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Silicon Photonic Wavelength-Tunable Laser Diode
With Asymmetric Mach–Zehnder Interferometer

Tomohiro Kita, Keita Nemoto, and Hirohito Yamada, Member, IEEE

Abstract—We fabricated wavelength-tunable laser diodes using
a Si photonic wavelength filer that consists of ring resonators and
an asymmetric Mach–Zehnder interferometer. The footprint of
the optical cavity including the semiconductor optical amplifier is
small, 2.6 mm × 0.5 mm, which is about 1/9 of those for tunable
laser diodes made of silicon oxynitride. The wavelength could be
tuned over approximately 62 nm, which covers the entire L-band
of the optical communication wavelength range. The maximum
output power reaches 42.2 mW. Furthermore, a spectral line width
narrower than 100 kHz was obtained. Such tunable laser diodes
with narrow spectral line widths are suitable as light sources inte-
grated into other digital coherent devices.

Index Terms—Semiconductor laser diode, silicon photonics, dig-
ital coherent system, wavelength-tunable laser diode (LD).

I. INTRODUCTION

IN ORDER to respond to a rapid increase in information and
communication traffic, digital coherent optical communica-

tion system are superseding traditional on-off keying systems.
A digital coherent system allows for a drastic increase in net-
work capacity by utilizing not only the amplitude of the light
signal but also the phase information [1], [2]. Various optical
devices have been developed for digital coherent systems, such
as coherent receivers and emitters [3]–[5]. A light source with
low phase noise, which means a narrow spectral line width, is
required for use as an emitter or the local oscillator of a re-
ceiver. In these circumstances, the realization of compact, low-
cost, low-power-consumption, and narrow-spectral-line-width
wavelength-tunable laser diodes (LDs) has been expected.

One good candidate for realizing such integrated optical co-
herent devices is the Si photonic wire waveguide system, which
is a good platform for monolithic integration because of its large
wafer sizes, lower-cost materials, and borrowing of fabrication
processes and equipment from electronics devices. In spite of the
breakthrough invention of a Ge LD, a monolithically integrated
Si photonic laser is not realistic for practical use at this time
because of its low available percentage and low optical output
power. However, heterogeneous integrated Si photonic LDs that
use a Si photonic wire cavity and well-established compound
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Fig. 1. Schematic structures of silicon photonics wavelength-tunable lasers.
(a) Series configuration of ring resonators. (b) Loop configuration of ring res-
onators with an a-MZI.

semiconductor optical materials to provide efficient optical gain
have shown flexibility and availability for practical use [6]–[8].
These heterogeneous integrated Si photonic lasers are fabricated
using the evanescent coupling and the butt joint method with low
connection loss. Recently, a spectral line width narrower than
100 kHz [9], which is sufficient for 16 quadrature amplitude
modulation (16-QAM) [10], [11], was achieved using the butt-
joint method. In this letter, we describe the lasing characteristics
of a Si photonic LD butt-jointed to a compound semiconductor
optical amplifier (SOA) and a Si photonic wavelength-tunable
filter and discuss its availability for practical use.

II. STRUCTURE OF WAVELENGTH-TUNABLE FILTERS

A. Series Filter and Loop Filter With an Asymmetric
Mach–Zehnder Interferometer

Schematic structures of tunable lasers are shown in Fig. 1(a)
and (b). Each laser consists of a wavelength-tunable filter with
double ring resonators made of Si wire waveguides with di-
mensions of 220 nm × 400 nm and an SOA as an optical
gain medium. Drastic downsizing can be attained by using Si-
wire waveguides as the ring resonators, because optical ring
resonators with extremely small radii can be constructed ow-
ing to the waveguide’s strong optical confinement. The spot
size converter (SSC), which consists of SiOx core and tapered
Si waveguide, allows us to connect the SOA and Si photonic
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Fig. 2. Microscope image of the fabricated tunable filter with Pt/Ti
microheaters.

wire waveguide while minimizing the reflection and coupling
losses [12]–[14]. The front facet of the SOA acts as a mirror with
a reflectivity of 2%, and an antireflection coating is formed on
the facet connected with the tunable filter. The measured connec-
tion loss between an SOA and an SSC is 4.8 dB and the expected
reflectivity is less than 0.1%.Two types of ring resonator filters
were fabricated using a CMOS-compatible process. The first
filter has a series configuration of ring resonators, as shown in
Fig. 1(a). The light propagating from the SOA is filtered by two
ring resonators with different free spectral ranges (FSRs) and is
then reflected by a loop mirror to again pass through the SOA
following the same pathway. The reflectivity of a loop mirror
was measured as 85%.

