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Abstract—Si-photonic hybrid ring external cavity wavelength
tunable lasers by passive alignment techniques with more than
100-mW fiber-coupled power and linewidth narrower than 15 kHz
along the whole C-band are demonstrated. These attractive per-
formances are achieved due to very low loss Si-wire waveguides, of
which loss is lower than 0.5 dB/cm. Obtained results show excellent
features of Si-photonics toward commercial products.

Index Terms—Booster semiconductor optical amplifier, digital
coherent system, external cavity (EC) laser, passive alignment, ring
resonator, semiconductor optical amplifier (SOA), silicon photon-
ics, silicon wire-waveguide, wavelength tunable laser.

I. INTRODUCTION

D IGITAL coherent transmission is the most promising can-
didate in current systems and it will be expected to inte-

grate transmitter and receiver components in very small optical
transceiver modules like CFP2 [1] and CFP4. In those small
form-factor modules, tunable lasers are required to have such
characteristics as, very high output power, narrow linewidth,
compact size and low power consumption. High output power
is needed because one tunable laser has to provide CW light for
both a modulator and a coherent receiver, and narrow linewidth
would be also required for more advanced multi-level modula-
tion formats like 16 QAM [2]. Several types of tunable lasers
have been proposed and demonstrated, such as array of dis-
tributed feedback (DFB) lasers [3], [4], distributed Bragg re-
flector (DBR) lasers [5] and silica-based ring-resonator exter-
nal cavity (EC) lasers [6]–[11]. DFB arrays and DBR lasers
have many attractive performances and are now available for
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commercial use in optical network systems. However they might
be hard to use for more advance multi-level modulation formats
due to their wider linewidth, which is resulted from their cavity
length [3]–[5]. To obtain narrow linewidth, it is necessary to
have as long cavity as possible. Therefore, ring-resonator EC
laser is one of the best solutions for this matter because longer
cavity can be easily obtained with their waveguide layout. In
fact, a narrow linewidth was obtained with silica-based ring-
resonator EC tunable lasers [9]. However in [9], free spectral
range (FSR) of silica-based EC was not large enough for stable
operation due to their low refractive index contrast and three
rings were necessary for that. Moreover complex control was
required in three rings configuration.

Silicon photonics technologies would be the best to realize
such a tunable laser because of their very high refractive index
contrast. A high index contrast enables us to realize small ring
resonators, which bring larger FSRs for stable laser modes.
Therefore Si-photonic two rings are enough for large FSR, and
moreover a long EC can be realized with Si-wire waveguides,
thereby obtaining narrow linewidth.

However, to the best of our knowledge, there exist no Si-
photonics technology based tunable lasers for the practical use
in commercialized systems. One of the most serious problems is
a large propagation loss in Si-wire waveguides. Although they
are more suitable than rib waveguides for tunable ring resonators
because of their small bending radius [12], transmission charac-
teristics of the tunable ring resonators would become degraded
due to the large propagation loss. Reported typical propagation
loss [13] in Si-wire waveguide was about 2.4 dB/cm. We have
successfully reduced the propagation loss drastically. Moreover,
a booster semiconductor optical amplifier (SOA) is hybridly in-
tegrated to achieve higher output power by passive alignment
technology. Thanks to the booster SOA, a tunable laser itself
should not work at high output power. Therefore inside the Si-
wire waveguides, optical nonlinear effects, such as four wave
mixing (FWM), two photon absorption and so on [14], could be
suppressed due to less optical power density in the waveguide.

In this paper, we demonstrate a silicon photonic hybrid ring-
filter external cavity (SHREC) wavelength tunable laser with
compact device size. In chapter 2, the structure, the operation
principle and the reason for booster SOA are explained. Key
technologies and laser characteristics are described in chapter 3
and 4, respectively. Over 100-mW fiber-coupled output power
and linewidth narrower than 15 kHz with a clear tuning map are
shown.
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Fig. 1. A schematic view of a SHREC tunable laser unit configuration.

