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We exploit the properties of ultranarrow, Fano-like resonances generated by the coupling of long range surface
plasmons with ultrathin (∼10nm), metallic, subwavelength gratings embedded in a nonlinear, cubic material to
obtain all-optical switching at telecommunication wavelengths for extremely low input power. We provide an
example of a silver metallic grating embedded in a chalcogenide glass (As2S3), and we show the concrete possibility
to achieve all-optical switching at local field intensities compatible with the photo-darkening threshold of the
material. © 2012 Optical Society of America
OCIS Codes: 190.1450, 240.6680, 250.5403, 350.2770, 230.1150.

Long range surface plasmons (LRSPs) are guided modes
excited at the surface of thin metallic layers (10 nm to
50 nm) embedded in a symmetric environment. They
have been widely studied in the past both theoretically
[1,2] and experimentally [3]. Because of their extremely
long propagation distances and low Ohmic losses, LRSPs
give rise to remarkably narrow, Lorentzian-like, attenu-
ated total reflection (ATR) resonances in the typical
prism coupling configuration [3] with bandwidths of
the order of few Å. Several authors in the past have dis-
cussed the application of these narrow resonances to
nonlinear optics [4] and all-optical switching in particular
[5]. Besides the classical Kretschman configuration, cou-
pling of a LRSP in a thin metal layer is also possible by
patterning the metal in a periodic manner so that the
LRSP can be coupled through the reciprocal lattice vec-
tor of the resulting metallic grating according to the fol-
lowing standard transverse momentum conservation
Eqs. [6,7]:

k0;x � j � kLRSP∓mGj; m � 0; 1; 2; ::: (1)

where ko;x � ninko sin�ϑ� is the transverse momentum of
the incident field according to the geometry described in
Fig. 1(a), nin the refractive index of the incident medium,
ϑ is the incident angle, k0 � 2π∕λ the vacuum wave-
vector, λ the incident wavelength, kLRSP � koneff is the
wave-vector of the LRSP, neff is the real part of the effec-
tive index of the LRSP calculated for the unperturbed
(nonpatterned) metal layer as in [7], G � 2π∕Λ is the re-
ciprocal lattice vector of the grating, Λ its period, and m
is an integer that stands for the different diffracting or-
ders of the grating. In [7], among other things, we have
also shown that this kind of coupling gives rise to ultra-
narrow reflection resonances with bandwidth that can
easily approach ∼0.2 Å similar to Wood’s anomalies [8].
These resonances, different from the ATR resonances,
are strongly asymmetric with a typical Fano-like shape
[9–11]; moreover their bandwidth is at least 1 order of
magnitude narrower than the corresponding ATR
resonances.
The aim of this Letter is to exploit these plasmonic

Fano-resonances [7,11] for all-optical switching applica-

tions. In general, in all-optical switching devices the input
intensity at the switching point scales as 1∕Q2 [12], where
Q � λ∕Δλ is the quality (Q)-factor of the resonance, so
that having high-Q resonances is imperative for the pur-
pose of a low-power all-optical switching. In our case we
can readily achieve plasmonic Fano-resonances with
Q ∼ 105, whereas with conventional dielectric gratings,
as the ones studied in [12], for example, we can have
Fano-resonances with Q factors that can reach ∼104 at
most. As we pointed out in [12], increasing the Q factor
beyond ∼104 could be done by considering dielectric
gratings with slit apertures well below 10 nm, which
is, unfortunately, at the moment, out of reach even for
the more advanced nanofabrication procedures [13].
On the contrary, as we have discussed above, ultrathin,
metallic gratings naturally offer these ultranarrow, Fano-
like plasmonic resonances originated by the coupling of
the LRSP with the reciprocal lattice vector of the grating.

Now, let us start our analysis by describing in Fig. 1(a)
the geometry we consider: a TM-polarized, monochro-
matic, plane wave is incident at a generic angle ϑ on a
subwavelength, silver grating with thickness d, period Λ,
and slit aperture a. The silver grating is embedded in a
chalcogenide glass (As2S3 arsenic-trisulphide). We use
chalcogenide glasses because of their large cubic nonli-
nearity and low two-photon absorption, two characteris-
tics that make them ideal candidates for all-optical
switching devices [14]. The dispersion of silver has been
taken from the book of Palik [15] while the refractive in-
dex of As2S3 has been taken equal to nAS2S3 � 2.4 in the
telecommunication band (∼1.5–1.6 μm) according to
data reported in literature [14]. In Fig. 1(b) we show
the effective index (left y-axis) neff and the propagation
distance (right y-axis) as a function of λ for a LRSP pro-
pagating along a d � 10 nm uniform (no-grating) layer of
silver embedded in As2S3. We remark that the use of the
bulk dispersion [15] for the 10 nm Ag layer is justified by
the experimental results available in literature [16–17].
We notice that the effective index of the LRSP is very
close to the refractive index of the embedding material,
As2S3 in our case. This is a typical characteristic of
LRSPs, which is due to the fact that the field of the LRSP
is mostly localized in the embedding material, reducing
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therefore the Ohmic losses in the metal and increasing
the propagation distance.
Once neff is calculated, we can use Eq. (1) to design the

