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Abstract: We show numerically that the lossy side-coupled plasmonic 
resonators can be used as bistable switches without compensation. While 
the internal loss imposes on the bistable characteristics by reducing the 
transmission contrast and raising the input power requirement, it makes the 
switching more available by enlarging the width of the hysteresis loop. We 
also correct the nonlinear transmission formula of the resonators to adapt 
the lossy condition. Both the theoretical and simulation results are in good 
agreement. 
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1. Introduction 

Nanoplasmonics, a branch of photonics dealing with light in the nano metallic structures, 
maintained as a hot research field recently [1–4]. People believe that the nanoplasmonic 
devices have the potential to realize the high density optical circuits and the all-optical 
communication. To achieve the objectives, one of the important things to do is to investigate 
the control light with light in the fashion of optical bistability in subwavelength scale [5,6]. 
For the plasmonic crystals coated with nonlinear polymer whose refractive index being 
modified by the intensity of control light, bistability of transmission through the structures can 
be observed for all main plasmonic modes [6]. When we focus on the device model that 
contains one nonlinear optical resonator, it is found that the coupled waveguide-cavity 
structures are widely accepted as a promising scheme for optical switching due to the simple 
configuration and the distinctive physics [7–13]. It has been argued that the side-coupled style 
is superior to the direct-coupled one because of the accessibility of zero-transmission, which 
results in an infinite transmission contrast [8]. As regards the plasmonic resonators, however, 
the internal loss of metal reduces the transmission contrast, especially when the metal gap 
between the resonator and the waveguide is not narrow enough [10]. Gain media have been 
introduced to create stimulated emission of surface plasmons and realize lossless propagation 
in the plasmonic waveguides [14,15]. Thus, they can be filled into the resonator to annul the 
internal loss and recover the low transmission states [10]. Another proposal involves filling 
the resonator with active absorption materials, which can lead to very high transmission 
contrast when the absorption coefficient is tuned by a control light [11]. The switching time, 
however, is limited by the carrier lifetime, which is on the order of 0.2ns for the gain-assisted 
switching and 40ns for the absorbing-induced one [10,11]. Therefore, mechanism based on 
the Kerr nonlinear effect has its clear advantage. The switching time could drop to the order of 
1ps or even less [12,16–18]. 

To date, the studies on the switching of the side-coupled plasmonic resonators are mainly 
restricted to the use of active media. A natural question is whether the lossy resonators can act 
as bistable switches without compensation. In this regard, understanding the impacts of the 
internal loss on the bistable characteristics, such as the maximum transmission contrast, the 
location and the width of bistable region, etc., should be very helpful. In this Letter, we first 
characterize the nonlinear transmission of the side-coupled resonators by the numerical 
simulations using the finite-difference time-domain (FDTD) technique, focusing on the 
bistability of transmission. Then we explain the simulation results according to the nonlinear 
transmission formula corrected based on the law of conservation of energy and the coupled 
mode theory (CMT) [19]. 

2. FDTD simulation 

Consider a silver metal-dielectric-metal (MDM) waveguide side-coupled to a rectangular 
cavity as shown in the inset of Fig. 1. Such models had been studied by many researchers 
[10,11,13,20]. We fill the waveguide with silica glass and set the width of waveguide as 50nm 
so that only the fundamental TM mode could be excited. A Drude-Lorentz function, which 
provides a good description of empirical dielectric constant data for silver and had been used 
to calculate the subwavelength light bending [21], is used here to model the permittivity of 
silver. The rectangular cavity is 300nm long and 300nm wide, filled with some nonlinear 
composite material with refractive index n0 = 1.45. We set its third-order nonlinear 
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susceptibility χ
(3)

 as 2.4x10
9

esu, two magnitudes smaller than the recent developed metal-
dielectric composite materials [22,23]. In the following simulations, commercial FDTD 
softwares developed by Rsoft Company are used. The grid size is 2nm for x direction and 5nm 
for z direction. Also, to avoid any Fabry-Perot resonance effect caused by the waveguide 
entrances, which may make the transmission spectrum sharp and asymmetric [9,13], the 
waveguide is truncated before the upper entrance with perfectly matched absorbing layer 
(PML). The PML conditions are also applied to other boundaries. 

