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In this paper, a composite fabricating method was proposed for manufacturing 1×16 MMI vertical coupling optical splitter 

with Su8 core layer and air cladding layer. The femtosecond laser composite fabrication combined simultaneous spatial 

and temporal focusing technology with traditional lens focusing method. Compared with the traditional lens focusing 

method, this composite fabricating method improved the processing accuracy. The diameter of incident aperture was 5 

mm, the distance of grating pairs was 500 mm, and the angle of grating pairs was 48°, the groove density of gratings was 

1500 lines/mm. The femtosecond laser wavelength was 800 nm, wavelength width was 8 nm, and, 100 fs pulses with a 

maximum pulse energy of 0.4 mJ at a repetition rate of 10 kHz. The testing results showed average insertion loss of each 

output port was 18.34 dB, and non-uniformity was 0.1988 dB in the optical splitter. This met requirements of vertical 

coupling optical interconnection for the EOPCB. 
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1. Introduction 

 

With the development of optoelectronic integrated 

circuits, the demand for optical interconnection 

communication between chips based on the circuit board 

level was growing. FR4 material were circuit layers in 

the traditional electro-optical printed circuit board 

(EOPCB). An optical waveguide layer composed of 

polymer material was integrated between FR4 layers, 

which was used for unidirectional point-to-point 

information transmission between VCSEL laser and PIN 

detector [1-3]. As the size of electronic chip was getting 

smaller and smaller, more chips could be integrated on 

the circuit board, and the demand for 

single-point-to-multipoint information transmission was 

also increasing. Therefore, this paper proposed a solution 

to this problem by integrating a 1×16 MMI optical 

splitter in the optical waveguide layer. The coupling of 

VCSEL laser and PIN detector of traditional 

optoelectronic circuit board to the optical waveguide 

layer was realized through special optical fibers or 

special optical structures. Because the optical waveguide 

was sandwiched between the FR4 layers, the expansion 

coefficients of two materials were different, which was 

easy to crack and fall off during working for a long time. 

A 1×16 MMI air-cladding optical splitter layer based on 

silica substrate was designed, which was fixed by bolts. 

And, the input and output ends of 1×16 MMI optical 

splitter layer were made into a 45° coupled waveguide 

structure, and the transmission loss between chips was 

low, which did not affect the optical communication. 

Currently, the methods, which fabricating polymer 

optical waveguides for EOPCBs, included ultraviolet 

photolithography [4-5], ion etching [6-7], mosquito 

method [8-9], femtosecond laser etching [10-11], etc. 

However, ultraviolet photolithography, ion etching and 

mosquito method were relatively expensive and these 

processing were more complicated [12-15].  

Moreover, the diversity of device structures and 

physical, chemical, or optical properties, some 

techniques were only applicable to specific materials. 

Among these solutions, femtosecond laser writing had 

been recognized as an efficient tool to fabricate optical 

devices in the Su8 polymer owing to the powerful 3D 

engineering capability and microscale fabrication [16-17]. 

Quite extensive studies had been performed on this topic, 

and the materials had also been extended to ceramics, 

organic materials, and so on [18–22]. However, the 

precision of traditional femtosecond laser etching was 

low [23-25]. The femtosecond laser composite 

fabricating method was proposed to improve the 

processing accuracy and it was more suitable for the 

fabrication of optical waveguide devices [26-28]. In this 

work, we concentrated on the new femtosecond laser 

composite fabricating technique. For specific geometries 

of optical splitter, the manufacturing process was 
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precisely adjusted. The communication performance of 

EOPCB was significantly improved. 

 

 

2. Design of improved EOPCB  

 

2.1. The principle of multimode interference  

    optical splitter 

 

The principle of multimode interference optical 

splitter was the self-imaging effect [29-31]. When light 

entered a multi-mode waveguide, various guided modes 

in the waveguide would be excited. Because the 

propagation constants of different guided modes were 

different, when the light propagated, phase difference and 

mutual interference would occur. Then, output mirror 

images of light field would appear in a specific position 

where the propagation constants of different orders of 

guided modes satisfied a self-imaging effect. N output 

lights could be obtained by setting N output waveguides 

at the specific positions, then, the optical splitter could be 

completed. 

