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Abstract: A 2×2 optical waveguide coupler at 850 nm based on the multimode interference (MMI) 
structure with the polysilsesquioxanes liquid series (PSQ-Ls) polymer material and the imprint 
technique is presented. The influence of the structural parameters, such as the single mode condition, 
the waveguide spacing of input/output ports, and the width and length of the multimode waveguide, 
on the optical splitting performance including the excess loss and the uniformity is simulated by the 
beam propagation method. By inserting a taper section of isosceles trapezoid between the single 
mode and multimode waveguides, the optimized structural parameters for low excess loss and high 
uniformity are obtained with the excess loss of ‒0.040 dB and the uniformity of ‒0.007 dB. The effect 
of the structure deviations induced during the imprint process on the optical splitting performance at 
different residual layer thicknesses is also investigated. The analysis results provide useful 
instructions for the waveguide device fabrication. 
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1. Introduction 

The optical waveguide coupler, as a basic unit, 

implements the function of splitting or combining 

lightwave in photonic integrated circuits. Compared 

with the conventional directional coupler, the 

coupler based on the multimode interference (MMI) 

structure has many advantages including compact 

structure, good fabrication tolerance, low optical 

loss, and polarization insensitivity [1–3]. The MMI 

based coupler can constitute the high speed optical 

switch [4, 5], large extinct ratio modulator [6], high 

Q waveguide microring filter [7], multi-wavelength 

laser array [8], and compact optical 90° hybrid for a 

balanced detection receiver [9]. 

Among the optical materials for integrated 

waveguide devices, the polymer has the features of 

low cost, flexible tuning of refractive index, and 

easy forming of film by spin-coating [10]. The 

polymer based integrated waveguide devices can be 

fabricated by the simple imprint technique [11], 

which avoids the complicated processes of growth 

and etching for fabrication of inorganic optical 
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waveguide devices with silicon, silica or 

semiconductor materials. Also, polymer waveguide 

devices can be integrated with a light source and a 

photo detector on a common board, which promote 

the reduction in cost and minimization of the optical 

module and subsystem [12, 13]. The research on 

polymer based optical waveguide devices has been 

attracting more and more attention in the field of 

optical interconnection on board [14], high speed 

coherent receiver [15], and optical biosensor     

[16, 17]. Especially for the optical biosensor, the 

polymer materials have several unique advantages. 

Among these, polymer surfaces have good 

biocompatibility and can be easily modified to 

immobilize a wide range of biomolecules, which is 

beneficial to achieve the label-free detection [18]. 

Additionally, most analytes are aqueous with a large 

optical absorption loss at the lightwave band of  

1550 nm, which greatly deteriorates the performance 

of silicon on insulator based biosensors [19]. The 

polymer waveguides can work at the lightwave bands 

of 650 nm or 850 nm [20–22] where the aqueous 

analytes have a very low optical absorption loss [23]. 

Many researches on the polymer waveguide 

MMI coupler have been carried out [23–28], which 

are generally around 1550 nm. In this paper, the 

MMI based 2×2 optical waveguide coupler at   

850 nm with the polysilsesquioxanes liquid series 

(PSQ-Ls) polymer material [29] and the imprint 

technique [30] is optimally designed. The influence 

of the structural parameters such as the single mode 

conditions, the waveguide spacing of input/output 

waveguides, and the width and length of the 

multimode waveguide, on the device performance 

including the excess loss and the uniformity, is 

simulated and analyzed. The optimized structural 

parameters for low excess loss and high uniformity 

are obtained. The influence of the structural 

parameter deviations induced during the imprint 

process on the device performance under different 

residual layer thicknesses is also studied. The 

analysis results provide useful instructions for the 

following waveguide device fabrication. 

2. Structure design 

Figure 1 shows the 2×2 optical waveguide 

coupler based on the MMI structure, which has two 

input single mode waveguides: (1) the multimode 

waveguide and (2) output single mode waveguides. 

The single mode conditions of input/output 

waveguides, the waveguide spacing D, and the 

width WMMI and length LMMI of the multimode 

waveguide are the main structural parameters to be 

designed. 

OutputMultimode area Input

D

LMMI  
Fig. 1 2×2 optical waveguide coupler based on the MMI 

structure. 

