
Applied Physics Express
     

Ultra-compact wavelength-tunable quantum-dot
laser with silicon-photonics double ring filter
To cite this article: Tomohiro Kita et al 2015 Appl. Phys. Express 8 062701

 

View the article online for updates and enhancements.

Related content
Heterogeneous quantum dot/silicon
photonics-based wavelength-tunable laser
diode with a 44 nm wavelength-tuning
range
Tomohiro Kita, Naokatsu Yamamoto,
Atsushi Matsumoto et al.

-

Long external cavity Si photonic
wavelength tunable laser diode
Tomohiro Kita, Keita Nemoto and Hirohito
Yamada

-

Narrow-Spectral-Linewidth Wavelength-
Tunable Laser Diode with Si Wire
Waveguide Ring Resonators
Keita Nemoto, Tomohiro Kita and Hirohito
Yamada

-

Recent citations
Optical beam steering by using tunable,
narrow-linewidth butt-coupled hybrid lasers
in a silicon nitride photonics platform
Yeyu Zhu et al

-

Optical waveguide crossing based on SOI
slab waveguides
Jialiang Guo et al

-

Design and investigation of a dual-layer
grating coupler for efficient vertical fiber-
chip coupling
Jiyao Yu and Hirohito Yamada

-

This content was downloaded from IP address 130.34.32.234 on 24/06/2021 at 00:33

https://doi.org/10.7567/APEX.8.062701
/article/10.7567/JJAP.55.04EH11
/article/10.7567/JJAP.55.04EH11
/article/10.7567/JJAP.55.04EH11
/article/10.7567/JJAP.55.04EH11
/article/10.7567/JJAP.53.04EG04
/article/10.7567/JJAP.53.04EG04
/article/10.1143/APEX.5.082701
/article/10.1143/APEX.5.082701
/article/10.1143/APEX.5.082701
http://dx.doi.org/10.1364/PRJ.382852
http://dx.doi.org/10.1364/PRJ.382852
http://dx.doi.org/10.1364/PRJ.382852
http://iopscience.iop.org/1882-0786/13/5/052010
http://iopscience.iop.org/1882-0786/13/5/052010
http://iopscience.iop.org/1882-0786/12/1/012004
http://iopscience.iop.org/1882-0786/12/1/012004
http://iopscience.iop.org/1882-0786/12/1/012004


Ultra-compact wavelength-tunable quantum-dot laser with silicon-photonics double ring filter
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Compact, wavelength-tunable light sources are desired for the enhancement of information communication technology and bio-imaging
applications. We propose a compact, wavelength-tunable laser diode with a wide wavelength-tunable range around 1230 nm consisting of a
quantum-dot optical amplifier and a silicon photonic tunable filter. High-quality InAs quantum dots grown with the sandwiched sub-nano separator
technique were used as the optical gain medium. The wavelength-tunable filter was constructed with ring resonators fabricated using silicon
photonics. The single-mode laser oscillation was demonstrated with a 28.5-nm wavelength-tunable range.

© 2015 The Japan Society of Applied Physics

R
ecent advances in information and communication
technology are expected to facilitate increased traffic
and enhanced optical transmission. High-capacity

optical transmission systems are based on wavelength-
division multiplexing systems with dense frequency chan-
nels. Compact, low-power-consumption, and high-spectral-
efficiency broadband photonic devices are required for
large-capacity optical communication systems that use wide
optical-frequency channels.1,2) Quantum-dot (QD) optical
gain media have various attractive characteristics for light
source applications, such as an ultra-broad optical gain band-
width, high-temperature device stability, and a small line-
width enhancement factor.3–8) In addition, the lower optical
absorption of near-infra-red light with a wavelength around
1.3 µm due to water is particularly useful for light sources
used in biomedical imaging applications, such as optical
coherent tomography.9,10) A wavelength-tunable QD laser
with a wide wavelength range has been demonstrated using
a diffraction grating in free space.11) The realization of a
compact wavelength-tunable light source using QD technol-
ogy is desired for information communication technology
and bio-imaging applications. On the other hand, silicon
photonic wire waveguides based on the silicon-on-insulator
structure provide a promising platform for highly integrated
photonic devices. In addition, silicon photonic devices can be
fabricated by the mature fabrication technologies for electric
integrated circuits.12–20) Recently, very compact and narrow-
spectral-linewidth laser diodes with a wavelength-tunable
range around 1550 nm have been demonstrated using silicon
photonic wire ring resonators and a commercially available
quantum well semiconductor optical amplifier (SOA).21–23) In
this letter, we propose a compact wavelength-tunable laser
diode constructed with a QD optical-gain chip and a silicon
photonic external cavity. To our knowledge, this is the first
demonstration of a wavelength-tunable laser diode combin-
ing QD and silicon photonics technologies. The silicon
photonic wavelength-tunable laser diode with QD will
provide new applications of silicon photonics technologies.