At the input region of multimode interference, the 

input field could be written as a linear combination of all 

eigenmodes:                
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             (1) 

 m x was the m-th order eigenmode of MMI part, and cm 

was the weight coefficient. Then, the light field at z was, 
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where
m was the propagation constant of the m-th order 

eigenmode. 

Two assumptions were put forward in the 

self-imaging effect: one was to assume that the key was 
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where, L
was the beat length,  
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The positions of N image could be obtained by 

formula (3), when N images were obtained, the total 

length L was, 

N

L
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                  (5)                                                        

The coordinate positions (
ix ) of output waveguides 

were as follows, 
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After the width of MMI multi-mode interference 

region was determined, the length of MMI multi-mode 

interference region and the coordinate positions of output 

waveguide could be calculated by the formulas (5) and 

(6). According to formula (4), the beat length was 

obtained. 
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where, rn and
eW represented the effective refractive 

index and effective width of MMI, respectively. Then, 

the mode distribution at the output end of multimode 

waveguide could be obtained by the guided mode 

transmission method. 
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For a 1×N optical splitter, the input waveguide was 

set at the middle of multimode waveguide (x=0), the 

purpose was to restrict the multimode waveguide to 

excite only even modes (m=0, 2, 4, 6, 8...), the 

interference was symmetrical. So, when the formula was 

established, 

N

L
L

4

3                  (9)                                                             

N image could appear at the end of multimode 

waveguide. Then, a 1×N optical splitter was also 

designed. 

 

 

2.2. Design of 1×16 MMI optical splitter 

 

A 1×16 MMI air-cladding Su8 polymeric optical 

splitter was designed for EOPCB [32]
 

in Fig. 1. 

Electronic components were mounted on the FR4 layer. 

Silica was the substrate layer. 1×16 MMI optical splitter 

was sandwiched between two layers. The width of MMI 

waveguide was 40 μm, its length was 824 μm, the 

distance between two output waveguides was 20 μm. The 

cladding of optical splitter was air, its refractive index 
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was 1 @ 1550 nm. The refractive index of silica glass 

was 1.45 @ 1550 nm. The core layer was Su8 polymer, 

its refractive index was 1.566 @1550 nm. The length of 

1×16 optical splitter was 2.2 cm, the spacing of output 

waveguide was 127 µm. 

 

 

(a) Structure of EOPCB 

 

(b) Normalized output power for each port 

 

Fig. 1. Design of 1×16 MMI optical splitter (color online) 

 

 

The structure of 1×16 MMI vertical coupled optical 

splitter was shown in Fig. 1(a). The cross section of 

optical splitter was 10 μm×10 μm. The input and output 

ports of optical splitter were cut to 45º. Normalized 

output powers were simulated in Fig. 1(b), the average 

normalized output power was 16.53 dB, and the 

non-uniformity was 0.0486. 
 
 

2.3. Design of 45° coupled waveguide structure 

 

The 1550 nm laser emitted by VCSEL was 

converged by focusing lens and vertically coupled into 

45º coupled waveguide structure in Fig. 2. Then, laser 

transmitted along the 1×16 optical splitter. Output lasers 

were vertically reflected to collimating lens, and the 

beams were received by multiple photodetectors to 

realize optical communication at the circuit board [33]. 

 

 
                            

Fig. 2. 45° coupled waveguide structure 

 

 

When the angle (θ) changed, it would affect the 

optical power coupling efficiency between VCSEL laser 

and PDs. Assuming that there was no loss between 

VCSEL laser and PDs, the normalized coupling 

efficiency (δ) was defined as 1 [34-35]. 

 

 
 

Fig. 3. The relationship between angle (θ) and  

normalized coupling efficiency (δ) 

 

When angle (θ) changed from 42º to 44.5º, 

normalized coupling efficiency (δ) varied from 0.338 to 

0.351, and deviation of δ was not obvious in Fig. 3. 

