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Optical bistability typically occurs only when the optical thickness in the device or the input light power is un-
favorably large. Here we show that, for a class of plasmonic metamaterials consisting of ultrathin holey metallic
plates filled with nonlinear materials, the optical bistability can occur with an ultralow excitation power. We
present a realistic design working at 0.2 THz and perform full-wave simulations to quantitatively study its optical
bistability properties. An analytical model is developed to explain the inherent physics and provides a general
design guideline for future development. © 2014 Optical Society of America
OCIS codes: (160.3918) Metamaterials; (190.0190) Nonlinear optics; (310.0310) Thin films; (250.5403) Plasmonics.
http://dx.doi.org/10.1364/OL.39.003212

Optical bistability is a nonlinear optical phenomenon
that has potential applications in optoelectronics and
logic elements such as optical switching [1], optical
memories [2], optical transistors [3], optical diode [4],
and optical computing [5]. Conventional optical bistabil-
ity devices consist of Fabry–Perot (FP) resonators filled
with nonlinear media [6–8]. To be able to sustain proper
FP modes to provide the necessary feedback mechanism
that amplifies the input signal, the optical thicknesses
of the resonator must be at least of the order of the
operating wavelength, or the input signal must be pro-
hibitively strong [9]. Such constraints severely limit the
application and the integration of optical bistable
devices.
In this Letter, we show that such constrains can be

relieved by combining engineered surface plasmon (SP)
resonances in artificial metamaterials [10,11] with optical
nonlinearity. As an illustration, we present a realistic de-
sign working at 0.2 THz, which consists of a λ∕25 thick
holey metallic plate with deep-subwavelength apertures
filled with nonlinear medium. Finite-difference time-
domain (FDTD) simulations show that optical bistability
can occur in such a device with an excitation power
3500 times lower than the case of using an FP resonator
of the same thickness, and the optical bistability thresh-
old is essentially independent of the film thickness.
The physics are governed by the shape resonance of
the subwavelength structure, which strongly enhances
the local fields inside the apertures where the nonlinear
materials are embedded. We developed an analytical
model that describes both the qualitative and quantitative
features observed in the numerical results. Our analysis
reveals the important role of plasmonic resonances
in achieving such extraordinary nonlinear optical
effect and provides useful design guidance for future
applications.
Figure 1(a) shows a unit cell of our device, which is a

60 μm thick metallic plate (yellow region), perforated
with a subwavelength aperture with a symmetrical
and interconnected lateral pattern (blue region). The
aperture is embedded with nonlinear material with

permittivity εd. To illustrate the physics hereafter, we will
operate the device in THz frequency domain, as the skin
depth of metal is negligible, so that the metal can be
considered as a perfect electric conductor. We empha-
size that at frequencies wherein the loss and dispersion
of metals must be taken into account, the nonlinear
properties can remain qualitatively unchanged by proper
optimization of the device geometry.

Figure 1(b) shows the FDTD-calculated linear trans-
mission spectra of the device with varying εd. The inci-
dent light is polarized along the x axis (i.e., E⃗‖x̂) in all

Fig. 1. (a) Schematic of the device. Shown is a unit cell with
d � 240 μm, l1 � 100 μm, l2 � l3 � 40 μm, and l4 � 60 μm. The
yellow (blue) region denotes the metal (nonlinear material).
(b) Transmission spectra of the device with varying εd, calcu-
lated by FDTD simulations (circles) and the analytical model
(solid lines) using Eq. (1), respectively.
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calculations presented in this Letter, but we note the
optical properties of the device are polarization-
independent as the structure has a fourfold rotational
symmetry on the xy plane. Remarkably, our numerical
results indicate that the structure exhibits a perfect
transmission peak at a certain frequency [12], which is
redshifted when εd increases. Such a transparency is
induced by the excitation of spoof SPs in the subwave-
length-structured metallic systems [13–17]. The strong
εd dependence of the transmission spectrum provides
the capability to modulate the transmission via the input
power if the embedded material is a Kerr nonlinear
medium.
We exploit this feature to demonstrate the optical bist-

ability in the device. Figure 2 plots the FDTD calculated
bistable hysteresis of devices with varying thickness h
and linewidth w, operating at a frequency f � 0.2 THz
[19]. The permittivity of the Kerr medium is εd � 2.25�
χ�3�jEj2 with χ�3� � 1 × 10−18 m2∕V2, which is typical in
semiconductors [20,21]. The obtained results indicate
that the bistability can occur for a device that has a
thickness of only 60 μm [Fig. 2(a)], which is 1/25 of
the operating wavelength; also the bistability threshold
field is essentially independent of the film thickness
[Figs. 2(a) and 2(b)], but strongly depends on the
linewidth w of the aperture [Figs. 2(a) and 2(c)].
To further demonstrate the ultralow threshold behav-

ior, we employed FDTD simulations to investigate the
dependence of the threshold/saturation fields on the film
thickness h, for both the proposed device and a con-
trolled case of a slab of Kerr medium of the same thick-
ness. Since the nonlinear materials are embedded in the

apertures of the metal layer, changing the metal film
thickness h is equivalent to changing the nonlinear
material thickness [see Fig. 1(a)]. Figure 3 clearly shows
the proposed ultrathin device has a threshold that
is smaller than that of an FP system by orders of
magnitude. Moreover, for the proposed device, the opti-
cal bistability threshold/saturation fields exhibit qualita-
tively different behavior, indicating a possibly unusual
governing mechanism than that in a conventional
FP slab.

