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Abstract: We fabricate a 20 μm wide grating coupler for a single-mode 
thermally-expanded-core (TEC) fiber, in order to enhance positional 
tolerance in alignment. The minimal coupling loss is measured at 5 dB per 
facet and the optical 3 dB bandwidth is measured at 40 nm. The 3 dB 
alignment tolerance is measured at ± 7.5 μm in horizontal direction and 
+290 μm in vertical direction. The 1 dB alignment tolerance is measured at 
± 4.2 μm in horizontal direction and +125 μm in vertical direction. The 
alignment tolerance is enhanced twice in horizontal direction and four times 
in vertical direction, compared with the coupling of a standard single-mode 
fiber to a standard 10 μm wide grating coupler which is also fabricated in 
this experiment. 
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1. Introduction 

Silicon photonic devices, which are based on silicon nano-wire waveguides for a compact 
design, are very attractive in realizing highly dense photonic integrated circuits fabricated by 
complementary metal-oxide semiconductor (CMOS) compatible processes [1-15].  

The nano-wire silicon waveguide should be coupled to a single-mode fiber (SMF) for an 
optical characterization and for an optical interconnection with other devices. The silicon 
waveguide can be coupled with an SMF efficiently by using a lateral spot-size converter [1, 2] 
or by using a grating coupler [3-15]. Grating coupler is very attractive in many aspects, even 
though the lateral spot-size converters are superior in coupling efficiency [1-15]. Grating 
coupler has merits in simple fabrication process, measurement without an edge polishing of a 
diced chip, optical probing on wafer without a dicing in the middle of the fabrication process, 
and positional tolerance in alignment better than the lateral spot-size converter. 

The positional tolerance in alignment of optical fiber with a silicon-photonic waveguide 
device is crucial for an industrial application of the device. Cost-effective production of a 
silicon-photonic waveguide device can be possible based on passive alignment of an SMF to 
the waveguide, if the positional tolerance in alignment is enough for a mechanical accuracy of 
connecting components. So, it is necessary to study the enhancement of the positional 
tolerance in alignment for the silicon-photonic waveguide. One of the important merits of 
grating coupler is that the size of grating coupler can be easily modified to be properly 
matched with any modal sizes of interconnecting fibers. We can expect that the positional 
tolerance in alignment can be enhanced as the size of the grating coupler is increased. A 10 
μm wide grating coupler has been popularly used in coupling with a standard SMF [10], and a 
30 μm wide grating coupler has been demonstrated in coupling with a free-space beam [12]. 
But there were no reports on the coupling of a large-core SMF with a wide grating coupler. A 
large-core SMF can be provided by thermally expanding the core of the standard SMF [16, 
17]. A thermally-expanded-core (TEC) single-mode fiber has been used in enhancing the 
positional tolerance in alignment with a large-core single-mode polymeric waveguide [18, 19]. 

In these regards, we fabricate a 20 μm wide grating coupler and coupled it with a single-
mode TEC fiber with a mode-field diameter (MFD) of 20 μm. The positional tolerance in 
alignment of the TEC fiber to the 20 μm wide grating coupler is compared with the tolerance 
in alignment of a standard SMF to a standard 10 μm wide grating coupler which is also 
fabricated in this experiment. This experiment is the first investigation on coupling a silicon 
waveguide with a large-core TEC fiber through a grating coupler, to our knowledge. 

2. Experiments and results  

Figures 1(a) and 1(b) show the scanning electron microscope (SEM) images of grating 
couplers. A standard 10 μm wide grating coupler to be coupled with a conventional SMF is 
shown in Fig. 1(a) and a 20 μm wide grating coupler to be coupled with a large-core single-
mode TEC fiber is shown in Fig. 1(b). The period of the gratings is fixed as 620 nm with a 
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filling factor of 50% and the gratings are etched by 70 nm in depth, for the both grating 
couplers. The grating coupler and 2.5 mm long silicon waveguides connecting a pair of 
grating couplers are fabricated using electron-beam lithography and dry etching on a SOI 
wafer with a 220 nm thick top silicon layer on a 3000 nm thick buried oxide (BOX) layer. The 
silicon waveguide is a straight waveguide without a tapered region reducing the width of the 
waveguide down to a narrow single-mode waveguide. The tapered structure is necessary in 
real application and the insertion loss and the positional tolerance can be slightly different 
with and without it, but the overall coupling property of the grating couplers can be studied 
without the tapered structure. We used a TEC fiber with the 20 μm diameter of an expanded 
core, supplied by Phoco Co., Ltd. (www.phoco.com), in this experiment. The core of the TEC 
fiber is thermally expanded partially at one of the ends to be coupled with the grating coupler, 
while the other region remains as a standard SMF. Phoco supplies TEC fibers with the 
diameter of 20 μm and 30 μm for the TEC section. The transition loss from the TEC section 
to the SMF section is specified as less than 0.05 dB.  