When angle (θ) changed from 44.5º to 45º, δ increased 

rapidly from 0.351 to 0.97. When angle (θ) changed from 

45º to 45.9º, δ was still greater than 0.9. When angle (θ) 

gradually increased from 45.9° to 48º, δ decreased 

sharply. Only when θ∈[44.8º , 45.9º], δ was greater than 

90%. 

 

 

3. Femtosecond laser composite fabrication  

 

3.1. The principle of simultaneous spatial and  

    temporal focusing  

 

Here, it was assumed that the incident femtosecond 

laser pulse had a circular Gaussian profile, namely, their 

beam waists along the major axis (
xW ) and the minor 

axis (
yW ) were the same. The ellipticity of Gaussian 

beam could be tuned with a narrow aperture, as 

illustrated in Fig. 4. Here,
1d was the distance between 

gratings pairs. Angle i was the input angle of Gaussian 

light, and angle r was the output angle of Gaussian light 

[36-40]. 
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Fig. 4. Simultaneous spatial and temporal focusing 

 (color online) 

 

 

Firstly, the normalized light field of spatially 

dispersed pulse A1 at the entrance aperture of objective 

lens could be expressed as, 
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where, A0 was optical field amplitude, ω0 was carrier 

frequency, 2 was bandwidth of femtosecond pulse 

measured at 1/e
2
, 2 xW and 2 yW were beam waists along 

major and minor axes measured at 1/e
2
, respectively. 

Neglecting the high-order chirp induced by the grating 

pair, the linear shift of each spectral component at the 

entrance aperture could be written as
0( ) ( )x       . 

After passing through the objective lens, the light 

field could be written as,  
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where, k was the wave vector and f was the focal length 

of objective lens. Then, propagating distance z from the 

lens, light field could be described by the Fresnel 

diffraction equation,  
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Performing inversed Fourier transformation of A3, 

light field in the time domain could be written as, 
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Then, three dimensions peak intensity could be 

calculated by substituting z = f and 0t  into equation 

(13), 

2

4( , , , )I x y z t A             (14)                             

The grating pair was ruled with σ. The first-order 

diffraction must satisfy the following equation, 

sin sin /i               (15)                               

where, λ0 and ω0 were the central wavelength and the 

central frequency, respectively. And,  was wavelength 

width. Hence, the coefficient was 

3

1 0 0cos / ( cos )d i           (16)  

From above formula, the optical field power 

distribution near the focus were calculated in Fig. 5. At 

the focal point, it could be seen that the diameter of 

optical spot was 0.2 µm in Fig. 5(a). The optical field 

power distribution was approximately a long racetrack 

type, its long side was 2 µm and its short side was 0.2 

µm in Fig. 5(b)-5(c). 

 

 

 

Fig. 5. Optical field power distribution near the focus (color online) 

 

 

3.2. Composite fabricating method 

 

Firstly, the silica substrate was boiled in 5% dilute 

sulfuric acid for 4 hours in a fume hood to remove 

impurities and roughness on the surface and made it 

smooth. Then, the silica substrate was placed in 

ultrasonic cleaning for 5-10 minutes and it was dried 

with nitrogen. The silica substrate was evenly spun Su8 

adhesive on its surface and thickness of Su8 adhesive 

was 10 µm. Afterwards, the composite fabricating system 

was used in Fig. 6, which had two sets of independent 

light paths, and they needed to switch according to the 

computer's program for composite processing. Light path 

1 consisted of several parts, which were attenuator, 
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rotatable reflector, shutter, reflector, collimating lens, 

grating pair, aperture, focusing lens. When rotatable 

reflector blocked the output light of attenuator, light path 

1 was in the working state. At this time, light path 1 was 

finely used for the outline of optical splitter and edges. 

Light path 2 consisted of several parts, which were 

attenuator, rotatable reflector, reflector, collimating lens, 

aperture, focusing lens. When rotatable reflector didn’t 

block the output light of attenuator, light path 2 was in 

the working state. Light path 2 was used for the inner 

processing of outline of optical splitter and the 

processing near the edges.  