The excess loss and the uniformity are the two 

important performance indices of the coupler,   

with the unit of dB. The excess loss is defined    

as [31] 
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where outP is the sum of output optical power, and 

inP is the sum of input optical power. 

The uniformity is defined as [31] 
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where Pmin and Pmax are the minimum and maximum 

optical powers of the two output ports, respectively. 

The structure model of the 2×2 coupler based 

on MMI is built and simulated by the beam 

propagation method (BPM). The wavelength of the 

input optical field is set as 850 nm, and the input 

power is normalized as 1. The power of two output 

ports is monitored when the waveguide structural 

parameters, such as the waveguide spacing D, the 
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width WMMI, and length LMMI of the multimode 

waveguide, are adjusted. Then the excess loss and 

uniformity are calculated with (1) and (2). The 

structural parameters are optimized by simulating 

the influence of the different structural parameters 

on the excess loss and the uniformity. 

2.1 Waveguide cross section 

Figure 2 shows the cross section of the 

input/output waveguide of the MMI based coupler. 

The material of the lower cladding is the PSQ-Ls 

with the low index of 1.458 named as PSQ-LL, and 

the core is the PSQ-Ls with the high index of 1.529 

named as PSQ-LH [29]. The upper cladding is set as 

air with the index of 1. As well known, the height H 

and width W of the core should fulfill the single 

mode condition. In addition, the residual layer with 

the thickness of Δh will be generated when the core 

is fabricated by the imprint technique [30], and the 

influence of the residual layer on the performance of 

the coupler could not be ignored. 

 
Fig. 2 Schematic of the input/output waveguide cross 

section. 

Figure 3 shows the effective refractive index 

versus different widths W of the core with the height 

of the core H=1 μm and he thickness of the residual 

layer Δh=0.2 μm, respectively. It can be seen from 

Fig. 3 that the higher-order mode will appear when 

the width is equal to or larger than 2 μm. Therefore, 

the width of the core is chosen as 1.8 μm. The inset 

of Fig. 3 shows the calculated mode field with the 

core width of 1.8 μm. It can be seen clearly that    

only the fundamental mode transmits in the 

waveguide. 
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Fig. 3 Effective refractive index versus different waveguide 

core widths. 

2.2 Waveguide spacing 

The mode coupling occurs when the two 

waveguides are close to each other, which impacts 

the optical splitting property of the MMI based 

coupler. The model of two parallel straight 

waveguides with the length of 500 μm is set up as 

the inset in Fig. 4. The lightwave field with the 

normalized power of 1 is input to Waveguide 1, and 

the output power from Waveguide 2 is monitored 

when the waveguide spacing D changes. 
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Fig. 4 Power output from Waveguide 2 versus different 

waveguide spacings D. 

Figure 4 shows the output power from Waveguide 

2 versus different waveguide spacings D. The 

lightwave power coupled from Waveguide 1 into 

Waveguide 2 gradually decreases with an increase in 

the waveguide spacing D, and the power approaches 

zero when the waveguide spacing increases to    

3.4 μm. The power does not change as the 

waveguide spacing further increases. The waveguide 
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spacing D of the input/output waveguides is chosen 

as 5 μm in consideration of no coupling between the 

two parallel waveguides and the feasibility of the 

waveguide fabrication with the imprint technique. 

2.3 Multimode waveguide 

For the multimode waveguide design, the width 

WMMI and length LMMI of the waveguide are the main 

structural parameters. The two input/output 

waveguides of the 2×2 MMI based coupler with 

3-dB splitting ratio are located at We/3 and 2We/3 of 

the multimode waveguide, respectively, according  

to the self-image principle [31]. The effective width 

of the waveguide is defined as We and is 

approximately equal to the practical width of the 

waveguide: 

MMI 3 .eW W D             (3) 

The length of the multimode waveguide meets 

the following relationship: 
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where Lπ is the beat length of the two lowest-order 

modes, ncore is the index of the waveguide core, λ0 is 

the wavelength of the input lightwave. With the 

above chosen waveguide spacing D of 5 μm, the 

width of the multimode waveguide is about 15 μm, 

and the length of the multimode waveguide is about 

270 μm according to (3) and (4), respectively. 

