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Abstract 

Mirror based surface optical input/output technology 
allowing precise and arbitrary control of coupling angles 
was demonstrated for silicon photonics application. The 
mirrors were integrated into 3x3 μm-square single-mode 
silicon oxynitride optical waveguides on Si substrates, and 
far field patterns of optical beams output from the mir-
rors were measured to evaluate the coupling angles. Con-
trollable range of the coupling angle was achieved to be 
more than 20 degrees. Coupling angle error was less than 
plus or minus 1 degree. 
 
1. Introduction 

Surface optical input/output (I/O) will be required for 
low-cost, compact, dense, and accurate packaging of silicon 
photonics chips. As shown in Fig. 1, the surface optical I/O, 
using flip-chip bonding technology, allows simultaneous op-
tical and electrical connection for many optical and electrical 
I/O ports of future silicon photonics chips. Thus, assembling 
cost per each optical I/O port can be greatly reduced. Such 
flip-chip bonding technology is also attractive for low cost, 
compact, dense, and accurate packaging. The surface optical 
I/O can also realize wafer-level testing, and testing cost can 
be reduced dramatically. 

Currently, many kinds of grating couplers have been pro-
posed and demonstrated as attractive components for the sur-
face optical I/O [1-5]. However, coupling efficiency of the 
grating coupler depends on wavelength and polarization. In 
addition, coupling angle cannot be determined arbitrarily. It 
would be more than ~10° to achieve efficient optical coupling 
[1]. To overcome these problems, we integrated 45-degrees 
mirrors into Si-rich silica optical waveguides on a Si substrate 
[6]. The 45-degrees mirrors were fabricated by dicing and 
polishing processes and efficient, broadband and polariza-
tion-independent surface optical coupling was demonstrated. 

In this work, we evaluated coupling angle accuracy of the 
surface optical I/O using our mirrors, since accurate coupling 
angle is necessary for efficient and repeatable single-mode 
optical coupling. We also evaluated controllable range of the 
coupling angle. The controllable range of the angle would be 
very important factor to cover various packaging demands. 

 
2. Experiments 

We integrated the several angle mirrors into optical wave-
guides on Si substrates. In this work, the mirrors were inte-
grated into 3x3 μm-square single-mode silicon oxynitride 

(SiON) optical waveguides which were assumed to be optical 
waveguides for spot-size converters. 

Shape of the mirrors was formed by cutting the SiON 
waveguides at wafer dicing step using common automatic 
dicing saw as shown in Fig. 2. After dicing, rough and fine 
polishing of the mirror facets were performed with diamond 
slurry. Cross-sectional microscopic image just after polishing 
is shown in Fig. 3(a). Owing to the polishing process, smooth 
mirror surface was obtained. Finally, the polished mirror sur-
face was covered with 200 nm-thick Cu film by using RF 
magnetron sputter. A cross-sectional scanning electron mi-
croscope (SEM) image of the fabricated mirror is shown in 
Fig. 3(b), and it was confirmed that the mirrors were fabri-
cated without any mechanical damages. 

 

 
Fig. 1 Schematic cross-sectional image of flip-chip bonded silicon 
photonics chip with surface optical coupling.  

 

 
Fig. 2 Schematic image of mirror fabrication with dicing technique. 
 

 
Fig. 3 (a) Microscopic image of mirror surface just after polishing 
process and (b) cross-sectional SEM image of fabricated mirror. 
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3. Evaluations 

Using 1.55-μm laser light, near field patterns (NFPs) and 
far field patterns (FFPs) of optical beams from the fabricated 
mirrors were measured. The NFP and FFP of 45-degrees mir-
ror are shown in Fig. 4 (a) and (b), respectively. High quality 
gaussian-like single-mode beams with the almost same mode 
field diameter (MFD) as that of the SiON waveguides (~3.6 
μm) were obtained. 5% half-angle of the FFP was ~21.4 de-
grees which corresponds to NA of ~0.37. The NFPs and FFPs 
of the other mirror angles were also same quality as that of 
45-degrees mirror. The MFDs were 3.6-3.9 μm and 5% half-
angles were 20.4-25.3 degrees (NA: 0.35-0.43). Thus, we 
successfully fabricated different angled mirrors without af-
fecting any characteristics of the output optical beam. 

The coupling angles, defined as tilt angles from normal 
output (see Fig. 5), were evaluated by measured FFPs and 
plotted in Fig. 5. The 5% half-angle of the FFPs were also 
shown in Fig. 5. As shown in this figure, the coupling angles 
were successfully controlled over a wide range from -16 to 8 
degrees with stable 5% half-angle of the FFPs. For example, 
the mirror with 45-degrees angle, fabricated for perfect verti-
cal coupling, had the coupling angle of 0.1 degrees. Perfect 
vertical output, which is impossible by using the grating cou-
pler, was successfully demonstrated. In Fig. 5, fitting curve 
for measured results is also represented as a solid line. The 
fitting equation was derived from geometric optics and 
Snell’s low as below. 

 
𝜃" = 2× 45 − 𝜃) ×𝑛+,-.  (1) 

 
𝜃) is the mirror angle, 𝜃" is the coupling angle, and 𝑛+,-. 
is refractive index of SiO2. The measured results were well 
fitted by equation(1) with appropriate 𝑛+,-.  of ~1.5. The 
coupling angle mismatches between measured results and fit-
ting curve were less than 1 degree. Considering the obtained 
fitting curve, the coupling angle would be controlled with 
very small error of ~0.3 degrees, since the mirror angle would 
be potentially fabricated with 0.1-degrees increment by our 
equipment. Thus, the mirror based surface optical I/O, fabri-
cated by our dicing and polishing processes, realizes accurate 
and arbitrary coupling angle for surface optical coupling of 
silicon photonics. 
 

 
Fig. 4 NFP and FFP of optical beam output from 45-degrees mirror. 
MFD was ~3.6 μm, and 5% half-angle of FFP was ~21.4 degrees 
(NA ~0.37). 
 

 

 
Fig. 5 Measured coupling angle and 5% half-angle of FFPs vs mirror 
angle. Fitting curve for measured coupling angle is also shown. Top 
illustration shows definition of mirror angle (𝜃)) and coupling angle 
(𝜃"). 
 
4. Conclusions 
   For mirror based surface optical I/O technology which 
leads broadband and polarization-independent surface optical 
coupling, the coupling angle controllability was evaluated. 
The mirrors were integrated into single-mode SiON 
optical waveguides of Si substrates by dicing and pol-
ishing processes. The coupling angle was controllable 
from -16 to 8 degrees with the error less than ± 1 de-
gree. Regardless of the coupling angle, same characteristic 
optical beams were obtained and they were good quality as 
single-mode optical beams. The coupling angles of the fabri-
cated mirrors were agreed with the theoretical estimation 
based on geometric optics and Snell’s low. Thus, not only 
wavelength and polarization independence, the mirror based 
surface optical I/O realizes accurate and arbitrary coupling 
angle including perfect vertical coupling, all of which are dif-
ficult by the grating coupler. 
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