The other filter has a loop configuration, as shown Fig. 1(b).
The propagating light is divided at a Y-branch and then filtered
by two ring resonators and an asymmetric Mach–Zehnder in-
terferometer (a-MZI). The lasing wavelength is selected on the
basis of the Vernier effect, given the different FSRs between the
two ring resonators.

The lasing wavelength can be tuned on the basis of the thermo-
optic (TO) effect using a Pt thin-film heater [6], [15]. Further-
more, a low tuning power can also be used because this filter has
a large TO coefficient compared with a filter using a conven-
tional silica waveguide. A microscope image of the fabricated
wavelength-tunable filter with the loop configuration is shown
Fig. 2. A Pt/Ti microheater of 8 μm in width and 110 nm in
thickness was placed on the ring resonators and one arm of the
a-MZI. The structural parameters are summarized in Table I,
where LSi is the total length of the Si photonic wire waveguide
that includes the bus waveguides and the effective lengths of the
ring resonators.

The series configuration filter requires a longer cavity length
to achieve the narrow spectral linewidth and high wavelength
selectivity, because the light propagates through both ring res-
onators twice for each round trip. The calculated transmittances
of the ring resonators and the series filter is shown in Fig. 3.
In contrast, the loop filter provides lasing stability because of
its small cavity power which is discussed in next paragraph and
small footprint. The footprint of the loop filter laser including
the SOA is 2.6 × 0.5 mm2 , which is about 1/9 of that made
of SiON material, as previously reported [16]. The large FSR
filters are used to increase the transmittance difference between

TABLE I
STRUCTURAL PARAMETERS OF WAVELENGTH-TUNABLE FILTERS

Fig. 3. Calculated transmittances of the two ring resonators (top) and the
transmittance of the series filter which is twice as large as the product of the two
resonators’ transmittances (bottom).

the lasing wavelength and the side peak in loop configuration
filter, because the transmittance difference is smaller than it of
series configuration filter. Furthermore, the wavelength selectiv-
ity is increased by the a-MZI, which has twice the FSR of a ring
resonator. This scheme to improve the wavelength selectivity
is explained in terms of the transmittance of each resonator in
Fig. 4. The lasing wavelength is the coincident wavelength of
two ring resonances, although an unfavorable multimode oscil-
lation can easily occur at the nearest-neighbor resonant wave-
length because of the small transmittance. However, because
the transmittance of the a-MZI is a minimum at the nearest res-
onant wavelength, the transmittance is increased, as shown in
Fig. 4. In this way, high wavelength selectivity is obtained in
the loop-configuration filter.

The FSRs of each fabricated ring resonator and a-MZI were
verified by measuring control samples. Fig. 5 shows the trans-
mittance of the a-MZI. The measured FSR of the a-MZI is
1572 GHz. The FSR divergences of all resonators are less than
3%.
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Fig. 4. (Top) Calculated transmittances of the two ring resonators and a-MZI
and (bottom) the transmittance of the loop filter with an a-MZI which is the
product of the two ring resonators’ and a-MZI’s transmittances.

Fig. 5. Measured transmittance spectrum of the a-MZI.

Fig. 6. Calculated transmittance differences of series filter and loop filter with
a-MZI.

On the other hand, the transmittance difference between the
lasing wavelength and the other resonant peak strongly depends
on the coupling efficiency between a bus-waveguide and a ring
resonator. Fig. 6 shows the calculated transmittance of each filter
configurations. The coupling efficiency is determined as 0.156
to assure stable wavelength tuning operation. The transmittance

Fig. 7. The calculated internal cavity power in each filter configurations.

differences of the series configuration and the loop configuration
are 14.8 dB and 17.7 dB, respectively.