Then the model of the 2×2 MMI based coupler 

is established according to above parameters. The 

excess loss and uniformity are simulated and 

calculated when the input/out waveguide spacing D 

is tuned with a step of 0.1 μm. Figure 5(a) shows the 

excess loss and uniformity with different spacings D. 

Obviously, the change in the waveguide spacing has 

the primary influence on the excess loss which 

approaches the minimum as D is 5.1 μm. Figure 5(b) 

shows the excess loss and uniformity with different 

the multimode waveguide lengths LMMI. It can be 

seen that the excess loss approaches the minimum as 

LMMI is 273 μm. Therefore, the width WMMI and 

length LMMI of the multimode waveguide are chosen 

as 5.1 μm and 273 μm, respectively. 
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Fig. 5 Excess loss and uniformity: (a) different input/output waveguide spacings D and (b) different lengths of the multimode 
waveguide LMMI. 

The optical splitting property of the 2×2 MMI 

based coupler is simulated with above structural 

parameters, and the result is shown in Fig. 6. From 

Fig. 6, it can be observed that the normalized power 

of two output ports is 0.4712 and 0.4647, 

respectively. Then the excess loss is ‒0.325 dB, and 

the uniformity is ‒0.071 dB calculated by (1) and (2). 

The structural parameters and performance indices 

of the 2× 2 MMI based coupler are listed in   

Table 1. 
Table 1 Structural parameters and performance indices of the 

2×2 MMI optical waveguide coupler. 

W H D WMMI LMMI EL UF 

1.8μm 1μm 5.1μm 15μm 273μm –0.325dB –0.071dB
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Fig. 6 BPM simulation result of the 2×2 MMI based 
coupler. 

3. Structure optimization 

From Table 1, it can be seen that the excess loss 

of the 2×2 MMI based coupler is relatively high. It 

is due to the mismatch loss between the single mode 

and multimode waveguides. A taper section of 

isosceles trapezoid with the length Ltaper and the 

width Wtaper, as shown in Fig. 7, is inserted between 

the single mode and multimode waveguides to 

suppress the mismatch loss [32, 33]. 

 
Fig. 7 2×2 MMI based coupler with the taper section. 

The structural parameters of the taper section are 

optimized. At first, the excess loss with different 

widths Wtaper of the taper section is simulated with 

the length Ltaper of 100 μm, and the result is shown in 

Fig. 8(a). The excess loss decreases gradually with 

an increase in the width Wtaper. It tends to be the 

minimum when Wtaper is 3.1 μm, and it doesn’t 

change basically when Wtaper increases further. Then 

the width Wtaper of the taper section is selected as  

3.1 μm to analyze the excess loss with different 

lengths Ltaper of the taper section, and the result    

is shown in Fig. 8(b). Ltaper is selected as        

100 μm to ensure the minimum excess loss        

with the possible short length of the taper    

section. 
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Fig. 8 Excess loss with different widths Wtaper (a) and lengths Ltaper (b) of the taper section. 

The optical splitting performance of the 2×2 

MMI based coupler is simulated with the optimized 

structural parameters, and the result is shown in  

Fig. 9. The normalized powers of two output ports 

are 0.4949 and 0.4958, respectively. Then the excess 

loss is ‒0.040 dB, and the uniformity is ‒0.007 dB 

calculated by (1) and (2). The structure and property 

parameters of the optimized coupler are listed in 

Table 2. Comparing the parameters between Tables 

1 and 2, the excess loss is reduced obviously    

after introducing the taper section between    

single mode and multimode waveguides. At the 

same time, the uniformity is also improved 

significantly. 
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Fig. 9 Simulated result of the 2×2 MMI based coupler with 
the taper section. 

Table 2 Structural parameters and performance indices of the 
2×2 MMI based coupler with the taper section. 

W H D WMMI LMMI Wtaper Ltaper EL UF 

1.8μm 1μm 5.1μm 15μm 273μm 3.1μm 100μm –0.040dB –0.007dB

4. Discussion of fabrication tolerance 

The optimized 2×2 MMI based coupler has the 

good characteristics of optical splitting, but the 

structural parameters such as the waveguide spacing 

D, length LMMI, and width WMMI of the multimode 

waveguide may deviate from the optimal values due 

to the horizontal offset of the mold during the 

fabrication process by the imprint technique. At the 

same time, the thickness of the residual layer may 

vary in a small range due to the tiny change in 

pressure, which also exerts negative effect on the 

optical splitting performance of the coupler. 