Figure 1 shows the schematic of the wavelength-tunable
laser diode. The tunable laser consists of a QD-SOA chip to
provide optical gain and a silicon photonic chip with ring
resonators to select the lasing wavelength. The QD-SOA
optical gain medium was grown by molecular beam epitaxy
on an n-type (001) GaAs substrate. The sandwiched sub-nano
separator (SSNS) growth technique was used to obtain
high-quality and high-density self-assembled InAs QDs,24) as

shown in the atomic force microscope (AFM) image in the
inset of Fig. 1. An SSNS layer consisting of a 3.0ML GaAs
thin film was deposited on a 10ML In0.15Ga0.85As quantum
well to compensate the lattice strain due to lattice mismatch.
Then, capping layers of 2.16ML InAs QDs and 24 or 28ML
In0.15Ga0.85As were grown. The growth sequence described
above was repeated 7 times. A 2-mm-long and 3-µm-wide
ridge waveguide SOA containing the ultra-broadband InAs
QD gain medium was fabricated. An anti-refraction (AR)
coating was fabricated on the one side of the end facet to
connect the silicon photonic external cavity without reflec-
tion. A cleaved facet mirror with 30% reflectivity was formed
on the other side of the end facet. The amplified spontaneous
emission (ASE) spectra of the InAs QD-SOA with various
injection currents are shown in Fig. 2. The center wavelength
of the ASE spectra is approximately 1230 nm in the T-band
(thousand band: 1000–1260 nm). No lasing oscillation was
observed owing to the AR coating of the end facet.

A silicon photonic external cavity with a wavelength filter
was fabricated using a CMOS-compatible process. Figure 3
shows a top view of the fabricated silicon photonic chip.
A loop-type wavelength filter with two ring resonators
was formed using a 400-nm-wide and 220-nm-high silicon
photonic wire waveguide shown in the inset of Fig. 3.
Although this waveguide did not satisfy the single-mode
condition near the 1230 nm wavelength, the higher-order
modes can be ignored because they involve large bending
losses in ring resonators with small radii. The light from an
SOA or optical fibers was coupled to a silicon waveguide
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Fig. 1. Schematic of the wavelength-tunable laser with a QD SOA and a
silicon photonic external cavity. The inset is an AFM image of QDs grown
by the SSNS technique.
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with a high coupling coefficient through a double-core spot
size converter.25) The propagating light was filtered by two
ring resonators with different free spectral ranges (FSRs).
Light with a specific wavelength, selected on the basis of the
Vernier effect between the two ring resonators, was reflected
to the input port.26–29) The circumferences of the two ring
resonators were 101 µm (ring 1) and 92.9 µm (ring 2), and
the power coupling efficiency of the directional coupler
between the bus waveguide and the ring resonator was
designed to be 0.15 around the wavelength of 1250 nm. The
small power coupling efficiency augmented the transmittance
difference between the selected wavelength and the neighbor-
ing side-mode. This filter was designed to provide an efficient
transmittance difference of 8 dB for the wavelength tuning
operation. The selected wavelength was tuned through the
thermo-optic (TO) effect of silicon30–32) using 100-nm-thick
tantalum micro-heaters placed on the ring resonators. The
silicon photonic chip performed as a wavelength-tunable
filter and the external laser cavity. The resonant wavelengths
of the ring resonators were measured with an O-band super
luminescent diode as the light source. The measured spectra
of the transmitted light from ports 1 and 2 are shown in
Fig. 4. The peak wavelengths of port 1 correspond to the
resonant wavelengths of ring 2, and the peaks of port 2
correspond to the resonant wavelengths of ring 1. From this
measurement, the FSR of ring 1 was found to be 672GHz,
and that of ring 2 was 731GHz. The Q factors of the ring
resonators were approximately 9000. The wavelength-tuning
range of this filter was estimated as 44.0 nm. Figure 5 shows

the heating power dependences of the resonant wavelengths
of ring 1, where the displayed power is the effective heating
power after subtracting the power consumption of the wiring
electrodes. These are linearly shifted to longer wavelengths
by heating with the micro-heater because the effective
circumference of the ring resonator is lengthened by the
large positive TO coefficient of silicon. The transmittance of
the silicon photonic external cavity was maximized when the
resonant wavelength of one ring resonator was coincident
with the resonant wavelength of the other ring resonator. The
footprint of the external filter was smaller than 0.6 × 1.5mm2

including the electrode pads. Therefore, we have achieved the
realization of a very compact external cavity for wavelength-
tunable laser diodes by using silicon photonics technology.