To gain further insight, we developed a simple analyti-
cal model to predict the optical bistable behavior of the
proposed device. For the structure shown in Fig. 1(a),
one can consider those subwavelength apertures (blue
regions) as metallic waveguides supporting a series of ei-
genmodes. The wave-scattering problems related to such
a structure can be rigorously solved within a general
mode-expansion framework [13,22]. Under the single-
mode approximation, the linear transmittance at normal
incidence is given by [22,23]

T �
����

4Y 0Y holeeiqzh
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����
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; (1)

where Y 0 � k0∕ωμ0 and Y hole � qz∕S2
0ωμ0 are the admit-

tances of the fundamental modes in air and in the aper-
ture waveguide, respectively; qz � k0
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with ωc being the cut-off frequency of the waveguide de-
termined by the subwavelength pattern, and

S0 �
R
hole �E⃗inc�� · �E⃗wg�dxdy������������������������������������������������������������������������������R
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R
hole jE⃗wgj2dxdy

q �2�

is the overlapping integral between incident plane wave
(E⃗inc) and the fundamental waveguide mode (E⃗wg). The
parameter S0 can be analytically solved for a simple rec-
tangular shape and can be numerically calculated for
complex aperture shapes. For our system, it is found
by FDTD simulations that S0 � 0.22 and S0 � 0.25 for

Fig. 2. Bistable hysteresis for a device with parameters
(a) w � 20 μm, h � 60 μm; (b) w � 20 μm, h � 80 μm; and
(c) w � 15 μm, h � 60 μm, calculated by a nonlinear FDTD
scheme [18] (circles) and the analytic model calculations using
Eqs. (1) and (3) (lines). Red arrows indicate the direction of the
input power change.

Fig. 3. Film-thickness dependences of the threshold field
(blue triangles) and saturation field (red circles) for (a) our
design. (b) An FP slab with the same thickness, obtained by
the nonlinear FDTD calculations. Lines denote the model re-
sults calculated with Eqs. (1) and (3). The operating frequency
is f � 0.2 THz.
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the cases of w � 15 μm and w � 20 μm, respectively.
Linear transmission spectra calculated using such a
model are shown as solid lines in Fig. 1(b), which have
excellent agreements with the FDTD results. Equation (1)
shows that high transmission (T � 1) can be obtained
when qz � 0, i.e., the waveguide cut-off frequency of
the aperture, which corresponds to the spoof SP reso-
nance of the structure [23]. Since by varying εd the wave-
guide cut-off frequency ωc is tuned, the transmission
peak also shifts accordingly.
We now apply this analytical model to study the non-

linear transmissions. In nonlinear materials, εd can be
strongly modified by the local light intensity. Different
from a simple FP-slab case, here the relation between
local E-field (E⃗loc) inside the aperture and the incident E-
field (E⃗0) is very complicated. A quantitatively accurate
approximation between E⃗loc and E⃗0, however, can still
be obtained by invoking the following two arguments:
First, we note that 1∕jS0j2 essentially characterizes the
Q factor of the plasmonic resonance, since S0 represents
the coupling between the plasmonic mode inside the
subwavelength structure and the radiation mode in
free space. Therefore, from the definition of the Q factor,
the total electromagnetic (EM) energy stored inside the
plasmonic cavity (e.g., the aperture) should be propor-
tional to jE⃗0j2 · T∕jS0j2. Second, noticing that the EM
energy is stored only inside the aperture, we can estimate
the average local field as jE⃗locj2 ≈ Au:c:∕Ahole · jE⃗0j2 ·
T∕jS0j2 by making an area correction, where Au:c: and
Ahole represent the areas of a unit cell and an aperture,
respectively. Therefore the permittivity of the Kerr
medium can be written as [24]

εd � 2.25� χ�3� ·
Au:c:

Ahole
·
jE⃗0j2 · T
jS0j2

: (3)