Therefore，it is necessary to analyze the structural 

parameter tolerance of the coupler to give 

instructions for the device fabrication and 

performance improvement. 

At first, the influence of deviation of the 

multimode waveguide width WMMI from the 

optimized value on the excess loss and the 

uniformity is analyzed. The input/output waveguide 

spacing D and the length LMMI of the multimode 

waveguide are set as the optimized values of D = 

5.1 μm and LMMI = 237 μm. The thickness of the 

residual layer is set as 0.1 μm, 0.2 μm, and 0.3 μm, 

respectively. The power from the two output ports of 

the coupler are obtained by simulation with the 

BPM, with which the excess loss and uniformity are 

calculated by (1) and (2). The analysis results are 

shown in Fig. 10. It can be seen that the deviations 

of the multimode waveguide width WMMI have a 

larger influence on the excess loss than on the 

uniformity. For the excess loss, as shown in Fig. 

10(a), it increases gradually as WMMI deviates from 

the optimized value. The changes in the residual 

layer thickness ∆h also affect the excess loss a bit. 

However, it would be acceptable if the deviation of 

WMMI is in a certain range. The maximum values of 

the excess loss and uniformity are set as ‒0.3 dB and 

‒0.1 dB, respectively. The tolerable deviation of 

WMMI is between ‒0.1 μm and 0.12 μm (0.67%) from 

the optimized value of 15 μm. 
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Fig. 10 Splitting performance: (a) excess loss and (b) uniformity with different WMMI at different thicknesses of the residual layer. 
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Then the influence of deviations of the 

multimode waveguide length LMMI and the 

waveguide spacing D of the input/output port from 

the optimized values on the excess loss and 

uniformity is analyzed by the similar process. The 

analysis results are shown in Figs. 11 and 12, 

respectively. For the maximum values of excess loss 

and uniformity of ‒0.3 dB and ‒0.1 dB, the tolerable 

deviation of LMMI is between ‒5 μm and 3 μm (1.10%) 

from the optimized value of 273 μm, and the 

tolerable deviation of D is between ‒0.44 μm and 

0.35 μm (6.86%) from the optimized value of 5.1 μm. 
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Fig. 11 Splitting performance: (a) excess loss and (b) uniformity with different LMMI at different thicknesses of the residual layer. 
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Fig. 12 Splitting performance: (a) excess loss and (b) uniformity with different D at different thicknesses of the residual layer. 

According to the above analysis, the length LMMI 

and the width WMMI of the multimode waveguide 

have less tolerance than the waveguide spacing D of 

the input/output port. Therefore, they should be 

controlled precisely during the waveguide 

fabrication process. On the other hand, the thickness 

of the residual layer Δh could be a favorable 

measure to improve the performance of the coupler. 

For example, Δh could increase properly in the 

fabrication process if the practical LMMI is larger 

than the designed value. Overall, the structural 

parameters of the 2×2 MMI based coupler, such as 

the waveguide spacing D, the length LMMI, the width 

WMMI of the multimode waveguide, and the residual 

layer thickness Δh should be considered 

comprehensively in order to improve the 

performance of the coupler. 

5. Conclusions 

A 2×2 MMI based optical waveguide coupler at 

850 nm with the polymer of PSQ-Ls and imprint 

technique has been optimally designed by the BPM. 

The height and width of the waveguide core for 

single mode transmission is designed as 1 μm and 
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1.8 μm, respectively. The optimized structural 

parameters including the waveguide spacing D of 

the input/output port, the length LMMI, and the width 

WMMI of the multimode waveguide are obtained by 

minimizing the excess loss and uniformity and 

inserting the taper section of isosceles trapezoid 

between the single mode and multimode waveguides. 

The excess loss and the uniformity of the MMI 

based coupler are ‒0.040 dB and ‒0.007 dB, 

respectively, with the optimized structural 

parameters. The fabrication tolerance of structural 

parameters has also been investigated in order to 

achieve an MMI based coupler with good 

performance by the imprint technique. The analysis 

results provide useful instructions for the further 

waveguide device fabrication. 
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