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A heterogeneous wavelength-tunable laser diode combining quantum dot and silicon photonics technologies is proposed. A compact wavelength-
tunable filter with two ring resonators was carefully designed and fabricated using silicon photonics technology. The tunable laser combining the
wavelength-tunable filter and an optical amplifier, which includes InAs quantum dots, achieved a 44.0 nm wavelength-tuning range at around
1250 nm. The broadband optical gain of the quantum dot optical amplifier was effectively used by the optimized wavelength-tunable filter. This
heterogeneous wavelength-tunable laser diode could become a breakthrough technology for high-capacity data transmission systems.

© 2016 The Japan Society of Applied Physics

1. Introduction

Recently developed high-capacity optical transmission sys-
tems use wavelength-division multiplexing (WDM) systems
with dense frequency channels.1) Because the frequency
channels in the conventional band (C-band) at 1530–1565 nm
are overcrowded, the frequency utilization efficiency of such
WDM systems is saturated. However, extensive and un-
exploited frequency resources exist in near-infrared wave-
length regions such as thousand (T) and original (O) bands at
1000–1260 and 1260–1360 nm, respectively.2)

Photonic devices used in data transmission applications
require small footprints and low power consumption; thus,
compact, low-power consumption wavelength-tunable laser
diodes are key devices for higher capacity data transmission
systems that can utilize these undeveloped frequency bands.
In particular, a heterogeneous wavelength-tunable laser diode
consisting of a quantum dot (QD) optical gain medium and a
silicon photonics external cavity is one promising candidate
for implementing such light sources. Recently, QD optical
gain media have been shown to possess various attractive
characteristics, including ultra broad optical gain bandwidths,
high-temperature device stability, multi wavelength lasing,
and small linewidth enhancement factors.3–12) Moreover,
silicon photonic wire waveguides based on silicon-on-
insulator structures provide promising platforms for highly
integrated photonics devices.13–19)

In our previous report,20) we proposed a wavelength-
tunable laser diode combining QD and silicon photonics
technologies and demonstrated wavelength-tuning operations
over a 28.5 nm wavelength range. Although satisfactory
wavelength-tuning operation with high side-mode suppres-
sion ratio was observed by combining the QD and silicon
photonics technologies, the wavelength-tuning range was
not sufficient. Because the lasing wavelength range of a
wavelength-tunable laser diode using an InAs quantum dot
semiconductor optical amplifier (SOA) and an etalon filter
reaches 10THz in the frequency domain,21) the wide
amplification range of the QD-SOA could not be fully
utilized with the technology described in our previous report.
In the present study, broadband wavelength-tuning operation
across 44.0 nm, which corresponds to 8.8 THz in the

frequency domain, was successfully demonstrated by opti-
mizing the wavelength-tunable filter design.22)

2. Wavelength filter composed of silicon double-ring
resonators

Figure 1 shows the top view of the fabricated silicon
photonics chip. A loop-type wavelength filter with two ring
resonators was formed using a 400-nm-wide, 220-nm-thick
silicon photonics wire waveguide. The light from the QD-
SOA is coupled to a silicon waveguide with a high coupling
coefficient using a double-core spot-size converter (SSC).23)

Figure 2 shows a schematic of the transmittance of the
double-ring resonator filter. The propagated light is filtered
using two ring resonators with different free spectral ranges
(FSRs). Using the Vernier effect between the two ring
resonators, specific wavelengths are selected and reflected to
the QD-SOA.24–30) The lasing wavelength can be tuned using
micro-heaters placed on the ring resonators to induce strong
thermo-optical effects in silicon without requiring high power
consumption.31–33) Because longitudinal modes also exist
independently of the ring resonator modes in this laser cavity,
excess loss occurs owing to the discrepancy between the
resonant wavelengths of the double-ring resonator and the
longitudinal modes.21) This excess loss inhibits the laser
oscillation in those wavelength ranges where the QD exhibits
low amplification efficiency. The excess loss is reduced
by using low-Q-factor ring resonators, and laser oscillation

Fig. 1. (Color online) Optical microscopy image of the fabricated silicon-
photonics wavelength filter with Ta micro heaters.
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becomes possible over a wide wavelength range. On the other
hand, the transmittance difference ΔT also decreases when
low-Q-factor ring resonators are used. The design of the
wavelength filter must ensure a wide wavelength-tuning
range and a sufficient ΔT by using low Q-factor ring
resonators.

