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A hybrid integrated light source was developed with a configuration in which a laser diode (LD) array was
mounted on a silicon optical waveguide platform for interchip optical interconnection. This integrated light
source is composed of 13-channel stripes with a pitch of 20 or 30 pm. The output power of each LD in the
400 or 600-pm long LD array was over 40 mW at room temperature without cooling. An output power uniformity
was 1.3 dB including an LD array power uniformity. The use of a SiON waveguide with a spot size converter
resulted in an optical coupling loss of 1 dB between an LD and SiON waveguide. The integrated light source
including 52 output ports demonstrated a reduction in the footprint per channel. We also demonstrated a light
source with over 100 output ports in which the number of output ports is increased by using a waveguide splitter
and multichip bonding. These integrated light sources are practical candidates for use with photonic integrated
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circuits for high-density optical interconnection. © 2014 Chinese Laser Press
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1. INTRODUCTION

An optical interconnect with silicon photonics is thought to be
a promising solution to the problem of bandwidth bottleneck
in LSI chips [1] because of the intrinsic properties of optical
signals, including wide bandwidth, low latency, low power
consumption, and low mutual interference and the compati-
bility with CMOS process technology. For interchip intercon-
nects, we proposed a “photonics-electronics convergence
system” [2-4]. A light source, optical modulators, and photo-
detectors (PDs) are integrated on a single silicon substrate
and are optically linked to each other via silicon waveguides.
LSI bare chips are mounted on the substrate and are electri-
cally connected to the optical modulators and PDs. By using
this system, the function of electrical wiring on a conventional
printed circuit board (PCB) can be achieved with an optical
interconnect on a silicon substrate, which is an area that is
1/100 of a PCB. The target bandwidth density of the system
is 10 Tbit/s at 1 cm?.

In this system, the integrated CW light source must be
multichannel, high density, and high power. Although inte-
grated light sources formed on silicon-on-insulator (SOI) sub-
strates have previously been reported [5-8], they have some
challenges that need to be resolved for practical use, primarily
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optical output power and its efficiency. A hybrid integration of
a light source with a laser diode (LD) on a silicon optical
waveguide platform is preferable, because the optical output
power of the LD is relatively high, the LD and the silicon op-
tical waveguide platform can be individually optimized, and
LD mounting technology is well-developed in silica wave-
guide-based platforms [9,10]. However, the pitch of a conven-
tional hybrid integrated light source was fabricated for an
optical fiber array whose pitch was 250 pm [11] and size was
large for an interchip interconnection.

We demonstrated a hybrid integrated light source with a
configuration in which an LD array is mounted on a silicon
optical waveguide platform for interchip optical interconnec-
tion [12]. We also demonstrated a light source with over 100
output ports in which the number of output ports is increased
by using a waveguide splitter and multichip bonding [13,14].

In this paper, we discuss our multichannel and high density
hybrid integrated light source. The paper is organized as
follows. In Section 2, we describe the concept of the multi-
channel and high-density hybrid integrated light source to ap-
proach a bandwidth of 10 Tbit/s considering the system
requirements. In Section 3, we present a LD array structure,
silicon waveguide platform structure and fabrication, and
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hybrid integration technology in detail. The optical character-
istics of a 13 channel light source are shown in Section 4 as the
main structure of the light source. We show reducing the foot-
print per channel by introducing a waveguide splitter, de-
scribe the details of the multichip bonding technology to
increase the number of output ports, and discuss the output
power variation from the over 100 output ports of the light
source in Section 5. Then, the summary is given in Section 6.

2. CONCEPT OF INTEGRATED LIGHT
SOURCE

The integrated light source in the photonics-electronics
convergence system is shown in Fig. 1, and the system
requirements of the light source are listed in Table 1. For a
high-density light source, a narrow pitch and small footprint
per channel are required. An overall port number of light
source is defined by the channel number of a laser, the num-
ber of lasers, and the splitting number of the waveguide split-
ter. For a high-power light source, a high laser power and low
coupling loss are required. To reach a bandwidth of 10 Tbit/s,
an over 1000-ch output port is needed, assuming 10 Gbit/s for
each port. For example, each channel of the integrated light
source consists of a 1 x 4 splitter, 20 lasers, and 13-channel
laser array. Therefore, the system requirements of the light
source were defined, as listed in Table 1. The laser array num-
ber of 13 is intended to be a redundant output port number in
order to exceed 100 or 1000 output ports with splitters and
lasers.

