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We propose a narrow-spectral-linewidth silicon photonic wavelength-tunable laser with a novel external wave-
length-tunable filter, which consists of two silicon ring resonators with different circumferences and a highly
asymmetric Mach–Zehnder interferometer (MZI), the two optical paths of which have significantly different lengths.
Calculations and experimental results indicated that the gain difference between longitudinal modes was increased
by the highly asymmetric MZI. Consequently, a narrow spectral linewidth of 12 kHz and a stable single-mode
oscillation were obtained. © 2015 Optical Society of America
OCIS codes: (140.3600) Lasers, tunable; (140.3410) Laser resonators; (230.7380) Waveguides, channeled.
http://dx.doi.org/10.1364/OL.40.001504

Digital coherent optical communication is considered
promising for next-generation optical communication
systems because of its potential to achieve high-capacity
and long-haul transmission. Digital coherent systems
with quadrature amplitude modulation (QAM) format re-
quire light sources with narrow spectral linewidth, stable
single-mode oscillation, compact dimension, and low
cost. Besides, in silicon photonics, owing to the high
refractive-index contrast in silicon waveguides and their
compatibility with the current CMOS fabrication process,
silicon photonic devices can be fabricated with very com-
pact dimension and low cost. Therefore, a wavelength-
tunable laser diode with an external cavity fabricated
using silicon photonics has been investigated for digital
coherent optical communication systems. By utilizing a
silicon ring-resonator filter as an external cavity, a spec-
tral linewidth less than 100 kHz, wavelength-tuning range
of 95 nm, and maximum fiber-coupled optical output
power greater than 100 mW have been demonstrated
[1–4]. Such high-performance characteristics make the
laser applicable to systems using the 16-QAM format
[5]. However, to meet the requirements of higher-order
modulation formats, a narrower spectral linewidth is
desired.
In our previous work, we concluded that a longer cav-

ity is favorable to yield a narrower spectral linewidth [6].
However, in previous wavelength-tunable filters, if the
filter length is increased, the longitudinal mode spacing
decreases; consequently, the gain difference between
longitudinal modes decreases, and multi-mode oscilla-
tion is more likely to occur. Therefore, it is difficult to
obtain a narrower spectral linewidth and stable single-
mode oscillation simultaneously with previous filters.
This problem generally exists in many integrated narrow-
spectral-linewidth wavelength-tunable lasers using exter-
nal ring-resonator filters. Because of its simple structure
and convenient tuning operation, a ring-resonator filter is
widely used in external-cavity integrated wavelength-
tunable lasers [7–10]. Debregeas et al. demonstrated a
2-kHz-linewidth wavelength-tunable laser by using an
external silica ring-resonator filter [10]. Its extremely

long external cavity produced the record linewidth of
2 kHz. However, thus far, no study has identified a
method to further increase the cavity length while main-
taining stable single-mode oscillation. In the present
report, to solve this problem, we propose a novel wave-
length-tunable filter, which consists of two silicon ring
resonators with different circumferences, and a highly
asymmetric Mach–Zehnder interferometer (MZI), the
two optical paths of which have significantly different
lengths. Such a structure can be applied to other external
ring-resonator filters as well, regardless of the type of
waveguide.

The basic structure of the laser is illustrated in Fig. 1.
Figures 1(a) and 1(b) show the laser structure without
and with an asymmetric MZI, respectively. Both struc-
tures are composed of a semiconductor optical amplifier
(SOA) and an external wavelength-tunable filter. The
SOA functions as the gain medium in the C-band, and
the filter consists of two ring resonators with different
circumferences. The oscillation wavelength is first
roughly selected using the Vernier effect of the two ring
resonators. Figure 2 shows the overlapped transmission
spectra of two ring resonators, and the main peak
indicates the possible range of oscillation wavelengths.
More precisely, the longitudinal mode, which matches
the main resonant peak of the two ring resonators,