The QD-SOA and the silicon photonic external cavity
were butt-jointed using stepping-motor-controlled stages.
The temperature of the SOA was stabilized at approximately
25 °C by a thermo-electric cooler. The laser output from the
cleaved facet of the QD-SOA was measured using a lensed
fiber. The SOA injection current dependence of the optical
output power is shown in Fig. 6. The threshold current of the
laser oscillation was 300mA and the maximum fiber-coupled
output power was 0.128mW when the QD-SOA injection
current was 500mA. Figure 7 shows the lasing spectrum
around the 1230 nm wavelength when the SOA injection
current was 400mA. A clear single-mode laser oscillation
with a 47 dB side-mode suppression ratio (SMSR) was ob-
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Fig. 3. Microscope image of the fabricated silicon photonic wavelength
filter with Ta micro-heaters. The inset shows the configuration of the ring
resonators in the wavelength filter.
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Fig. 2. Measured amplified spontaneous emission of the QD-SOA with
various SOA injection currents.
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served. The lasing wavelength-tuning operation was per-
formed using a micro-heater placed on ring 1. Figure 8(b)
shows the superimposed lasing spectra when ring 1 was
heated. The relationship between the heater input power and
the lasing wavelength is shown in Fig. 8(a). The lasing
wavelength was linearly tuned by the heater input power, and
a 23.9-nm wavelength tuning range was obtained with a 32-
dB SMSR between the ring resonator’s modes. Nevertheless,
the lasing wavelength spacing corresponds to the FSR of the
unheated ring 2 (731GHz), whereas the two lasing modes
around 1232 and 1246 nm were unfortunately not observed.
Because longitudinal modes with a 150 pm wavelength
spacing also exist in this laser cavity, the transmittance of
the external cavity is the product of the transmittance of the
ring filter and that of the longitudinal mode. Although the
output powers are maximized when the resonant wavelength
of the ring resonators coincides with the peak wavelength of
the longitudinal mode, they decrease in non-coincident cases,
and, in the worst case, the lasing oscillation is inhibited. The
reduction of the transmittance is decreased by using low-Q
factor rings. Figure 9 shows the lasing wavelength spectra of
a laser with low-Q factor rings, which were realized by using
directional couplers of 0.2 coupling efficiency between the
ring resonator and the bus-waveguide. The ring resonators
were designed to have a Q factor of 5000 and a transmittance
difference of 5.5 dB between the selected wavelength and the
neighboring side mode. A satisfactory wavelength tuning
operation was observed with a 28.5 nm wavelength tuning
range. Although the output powers depend on the wavelength

because of the influence of the longitudinal modes, the power
variation can be improved by using an additional phase
shifter for the longitudinal modes. The wavelength-tuning
operation was performed using a micro-heater with 2.1
mW=nm power consumption. The obtained tuning range
around a wavelength of 1230 nm corresponds to a 5.7 THz
tuning range, which is larger than the C-band (4.4 THz) in
the frequency domain. The compact and high-frequency
efficiency tunable laser diode consisting of a 0.6 × 1.5mm2

footprint silicon photonic external cavity and a 2-mm-long
QD-SOA was thus demonstrated.

A wavelength-tunable laser diode with an InAs QD optical
amplifier and a silicon photonic external cavity was studied,
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(b) Superimposed lasing spectra for a QD-SOA injection current of 400mA.
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and clear single-mode lasing operation with a wide wave-
length tuning range of 28.5 nm was successfully demon-
strated. We expect that the combination of the QD tech-
nique and silicon photonics will provide a breakthrough
technology for the development of effective and compact
light sources.

Acknowledgments This research is supported by Strategic Information
and Communications R&D Promotion Program (SCOPE), Ministry of Internal
Affairs and Communications, Japan, and Grants-in-Aid for Scientific Research
(25420312), JSPS. The authors thank the staff of Pioneer Micro Technology
Corporation.

1) G. P. Agrawal, Fiber-Optic Communication System (Wiley, New York,
2011) 4th ed.