Small electrical
footprint

Splitter

Multi-channel
Narrow pitch

High laser power Low coupling loss

Fig. 1. Schematic of integrated light source in photonics-electronics
convergence system.

Table 1. Requirements of Integrated Light Source
for 10 Thit/s Optical Interconnects

Requirements Target

High density Narrow pitch <1/10 conventional

laser array
Small footprint/ch <0.01 mm?/ch
Multichannel Multichannel/chip 13 ch
Multi-chip 10-20 chip
splitter 1x4,1x8
High power High laser power >10 mW/ch
Low coupling loss 2-3 dB
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3. STRUCTURE DESIGN AND FABRICATION

To meet these system requirements, a hybrid integrated light
source with an LD array on a silicon waveguide platform was
developed. The main structure is shown in Fig. 2 [12]. We de-
scribe a LD array structure, a silicon waveguide platform
structure and fabrication, and a hybrid integration technology.

A. LD Structure

Each LD in the array is a Fabry—Perot type LD with a spot size
converter (SSC) including an inverse taper at the waveguide
facet side and has a structure consisting of an InGaAsP base
strained multiquantum well buried heterostructure (lasing
wavelength of about 1.55 pm). The LD array has 13-channel
stripes at a pitch of about 20 or 30 pm and alignment marks,
as shown in Fig. 3. The stripe pitch can be drastically nar-
rowed by using a single electrode, unlike the conventional
LD array. The operation current is injected into these stripes
through a single electrode, and the LD array emits 13-channel
optical outputs simultaneously.

B. Silicon Waveguide Platform Structure and
Fabrication

The platform consists of waveguides with SSCs and an LD
mounting stage. At the SSC, SiON and silicon optical wave-
guides are connected with a SiON core surrounding an
inversely tapered silicon tip. The silicon optical waveguides
have a core section size 440 nm wide and 220 nm high, and
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Fig. 2. Hybrid integration structure with an LD array on a silicon

waveguide platform.
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Fig. 3. Photograph of 13-channel LD array. Cavity length is 400 pm,
and array pitch is 30 pm.
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the SiON waveguides have a core section size of
2.5 x pmx 2.5 pm. The tip width and length of the tapered
waveguide are 100 nm and 200 pm, respectively. The silicon
and SiON waveguides include a 2 or 3 pm thick upper cladding
layer and a 3-pm-thick lower cladding layer. The core layer
and lower cladding correspond to the silicon on insulator
(SOI) layer and the buried oxide (BOX) layer on the SOI sub-
strate, respectively. The SiON waveguide facet was fabricated
and the BOX layer removed from the mounting area by dry
etching. The silicon alignment marks and silicon pedestals
were also formed by dry etching. A thin film SiO, insulating
layer was deposited on a silicon substrate. An electrode was
then formed on the mounting stage.

The fabrication technology was based on a previous report
[15], but the array waveguide was fabricated between two
alignment marks. Figure 4 shows a scanning electron micro-
scope image of the waveguide facet made by dry etching. The
angle of the facet measured about 85 degrees.

C. Hybrid Integration

The LD array is mounted on the silicon optical waveguide plat-
form with AuSn solder bumps by flip-chip bonding, as shown
in Fig. 5(a). We adapted the visual alignment between the
alignment marks on the LD array and the mounting stage

Overclad

Overclad

Si substrate

Fig. 4. Scanning electron microscope image of waveguide facet
made by dry etching.
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Fig. 5. (a) Schematic of LD mounting structure and (b) LD mounting
image focused on alignment marks by transmission infrared light.
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by infrared transmission light to the LD flip-chip bonding tech-
nology for horizontal positioning. This passive alignment tech-
nology was adapted to the optical transceivers with a silica [9]
or polymer [16,17] platform and the wavelength tunable lasers
with a silica [10] and silicon [15] based platform. The standard
deviation of the horizontal alignment accuracy of the LD chip
mounter was 0.21 pm [10], (the accuracy is better than
£0.5 pm). The vertical alignment of the LD array was pre-
cisely adjusted by the positioning of the top surface of the sil-
icon pedestal including the insulting layer. The vertical
alignment accuracy was made better than £0.1 pm by dry
etching and deposition controllability. Thus, multichannel
alignment was simultaneously achieved, as shown in Fig. 5(b).

