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High-Numerical-Aperture Optical Fibers for Low-Loss 
Coupling with Silicon Photonic Waveguides

Takuya Oda,1 Keisuke Hirakawa,1 Kentaro Ichii,1 and Kazuhiko Aikawa1

We have developed high-numerical-aperture (NA) single-mode fibers and polarization-
maintaining fibers that are suitable for low-loss coupling with silicon photonic waveguides. 
They have a mode field diameter (MFD) of 4 µm to match those of the edge-coupling spot 
size converters (SSCs) formed in the silicon photonic waveguides. We utilized the thermally 
expanded core (TEC) technique to reduce the splice losses between the high-NA fibers and 
standard fibers with an MFD of 10 µm. Some dopants were co-doped into the inner cladding 
region of the TEC fibers, increasing the expansion speed of the fiber core. Lower-loss splicing 
was achieved by increasing the co-doping concentrations. The fiber coupling with the silicon 
photonic waveguides using an inverted tapered SSC was tested. The measured coupling loss 
was as low as 3 dB/2 facets using these fibers and it is possible to further reduce this loss.

1. Introduction
There has been a growing interest in silicon 

photonics as optical communication devices because 
of their advantages such as high-density integration 
and low-cost fabrication. The beam size of silicon 
photonic waveguides is on the sub-micrometer scale 
because of the high-confinement effect. Although they 
enable the downsizing of optical devices and modules, 
there is a critical issue of high coupling loss between 
the silicon waveguides and optical fibers. This is due 
to the mismatching of the beam size, i.e., the mode 
field diameter (MFD) of the standard fiber is 
approximately 10 µm, whereas that of the silicon 
waveguide is less than 1 µm. Various spot size 
converters (SSCs) have been suggested to expand the 
mode field of silicon waveguides 1)-4). Although edge-
couplers are attractive for broadband coupling 5), the 
MFDs of practical SSCs are approximately 4 µm. The 
use of high-numerical-aperture (NA) fibers is one of 
the solutions for reducing the mismatching of the 
MFD. High-efficiency coupling with silicon photonic 
devices is achieved by matching the beam profile of 
the high-NA fibers with that of the SSC. In contrast, 
the application of the thermally expanded core (TEC) 
technique is an effective method for low-loss fusion 
splicing between the high-NA fibers and standard 
fibers 6). The MFD of the TEC fiber increases gradually 
along the longitudinal direction by the thermal 
diffusion of Ge from the core to the cladding. This 
process is achieved by co-doping Ge, P, and F into the 
inner cladding region of the TEC fiber. The splice 
losses of the TEC fibers should be reduced because it 
contributes to the insertion loss of the entire optical 
module.

In this paper, we present a high-NA single-mode 
fiber (SMF) and polarization-maintaining fiber (PMF) 
using the TEC technique (TEC-SMF and TEC-PMF) 
with an MFD of 4 µm, which can perform efficient 
coupling with silicon photonic devices. Low-loss 
splicing with standard fibers was achieved by adjusting 
the co-doping concentrations and splice conditions. A 
splice loss less than 0.2 dB was achieved in the TEC-
SMF. Although the splice loss of the TEC-PMF was 
slightly high at 0.6 dB, the polarization extinction ratio 
(PER) was better than -40 dB even after fusion 
splicing. Moreover, the optical coupling with the 
silicon devices was examined using the TEC fibers. 
The coupling loss including TEC splice losses was as 
low as 3 dB/2 facets.

2. Design and fabrication of TEC fibers
The internal structure of the TEC fiber is illustrated 

in Fig. 1. Ge, P, and F were co-doped in the inner 
cladding region to promote the diffusion of Ge from 
the core to the cladding 6). The mixing ratio was 
adjusted such that the relative index difference in the 
inner cladding was zero. The characteristics of the 
fabricated TEC-SMF and TEC-PMF samples are listed 
in Table 1. In the TEC-SMF, we prepared three 
samples with differing levels of co-doping concentration 
in order to examine their effects on the splicing 
characteristics. Sample A, B, and C are the fibers with 

Fig. 1. Internal structure of the TEC fiber.