Fig. 1. Laser structure.
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determines the oscillation wavelength, as illustrated
in Fig. 3.
The oscillation wavelength is tuned using the thermo-

optic (TO) effect of the silicon waveguide. By setting
heaters on top of the ring resonators, the refractive index
of the silicon waveguide can be varied. Consequently, the
transmission spectra of the ring resonators shift, and the
oscillation wavelength can thus be tuned. The high coef-
ficient of silicon allows us to tune the lasing wavelength
with low power consumption.
Our previous filter structures include a structure with

no MZI and a structure with a slightly asymmetric MZI in
which the length difference between two optical paths
ΔLwas 43 μm. In the structure with a slightly asymmetric
MZI, the free spectral range (FSR) of MZI was designed to
be nearly 2 times that of the ring resonators such that the
first side resonant mode of the ring resonators was
suppressed, and a larger gain difference between the
resonant modes of the ring resonators was obtained.
However, in this case, since the FSR of MZI was approx-
imately two orders of magnitude larger than the FSR of
the longitudinal mode, the gain difference between longi-
tudinal modes was hardly affected by the MZI. Therefore,
the gain difference between longitudinal modes in the
slightly asymmetric MZI structure is nearly the same that
in the structure with no MZI.
The spectral linewidth of a semiconductor laser with

an external cavity is given by Henry’s formula [11] as
follows:

Δν � υ2ghvnsp�1� α2�
8πP0

· �αm � αi� · αm: (1)

Here υg is the group velocity, hν is the photon energy,
nsp is the spontaneous emission coefficient, α is the line-
width enhancement factor, αm is the mirror loss, αi is the
internal loss, and P0 is the output power.

For this laser, αm and αi are given by

αm � 1
LSOA � Lfilter

ln
�

1�����������
R1R2

p
�
;

αi �
LSOAαSOA � Lfilterαfilter � δcoupling

LSOA � Lfilter
;

where LSOA, Lfilter; αSOA, αfilter are the length and internal
loss of the SOA and filter, respectively. R1 and R2 are
the power reflectivities of the two edges. δcoupling is the
coupling loss between the SOA and filter.

As can be seen, if the external cavity length Lfilter is
increased, mirror loss αm would decrease; thus, a
narrower spectral linewidth can be obtained.

However, there exists a trade-off relationship between
the spectral linewidth and gain difference between longi-
tudinal modes. In the structure with no MZI or a slightly
asymmetric MZI �ΔL � 43 μm�, the gain difference be-
tween longitudinal modes is attributed only to the reso-
nant peak of ring resonators. Therefore, if the cavity
length is increased, the longitudinal mode spacing de-
creases; hence, the gain difference between longitudinal
modes decreases, and multi-mode oscillation is more
likely to occur. To solve this problem, in our new pro-
posed filter structure, we employed a highly asymmetric
MZI, the two optical paths of which have significantly dif-
ferent lengths �ΔL � 1578 μm�. With the highly asymmet-
ric MZI, the FSR of MZI is comparable with the FSR of the
longitudinal modes, and the passable bandwidth of the
filter becomes narrower because of the optical interfer-
ence between the two paths. Therefore, transmittance at
the side longitudinal mode decreases, and a larger gain
difference between longitudinal modes can be obtained.
Figure 4 shows the calculated change in gain difference
between longitudinal modes in different filter structures
when the filter length is increased. In comparison with
the structure with no MZI and that with a slightly asym-
metric MZI, the highly asymmetric MZI structure yields a
larger gain difference with the same spectral linewidth.

A filter with a highly asymmetric MZI with a path
length difference ΔL � 1578 μm was fabricated, as
shown in Fig. 5. The structure indicated with the dashed
line is the highly asymmetric MZI. The core size of the
silicon waveguide is 460 nm × 220 nm. The FSRs of the
two ring resonators are 890 GHz and 946 GHz, respec-
tively. The heaters consist of Ta. The total footprint of

Fig. 2. Transmission spectra of two ring resonators.

Fig. 3. Transmission spectra of ring resonators and longi-
tudinal modes.
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Fig. 4. Gain difference between longitudinal modes in differ-
ent filter structures.
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the filter (including electrodes) is only 1.4mm × 0.9 mm,
which is approximately 1∕6 of those consisting of SiON
waveguides [12]. For comparison, a filter with a slightly
asymmetric MZI was also fabricated, in which the only
difference with the former filter is the path length differ-
ence ΔL � 28 μm.
In the experimental setup, the SOA temperature

controller was set at 25°C. Light emitted from the SOA
was coupled by a lensed fiber. The spectral linewidth
was measured using a delayed self-heterodyne method
[13]. The resolution limit of the measurement system
was approximately 4.5 kHz.
The measured L-I characteristics are shown in Fig. 6.