 

Fig. 1. Transmission spectra of the side coupled plasmonic resonator under the weak nonlinear 
condition. Inset shows the schematic model studied. 

When the interval between the waveguide and the resonator, denoted as d as shown in the 
inset of Fig. 1, is 20nm, two near-infrared resonances located at 0.855μm and 1.115μm can be 
found under the weak launch condition. They are indicated as the solid curve in Fig. 1. We 
choose the resonance of λ0 = 1.115μm for further investigation because its mode field is 
nodeless, which can localize more energy and be favor of the Kerr nonlinear effect. By using 
the method introduced in [24], the decay rate of the cavity field into the waveguide and the 
rate of internal loss, denoted as γe and γ0, are measured numerically as 0.137c/μm and 
0.021c/μm, respectively, where c is the speed of light in vacuum. So the quality factor of the 
cavity mode is 17.8. 

To search for the bistablility, a continue wave (CW) was launched to the lower entrance of 
the slit waveguide. The carrier wavelength λ is set as 1.20μm, so the frequency detuning with 
respect to the resonance, defined as δ = 2πc(1/λ0-1/λ)/(γe + γ0), is 2.53. By measuring the 
transmission Pout/Pin, where Pin and Pout represent the input and stable output powers of the 
CW, respectively, we obtain the upper branch of hysteresis depicted as the open down-
triangles in Fig. 2(a). Here, to eliminate the loss effect of the slit waveguide, the results are 
normalized to the transmission of the same isolated waveguide. When Pin is small, the 
resonance shifts hardly so little energy couples into the cavity. It leads to the high 
transmission states that make up of the upper branch of hysteresis. A dramatic drop of 
transmission from 0.74 to 0.17 occurs when Pin increases a little from 5.90W/μm to 
5.95W/μm, as the right dotted line shown in Fig. 2(a), indicating that the accumulated energy 
in the resonator has become large enough to create a decay wave that interferences almost 
destructively with the input wave. Then it grows linearly with Pin because the energy in the 
resonator has reached its maximum, i.e., the resonant frequency has caught the CW frequency. 
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Fig. 2. (a) Hysteresis loop when the interval between the waveguide and cavity is 20 nm. (b) 
and (c) show the transmission as a function of time when Pin is 4.9W/μm and 4.5W/μm, 
respectively. Insets are the snapshots of the electric fields corresponding to the stable outputs 
before and after the Gaussian pulse, where red and blue represent respectively the positive and 
negative fields. All panels use the same color scale. Arrows mark the CW launch direction. 

The lower branch of hysteresis can be accessed by superposing the CW input with a high 
peak-power Gaussian pulse, which drags the transmission from its upper state to the lower one 
if it has [8]. Two typical processes corresponding to Pin = 4.90W/μm and 4.50W/μm are 
recorded in Figs. 2(b) and 2(c), respectively. They show the ratio Pout/Pin as a function of ct, 
the speed of light in vacuum multiplied by time. The Gaussian pulse (width = 10.3fs, peak 
power = 500W/μm) is launched when ct = 47μm, the time when the output is stable. For the 
case of 4.90W/μm, the transmission can be switched from 0.84 to 0.03 by the pulse as the 
panel shows. There exists a lower transmission state that corresponds to very strong cavity 
field. On contrast, when Pin = 4.50W/μm, the transmission rests on 0.85, the stable value 
before the pulse, and the cavity field varies little, meaning no existence of the lower 
transmission state. In this way, we can find out all the states of the lower branch shown as the 
closed up-triangles and determine the bistable region, which is the space between the two 
dotted lines in Fig. 2(a). We find that the maximum transmission contrast is 28 which 
corresponds to Pin = 4.90W/μm. The width of hysteresis loop, defined as the value space of Pin 
when bistability is available, can be measured as 1.15W/μm. Obviously, this lossy resonator 
can act as a bistable switch. 