Core (Ge-doped silica)

Inner cladding (Ge, P, F-doped silica)
Outer cladding (Silica)

 
1   Optical Communication Research Development of Advanced Technology 

Laboratory



Fujikura Technical Review, 2017 7

the highest, intermediate, and no doping concentration 
in the inner cladding, respectively. The co-doping 
concentrations of the TEC-PMF, referred to as Sample 
D, are the same as those of Sample A. We designed 
the cladding diameter of the TEC-SMF as 80 µm. The 
small cladding diameter contributes to more compact 
optical modules. For example, a smaller-radius 
bending and finer-pitch fiber array are possible. In 
contrast, the cladding diameter of Sample D is 125 µm 
in this study. There are some manufacturing 
challenges to address to reduce the cladding diameter 
of the TEC-PMF. For example, it is necessary to 
carefully consider the size and arrangement of the 
stress applying parts (SAPs) and co-doped cladding in 
the limited space.

3. Fusion splicing of TEC fibers

3.1  Experimental procedure

The splice loss between the fiber under test (FUT) 
and standard fiber was estimated using the following 
procedures. First, we connected a light source and 
power meter to the standard fiber and measured the 
optical power P0 (dBm). Next, we cut a part of the 
standard fiber and spliced two ends with the FUT 
under the same arc condition. Then, we measured the 
optical power P1 (dBm). The splice loss A (dB) 
between the FUT and standard fiber can be estimated 
from

A = (P0 - P1) / 2.  (1)

After that, one of the spliced points was cut and re-
spliced while monitoring the time variations of the 

output power P2(t) (dBm). Then, the arc time 
dependence of the TEC splice loss B(t) (dB) was 
obtained by

B(t) = P0 - A - P2(t).  (2)

The fiber-fusion splicer FSM-100P+ (manufactured by 
Fujikura Ltd.) was used to splice the fibers. All the 
measurements were performed at a wavelength of 
1550 nm.

3.2  Splice loss of TEC fibers

Figure 2 shows the arc time dependence of the 
splice loss between Sample A and the SMF (Fujikura 
FutureGuide®-SM) for various arc powers. If we focus 
on the normalized arc power of -90 bits, for example, 
the splice loss gradually decreases from the initial 
value of 3.5 dB and reaches a minimum of 0.4 dB at  

Panel 1. Abbreviations, Acronyms, and Terms.

MFD–Mode Field Diameter
SSC–Spot Size Converter
TEC–Thermally Expanded Core

SMF–Single-Mode Fiber
PMF–Polarization-Maintaining Fiber

Fig. 2. Arc time dependence of splice loss using sample A.
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Table 1. Characteristics of the fabricated TEC fibers.

Unit Sample A Sample B Sample C Sample D Target value

Fiber type - SMF SMF SMF PMF -

Cladding diameter µm 80.4 79.9 80.3 124.9
80.0 ± 1.0 (SMF), 
125.0 ± 1.0 (PMF)

MFD* µm 4.0 3.9 4.1 4.2 4.0 ± 0.3

Cutoff wavelength* µm 1.24 1.39 1.30 1.31 _< 1.53

Attenuation* dB/km 10.9 7.3 1.6 14.4 _< 30

Polarization crosstalk* dB/100 m - - - -35 _< -30

Ge concentration wt.% 2.8 0.9 0 2.9 -
P concentration wt.% 1.0 0.6 0 0.8 -
F concentration wt.% 1.2 0.5 0 0.9 -

* : measured at a wavelength of 1550 nm.
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70 s; after that, the splice loss starts to increase. The 
same trends are observed for those at the other arc 
powers. Figure 3 shows the relationships between the 
minimum splice loss and required arc time for three 
TEC-SMF samples. It is clear that Sample A has a 
lower splice loss and shorter arc time requirement 
than those of Samples B and C. This result indicates 
that the higher the co-doping concentration in the 
inner cladding, the more effective the splicing result. 
A splice loss of 0.16 dB is achieved under the 
appropriate arc conditions using Sample A. Figure 4 
presents the splice results of Sample D and the PMF 
(Fujikura SM15-PS-U25). The arc powers are higher 
than those in Fig. 2. This is likely due to the difference 
in heat capacity caused by the cladding diameter. In 
contrast to the TEC-SMF, the minimum splice losses 
are nearly within 0.6 ± 0.1 dB and independent of the 
arc power.