B. Nonlinear Response of Ring Resonators

In the ring resonator, the internal cavity power is enhanced
owing to the strong light confinement in the ring resonator and
it causes a detrimental nonlinear effect on the lasing operation.
When high power light enters in the silicon ring resonator it can
be absorbed through two-photon absorption (TPA), and the free
carriers excited by TPA result in additional absorption called
free-carrier absorption (FCA) and an associated index change
called free carrier dispersion. TPA and FCA lead to an increase
in the waveguide temperature resulting in a thermal refractive
index change [17], [18]. Thus, these index changes of the silicon
waveguide cause instability in the lasing wavelength, which is
determined by the Vernier effect of the two ring resonators.
Although the influence of the nonlinear response of the ring
resonators has not been quantitatively clarified in our system, the
high internal cavity power which is realized in the low-coupling-
efficiency ring resonator, frequently causes lasing instability
such as multi-mode oscillation or self-pulsation. The optical
output power Pout dependence of the internal cavity power
Pcavity is calculated with following equation for our tunable
laser diodes

Pcavity =
Pout · R · αcoupling · gSOA

κ
N (1)

where R is the reflectivity of the front mirror with a value
of 0.02, αcoupling is the coupling loss between an SOA and a
silicon photonics chip of 4.8 dB, gSOA is the optical gain of
SOA chip of 13.4 dB, κ is the coupling efficiency between the
ring resonator and the bus-waveguide, and N is the number of
times to pass through the ring resonator for each round trip.
The value of N for the series filter and loop filter are 1 and 2,
respectively. The calculated internal cavity power with versus
the optical output power is shown in Fig. 7. This figure clearly
shows the advantage of the loop filter configuration to suppress
unfavorable nonlinear effects in the ring resonator.

III. MEASUREMENT RESULTS

The temperature of the SOA chip was stabilized to 25± 0.2 ◦C
by a thermoelectric cooler (TEC), and the wavelength-tunable
filter and lensed fiber were aligned with the fixed SOA by step-
ping motor controllers to measure the lasing characteristics. The
coupling loss between the SOA and the lensed fiber was 7.3 dB.
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Fig. 8. Dependence of the optical output power on the SOA injection current
for a series filter and loop filter.

A. Injection Current–Light Output Characteristics

The dependence of the optical output power on the SOA in-
jection current is plotted in Fig. 8. The optical output power is
the total power emitted by SOA front facet. The lasing wave-
length was always tuned to 1.59 μm. Both tunable LDs exhibited
single-mode lasing at low optical output powers, and the laser
oscillation threshold currents of the series filter and loop filter
were 25 mA and 23 mA, respectively. At a high optical output
power, a lasing-oscillation instability was observed as spectral
broadening or multimode oscillation in the tunable LD with the
series filter. This instability originates from the mode compe-
tition or nonlinear response of the ring resonators, because the
maximum SOA injection current for stable single-mode lasing
is 150 mA for the series filter and the maximum optical output
power is 21.0 mW for the series filter. The maximum optical
output power of the loop-filter LD reached 42.2 mW when the
SOA injection current was 300 mA, and stable single-mode las-
ing was observed. In Fig. 7, the estimated cavity powers of the
series filter and loop filter are 39.0 mW and 39.2 mW for maxi-
mum output power operation. This agreement of the maximum
internal cavity powers in each filters suggests that the instability
in lasing operation is caused by the nonlinear response of silicon
ring resonator. Therefore, the advantage of the loop filter struc-
ture is its high-output-power operation. Because greater than
30 mW output power is required for practical use in an optical
communication system, the loop filter is suitable configuration
for a tunable LD.

B. Wavelength Tuning Operation

Fig. 9 shows the superimposed spectra of the tunable laser
with the loop filter obtained when the MZI heater and one
resonator heater were varied for an SOA injection current of
300 mA. The lasing wavelengths correspond to the resonance
wavelengths of the other unheated ring. When both ring res-
onators were heated, the lasing wavelength can be tuned con-
tinuously (not shown). We obtained a tuning wavelength range
of 61.7 ± 0.2 nm, which covers the full L-band of the optical
communication wavelength range.

Fig. 10 shows the relationship between the heater power
and the lasing wavelength. Although the wavelength tuning
operation was basically carried out by tuning the ring heater,

Fig. 9. Superimposed lasing spectra.

Fig. 10. Wavelength tuning by heating one ring and the MZI.

Fig. 11. SMSR for each lasing wavelength.

tuning of the MZI heater was also required in order to reach
the lasing wavelengths of 1576.9, 1590.0, 1604.0, 1617.6, and
1632.1 nm, because a π-shift of the MZI spectrum is needed
to maximize the transmittance at these lasing wavelengths. The
heating power necessary to achieve a π-shift of the MZI spec-
trum was 117.2 mW. The power consumption of the ring heater
for wavelength tuning was 2.4 mW/nm.

Fig. 11 shows the side-mode suppression ratio (SMSR) for
each lasing wavelength. An SMSR of more than 38 dB was
obtained over the L-band. The high SMSR was due to the
a-MZI, because the SMSR of a loop-filter tunable LD with-
out an a-MZI is 30 dB or less (not shown) [19]. This SMSR of
38 dB is sufficient for a long-haul communication system.

