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By using poled-polymer/silicon slot waveguides in the active region and the Pockels effect of the poled-polymer, we 

propose a kind of Mach-Zehnder interferometer (MZI) electro-optic (EO) switch operated at 1 550 nm. Structural pa-

rameters are optimized for realizing normal switching function. Dependencies of switching characteristics on the slot 

waveguide parameters are investigated. For the silicon strip with dimension of 170 nm×300 nm, as the slot width var-

ies from 50 nm to 100 nm, the switching voltage can be as low as 1.0 V with active region length of only 

0.17–0.35 mm, and the length of the whole device is only about 770–950 µm. The voltage-length product of this 

switching structure is only 0.17–0.35 V·mm, and it is at least 19–40 times smaller than that of the traditional polymer 

MZI EO switch, which is 6.69 V·mm. Compared with our previously reported MZI EO switches, this switch exhibits 

some superior characteristics, including low switching voltage, compact device size and small wavelength dependency.  
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In recent years, optical switching devices have received 

more and more attention due to their wide applications in 

optical communication and optical signal processing 

systems. In our previous reports, based on rib/rectangular 

waveguides and the poled polymer AJ309[1,2], different 

non-resonant electro-optic (EO) switches have been nu-

merically proposed, and they usually exhibit a switching 

voltage of 2–5 V and an EO region length of 3–6 mm, 

which indicates a voltage-length product of 5–30 V·mm[3-5]. 

For a lower EO coefficient, a long active region is re-

quired to drop the switching voltage below 1 V, but this 

will lead to long waveguide length, which is not allowed 

in low-voltage, ultra-compact and chip-level interconnec-

tion. Besides polymer EO switches, silicon EO switches 

also have shown great potential for being compatible with 

standard complementary metal-oxide-semiconductor (CMOS) 

processing technology. So far, silicon EO switches have 

been widely demonstrated based on free carrier deple-

tion[6-8] or injection[9,10] in diode structures or CMOS 

structures[11]. To meet the needs of optical communica-

tion, an optical switch should possess some important 

characteristics, involving small device dimension, suit-

able electrical and optical bandwidth, large voltage- 

length product, high extinction ratio and low power con-

sumption. 

Compared with other waveguide structures, such as rib 

waveguide and rectangular waveguide, the slot waveguide 

has been proven to be a good candidate to design and 

fabricate integrated optical devices. In this paper, we 

propose a kind of Mach-Zehnder interferometer (MZI) 

EO switch operated at 1 550 nm by using poled-polymer/ 

silicon slot waveguides in the active region and silicon 

waveguides in the passive region, and the Pockels effect 

is exploited via the poled-polymer cladding in the slot 

waveguide. Through optimization, the device can per-

form normal switching functions. An impressive advan-

tage of this structure is that its voltage-length product is 

reduced by at least 19–40 times compared with that of 

the polymer MZI EO switch with switching voltage of 

2.23 V and EO region length of 3 mm[12].  

Fig.1(a) shows the detailed structure of the EO switch, 

which consists of an input 3 dB directional coupling re-

gion with a length of L1, an output 3 dB directional cou-

pling region with a length of L1, an MZI EO region 

composed by two slot waveguides with a length of LMZI, 

and two transitive regions containing four sinusoidal 

transitive waveguides with a length along the propaga-

tion of L2. The cross-section of the left MZI EO arm is 
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shown in Fig.1(b). The slot waveguide contains an under 

silica cladding layer, two silicon strips with thin strip 

loader, a poled-polymer slot and an upper poled-polymer 

cladding layer. At wavelength of 1 550 nm, the EO coef-

ficient of the poled polymer is γ33=138 pm/V, the ampli-

tude loss coefficient is 2.0 dB/cm, and the refractive in-

dex is n1=1.58. Then the mode effective refractive index 

can be tuned through changing the applied voltage. The 

refractive indices of silicon and silica are n2=3.455 and 

n3=1.46, respectively. The widths of silicon strip width 

and slot are Wd and Ws, respectively. The thicknesses of 

under silica cladding, slot and upper polymer cladding 

are h1, h and h2, respectively. The thickness of silicon 

strip loader on top of the silica layer is h3.  