The threshold current was approximately 25 mA. The la-
ser with a slightly asymmetric MZI started longitudinal
multi-mode oscillation from approximately 17 mW chip
output power, and the unstable output power of
multi-mode oscillation was not shown in this figure.
The unstable oscillation might result from the nonlinear
optical effect in silicon waveguides, such as two-photon
absorption, which caused fluctuation in refractive index
at high output power and thereby decreased the gain
difference between longitudinal modes. In contrast, in
the laser with a highly asymmetric MZI, because the gain
difference had been improved, stable single-mode oscil-
lation was maintained at output powers greater than
30 mW. The kink in the L-I curve was possibly caused
by the longitudinal mode hopping.
Wavelength-tuning operation is shown in Fig. 7. It was

measured by heating one ring resonator at 90-mA

injection current. The wavelength-tuning range was
42.7 nm, which is equal to that in our previous filters.

The calculated and measured spectral linewidths are
shown in Fig. 8. In the calculation, the parameters shown
in Table 1 were used. The laser with highly asymmetric
MZI yielded a narrow spectral linewidth of 12 kHz.
Because the effective cavity length of this laser is a little
greater than that with a slightly asymmetric MZI, its mea-
sured spectral linewidth was a little narrower than that of
the latter, as expected. Moreover, the measured line-
width difference between the two lasers agrees well with
the calculation. The rebroadening of linewidth at
relatively high output power may be attributed to the
nonlinear optical effect in SOA or silicon waveguide.

By heating the longer path of the MZI, special longi-
tudinal mode hopping was observed. In Fig. 9, with
the increase in the heater power, the oscillation mode

Fig. 5. Fabricated wavelength-tunable filter with highly
asymmetric MZI.
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Fig. 6. L-I characteristics.
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Fig. 7. Wavelength-tuning operation at 90-mA injection
current.
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Fig. 8. Calculated and measured spectral linewidths.

Table 1. Parameters Used in Spectral
Linewidth Calculation

Item Value

ng (SOA, filter) 3.4, 4.22
LSOA 1.5 mm
R1; R2 0.02, 1
αSOA; αfilter 14 cm−1, 0.69 cm−1

δcoupling 4.7 dB
α 1.3
nsp 2.0
λ 1.55 μm
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first jumped to a longer wavelength and then jumped to
an even shorter wavelength. This phenomenon can be ex-
plained by the interference between longitudinal modes
in the two paths of the laser resonator, as illustrated in
Fig. 10. Because of the significantly different optical path
lengths in the MZI, there exist two longitudinal modes
with different FSRs in the laser resonator. Laser oscillat-
ing occurs only at the wavelength where the phases of
two longitudinal modes match. In Fig. 10, the phase-
matched modes are modes 1 and 10; therefore, the oscil-
lation wavelength is the wavelength of modes 1 and 10. By
heating the longer path of the MZI, the longitudinal mode
of the longer path shifts to a longer wavelength. Conse-
quently, the phase-matched modes become modes 2 and
20 and, in turn, modes 3 and mode 30; thus, mode hopping
would occur. Despite some deviation in the calculation in
terms of heater power and oscillation wavelength, which
may result from the deviation between the estimated
FSRs and actual FSRs of the longitudinal modes, the
actual mode-hopping process was consistent with the

calculation. The effect of the highly asymmetric MZI
was thereby confirmed.

In summary, we proposed a novel wavelength-tunable
filter with a highly asymmetric MZI for achieving a nar-
row-spectral-linewidth in a silicon photonic wavelength-
tunable laser. Both a narrow spectral linewidth of 12 kHz
and stable single-mode oscillation were obtained for the
laser. The effect of the highly asymmetric MZI was con-
firmed through a comparison between the measured and
calculated longitudinal mode hopping. Such a structure
can be applied to other ring-resonator filters as well, re-
gardless of the type of waveguide.
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Fig. 9. Measured and calculated longitudinal mode hopping.
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Fig. 10. Calculated transmission spectra of longitudinal
modes.
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