Because light path 1 could break through the 

diffraction limit, the diameter of focal spot could 

theoretically be smaller than 0.3 µm, light path 1 was 

firstly used to ablate the contour of optical splitter and 

these edges of contour. Light path 2 was used to ablate 

the inside part of optical splitter outline and near the 

edges of contour, which formed a 1×16 MMI optical 

splitter without 45º coupled waveguide structure. For 

manufacturing 45º coupled waveguide structure, the side 

face of optical splitter ports was in the focal plane. Light 

path 1 was used to ablate lines of different depths along 

the 45º angle on the end face. 1×16 MMI vertical 

coupled optical splitter was fabricated with above steps. 

 

 
 

Fig. 6. The femtosecond laser composite fabricating  

system (color online) 

 

The resolution of three-dimensional translational 

stage was 0.1 μm, which drove the samples to change 

position. The focusing lens was a 40X objective lens 

with numerical aperture NA=0.6. The femtosecond laser 

(Coherent Libra HE) was with a center wavelength of 

800 nm, 100fs pulses with a maximum pulse energy of 

0.4 mJ at a repetition rate of 10 kHz, and beam quality 

factor M
2
<1.3. Femtosecond laser pulse had a Gaussian 

profile, the major and minor axis waist were 5 mm. The 

distance (
1d ) of gratings pair was 500 mm. The input 

angle (i) of Gaussian light was 48º. Focal length was 5 

mm. The grating pair was ruled with 1500 lines /mm. 

The wavelength width was 8 nm. The optical spot 

diameter was about 0.3 µm.  

 

 

4. Results and discussion 

 

Laser power and translational speed had greater 

impacts on the line-depth and linewidth [41-43]. The line 

width was closer to 4 µm and the line depth was closer to 

10 µm after scan once. The optimal laser power and 

translational speed were obtained by cross-experiments. 

Laser power was set within 30 mW to 130 mW, and the 

translational speed was set between 5 mm/s and 30 mm/s, 

results of cross-experiments were obtained in Fig. 7.  

 

 
(a) Ablated linewidth 

 

 
(b) Ablated depth 

 

Fig. 7. The results of cross-experiments (color online) 

 

 

When laser power and translational speed were (90 

mW, 15 mm/s) and (110 mW, 20 mm/s), the ablated 

linewidth were 4.08 µm and 4.12 µm, respectively. 

Similarly, when laser power and translational speed were 

(70 mW, 15 mm/s) and (90 mW, 15 mm/s), the ablated 

depth were 9.80 µm and 10.08 µm after scan once, 

respectively. In these results, laser power 90 mW and 

translational speed 15 mm/s were simultaneously 

selected. 
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(a) Optical waveguide 

 

(b) Output waveguides of optical splitter 

Fig. 8. Traditional fabricating method 

 

An optical splitter was manufactured by traditional 

fabricating method with light path 2. Linewidths were 

obtained, which were 9.96 µm, 9.53 µm and 9.48 µm in 

Fig. 8(a), respectively. The extreme difference of 

linewidth was less than 0.5 µm, and edges of optical 

splitter were not very smooth. The spacing of output 

waveguides was about 127.23 µm in Fig. 8(b). Another 

optical splitter was manufactured with composite 

fabricating method. The simultaneous spatial and 

temporal focusing technology was used, laser power was 

0.6 mW, ablated diameter was almost 0.29 µm and 

ablated depth was almost 10 µm on the Su8 adhesive by 

single pulse. When translational speed was 1.125 mm/s, 

linewidths were obtained, which were 9.95 µm, 9.82 µm 

in Fig. 9(a), respectively. The extreme difference of 

linewidth was less than 0.15 µm, the spacing of output 

waveguides was 127.1 µm, and their edges were 

smoother in Fig. 9(b).  