In the two directional coupling regions, each 3 dB 

coupler contains two directional coupling silicon rectan-

gular waveguides. The cross-section view in the coupling 

region is shown in Fig.1(c). The waveguide width and 

height are defined as W and H, respectively, and H=h +h3, 

h3 =50 nm. The coupling gap between the two silicon 

waveguides is d. In order to realize the mode conversion 

between rectangular waveguide and slot waveguide, four 

taper-like coupling waveguides are used, as shown in the 

inset of Fig.1(a).  

In the MZI EO region, the deposited electrodes con-

tain three parts, left electrode, center electrode and right 

electrode. For obtaining a push-pull operation in the two 

arms, the EO polymers in the two slot areas are poled 

using contact poling method along the same direction. 

During poling, the three poling voltages applied on the 

left electrode, the center electrode and the right electrode 

are +Upol, 0 V and −Upol, respectively, and these three 

voltages during operation are 0 V, U and 0 V, respec-

tively. 

 

 

(a) 

 
(b) 

  
(c) 

Fig.1 (a) Structure of the MZI EO switch based on slot 

waveguide; (b) Cross-section view from AA’ side of 

the slot waveguide in the MZI region; (c) Cross- sec-

tion view from BB’ side in the 3 dB directional cou-

pling region 

 

In the following design, the operation wavelength of 

the device is selected as 1 550 nm. Since the external 

applied electric field is along the x direction, the optical 

mode is selected as TE mode. The slot waveguide and 

the silicon rectangular waveguide should be both sin-

gle-mode waveguides, so we need to optimize the 

waveguide core parameters. For slot waveguide, under 

TE polarization, the curves of effective refractive indices 

of the TE0 and TE1 modes versus the silicon width Wd are 

shown in Fig.2(a), where λ=1 550 nm, Ws=100 nm, 

h1=h2=1 000 nm, h3=50 nm and h=300 nm. It can be seen 

that when Wd is taken as smaller than 250 nm, the single 

mode propagation can be realized under TE polarization. 

For silicon rectangular waveguide, under TE polarization, 

the curves of the effective refractive indices of TE0 and 

TE1 modes versus the silicon width W are shown in 

Fig.2(b), where λ=1 550 nm, h1=h2=1 000 nm and 

H=350 nm. It can be seen that when W is taken as 

smaller than 410 nm, the single mode propagation can be 

assured under TE polarization. 

With wavelength of 1 550 nm, for the two directional 

coupling silicon waveguides, Fig.3(a) shows the curves 

of the effective refractive indices of symmetric TE0 mode 

(denoted as Nref,s) and asymmetric TE1 mode (denoted as 

Nref,a) versus the coupling gap d. We can observe from 

Fig.3(a) that Nref,s decreases and Nref,a increases with the 

increase of d, and they gradually approach an identical 

value. Using  

( ) ( )
c

1

ref,s ref,a

 
2 2 , ,

L
L

N d N d

λ
λ λ

= =
−⎡ ⎤⎣ ⎦

,         (1) 

the relation between the coupling region length L1 and 

the gap d is shown Fig.3(b). When d is less than 0.6 μm, 

L1 is less than 500 μm. In order to enhance the coupling 

of 3 dB coupler, reduce the length L1 and improve the 

device integrality, d should be taken as small as possible. 

However, d cannot be taken too small. Otherwise, these 

two coupling waveguides will be converted into a slot 

waveguide. Therefore, we select the coupling gap as 

d=400 nm, and the corresponding coupling region length 

is about L1=97.5 μm.  
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(a)                           (b) 

Fig.2 Curves of the effective refractive indices of TE0 

and TE1 modes versus (a) the silicon strip width Wd in 

the slot waveguide and (b) the silicon waveguide 

width W in the silicon rectangular waveguide 
 

EO overlap integral Г
x
 clearly shows the modulation 

efficiency of an EO switch, and it should be as large as 

possible in order to reduce the switching voltage. Under 

1 550 nm wavelength, Fig.4 shows the curves of Г
x
 

versus the parameters of slot waveguide. With the in-

crease of slot width Ws, the electric field in the slot drops, 

and Г
x
 exhibits an obvious decreasing trend. With the 

increase of h or Wd, the electric field in the slot is almost 

constant, and therefore Г
x
 exhibits an increasing trend. 