Fig. 2. Transmission spectra of two ring resonators and a synthesized spectrum
as a function of wavelength.

II. SILICON PHOTONICS BASED EC TUNABLE LASERS

A. Structure of SHREC Wavelength Laser

A schematic top view of a SHREC wavelength laser config-
uration is shown in Fig. 1. There are three devices precisely
mounted on a common platform on silicon by passive align-
ment technology: a Si-waveguide tunable filter, a gain chip and
a booster SOA. The optical waveguides on the Si-waveguide
tunable filter are based on Si-wires. The tunable filter consists
of three sections; two tunable ring resonators and phase control
sections. External laser cavity is configured between the facet of
the gain chip and a loop reflector. The loop reflector is formed
by a loop waveguide and a directional coupler (DC). The re-
flectivity of the loop waveguide reflectors is at least 90% with
the precisely designed coupling coefficient of the DC. Tapered
waveguides are introduced in both devices of the gain chip and
the filter to reduce coupling loss, which is less than 1 dB. The
other semiconductor chip, which works as a booster amplifier,
is placed right after the tunable laser. This hybridly integrated
laser unit is realized by passive alignment on a silicon common
platform. Its dimension is 4.5 × 3.5 mm2 . The waveguide core
in the gain sections consists of InGaAsP/InGaAsP based multi-
ple quantum wells. The facet at the laser end of the gain chip is
low refraction coated and the output facet of the booster SOA is
antireflection (AR) coated with an angled waveguide.

B. Principle of Lasing Mode Selection

The principle of lasing mode selection is explained in Fig. 2.
The two ring resonators have slightly different FSRs, which

Fig. 3. Definition of coupling efficient κ.

allow for extension of the tuning range to the lowest common
multiple of the FSRs through the Vernier effect [6]. Those rings
can be tuned by means of thermal optic effects of thin metal
heaters on the top of the rings. When the peaks of the rings
are identical and the phase is adjusted on the peak of the rings,
lasing operation is occurred.

In order to obtain enough high side-mode suppression ratio
(SMSR) to the other modes, we designed rather larger modal
gain-difference which can be determined by the filter transmis-
sion characteristics of two cascaded rings. The FSRs and the
coupling coefficients of the two rings are important parameters
in order to achieve large modal gain-difference. In our design,
FSR of one ring is about 300 GHz, which is slightly different
from that of the other. To obtain stable laser oscillation, at least
2-dB modal gain-difference would be enough. The transfer func-
tion T of a ring as the function of FSR can be derived from [15],

T (FSR) =
1

1 + 4(1−κ)
κ2 sin2

(
βc

2n e q FSR

) (1)

where κ is the coupling efficiency of the ring, β is the propaga-
tion constant of the Si-wire waveguide, c is the velocity of the
light and neq is the equivalent refractive index. In our design
shown in Fig. 3, the light goes through ring 1 and ring 2 twice
because of round-trip configuration. The total transfer function
Tfinal for two rings can be described as below,

Tfinal = [T (FSR1) · T (FSR2)]2 (2)

where the subscript shows the ring resonator number.
Fig. 4 shows the calculated modal gain-difference as a func-

tion of coupling coefficient of the ring dc. It is shown that larger
modal gain-difference can be realized by smaller coupling ef-
ficiency. However, smaller coupling efficiency makes insertion
loss of the ring larger due to the increase of round-trip length of
the rings, and also the wavelength control would become more
difficult due to the sharp transmission characteristics. Therefore
the coupling coefficient around 0.25 was finally determined.
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Fig. 4. Calculated modal gain-difference of the double cascade coupled ring
filter.

C. Hybrid Integration of Booster SOA

The external laser cavity was realized with a gain chip and a
tunable filter, and additionally a booster SOA was also mounted
by passive alignment techniques. The advantage of the hybrid
booster SOA is that the tunable laser can be operated with low
photon density inside the cavity. High photon density in the
silicon waveguides can easily lead to nonlinear effects, such as
FWM, TPA and so on [14]. Due to the nonlinear effects, a tun-
able laser could fall into unstable operation. In our experiments,
unstable oscillation was observed at tens of mW output power
level without a booster SOA, On the contrary, thanks to hybrid
integration of booster SOA, EC laser could not be unstable be-
cause there are less photons inside the Si-wire waveguides. So
high output power with maintaining stable lasing operation even
at over 100-mW power level can be easily achieved.