 

 
 

(a) Optical waveguide 

 

 
 

(b) Output waveguides of optical splitter 

 

Fig. 9. Composite fabricating method 

The 45° coupled waveguide structure was 

manufactured with light path 1. The laser processing path 

was as shown in Fig. 10(b), laser focus diameter was 

approximately equal to 0.3 µm (focus diameter Sd =            

0.3 μm). Laser focus was attached to the silica substrate 

and it was ablated once along Z direction at a speed of 

1.125 mm/s. After this ablation, the laser focus was 

raised of 30 µm along Y direction, it returned to the 

starting plane along -Z direction, then, the laser focus 

was lowered of 30 µm along -Y direction, and laser focus 

returned to the starting position. Again, laser focus was 

moved 0.1 µm along -X and Y directions simultaneously, 

and was ablated once along Z direction at a speed of 

1.125 mm/s. Similarly, laser focus returned to the starting 

position of second ablating. Next time, laser focus would 

move 0.1 µm (moving step size Sx=Sy=0.1μm) again 

along -X and Y directions, and ablated once at a speed of 

1.125 mm/s. Similarly, laser focus would return to the 

starting position of third ablating. According to these 

ablating steps, the 45° waveguide coupled structure was 

fabricated. Then, ablation was run again according to the 

computer program. The final 45° waveguide coupled 

structure could be fabricated in Fig. 10(c). The thickness 

of 45° coupled waveguide structure was about 9.9 µm, 

and the angle was about 45.5°. Ra was approximately 

equal to 0.2 µm. 

Traditional fabricating method was also theoretically 

similar, except that laser power, translational speed, the 

number of scan and moving step size were different. 

Laser focus diameter was approximately equal to 3.25 

µm (Sd = 3.25 μm). Laser power was 10 mW, ablating 

depth was about 3.3 µm after scan once. Laser focus was 

also attached to the silica substrate and it was ablated 

three times along Z direction at a speed of 30 mm/s. After 

this ablation, the laser focus was also raised of 30 µm 

along Y direction, it returned to the starting plane along 

-Z direction, then, the laser focus was lowered of 30 µm 

along -Y direction, and laser focus returned to the 

starting position. Again, laser focus was moved 1 µm 

along -X and Y directions simultaneously, and was 

ablated three times along Z direction at a speed of 30 

mm/s. Similarly, laser focus returned to the starting 

position of second ablating. Next time, laser focus would 

move 1 µm (moving step size Sx=Sy=1μm) again along 

-X and Y directions, and ablated three times at a speed of 

30 mm/s. Similarly, laser focus would return to the 

starting position of third ablating. Then, ablation was still 

run again according to the computer program. The final 

45° waveguide coupled structure could be fabricated in 

Fig. 10(a). The thickness of 45° coupled waveguide 

structure was about 9.91 µm, and the angle was about 

45.8°. Ra was approximately equal to 0.5 µm. It could be 

clearly seen that the composite fabricating method was 

more effective than traditional fabricating method, and 

the ablated angle was more accurate and closer to 45°. In 

addition, the surface roughness of ablated angle was even 

smaller and could reach Ra 0.2 level. 
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(a) Traditional fabricating method 

 

 
(b) Laser processing path 

 

 
 

(c) Composite fabricating method 

 

Fig. 10. 45° coupled waveguide structure and laser  

processing path (color online) 

 

A 1×16 MMI vertical coupling optical splitter was 

fabricated by composite fabricating method. The length 

of optical splitter was 2.199 cm, the length difference 

was 0.001 cm, it would not affect the light transmission 

performance in Fig. 11(b). The spacing of output ports of 

MMI part was about 20.03 µm, the width of output 

waveguide was approximately equal to 9.95 µm, and the 

width of MMI part was 40.05 µm in Fig. 11(a). The 

width of input waveguide was about 9.97 µm, and the 

width of MMI part was approximately equal to 40.07 µm 

in Fig. 11(c). Three-dimensional morphology of MMI 

output port was shown in Fig. 11(d), it clearly reflected 

the details of part (I) in Fig. 11(a). It could be seen that 

the width of output optical waveguide was about 9.95 μm, 

the depth was about 9.93 μm, and the distance between 

two output waveguides was about 20 μm. And the 

surface and edges were almost smooth. The hypotenuse 

was steeper. Similarly, three-dimensional morphology of 

MMI input port was shown in Fig. 11(e), it showed the 

details of part (II) in Fig. 11(c). It could be seen that the 

width of output optical waveguide was about 9.97 μm, 

the depth was about 9.95 μm, and the surface and edges 

were relatively smooth. The hypotenuse was also steeper. 
 