Thus, enlarging the silicon width and minimizing the slot 

width can be both effective to increase Г
x
, which will be 

helpful for minimizing the switching voltage as well as 

shortening the EO region length.  
 

   
(a)                           (b) 

Fig.3 For the two directional coupling silicon waveguides, 

curves of (a) the effective refractive indices of TE0 and TE1 

modes and (b) the coupling region length L1 of the 3 dB 

silicon directional coupler versus the coupling gap d 
 
The product of the switching voltage Us and LMZI is an 

important characteristic for the MZI switch. Fig.5 shows 

the curves of Us×LMZI with different slot waveguide pa-

rameters. We can see from Fig.5 that the product gets 

larger with the increase of Ws, and a small Ws is required 

to drop the switching voltage and shorten the EO region 

length. The larger the silicon height h, the lower the 

product of Us×LMZI , and this phenomenon can be ex-

plained according to the relation between Г
x
 and h as 

shown in Fig.4(a). From Fig.5(b), to a certain extent, the 

product of Us×LMZI is lower with a wider Wd, and it will 

finally become a saturation value when Wd reaches the 

width of 210 nm. This phenomenon can be explained 

according to the relation between Г
x
 and Wd as shown in 

Fig.4(b). Besides, the dependency of the product on 

wavelength is further investigated as depicted in Fig.5(c). 

The product varies slightly with wavelength. This is due 

to the slight variation of the power ratio confined in the 

slot with the change of operation wavelength. 
 

 
(a) 

  
(b) 

Fig.4 Curves of the EO overlap integral Гx versus the 

slot width Ws with (a) the same Wd and different h and 

(b) the same h and different Wd 
 

Based on the above discussion, in order to decrease the 

voltage-length product, we should choose a smaller Ws, a 

larger h and a larger Wd. For example, we can take Wd×h 

as 190 nm×300 nm, and in this case, when the slot width 

is Ws=50 nm, the corresponding Us×LMZI is 170.5 V·µm. 

In a similar way, when Ws=100 nm, the corresponding 

Us×LMZI=351.0 V·µm. Taking the switching voltage as 

1.0 V, the total length of the switch is 770 μm (including 

two 97.5 μm-long couplers, a 200 μm-long transitive 

region and a 170 μm-long MZI region) with slot width of 

50 nm, and that is 950 μm (including two 97.5 μm-long 

couplers, a 200 μm-long transitive region and a 

350 μm-long MZI region) with slot width of 100 nm. 
 

  
(a) 
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(b) 

 
(c) 

Fig.5 Curves of the voltage-length product Us×LMZI 

versus the slot width Ws with (a) the same Wd and 

different h and (b) the same h and different Wd; (c) 

Curve of the voltage-length product Us×LMZI versus 

operation wavelength λ with Ws×Wd×h =50 nm×190 

nm×300 nm 
 

Through using poled-polymer/silicon slot waveguides 

and employing the Pockels effect of the poled-polymer, a 

kind of MZI EO switch operated at 1 550 nm is proposed. 

Structural design and simulation are performed. With the 

silicon strip dimension of 190 nm×300 nm, as the slot 

width varies from 50 nm to 100 nm, the switching volt-

age can be as low as 1.0 V with active region length of 

only 0.17–0.35 mm. The whole device length is less than 

650 μm when the slot width is 100 nm, or less than 

470 μm with the slot width of 50 nm. The voltage-length 

product of the proposed device is only 0.17–0.35 V·mm, 

which is reduced by at least 19–40 times compared with  

that of our previously reported traditional polymer MZI 

EO switch (6.69 V·mm). Due to the compact size and the 

ultra-low switching voltage, the switch can be good can-

didate for implementing the functions of optical switch-

ing and optical routing in optical network-on-chip fields.  
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