In this configuration, there are two advantages for the wave-
length control operation. First one is that the output power can
be easily controlled because there is a simply linear relation-
ship between booster SOA current and output power. In the
case of no booster SOA, the power control could be difficult
because the output power would not be a simple function of
the injection current to the gain chip. The L–I characteristics
would show periodical fluctuations due to the phase change in
the gain chip with the increase of injection current. The second
advantage is that the booster SOA can work also as a shutter for
the laser output. For the practical use, it is very important to shut
off the output power during the wavelength channel switching,
starting-up or shutting-down of the laser because there can be
small output of undesired wavelength. Shutting-off can be easily
operated by setting the injection current of 0 mA to the booster
SOA, then the output power form the gain chip can be absorbed
by the booster SOA.

III. KEY TECHNOLOGIES

A. Very Low Loss Si-Wire Waveguide

We have developed technologies of very low loss Si-wire
waveguides and high precision multichip passively mounting
system in order to realize commercial Si-photonics tunable laser
products.

One of the most serious problems has been a large propa-
gation loss in Si-wire waveguides. The light propagates much
more times around the ring than low finesse rings, that is, loss

Fig. 5. Measured propagation loss in Si-wire waveguides as a function of
wavelength.

Fig. 6. A schematic view of multichip hybrid integration with passive
alignment.

in ring filters must be reduced for filter performances. Moreover
longer EC would be required for narrow linewidth character-
istics. Therefore the loss in Si-wire waveguides must be very
low. Fig. 5 shows propagation loss curve of our developed Si-
wire waveguides. The loss was estimated from the transmis-
sion power with varied lengths of straight waveguides. Less
than 0.5-dB/cm loss was obtained in the whole C-band. Here
we optimized a cladding layer profile for low loss. The wave-
guide annealing process was also improved for small roughness
of the waveguide. Furhter, the high resolution mask was adopted.

B. Multichip Hybrid Integration by Passive Alignment

The high precision passive mounting system is the second
key technology [16]. We developed multichip hybrid integra-
tion by passive alignment technique. This technique allows for
high optical coupling efficiency between the chips of a silicon
tunable filter, a gain chip and a booster SOA, without injection
current to SOAs for power monitoring. This is also suitable for
mass-production with high-reliability, simplicity and low cost
mounting.

Fig. 6 shows a schematic view of multichip hybrid integration
scheme. There are alignment marks formed on their surfaces,
and also on the common platform. Monitor light from infrared
light source underneath the common platform illuminates the
outlines of the alignment marks. Their images are recognized
by the monitor camera upward, and center positions of the
marks are calculated automatically. The chips are mounted by

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on June 23,2021 at 23:42:40 UTC from IEEE Xplore.  Restrictions apply. 



1244 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 33, NO. 6, MARCH 15, 2015

Fig. 7. A histogram of misalignment with passive alignment.

Fig. 8. Optical coupling loss by misalignment.

this image recognition so as to minimize the position deference
between two marks on each other. To recognize the marks simul-
taneously, those marks have different diameters. Those chips are
mounted with their faces down on the common platform. The
distances from the surface to the waveguide are standardized
in order to place all the chips on the pedestals with the same
heights, as shown in Fig. 6. As mentioned above, horizontal
and vertical passive alignments were successfully performed to
realize high optical coupling between chips.

