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Optical switches base on electrostatic movable micro-mirrors have been developed 
since nineties of the last century for their low power consumption and high optical 
performance [1]. As nano-fabrication technology advances, it is recently possible to 
build optical switches with other optical devices on a single chip. To reach higher level 
of integration, moving waveguides rather than mirrors to steer light is a better option 
since it involves less free-space alignment. Several works have been done in this 
direction in the recent years [2-4]. However, most of these devices require a high 
actuation voltage from 14V to 50V and the switching frequency is below 1MHz, which 
limit their diversity in application.     

We propose a nano-opto-electro-mechanical switch based on three-dimensional four-
waveguide directional coupler. Compared to most mechanical actuating optical 
switches, the actuation voltage of this novel device is small (3V). Thanks to the compact 
footprint, the natural mechanical frequency is above 1MHz range, allowing a fast 
switching speed. 

 

Fig. 1. (a) A simplified illustration of the switch. (b) Cross-state. (c) Bus-state. 

The proposed switch is based on a directional coupler composed of four waveguides, 
with two of which are suspended. By inducing voltage bias, the two suspended 
waveguides can be actuated vertically, changing the state of switch between cross-state 
and bus-state, as showed in Fig.1(b) and (c). 

The mechanism of our device can be depicted in the frame of coupled mode theory. 
Considering four identical waveguides arranged in the way described above, neglecting 
the diagonal coupling, the system can be depicted in Eq.1.  
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The solution of Eq.1 needs to satisfy |b2(L)|2 = 1 and |a1(L)|2 = |a2(L)|2 = |b1(L)|2 =
0  for the cross-state. By putting the solution into cross-state condition, we get Eq.2, 
which tells us the device length and coupling rates required by the state.  
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{
𝜅𝑣1 = 𝜅𝑣2 = 2𝑙𝜅ℎ            𝑙 = 1,2,3 …

𝐿 = (2𝑚 + 1)
𝜋

2𝜅ℎ
        𝑚 = 0,1,2 …    (2) 

The solution of Eq.1 needs to satisfy |b1(L)|2 = 1 and |a1(L)|2 = |a2(L)|2 = |b2(L)|2 =
0 for the bus-state. By putting the solution into this condition, we get Eq.3, which tells 
us the coupling rates required by the bus-state. 

{
𝜅𝑣1 = (2𝑝 ± √4(2𝑛 − 1)2 − 1) 𝜅ℎ            𝑝 = 2,3,4 … ;  𝑛 = 1,2,3 …

𝜅𝑣2 = (2𝑝 ∓ √4(2𝑛 − 1)2 − 1) 𝜅ℎ            𝑝 = 2,3,4 … ;  𝑛 = 1,2,3 …
  (3) 

The coupling rates can be related to vertical distances between waveguides after 

calibration. To demonstrate the concept, we build a FDTD model with following 

parameters. The length of the device is 25 µm. The width and thickness of the bottom 

waveguides are 370 nm and 220 nm. Initial vertical distance between waveguides is 

220 nm. Suspended waveguides are 15 nm thicker to compensate the substrate effect. 

The material of waveguide is assumed to be silicon and the bottom waveguides sit on 

silica substrate.   

Fig.2(a) shows the transmission evolution during actuating the device from cross-state 

to bus-state, given by FDTD simulations. The bandwidth of the switch is showed in 

Fig.2(b).  

 

Fig. 2. (a) Simulated transmission characteristics as a function of the displacement of right 
suspended waveguide, with the displacement of left one fixed at 5 nm. (b) Simulated 

spectral response of Cross-state (solid line) and Bus-state (dashed line) 

FEM simulations show that the actuation voltage of our design can be as low as 3.25V, 
thanks to the small displacement requirement compared to other designs [2-4]. The 
natural mechanical resonant frequency of the device is 1.29 MHz, which is also the 
highest among reported designs. The energy needed by each swithing operation is 

given by Es =
ε0AVs

2

d−z
, which is only 85 fJ here. 
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