4. THIRTEEN-CHANNEL INTEGRATED
LIGHT SOURCE AND ITS OPTICAL
CHARACTERISTICS

A 13-channel light source was fabricated on the basis of the
structure design. The fabricated hybrid integrated light source
is shown in Fig. 6. The length and width of the 13-channel LD
array were 600 pm each. To avoid noncoupling light from the
LD array, silicon optical waveguides were formed in an S-
shape crank, and output ports were shifted. The waveguide
pitch was 30 pm, the same as the LD array. The platform size
was 1450 pm x 1670 pm. We describe a optical characteristics
of the 13-channel LD array itself, an optical coupling tolerance
between a LD and a SiON waveguide, and an output uniform-
ity of the light source.

A. LD Performance

Figure 7 shows the dependence of the total output power of
the 13-channel LD array on the operation current at room tem-
perature without cooling. Since the operation current was in-
jected into 13 stripes through a single electrode, the threshold
current was 158 mA, and the total power was 525 mW at 2 A.
The total output power and the total threshold current of the
13-channel LD array were 13 times those of a single-channel

(@)

waveguide
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Fig. 6. (a) Schematic and (b) photograph of 13-channel hybrid
integrated light source.
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Fig. 7. Dependence of light output of 13-channel LD array on oper-
ating current at room temperature without cooling.

LD. Therefore, the output power of each LD in the LD array
was over 40 mW. By using the thermal analysis of a laser
source [6], the thermal interference between each channel
in the LD array was estimated at the total current of 2A.
The temperature increase around the central channel was
25°C, which was slightly higher than the temperature increase
of 22°C at the outer channels because of the heat generated
from both sides. However, in spite of the temperature increase
in the LD array, high power operation in each LD was
achieved.

B. Optical Coupling Tolerance

The optical coupling tolerance between the LD and the SiON
waveguide along the horizontal and vertical directions was
measured, as shown in Fig. 8. The spot sizes of the LD stripe
were 3.5 pm in the horizontal direction and 3.8 pm in the ver-
tical direction. The spot sizes of the SiON waveguide were
3.0 pm in the horizontal direction and 4.0 pm in the vertical
direction. The optical coupling loss was 1 dB at zero deviation.
The tolerances of the 1-dB down coupling loss were +0.9 pm
in the horizontal direction and £1.1 pm in the vertical direc-
tion. These values are sufficiently wide compared with the
horizontal and vertical alignment accuracy described in
Section 3.

C. Output Uniformity

The relative light intensity of the 13-channel LD array and
waveguide output ports in the light source are shown in Fig. 9.
The output power uniformity across the output ports was bet-
ter than 1.3 dB, while the output power uniformity across the
LD array was better than 0.7 dB. This excellent uniformity is a
result of the precise alignment accuracy of the flip-chip bond-
ing technology.
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Fig. 8. Optical coupling tolerance between LD and SiON waveguide
along horizontal and vertical directions.
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Fig. 9. Relative light intensity of 13-channel LD array and waveguide
output ports on integrated light source.

5. HIGH DENSITY AND MULTICHANNEL
HYBRID INTEGRATED LIGHT SOURCE

A. Reducing Footprint per Channel by Introducing
Waveguide Splitter

The bandwidth density of the photonic integrated circuits de-
pends on the footprint per channel of the optical components
[2—4]. The footprint of the light source can be reduced by
introducing a waveguide splitter. We fabricated a light source
including 52 output ports, in which the silicon optical wave-
guides are split in four by double cascade 1 x 2 multimode
interferometer (MMI) splitters, as shown in Fig. 10. The
13-channel LD array was 600 pm wide and 400 pm long. The
size of the light source was 1650 pm x 1450 pm, and the elec-
trode size was 1060 pm x 380 pm. The footprint per channel
was 0.008 mm?.