2) N. Yamamoto and H. Sotobayashi, Proc. SPIE 7235, 72350C (2009).
3) Y. Arakawa and H. Sakaki, Appl. Phys. Lett. 40, 939 (1982).
4) T. C. Newell, D. J. Bossert, A. Smitz, B. Fuchs, K. J. Malloy, and L. F.

Lester, IEEE Photonics Technol. Lett. 11, 1527 (1999).
5) T. Kita, N. Tamura, O. Wada, M. Sugawara, Y. Nakata, H. Ebe, and Y.

Arakawa, Appl. Phys. Lett. 88, 211106 (2006).
6) K. Tanabe, D. Guimard, D. Bordel, S. Iwamoto, and Y. Arakawa, Opt.

Express 18, 10604 (2010).
7) T. Kita, M. Suwa, T. Kaizu, and Y. Harada, J. Appl. Phys. 115, 233512

(2014).
8) N. Yamamoto, K. Akahane, T. Umezawa, and T. Kawanishi, Jpn. J. Appl.

Phys. 54, 04DG01 (2015).
9) P. D. L. Greenwood, D. T. D. Childs, K. Kennedy, K. M. Groom, M.

Hugues, M. Hopkinson, R. A. Hogg, N. Krstajić, L. E. Smith, S. J. Matcher,
M. Bonesi, S. MacNeil, and R. Smallwood, IEEE J. Sel. Top. Quantum
Electron. 16, 1015 (2010).

10) N. Krstajić, D. T. D. Childs, S. J. Matcher, D. Livshits, A. Shkolnik, I.
Krestnikov, and R. A. Hogg, IEEE Photonics Technol. Lett. 23, 739 (2011).

11) N. Yamamoto, K. Akahane, T. Kawanishi, H. Sotobayashi, Y. Yoshioka,
and H. Takai, Jpn. J. Appl. Phys. 51, 02BG08 (2012).

12) R. Soref, IEEE J. Sel. Top. Quantum Electron. 12, 1678 (2006).
13) T. Tsuchizawa, K. Yamada, H. Fukuda, T. Watanabe, J. Takahashi, M.

Takahashi, T. Shoji, E. Tamechika, S. Itabashi, and H. Morita, IEEE J. Sel.
Top. Quantum Electron. 11, 232 (2005).

14) T. Chu, N. Fujioka, and M. Ishizaka, Opt. Express 17, 14063 (2009).
15) C. R. Doerr, L. Chen, Y.-K. Chen, and L. L. Buhl, IEEE Photonics Technol.

Lett. 22, 1461 (2010).
16) H. Park, M. N. Sysak, H.-W. Chen, A. W. Fang, D. Liang, L. Liao, B. R.

Koch, J. Bovington, Y. Tang, K. Wong, M. Jacob-Mitos, R. Jones, and J. E.
Bowers, IEEE J. Sel. Top. Quantum Electron. 17, 671 (2011).

17) Y. Urino, T. Shimizu, M. Okano, N. Hatori, M. Ishizuka, T. Yamamoto, T.
Baba, T. Akagawa, S. Akiyama, T. Usuki, D. Okamoto, M. Miura, M.
Noguchi, J. Fujikata, D. Shimura, H. Okayama, T. Tsuchizawa, T.
Watanabe, K. Yamada, S. Itabashi, E. Saito, T. Nakamura, and Y. Arakawa,
Opt. Express 19, B159 (2011).

18) S. Yang, Y. Zhang, D. W. Grund, G. A. Ejzak, Y. Liu, A. Novack, D.
Prather, A. E. Lim, G. Lo, T. Baehr-Jones, and M. Hochberg, Opt. Express
22, 1172 (2014).

19) N. Hatori, T. Shimizu, M. Okano, M. Ishizaka, T. Yamamoto, Y. Urino, M.
Mori, T. Nakamura, and Y. Arakawa, J. Lightwave Technol. 32, 1329
(2014).

20) M. Soma, T. Kita, Y. Tanushi, M. Toyama, M. Seki, N. Yokoyama, M.
Ohtuka, and H. Yamada, Jpn. J. Appl. Phys. 54, 04DG03 (2015).

21) K. Nemoto, T. Kita, and H. Yamada, Appl. Phys. Express 5, 082701 (2012).
22) T. Kita, K. Nemoto, and H. Yamada, Jpn. J. Appl. Phys. 53, 04EG04

(2014).
23) T. Kita, K. Nemoto, and H. Yamada, IEEE J. Sel. Top. Quantum Electron.