It is clear that both the Q factor of plasmonic reso-
nance (∼jS0j−2) and the aperture area correction can
significantly modify the local field and thus the permittiv-
ity of the Kerr medium. In contrast, these two mecha-
nisms do not exist in a conventional FP system so that
our system exhibits distinct optical bistability behaviors.
Equations (1) and (3) together form a set of coupled non-
linear equations with two unknowns (T; εd), which can
be solved using the method developed in [7]. Precisely,
by employing Eq. (1), we first computed T as functions
of εd at the operating frequency for two different thick-
nesses. The results are shown as solid lines in Fig. 4. We
note that high transmission (T ∼ 1) only occurs at a
particular εd value for which case the waveguide cut-
off frequency is equal to the operating one. We then used
Eq. (3) to obtain T�εd� (which is a straight line as this is a
linear relation) for varying input power. The results are
shown by the dashed lines in Fig. 4. According to Eq. (3),
the slopes of T�εd� are proportional to the inverse of
the input power (i.e., jE⃗0j−2). Therefore the crossing
points of these two curves are the graphical representa-
tions of the solutions of Eqs. (1) and (3).
Such a graphical method proves to be helpful in

understanding the properties of the device in a simple
and direct manner [Fig. (4)]. For example, the threshold

of the input power is wherein the straight line begins to
contact the transmission spectrum from above (so that
the solutions start to be in existence); the saturation
field corresponds to the input power for which the
straight line ceases to have two intersections with the
transmission curve, yielding only one crossing point.
We note that from Eq. (1), the spectral positions of
the transmission peaks are not sensitive to the film
thickness h, as the high transmission is mainly induced
by the waveguided mode at cutoff in the apertures; the
nature of this mode is a lateral resonance on the xy
plane. As a result, the optical bistability threshold is
also nearly independent on h as long as the lateral struc-
ture (the aperture) is unchanged. On the other hand, the
saturation field has a stronger dependence on h, since
the transmission peak is narrowed when h is increased
(Fig. 4).

Alternatively, if the aperture linewidth w is decreased
while all other structural parameters are unchanged, the
overlapping integral S0 will be reduced, leading to an en-
hanced plasmonic Q factor; thus the required input field
should also be decreased so that the straight line accord-
ing to Eq. (3) can keep the same slope. This explains
why the threshold and saturation fields are reduced
for a device with a smaller w [see Fig. 2(c)], since the
local field inside the aperture is significantly enhanced
by such lateral field squeezing mechanism [see
Eq. (3)]. In contrast, the resonance peak in an FP slab
strongly depends on the slab thickness h, and there is
no such mechanism to significantly enhance the local
field in the transverse direction inside a FP slab. There-
fore an FP slab yields qualitatively different optical bist-
ability behaviors. In Figs. (1)–(3), we also plot the results
according to the analytic model, compared with the rig-
orous FDTD ones. The agreements in Figs. (1)–(3) are in
general acceptable.

We note from Fig. 2 that the analytic model overesti-
mates the transmitted signals as compared with the
FDTD results, although it can well reproduce the thresh-
old/saturation fields. It is because that the incident E field
oscillates in time so that εd is also a fast oscillating

Fig. 4. Graphical representation and determination of the op-
tical bistability threshold and saturation fields for different
thicknesses. Solid and dashed lines are calculated by Eqs. (1)
and (3), respectively.
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function of time. Such an oscillation gives rise to the so-
called self-phase modulation [25] in a Kerr medium,
which is known to broaden the transmission/reflection
spectral even when the incident light is strictly mono-
chromatic. Therefore the transmittance at the carrier
frequency should be correctively reduced to account for
the portion of the light energy that has been transferred
to other frequency components.
As the analytic model only involves two parameters

(S0 and h), we can optimize the geometry of the device
in the parameter space of S0 and h to minimize the optical
bistability threshold. Figure 5 shows the optical bistabil-
ity threshold as a function of S0 and h. The result indi-
cates that the threshold decreases when S0 becomes
smaller but is essentially independent of h. Therefore a
strategy to decrease the optical bistability threshold is
to decrease S0 yet keeping the resonance frequency
unchanged; this is because the Q factor of the plasmonic
resonance is enhanced as S0 decreases.
This analysis provides guidance to design the appropri-

ate aperture shape. For example, it can be shown that a
square-shaped aperture would not work. For a square
shape, analytical calculation shows that S0 � 2

���
2

p
a∕πd

and ωc � cπ∕�a �����
εd

p �, with a being the side length of
the square hole and d the period [23]. While we can make
S0 small by decreasing a, the resonance frequency ωc,
however, increases at the same time; to keep ωc un-
changed, the linear part of εd has to increase signifi-
cantly, which is not easy to realize in practice. In
contrast, more complicated shapes such as a fractal in
Fig. 1 provides an additional freedom, i.e., the linewidth
w, to allow the decreasing S0 without affecting ωc.
In summary, by combining the engineered SP reso-

nance with nonlinearity, a new mechanism emerges
that allows achieving optical bistability at an ultralow
threshold in an ultrathin device at deep subwavelength

scales. Such an approach could be promising for the
design and the realization of highly superior and ultra-
compact optical bistable devices.
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