B. Increasing Number of Output Ports with Multichip
Bonding Technology

The number of output ports was increased by using wave-
guide splitters and multichip bonding [13,14]. Multiple LD ar-
ray chips were mounted on a single substrate with flip-chip
bonding technology, as shown in Fig. 11(a). The LD array
is mounted with AuSn solder bumps by flip-chip bonding
described in Section 3.

LD array

(a) sioN ]

waveguide 7 ical waveguide

mb. 1x 2MMI

splitter

Fig. 10. (a) Schematic and (b) photograph of integrated light source
with 52 output ports made possible by introducing waveguide splitter.
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Fig. 11. Schematic showing multichip bonding technology.
(a) Mounting structure and (b) illustration of diffusion of Au on
surface of electrodes into AuSn bump at soldering.

The Au composition of the AuSn solder we used is 80 wt. %.
This composition is eutectic composition and the melting
point is 280°C. When the Au content is over 80 wt. %, the melt-
ing point of AuSn increases dramatically, as shown in the
phase diagram of AuSn alloy [18]. Once the first LD chip is
mounted on the stage at operation temperature (T,), the
composition of Au in the AuSn bumps increases due to the

LDarray 1 LDarray 2
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diffusion of Au on the surface of the electrodes, as shown
in Fig. 11(b), and the melting point of the bumps (T, ) becomes
higher (T; > T). Therefore, the position of the first LD does
not deviate from the bonding position on this stage when the
second LD chip is mounted at the same temperature as that of
the first bonding (T)).

By using a waveguide splitter and this multichip bonding,
we fabricated a light source with 104 output ports in which
the silicon optical waveguides are split in four by double cas-
cade 1 x 2 MMI splitters and two LD array chips are mounted
on a silicon waveguide platform, as shown in Fig. 12. The LD
array chip was 600 pm wide and 400 pm long. The pitches of
LD array 1 and 2 were 30 and 20 pm, respectively. The size of
the light source was 3220 pm x 1450 pm.

Figure 13 shows the near-field pattern of the light source at
an operation current of 450 mA for each chip. All 104 optical
outputs were observed. The light source with over 100 output
ports corresponds to a 1 Tbit/s transmitter, assuming
10 Gbit/s for each port.

Figure 14 shows a histogram of the relative intensity of the
104 output ports, which is taken at a current of 450 mA for
each LD chip. A histogram of 1st-52nd channel port with the
first LD array is shown in Fig. 14(a), and the standard devi-
ation was 0.80 dB. A histogram of 53rd-104th channel port

(b)

Fig. 12. (a) Schematic and (b) photograph of integrated light source with 104 output ports with two LD array chips.
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Fig. 13. Near-field pattern of outputs in integrated light source with 104 output ports.
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Fig. 14. Histogram of relative intensity of output ports. (a) 1st-52nd channel port and (b) 53rd-104th channel port.
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with the second LD array is shown in Fig. 14(b), and the stan-
dard deviation was 0.64 dB. The output power variation at a
LD array was due to the waveguide loss depending on the
fan-out length variation and fabrication nonhomogeneity.

These results show that multichannel, high density, and
high power operation can be demonstrated with a hybrid in-
tegrated light source with an LD array on a silicon optical
waveguide platform.

6. CONCLUSION

We developed a hybrid integrated light source with a configu-
ration in which an LD array was mounted on a silicon optical
waveguide platform for interchip optical interconnection. Ex-
perimental results demonstrated a high density (20- or 30-um
pitch) and 13-channel uniform operation with the integrated
light source as well as a low loss coupling due to the SiON
waveguides with SSCs (coupling loss of 1 dB at zero
deviation). The integrated light source including 52 output
ports demonstrated a reduction in the footprint per channel.
We also demonstrated a light source with more than 100 out-
put ports in which the number of output ports was increased
by using a waveguide splitter and multichip bonding. We ex-
pect the multichannel, high-density hybrid integrated light
source to be easily adapted to the photonics-electronics
convergence system for interchip interconnection.
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