 

10 μm

( a)

20 μm

( b)

 
Fig. 1. SEM images for a standard 10 μm wide grating coupler for a standard SMF in (a) and a 
20 μm wide grating coupler for a large-core TEC fiber in (b). 

 
Figure 2 shows the schematic diagram of an experimental setup to measure the coupling 

property of an optical fiber with a silicon waveguide through a grating coupler. The position 
of the input fiber is scanned horizontally along X and Z directions, and vertically along a 
vertically tilted direction Y’ to measure the variation of the coupling efficiency depending on 
the position of alignment. The position of the output fiber is maintained for a maximum 

#97195 - $15.00 USD Received 9 Jun 2008; revised 7 Aug 2008; accepted 8 Aug 2008; published 11 Aug 2008

(C) 2008 OSA 18 August 2008 / Vol. 16,  No. 17 / OPTICS EXPRESS  13026



coupling while the input fiber is scanned along the horizontal and the vertical directions. The 
axis Y’ is tilted with vertical axis Y at an angle of 8°. 

 

10 μm

XZ

Y

Y’

 
Fig. 2. Schematic diagram of experimental setup to couple a pair of TEC fibers with silicon 
waveguide through grating couplers. The position of the input fiber is scanned along horizontal 
X and  Z directions, in addition to a vertically tilted Y’ direction. The Y’ axis is tilted from Y 

axis at 8º. 
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Fig. 3. Measured transmission spectra from a pair of fibers coupled with a silicon waveguide 
through a pair of grating couplers. VGC_SMF is for the standard SMF coupled through the 10 
μm wide grating coupler, and WVGC_TEC is for the TEC fiber coupled through the 20 μm 
wide grating coupler. 

 
Figure 3 shows the measured transmission spectra from a pair of optical fibers coupled 

with the 2.5 mm long silicon waveguide through a pair of grating couplers. VGC_SMF is for 
the standard SMFs coupled through the standard 10 μm wide grating couplers and 
WVGC_TEC is for the TEC fibers coupled through the 20 μm wide grating couplers in Fig. 3. 
The minimal insertion loss is measured at about 10 dB, resulting coupling loss of 5 dB per 
facet, both for the 10 μm wide grating coupler and for the 20 μm wide grating coupler. The 
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optical 3 dB bandwidth is 65 nm for the standard 10 μm wide grating coupler and 40 nm for 
the 20 μm wide grating coupler. 

Figure 4 shows the measured relative transmission depending on the horizontal deviation 
of the input fiber. VGC_SMF_X and VGC_SMF_Z are for the standard SMF coupled with 
the 10 μm wide grating coupler, and WVGC_TEC_X and WVGC_TEC_Z are for the TEC 
fiber coupled with the 20 μm wide grating coupler, respectively in Fig. 4. The horizontal 3 dB 
alignment tolerance is measured at ±7.5 μm for the 20 μm wide grating coupler and it is twice 
larger than the tolerance of the standard 10 μm wide grating coupler, whose horizontal 3 dB 
alignment tolerance is measured at ±3.7 μm. The horizontal 1 dB alignment tolerance is 
measured at ±4.2 μm for the 20 μm wide grating coupler, which is also twice tolerable 
compared with ±2.0 μm for the standard 10 μm wide grating coupler. 
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Fig. 4. Measured relative transmission depending on the horizontal deviation of an input fiber. 
VGC_SMF_X and VGC_SMF_Z are for the standard SMF coupled with the 10 μm wide 
grating coupler, and WVGC_TEC_X and WVGC_TEC_Z are for the TEC fiber coupled with 
the 20 μm wide grating coupler. 

 
Figure 5 shows the measured relative transmission depending on the vertical positional 

deviation of the input fiber along Y’-axis. VGC_SMF_Y is for the standard SMF coupled 
with the standard 10 μm wide grating coupler and WVGC_TEC_Y is for the TEC fiber 
coupled with the 20 μm wide grating coupler, in Fig. 5. The vertical 3 dB alignment tolerance 
is measured at +290 μm for the 20 μm wide grating coupler and it is four times larger than the 
tolerance of the standard 10 μm wide grating coupler, whose vertical 3 dB alignment 
tolerance is measured at +70 μm. The vertical 1 dB alignment tolerance is measured at +125 
μm for the 20 μm wide grating coupler, which is five times tolerable compared with +25 μm 
for the standard 10 μm wide grating coupler. These results show that the horizontal and 
vertical alignment tolerance can be dramatically improved using a combination of a wide 
grating coupler with a large-core TEC fiber. 
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Fig. 5. Measured relative transmission depending on the vertical positional deviation of the 
input fiber along Y’ axis. VGC_SMF_Y is for the standard SMF coupled with the 10 μm wide 
grating coupler and WVGC _TEC_Y is for the TEC fiber coupled with the 20 μm wide grating 
coupler. 