20, 344 (2014).
24) N. Yamamoto, K. Akahane, T. Kawanishi, H. Sotobayashi, H. Fujioka, and

H. Takai, Phys. Status Solidi C 8, 328 (2011).
25) T. Shoji, T. Tsuchizawa, T. Watanabe, K. Yamada, and H. Morita, Electron.

Lett. 38, 1669 (2002).
26) Y. Deki, T. Hatanaka, M. Takahashi, T. Takeuchi, S. Watanabe, S. Takaesu,

T. Miyazaki, M. Horie, and H. Yamazaki, Electron. Lett. 43, 225 (2007).
27) S. J. Choi, Z. Peng, Q. Yang, S. J. Choi, and P. D. Dapkus, IEEE Photonics

Technol. Lett. 17, 106 (2005).
28) N. Fujioka, T. Chu, and M. Ishizaka, J. Lightwave Technol. 28, 3115

(2010).
29) J. C. Hulme, J. K. Doylend, and J. E. Bowers, Opt. Express 21, 19718

(2013).
30) H. M. H. Chong and R. M. De La Rue, IEEE Photonics Technol. Lett. 16,

1528 (2004).
31) T. Chu, H. Yamada, S. Ishida, and Y. Arakawa, Opt. Express 13, 10109

(2005).
32) P. Dong, N.-N. Feng, D. Feng, W. Qian, H. Liang, D. C. Lee, B. J. Luff, T.

Banwell, A. Agarwal, P. Toliver, R. Mendez, T. K. Woodward, and M.
Asghari, Opt. Express 18, 23784 (2010).

Appl. Phys. Express 8, 062701 (2015) T. Kita et al.

062701-4 © 2015 The Japan Society of Applied Physics

http://dx.doi.org/10.1117/12.816812
http://dx.doi.org/10.1063/1.92959
http://dx.doi.org/10.1109/68.806834
http://dx.doi.org/10.1063/1.2206126
http://dx.doi.org/10.1364/OE.18.010604
http://dx.doi.org/10.1364/OE.18.010604
http://dx.doi.org/10.1063/1.4884228
http://dx.doi.org/10.1063/1.4884228
http://dx.doi.org/10.7567/JJAP.54.04DG01
http://dx.doi.org/10.7567/JJAP.54.04DG01
http://dx.doi.org/10.1109/JSTQE.2009.2038720
http://dx.doi.org/10.1109/JSTQE.2009.2038720
http://dx.doi.org/10.1109/LPT.2011.2130520
http://dx.doi.org/10.7567/JJAP.51.02BG08
http://dx.doi.org/10.1109/JSTQE.2006.883151
http://dx.doi.org/10.1109/JSTQE.2004.841479
http://dx.doi.org/10.1109/JSTQE.2004.841479
http://dx.doi.org/10.1364/OE.17.014063
http://dx.doi.org/10.1109/LPT.2010.2062497
http://dx.doi.org/10.1109/LPT.2010.2062497
http://dx.doi.org/10.1109/JSTQE.2011.2106112
http://dx.doi.org/10.1364/OE.19.00B159
http://dx.doi.org/10.1364/OE.22.001172
http://dx.doi.org/10.1364/OE.22.001172
http://dx.doi.org/10.1109/JLT.2014.2304305
http://dx.doi.org/10.1109/JLT.2014.2304305
http://dx.doi.org/10.7567/JJAP.54.04DG03
http://dx.doi.org/10.1143/APEX.5.082701
http://dx.doi.org/10.7567/JJAP.53.04EG04
http://dx.doi.org/10.7567/JJAP.53.04EG04
http://dx.doi.org/10.1109/JSTQE.2013.2295712
http://dx.doi.org/10.1109/JSTQE.2013.2295712
http://dx.doi.org/10.1002/pssc.201000476
http://dx.doi.org/10.1049/el:20021185
http://dx.doi.org/10.1049/el:20021185
http://dx.doi.org/10.1049/el:20073714
http://dx.doi.org/10.1109/LPT.2004.838626
http://dx.doi.org/10.1109/LPT.2004.838626
http://dx.doi.org/10.1109/JLT.2010.2073445
http://dx.doi.org/10.1109/JLT.2010.2073445
http://dx.doi.org/10.1364/OE.21.019718
http://dx.doi.org/10.1364/OE.21.019718
http://dx.doi.org/10.1109/LPT.2004.826781
http://dx.doi.org/10.1109/LPT.2004.826781
http://dx.doi.org/10.1364/OPEX.13.010109
http://dx.doi.org/10.1364/OPEX.13.010109
http://dx.doi.org/10.1364/OE.18.023784