The wavelength filter was designed to cover the broadband
gain range of the QD-SOA. From the designed FSRs of the
586 and 627GHz ring resonators, the wavelength-tuning
range of the double-ring wavelength resonator filter could be
expected to be 47 nm, which corresponds to 9.3 THz in the
1200–1250 nm wavelength range. A ΔT greater than 1 dB is
required to obtain sufficient wavelength selectivity. Ring
resonators with Q-factors of approximately 2000 were used
in this wavelength filter to reduce the excess loss and to
obtain ΔT of 1 dB around a wavelength of 1250 nm. The
power coupling efficiency between the bus waveguide and
the ring resonator was tuned to 0.4 in the 1250 nm
wavelength range in order to obtain the intended Q-factor
and ΔT.

The filtering characteristics of the double-ring filter
fabricated for the test design group were measured by an
O-band super luminescent diode (SLD) with a broadband
light output from 1280 to 1350 nm, and an optical spectrum
analyzer. Figure 3(a) shows the measured transmittance
spectrum of the wavelength filter for transverse electric
(TE)-mode light. Figure 3(b) shows the calculated trans-
mittance of the double-ring filter. This transmittance is
considered the product of the transmittances of the two ring
resonators, because the ring resonators are connected in series
and the interference between the ring resonators does not
occur. The transmittance of one ring resonator is represented
by34)

Tring ¼
�2 exp
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��Lring
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where κ is the coupling efficiency, α is the propagation loss
of the silicon waveguide, λ is the wavelength, neff is the
equivalent index of the silicon waveguide, and Lring is the
circumference of the ring resonator. The Lring values of the
586 and 627GHz ring resonators were 115.3 and 108.2 µm,
respectively. The directional couplers between the ring
resonator and the bus waveguide were designed using the
finite-difference time-domain method to obtain κ of 0.4 at
around 1250 nm. Here, neff was calculated by a finite element
method, and α was measured at 0.69 cm−1 by a cut-back
method. The selected wavelength was tuned to 1288.5 nm.
The measured spectrum reproduced the calculated spectrum,
and a wavelength-tuning range of 47 nm was provided in
the design.

The relationship between the selected wavelength and the
heater input power is shown in Fig. 4(b). The heater was

placed on the small FSR ring resonator, and the selected
wavelength increased linearly as a function of the heater
input power. The transmittance difference ΔT measured at
each wavelength is shown in Fig. 4(a). The dotted line
indicates the calculated ΔT. The calculated ΔT decreases in
the long wavelength region because the wavelength de-
pendence of the directional coupler causes an increase in
coupling efficiency and a reduction in Q-factor. The
measured ΔT was larger than the calculated ΔT over the
entire wavelength region although the measured ΔT was
occasionally enhanced by the Fabri-Perot mode formed
between the input and output facets. Although the wave-
length range of the O-band SLD used in this work did not
cover the entire operational wavelength range of the QD-
SOA, the calculated ΔT varied from 3.47 to 1.27 dB in the
1200–1250 nm wavelength range amplified by the QD-SOA.
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Fig. 2. (Color online) Schematic of the transmittance of the double-ring
resonator filter.
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Fig. 3. (Color online) (a) Measured transmittance spectrum of the double-
ring resonator filter. (b) Calculated transmittance spectrum.
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In the short wavelength region, ΔT increases because κ
decreases. The wavelength filter for the QD wavelength-
tunable laser diode was designed and fabricated with a wide
wavelength-tuning range of 9.3 THz and a sufficient ΔT of
1 dB despite the use of low-Q-factor ring resonators.

3. Heterogeneous wavelength-tunable laser diode

Figure 5 shows a schematic of the wavelength-tunable laser
diode. The tunable laser consists of a QD-SOA chip for
providing optical gain and the silicon photonics chip with
wavelength filtering indicated in the Sect. 2. The QDs were
grown by molecular beam epitaxy on an n-type (001) GaAs
substrate. The sandwiched sub-nano separator (SSNS)
growth technique35) was used to obtain high-quality, high-
density self-assembled InAs QDs, which are observed in the
atomic force microscopy (AFM) image shown in the inset of
Fig. 5. High-density InAs QDs with a diameter of 20 nm
were grown without any coalescence into large dots.