 

3. Simulations  

The experimental data show that the alignment tolerance can be improved using a 20 μm wide 
grating coupler without a big penalty in insertion loss, even though the design parameters of 
the grating was not specially optimized for the 20 μm wide grating. The coupling efficiency 
and spectral property of the grating can be varied with several parameters such as the period 
of grating, the filling factor, the etching depth, and the angle of incidence.  

We simulate transmission spectra for a TEC fiber coupled with a silicon waveguide 
through a 20 μm wide grating coupler, using a commercial simulation tool, FullWave, which 
is based on finite-difference time-domain (FDTD) method. The simulation is performed in 
two-dimensional (2-D) vertical (y-z) plane. There should be a slight difference in 2-D FDTD 
simulation from three-dimensional FDTD simulation, but the 2-D simulation can be used in 
finding the optimal parameters of the grating. The main parameter varied in this simulation is 
the etching depth, since it is the most crucial parameter influencing the coupling efficiency. 
The common parameters in the simulation are 220 nm for the thickness of the top silicon, 
2000 nm for the thickness of BOX, 620 nm for the period of the grating, 50% of filling factor, 

and 8º for the angle of incidence.  
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Fig. 6. Simulated coupling efficiency to the conventional SMF from the 10 μm wide standard 
grating coupler in (a) and to the TEC fiber from the 20 μm wide grating coupler in (b), for 
various etching depths from 40 to 80 nm. (c) and (d) are simulated for the same conditions but 
the background refractive index with (a) and (b) respectively. The background index is the 
index of air in (a) and (b), when it is the index of BOX in (c) and (d). 70nm Exp in (a) and (b) 
is for experimental data in comparison with the simulated data. 

 
Figure 6 shows the simulated transmission spectra in comparison with the experimental 

data. Figure 6(a) shows the simulated coupling efficiency to the conventional SMF from the 
10 μm wide standard grating coupler with the various etching depths from 50 to 80 nm and 
Fig. 6(b) shows the coupling efficiency to the TEC fiber from the 20 μm wide grating coupler 
with the various etching depths from 40 to 80 nm. Figures 6(c) and 6(d) are simulated for the 
same conditions but the background refractive index with (a) and (b) respectively. The 
background index is the index of air in Figs. 6(a) and 6(b), when it is the index of BOX in (c) 
and (d). 70nm Exp in Figs. 6(a) and 6(b) is for experimental data in comparison with the 
simulated data. 

The maximal coupling efficiency for the 20 μm wide grating coupler is about 5.2 dB for 
the etching depth of 70 nm, which is comparable to the coupling efficiency of 5 dB in 
experiment, and it can be enhanced, with the etching depth of 50 nm, as 4.0 dB with the 
background index of air in Fig. 6(b) and as 3.3 dB with the background index of BOX in Fig. 
6(d). The optimized coupling efficiency for the 20 μm wide grating coupler in Fig. 6(d) is as 
good as the coupling efficiency of 3.5 dB at the etching depth of 70 nm for the 10 μm wide 
grating coupler in Fig. 6(c). The peak wavelength is varied with the etching depth but it can be 
optimized either by adjusting the period of the grating or the angle of incidence. The slight 
difference in experimental data from the simulation is regarded coming from a little deviation 
in etching depth, filling factor, and the angle of incidence from designed parameters. The 
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coupling efficiency for the 20 μm wide grating coupler is expected to be increased even 
further up to 1 dB by using a high-index overlay as the grating coupler in reference [13]. 

4. Conclusion 

We experimentally investigated on the positional tolerance in alignment for a single-mode 
thermally-expanded-core (TEC) fiber with a silicon waveguide, by fabricating a 20 μm wide 
grating coupler for the TEC fiber. The minimal coupling loss of the TEC fiber to the 20 μm 
wide grating coupler is 5 dB per facet and the optical 3 dB bandwidth is 40 nm. The 3 dB 
alignment tolerance of the TEC fiber to the 20 μm wide grating coupler is ± 7.5 μm in 
horizontal direction and +290 μm in vertical direction. The 1 dB alignment tolerance of the 
TEC fiber to the wide grating coupler is ± 4.2 μm in horizontal direction and +125 μm in 
vertical direction. The alignment tolerance is enhanced twice in horizontal direction and four 
times in vertical direction, compared with the coupling of a standard single-mode fiber to the 
standard 10 μm wide grating coupler which was also fabricated in this experiment. These 
experimental results show that the positional tolerance in alignment can be dramatically 
enhanced by using a grating coupler properly designed for a large-core fiber. 
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