3.3  MFD distributions in spliced region

We estimated the MFD distribution on the spliced 
region from the refractive index profile obtained by a 
Mach–Zehnder interferometer. Figure 5 displays the 
MFD distributions of Samples A and D along the axial 
position z, where z = 0 is the splicing boundary. The 
MFD of Sample A expands smoothly from 4 to 9.5 µm 

at the vicinity of the boundary. However, its MFD 
decreases at z = 0. A sudden change in the MFD will 
give rise to coupling loss. Therefore, the MFD at the 
boundary should increase close to 10 µm to further 
reduce the splice loss. In contrast, the MFD of Sample 
D expands only up to 7.5 µm. This MFD gap must be 
the cause of the high splice loss in the TEC-PMF. The 
limiting factor of MFD expansion may be the small co-
doping area. The co-doping diameter of the TEC-PMF 
was restricted because of the SAPs. Therefore, we can 
say that the co-doping diameter should be increased to 
further expand the MFD in the spliced region and 
reduce the splice loss. Accordingly, the size of the 
SAPs should be decreased or they should be placed 
away from each other so as not to overlap with the co-
doping cladding, which would have a negative effect 
on the polarization maintenance.

3.4  Polarization crosstalk of TEC-PMF

The PER of Sample D after splicing was evaluated 
by the power ratio method. The measurement sample 
consists of Sample D and a PMF, both with a length of 
1 m. They were spliced at various arc powers with 
their polarization-maintaining axes aligned accurately 
by the fusion splicer. The arc fusion process was 
stopped when the splice loss reached a minimum 
value. Figure 6 presents the PER measurement results 
with various arc powers. The TEC-spliced fibers show 
sufficient PERs less than -40 dB and are independent 
of the arc conditions.

4.  Fiber coupling to silicon photonic  
waveguides
The coupling losses between the TEC fibers and 

silicon photonic waveguides were measured. We used 
silicon photonic devices with SSCs consisting of 
inverted tapered waveguides, which are often used in 

Fig. 3. Minimum splice losses and required arc time with 
TEC-SMFs of various co-doping concentrations.
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Fig. 4. Arc time dependence of the splice loss using Sample D.
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Fig. 5. MFD distributions of Sample A and D along the 
longitudinal direction. The schematic above the 

graph shows the spliced fibers.
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silicon photonic devices 1) 5) 7) 8). The MFD of the 
inverted tapered SSC was approximately 3 µm. The 
experimental setup is illustrated in Fig. 7. Sample D 
was butt-jointed to the input port of the silicon device. 
The incident light to the silicon device was transverse 
electric waves. In addition, Sample A was butt-jointed 
to the output port. These fibers were aligned at the 
optical peak positions and index-matching oil was 
inserted between the silicon device and TEC fibers. 
The splice loss of Sample A was 0.17 dB and that of 
Sample D was 0.50 dB in this experiment. The silicon 
devices had five waveguides of different lengths. The 
coupling loss was measured using the cut-back 
method. The insertion loss was obtained for each 
waveguide by subtracting the reference loss from the 
output power. The reference loss was measured by the 
measuring system consisting of a light source and 
power meter connected by a standard SMF patch 
cable. Figure 8 presents the results of the insertion 
loss measurement with three silicon device samples. 
The coupling loss corresponds to the zero crossing of 
the dashed straight line. The estimated coupling loss 
is 2.9 dB/2 facets on average. This result includes the 
TEC splice losses and mode mismatching losses. 
Therefore, the coupling loss can be reduced further by 
reducing the splice losses of the TEC fibers, especially 
that of the TEC-PMF, and more precisely matching 
the beam profiles of the SSC and TEC fibers.

5. Conclusion
Low-loss fiber coupling with silicon photonic 

waveguides using TEC fibers was demonstrated in 
this study. The reduction of the splice loss with 
standard fibers was achieved by increasing the co-
doping concentration in the inner cladding. The 
obtained coupling loss was less than 3 dB/2 facets. It 
could be reduced further by reducing the splice losses. 
Especially, further low-loss coupling could be possible 
if the splice loss of the TEC-PMF is reduced. Our TEC 
fibers will contribute to low-loss and highly integrated 
photonic packaging in silicon photonics.
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Fig. 7. Experimental setup for fiber coupling test.
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Fig. 8. Cut-back measurement results.
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Fig. 6. PER measurement results after splicing with various 
arc conditions.
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