All chips were mounted as following. The gain chip was
mounted firstly on the common platform by the passive align-
ment with the marks. After mounting gain chip, position mis-
alignment was detected by the image recognition of their marks.
Then a booster SOA was mounted on the position so that the
optical coupling loss can be minimized with the compensation
of misalignment of the gain chip position. After that, silicon
tunable filter was also mounted by the same manner

Fig. 7 shows a histogram of the misalignment with our pas-
sive alignment process. Totally 57 chips were tried to estimate
position shift. As a result, one standard deviation of 0.1 μm was
obtained. For even three standard deviations, we obtained still
smaller than 0.3 μm misalignment. Thanks to the small mis-
alignment, we could achieve optical coupling-loss of smaller
than 0.2 dB, as shown in Fig. 8. With other excess losses, total
coupling loss of at most 1.0 dB can be estimated because there is
a small difference of mode diameters on each chip side and also
due to a gap between a gain chip and a Si-filter. Here the gap

Fig. 9. Photograph of the butterfly module package.

Fig. 10. Superimposed spectra and measured linewidth as a function of wave-
length.

length was designed to avoid hard contact of the chips due to
thermal expansion in mounting process, with taking into account
the thickness of the AR coating.

IV. LASER CHARACTERISTICS

This hybrid EC tunable laser unit shown in Fig. 1 was mounted
in a butterfly module package shown in Fig. 9. The fiber coupling
loss of the module was smaller than 2.0 dB. The injection current
to the gain chip was fixed at 100 mA and that to the booster SOA
was variable to control the laser output power.

The designed wavelength tuning range was about 65 nm
so that the yield of tuning range can be high enough to cover
the whole C-band. We obtained the tuning range from 1510 to
1575 nm where the temperature of the device was stabilized
at 25 °C. by a thermoelectric cooler. Here the maximum chip
output power was 160 mW at injection current of 650 mA to
the booster SOA and the slope efficiency of the module output
power to the injection current to the booster SOA was typi-
cally 0.2 W/A. Therefore the fiber-coupled output power of over
100 mW (20 dBm) was obtained for the first time [17] in the
whole C-band. It is the highest fiber-coupled output power of
tunable lasers that ever reported, to the best of our knowledge.
The superimposed spectra in the whole C-band are shown in
Fig. 10 with SMSRs of over 45 dB.

Linewidth was measured with a self-delayed heterodyne in-
terferometer. A battery power supply was used for this mea-
surement. Fig. 10 also shows linewidth of the tunable laser as
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Fig. 11. A wavelength tuning map.

Fig. 12. Measured linewidth with a corresponding L–I curve.

a function of wavelength, with narrower than 15 kHz along the
tuning range.

Fig. 11 shows a wavelength contour map as functions of heater
power of the rings. Coarse tuning can be performed when heater
power of ring 1 is increased with that of ring 2 decreased. On the
contrary, fine tuning can be performed when both heater power
of ring 1 and ring 2 are increased. Uniform islands which show
grid channel area and clear wavelength shifts with enough tol-
erance are observed. The tuning range is determined by the dis-
tance between two Vernier wavelength shifts which are shown
in Fig. 11. For 65-nm full-range tuning, less than 70-mW power
for each ring is consumed because of very high refractive index
sensitivity of Si-wire waveguides to temperature. Enough tun-
ing tolerance and low power consumption we obtained here are
the important factors that make mass production promising.

It is also important to know the influence of residual re-
flection at the output facet of the booster SOA. Fig. 12 shows
the linewidth at a wavelength of 1540 nm as a function of in-
jection current to the booster SOA with a corresponding L–I
curve. Linewidth was not degraded up to 650 mA injection
current, which means that the residual reflection at the output
facet is low enough to maintain stable operation of the tunable
laser.

V. CONCLUSION

For the use of digital coherent transmitter, we have developed
SHREC tunable lasers, which are enabled by low loss Si-wire
waveguides and multichip passive alignment technology. We
achieved coupling-loss of smaller than 1.0 dB which is the total
loss of the misalignment, the mismatch of the spot sizes and
the gap between gain chip and Si-filter. We successfully demon-
strated over 100-mW fiber-coupled output power and linewidth
narrower than 15 kHz in the whole C-band range. Obtained re-
sults show excellent features of Si-photonics and allow for small
form-factor modules for the use of more advanced multi-level
modulation formats in digital coherent transmission systems.
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