 

(a) Output port of MMI part 

 

   (b) Optical splitter         (c) Input port of MMI part 

 

(d) Three-dimensional morphology of MMI output port               

 

(e) Three-dimensional morphology of MMI input port 

 

Fig. 11. Details of the optical splitter (color online) 
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The optical fiber coupling method was used to test 

the insertion loss [44-45] of optical splitter. The laser was 

coupled to the input port of optical splitter through the 

single mode fiber. The output end of optical splitter was 

coupled to the receiving end of optical power meter by 

the multimode fiber. The insertion loss could be obtained 

by the formula. 

1010log 1,2,3,..., )outi

i

in

P
IL i N

P
  （        (17) 

Here,
outiP was the optical power of output 

port,
inP was the optical power of input port. 

Non-uniformity [46-47] was defined as the ratio of 

the minimum output optical power to the maximum 

optical power at these output ports. Its expression was, 

out min
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out max

P
-10log

P
ILu              (18)

                       

 

Here,
minoutP was the minimum output optical 

power,
maxoutP was the maximum optical power. The 

smaller was the non-uniformity, the better was the device 

performance. The insertion loss test system was shown in 

Fig. 12. 

 

 
Fig. 12. Insertion loss test system 

 

 

The performance of 1×16 MMI vertical coupling 

optical splitters were compared in Fig. 13, which were 

fabricated by traditional fabricating method and by 

composite fabricating method, respectively. After 15 sets 

of experiments, average insertion loss of output ports was 

18.34 dB and non-uniformity was 0.1988 by composite 

fabricating method. However, average insertion loss of 

output ports was 21.32 dB and non-uniformity was 

0.2314 by traditional fabricating method.  

 

 

Fig. 13. Average insertion loss of each output port 

 

 

It could be seen that average insertion loss of each 

output port reduced 2.98 dB and non-uniformity reduced 

0.0326 with composite fabricating method in above 

results. The performance of optical splitter fabricated by 

composite fabricating method was better than that of 

optical splitter fabricated by traditional fabricating 

method. 

5. Conclusions 

 

In this paper, a 1×16 MMI vertical coupling optical 

splitter with Su8 core layer and air cladding was 

designed and fabricated by femtosecond laser composite 

fabricating method. The simulation results showed that 

the cladding of optical splitter was air with refractive 

index of 1@1550 nm. The substrate of SiO2 with 

refractive index of 1.45@1550 nm. The core layer of Su8 

adhesive with refractive index of 1.566@1550 nm. And, 

the cross-section of optical waveguide was 10 µm×10 

µm. The length of optical splitter was 2.2 cm, the spacing 

of output waveguide branches was 127 µm, average 

insertion loss was 16.53 dB, and non-uniformity was 

0.0486 dB. Only when θ∈[44.8º  45.9º], δ was greater 

than 90%. 

Fabricating results showed that length of optical 

splitter was 2.199 cm, and the spacing of output 

waveguide branches was about 127.1 µm. The thickness 

of 45° coupled waveguide structure was about 9.9 µm, 

and the angle was about 45.5°. Ra was approximately 

equal to 0.2 µm. The spacing of output ports of MMI part 

was about 20.03 µm, the width of output waveguide was 

approximately equal to 9.95 µm, the depth was about 

9.93 μm, and the average width of MMI part was about 

40.06 µm. The width of input waveguide was about 9.97 

µm, the depth was about 9.95 μm. The average insertion 

loss of output ports was 18.34 dB, and the 

non-uniformity was 0.1988 dB. These values met 

requirements of vertical coupling optical interconnection 

for the EOPCB. 
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