of the left side incidence
increased. When the disorder degree of less than 5% is
introduced, a high transmittance of over 15% can be
obtained for the right side incidence case, and a low
transmittance of 0.022 can be reached for the left side
incidence case. A high transmission contrast of 680 can still
be achieved with a disorder degree of less than 5%.
Therefore, when less than 5% structural disorder degree is
introduced, the plasmonic slot waveguide can maintain the
perfect functions of the all-optical diode. Our calculations
mean that the all-optical diode can be achieved even if the
plasmonic slot waveguide possesses a certain range of
disorder degrees in the depth or width of the plasmonic
grating grooves.

High-quality silver and silicon films can be fabricated
very conveniently by a variety of thin-film growth
techniques, such as the molecular-beam epitaxy method,
the chemical vapor deposition method, and the magnetron
sputtering method [29, 30]. The asymmetric plasmonic

grating can be fabricated by use of the microfabrication
techniques, such as the focused ion-beam etching method,
the electron-beam lithography method, and so on [31].
Therefore, the sample of the plasmonic slot waveguide can
be obtained easily in practice. The total size of the
plasmonic slot waveguide is only in several microns
order. The nanoscale SP all-optical diode does not have
any high power requirement. Compared with previously
reported all-optical diodes based on the nonlinear Kerr
effect and the magneto-optic effect [9—14], the nanoscale
SP all-optical diode possesses an ultralow-power and
ultrahigh transmission contrast of the order of 10°
simultaneously. Moreover, the propagation direction of
the signal light is along the metal films. This makes the
nanoscale SP all-optical diode much suitable for the
practical integration applications. So, the applicability of
the nanoscale SP all-optical diode is much better than that
of the low-power all-optical diode based on metallic
grating heterostructure [17, 18].

Conclusion

In conclusion, a nanoscale low-power SP all-optical diode
was realized theoretically based on a plasmonic slot
waveguide. A high transmission contrast of 1,150 was
achieved. These results may be useful references for the
study of integrated photonic devices. The beneficial effects
of the nanoscale SP all-optical diode lie in that the
nanoscale all-optical diode is not only an indispensable
and essential component part of integrated photonic
devices, including all-optical logic gate, all-optical memory,
and all-optical adder unit, but can also be used to eliminate
the signal crosstalk and help to reduce the device size
effectively.
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