C. Spectral Line Width

The spectral line width of the tunable LD with the loop filter
was measured using the delayed self-heterodyne method [20].
The experimental setup is shown in Fig. 12. The laser output was

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on June 24,2021 at 04:41:49 UTC from IEEE Xplore.  Restrictions apply. 



8201806 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 20, NO. 4, JULY/AUGUST 2014

Fig. 12. Experimental setup for the measurement of the spectral line width.
The ATT means the attenuator. The AOM means the acoustic-optical modulator.

Fig. 13. Beat spectrum of the tunable laser with the loop filter for an output
power of 42.2 mW.

connected to a single-mode fiber by a lensed fiber and was then
split using a 3 dB coupler into two arms. The light in one arm
experienced a 25-km delay, while in the other arm, an acousto-
optic modulator (AOM) was used to shift the frequency of the
light by f = 100 MHz. The light recombined at a second 3-dB
coupler, and the interference signal was detected by an InGaAs
photodiode. Polarization controllers and an optical attenuator
were used to optimize the fringe visibility of the MZI. The
spectral line width of the laser output was measured as the half-
width at half-maximum of the beat spectrum, and the spectral
resolution of this setup was 3.5 kHz. Fig. 13 shows the beat
spectrum of the tunable laser with the loop filter when the output
power was 42.2 mW.

The measured and calculated line widths are shown in Fig. 14.
The spectral line width of a semiconductor laser is expressed by
the Henry formula [21] for a Fabry–Perot laser,

Δν =
υ2

g hvnsp (1 + α)
8πP0

· (αi + αm ) · αm (2)

In eq. (2), nsp is the spontaneous emission coefficient, α is
the line width enhancement factor, and P0 is the laser output

Fig. 14. Measured and calculated line widths.

TABLE II
PARAMETERS USED FOR THE SPECTRAL LINE WIDTH CALCULATION

power. We assumed that in the laser cavity, the SOA and the
Si tunable filter were connected in series. The group velocity
vg , mirror loss αm , and internal loss αi are expressed by the
following equations:

υg =
c(

LS O A nS O A +L f i l t e r nS i
LS O A +L f i l t e r

) (3)

αm =
1

LSOA + Lfilter
ln

(
1
R

)
(4)

αi =
LSOAαSOA + LfilterαSi + αcoupling

LSOA + Lfilter
. (5)

In equations (3)–(5), LSOA is the cavity length of the SOA;
R is the mirror reflectivity; αSOA and αSi are the internal losses
of the SOA and the Si photonic external cavity, respectively;
and αcoupling is the coupling loss between the SOA and the
Si-wire waveguides. We calculated the spectral line widths of
the tunable lasers using equations (2)–(5) and the parameters
listed in Tables I and II.

The measurement results were in good agreement with the
calculated values in the low optical output region. Although the
maximum output power of the series filter laser is 19.0 mW,
the narrowest line width is 30 kHz because of the long cavity.
The spectral line width of the loop filter was saturated at output
powers greater than 10 mW. The origin of this saturation has
not been determined, but some possible origins include side-
mode interaction which is related the nonlinear responses of
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ring resonators, 1/g noise, spatial hole burning, and nonlinear
gain [22]. Nevertheless, the spectral line width reached 83.0 kHz
when the SOA injection current was 300 mA. This tunable LD,
with its narrow spectral line width of less than 100 kHz and
high output power of more than 40 mW, exhibited sufficient
performance to serve as a practical local oscillator in a 16-QAM
digital coherent system.

IV. CONCLUSION

We fabricated wavelength-tunable LDs with a series Si pho-
tonic filter and a loop filter with an a-MZI. The loop-filter LD
exhibited sufficient performance for practical use. The foot-
print of the optical cavity, including the SOA, is as small as
2.6 mm × 0.5 mm. Wavelength tuning over 61.7 ± 0.2 nm,
which covers the entire L-band of the optical communication
wavelength range, and an SMSR of more than 38 dB were
obtained. The maximum optical output power was 42.2 mW,
with stable single-mode lasing when the SOA injection current
was 300 mA. Furthermore, a spectral line width narrower than
100 kHz was obtained by optimizing the design of the exter-
nal optical cavity. These tunable LDs with narrow spectral line
widths, high output powers, and compact sizes are suitable as
light sources integrated into other digital coherent devices.
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