metallic grating for our specific needs. In our case we
have chosen Λ � 384 nm to have a coupling of the LRSP
with the first reciprocal lattice vector of the grating (G) in
the telecommunication band for ϑ in the range between
38° and 48°, as shown in Fig. 2(a). Obviously, different
frequency ranges and/or different ranges of incident an-
gles can be explored by varying the parameters accord-
ing to Eq. (1). In Fig. 2(b) we show the linear reflection
(R) versus λ and ϑ for the structure described in Fig. 1(a)
with the following parameters: Λ � 384 nm, a � 240 nm,
and d � 10 nm. R in Fig. 2(b) has been numerically cal-
culated using the Fourier-modal-method (FMM) [18]. In
the figure it is evident the sharp variation of the reflection
along the line that follows very closely the corresponding
line of the coupling of the LRSP with G as predicted by
Eq. (1) and shown in Fig. 2(a). There is a very slight shift
between the coupling shown in Fig. 2(a) and that numeri-
cally calculated in Fig. 2(b). This is an expected phenom-
enon due to the fact that we have used in Eq. (1) the
effective index of the LRSP of the uniform metal layer
instead of the effective index of the LRSP of the metal
grating.
In Fig. 3(a) we show the plasmonic Fano resonance

located at λ � 1.55 μm for ϑ � 43°. Consistent with
our previous findings in the visible range [7], we note that
its bandwidth is ∼0.2Å. On the resonance are indicated
the wavelengths at which we calculate the nonlinear re-
flection and all-optical switching in Fig. 3(b). In the non-

linear case the Fano resonance undergoes considerable
distortion for increasing input intensity with a typical
knot-like shape in agreement with previous studies [12].

The calculation has been performed using the FMM
adapted to the nonlinear case using a mean field theory
similar to that proposed in [19]. The nonlinear refractive
index of As2S3 has been taken according to [14]
n2 � 2.9�10−18 m2∕W. Switching in the range of few tens
of MW∕cm2 input intensity is achievable. For example, at
λ � 1.5504 μm the input intensity at the switching point is
∼50 MW∕cm2. Note in particular how the switching in-
tensity decreases if we chose λ closer to the reflection
peak of the linear Fano resonance, although in this latter
case lowering the input intensity is obtained at the ex-
pense of a reduction of the area of the hysteresis cycle.
At the peak of reflection of the Fano resonance we have
optical limiting behavior which, in this sense, corre-
sponds to a limit hysteresis cycle with null area. At this
point we would like to comment on the feasibility of our
proposed device. It is well known in fact that in general
chalcogenide glasses possess photo-darkening threshold
for local field intensities that, for example, in the case of
As2S3 are of the order of ∼1 GW∕cm2 [20]; therefore local
field intensities not to exceed this threshold are needed
for a realistic device to operate. In the following we will
show that in our case the device can perform the all-
optical switching under the above mentioned constraint.
To this end in Fig. 3(c) for the case λ � 1.5504 μm we
show the field localization normalized to the incident
field in the closest vicinity of the metallic grating where
localization is the strongest. In particular, we have taken
an observation region that starts 30 nm before the grating
and ends 30 nm after the grating along the z-axis, while
encompasses the entire elementary cell along the x-axis.

Fig. 1. (Color online) (a) Geometry: Ag grating having thick-
ness d, period Λ and slit aperture a, embedded in As2S3. We
consider an electromagnetic wave, TM-polarized incident on
the grating at a generic angle ϑ. (b) Effective index (left y-axis)
and propagation distance (right y-axis) versus wavelength for a
LRSP propagating along a 10 nm, homogeneous, Ag layer em-
bedded in As2S3.

Fig. 2. (Color online) (a) Dispersion in the plane �λ;ϑ� for the
LRSP coupled with the first reciprocal lattice vector of the grat-
ing with d � 10 nm and Λ � 384 nm. The dispersion has been
calculated according to Eq. (1). (b) Reflection (R) from the
structure described in Fig. 1(a) with d � 10nm, Λ � 384 nm,
and a � 240 nm.
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The field is for the most part localized outside the me-
tal, as one may expect from a LRSP, and, moreover, the
average field localization in our observation region is
hjE∕Einj2i ∼ 20, which, considering that the input inten-
sity at the switching point is ∼50 MW∕cm2, corresponds
to a local field intensity at the switching point
∼1 GW∕cm2. Although the intrinsic nonlinear response
of chalcogenide glasses is ultrafast (< 100 fs) [14], the
exploitation of high-Q resonances may limit the possibi-
lity of an ultrafast all-optical switching because longer
pulses are necessary to resolve these resonances. In
our case we expect the switch to happen on a 100 ps
to 1 ns time scale. In conclusion, we have shown that

plasmonic, Fano-resonances generated by the coupling
of LRSPs with subwavelength, ultrathin, metallic gratings
can be successfully used for all-optical switching applica-
tions in conjunction with chalcogenide glasses or any
other material that possesses high cubic nonlinearity and
low two-photon absorption. Moreover, although in this
Letter we have given a particular example for the tele-
communication band, the same concepts laid out here
can apply as well to other regions of the electromagnetic
spectrum such as the visible, for example. Also, apart
from the self-switching based on optical bistability ana-
lyzed in this Letter, another interesting switching config-
uration for the same structure could be the one that
involves the use of one pump laser to control the signal
light.
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Fig. 3. (Color online) (a) Linear Fano resonance at λ �
1.55 μm and ϑ � 43°. The marks on the curve indicate the op-
erative wavelengths for the calculation reported in Fig. 3(b).
(b) Nonlinear reflection versus input intensity (I in) at different
incident wavelengths as reported in Fig. 3(a). (c) Field localiza-
tion normalized to the incident field at λ � 1.5504 μm in a re-
gion very close to the metal grating as detailed in the main text.
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