A 2-mm-long, 5-µm-wide ridge waveguide SOA contain-
ing those ultra broadband InAs QDs was fabricated, and an
anti reflection (AR) coating was applied onto one side of the
end facet to obtain a reflection-free connection with the
silicon photonic external cavity. The opposite end facet of

the SOA was cleaved and utilized as the mirror of the laser
cavity. The QD-SOA and silicon photonic wavelength filter
were butt-jointed using stepping-motor-controlled stages.
The laser output from the cleaved QD-SOA facet was
measured using a lensed fiber at 25 °C, which was the
temperature stabilized by a thermo electric cooler.

The dependence of the optical output power on the QD-
SOA injection current is shown in Fig. 6. The threshold
current of the laser oscillation was 220mA, and the
maximum fiber-coupled output power was 0.47mW when
the QD-SOA injection current was 500mA. The mode
hopping in Fig. 6 is thought to originate from the variation of
the refractive index due to carrier injection into the SOA.

Figure 7 shows the lasing spectrum around a wavelength
of 1230 nm at an SOA injection current of 500mA. A
clear single-mode laser oscillation with a high side-mode
suppression ratio (SMSR) is observed. Figure 8(b) shows
the superimposed lasing spectra obtained when the lasing
wavelength was tuned using a micro heater with 2.1mW=nm
power consumption; the relationship between the heater input
power and the lasing wavelength is shown in the upper
part of Fig. 8(a). The heater input power linearly tuned with
the lasing wavelength, and a 44.0 nm wavelength-tuning
range was obtained with a 37 dB SMSR between the ring
resonator modes. The tuning range obtained at around
1230 nm corresponds to 8.8 THz in the frequency domain,
which is far larger than 4.4 THz available in the C-band. The
obtained wavelength-tuning range was slightly smaller than
that of 9.3 THz, which was designed by optimizing the ring
resonators as indicated in Sect. 2. The lasing wavelength was
discretely controlled with 0.6 THz spacing, which corre-
sponded to the FSRs of the ring resonators because the
wavelength-tuning operations were performed by heating

Fig. 5. (Color online) Schematic of the wavelength-tunable laser with a
QD SOA and a silicon photonics double-ring filter. The inset shows the AFM
image of the QDs.
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Fig. 6. (Color online) Dependence of the optical output power of the
wavelength-tunable laser on the injection current.
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Fig. 7. (Color online) Lasing spectrum for 500mA QD-SOA injection
current.
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one ring resonator. The difference between the designed
and obtained ranges is less than 0.6 THz of FSR and is
considered to be a discretization error. Therefore, a sufficient
wavelength-tuning range of the optimized filter was utilized
in the tunable LD. The wide amplification range of the QD-
SOA could be practically utilized using the optimally
designed wavelength filter fabricated with silicon photonics
technology.

4. Conclusions

A compact wavelength-tunable filter with a wide wavelength-
tuning range and a sufficient wavelength selectivity was
designed and fabricated using silicon photonics technology.
A heterogeneous wavelength-tunable laser diode, which
contained an InAs QD optical amplifier and a silicon
photonic external cavity, was successfully tested; it produced
a clear single-mode lasing with a wide wavelength-tuning
range of 44.0 nm, corresponding to 8.8 THz in the frequency
domain. The broadband optical gain of the QD-SOA was
fully utilized using the carefully optimized wavelength-
tunable filter. This heterogeneous laser is suitable for use as
the light source of silicon photonics chips with other optical
components such as high-speed modulators and germanium
detectors. Using a heterogeneous laser, a single-chip broad-
band optical transceiver could be realized. We expect that this
combination of QDs with silicon photonics will provide a
breakthrough that enables higher capacity data transmission
systems to utilize these undeveloped frequency bands.
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Fig. 8. (Color online) (a) Heating power applied to the ring resonator for
tuning the lasing wavelength. (b) Superimposed lasing spectra for a QD-SOA
injection current of 500mA.
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