We increase the interval d from 20nm to 25nm to see if any improvements in bistability 
could be achieved. The resonance shifts a little and locates at 1.095μm as the dashed curve 
shown in Fig. 1. The decay rate of the cavity field into the waveguide and the rate of internal 
loss can be measured as 0.120c/μm and 0.063c/μm, respectively, so the quality factor of the 
cavity mode is 15.7. Similar to the above process, we can plot the hysteresis loop of 
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transmission when the CW wavelength is 1.20μm in Fig. 3. The maximum transmission 
contrast is about 13, which corresponds to Pin = 5.6 W/μm. It is much smaller than 28, the 
case of 20nm, due to the increase of minimum transmission. Surprisingly, the width of 
hysteresis loop can be measured as 3.3W/μm, almost three times as much as the previous case. 
As here the frequency detuning and the quality factor are only a little difference from the case 
of d = 20nm, it should be impossible to cause such a width of hysteresis loop. We guess that it 
originates from the obvious difference of the internal loss, which are 0.021c/μm and 
0.063c/μm, respectively. 

 

Fig. 3. Hystersis loop when the interval between the waveguide and cavity is 25 nm. 

3. CMT analysis 

We explain the simulation results by using the corrected nonlinear transmission formula. 
According to CMT and the perturbation theory, the transmission of side coupled resonator 
when the internal loss is negligible can be written as [8] 
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where P0 is the nonlinear characteristic power reflecting the nonlinear feedback and power 
confinement of the resonator [7,8], Pin, Pref, and Pout are respectively the input, reflected, and 
output powers in the coupled waveguide. Equation (1) should be corrected when the internal 
loss is taken into account. First, the minimum transmission, which is zero according to Eq. 
(1), must be replaced by η0 = [γ0/(γ0 + γe)]

2
 if we use the result from CMT [10,19]. Due to the 

non-zero η0, the infinite transmission contrast decreases to about 1/η0, as shown by the above 
simulation results. Second, the relation Pin-Pout = Pref is no longer valid under the lossy 
condition. Instead, we have Pin-Pout = Pref + Plossy according to the law of conservation of 
energy, where Plossy is the power of internal loss. It can be expressed as Plossy = 2γ0E where E 
is the stored energy in the resonator. Also, Pref = γeE if the decay rates of E along the two 
directions of the slit waveguide (upwards and downwards in our model) are equal. In this way, 
we can obtain the expression 

  in out ref
1 2 ,P P P      (2) 
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where α defined as (γ0/γe), the energy loss with respect to that couples into the waveguide. 
Thus, under the nonlinear lossy condition, Eq. (1) must be corrected as 
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Based on Eq. (3), we can see that it is the factor (1 + 2α) that widens the hysteresis loop. As α 
is much larger when d = 25nm, the corresponding hysteresis loop is naturally much wider, as 
shown by the simulation result in Fig. 3. Based on Eq. (3), we also give the theoretical 
bistable curves in Figs. 2(a) and 3 where the solid lines and the dashed lines represent the 
stable and unstable states, respectively. For the case of d = 20nm, which shown in Fig. 2(a), 
the theory predicts correctly most of the bistable states, but the width of hysteresis loop is 
wider than the simulation result. For the case of d = 25nm, however, the theoretical width of 
hysteresis loop is in good agreement with the simulation one, while the value of transmission 
shows an obvious discrepancy, as shown in Fig. 3. As a whole, Eq. (2) expresses the bistable 
characteristics of the lossy resonators quite well. 

4. Conclusion 

The internal loss of metals has serious impacts on the bistable characteristics of the plasmonic 
resonators. It raises the input power requirement, reduces the transmission contrast and 
widens the width of bistable region. Such phenomena can be explained by using the corrected 
formula based on the law of conservation of energy and the coupled mode theory. Even the 
resonator is filled with Kerr nonlinear material without compensation, the transmission 
contrast of optical bistability is still high enough for practical applications. 
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