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Abstract—We demonstrated wavelength tunable laser diodes
with Si-wire waveguide ring resonators as an external optical cav-
ity. The footprint of the optical cavity including the semiconductor
optical amplifier is as small as 0.8 mm × 0.6 mm which is less 1/10 of
those made of silicon oxinitride material. Wavelength tuning range
of approximately 55 nm was demonstrated, which covers entire
L-band of the optical communication wavelength system. Further-
more, a spectral linewidth narrower than 100 kHz was obtained
by optimizing the design of the external optical cavity. The opti-
cal nonlinearity of silicon is described and the influence on laser
oscillation is also discussed.

Index Terms—Silicon photonics, semiconductor laser, resonator
filters.

I. INTRODUCTION

IN PAST decades, the development of optical communi-
cation systems has utilized the wavelength-division mul-

tiplexed (WDM) technique and EDFAs [1], [2]. However, a
higher-capacity and longer-haul optical communication system
is always desirable. Recently, the rapidly increasing demands on
transmission capacity has led to revive a coherent optical com-
munication with digital signal processing, which is expected to
dominate next-generation optical communication systems.

In the digital coherent optical communication system, the
phase of the lightwave is modulated with multilevel code and
thus the phase noise of the light source, typically a laser, has to
be sufficiently low. The requirement for the phase noise level
depend on the modulation format that the system uses. The
quadrature amplitude modulation (QAM) format has been used
extensively in many wireless communication systems, and is
being applied to digital coherent optical communication sys-
tems [3]–[6]. In addition to the linewidth requirements, several
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other laser characteristics are also important. For example, the
laser must be stabilized into a single-mode operation, must be
wavelength-tunable for the WDM technique, and must be low
cost and operate with low power consumption. The cost and
power criteria are important not just to lasers, but also to many
other photonic devices. To reduce the cost and power consump-
tion of a photonic device, one usually needs to shrink the device
size and fabricate it using a refined and low-cost process. One
typical candidate for realizing such integrated optical coherent
light sources 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 use of fabrication
processes and equipment from electronics devices [7]–[10]. In
spite of the breakthrough invention of a Ge laser diode (LD)
[11], [12], a monolithically integrated Si photonic laser is not
realistic for practical use at this time. However, heterogeneous
integrated Si photonic LDs that use a Si photonic wire cavity
and well-established compound semiconductor optical materi-
als to provide efficient optical gain have shown flexibility for
practical use and are available [13]–[23]. These heterogeneous
integrated Si photonic lasers are fabricated using evanescent
coupling or the butt joint method with low connection loss. Re-
cently, a spectral line width narrower than 100 kHz, which is
suitable for 16-QAM [24], [25], was achieved using the butt-
joint method. Moreover, more than 100 mW output power was
achieved [26] which is the highest fiber-coupled output power
of a tunable laser ever reported, to the best of our knowledge.
In this letter, we describe the design of a Si photonic LD butt-
jointed to a compound semiconductor optical amplifier (SOA)
and a Si photonic wavelength-tunable filter to realize narrow
spectral linewidth. The obtained characteristics and the optical
nonlinearity of Si which limits the increase of optical output
power are discussed.

The chapter is organized as follows. First, the design method
of a Si photonics external cavity for realizing a narrow spectral
tunable LD is explained. Then, the obtained characteristics of
the designed LD are given. Finally, the optical nonlinearity of Si
is described and the influence on laser oscillation is discussed.

II. DESIGN OF SILICON PHOTONICS EXTERNAL CAVITY

An external-cavity LD consists of a wavelength-tunable filter
with double Si ring resonators, as illustrated in Fig. 1 [18]–[20].
Two silicon ring resonators with different circumferences fab-
ricated by silicon photonic wire waveguides are employed in
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Fig. 1. Schematic of wavelength tunable laser diode with silicon photonics
external cavity. The external cavity is constructed with two ring resonators
(Ring1, Ring2) and a loop mirror.

Fig. 2. Schematic of wavelength tuning method based on vernier effect. The
red and blue lines indicate the transmittance of the ring resonators and the black
line is the product of those.

the external cavity. The Vernier effect of the two ring resonators
is utilized to select the lasing wavelength. Fig. 2 illustrates the
transmission spectra of the two ring resonators. The free spectral
ranges (FSRs) of the two ring resonators are slightly different
because of the different circumferences. As a result, the trans-
mittance reaches the maximum only at the overlapped resonant
peak, which limits the possible range of lasing wavelengths
[27]–[29]. More precisely, the longitudinal mode, which most
closely matches the overlapped ring resonant peak determines
the lasing wavelength, as illustrated in Fig. 3.

The lasing wavelength can be tuned by the thermo-optic (TO)
effect of the silicon waveguides. The refractive index of the sili-
con photonic wire waveguide can be varied by mounting heaters
on top of the ring resonators and the loop mirror. Consequently,
the transmission spectra of the ring resonators and the longitu-

Fig. 3. Schematic of wavelength spectrum in wavelength tunable laser diode.
The ring resonator mode (black line) and the longitudinal mode are formed in
the laser cavity.

dinal modes shift, and the lasing wavelength can be controlled.
Discrete or continuous wavelength-tuning operations can be
realized by controlling one or both heaters, respectively. The
high TO coefficient of silicon allows a low-power-consumption
wavelength tuning operation [30]–[32].

A. Wavelength Tuning Range and Wavelength Selectivity

The gain difference between the main mode and the side peaks
adjacent to the main mode is an important index of the stability
of the lasing operation. When the modal gain difference is small,
the lasing wavelength is unstable and in some cases it can result
in multi-mode oscillation. Therefore, the relationship between
the ring resonator structures and the modal gain difference of the
double ring wavelength tunable filter was analyzed. The electric
field transmittance of one ring resonator from the input port to
the drop port tring1,2 is expressed by

tring1,2 =

k exp(−j
πL r in g 1 , 2

λ
neff ) exp(−αS i L r in g 1 , 2

4 )

1 − (1 − k) exp(−j
2πL r in g 1 , 2

λ
neff ) exp(−αS i L r in g 1 , 2

2 )
.

(1)

The power transmittance Pring1,2 is (2), shown at the bottom
of the page, where λ is the wavelength, is the power coupling
constant between the bus-waveguide and the ring resonator,
Lring1,2 are the circumferences of the ring resonators, and neff
and Si are the effective index and the propagation loss of the
Si photonic wire waveguide, respectively [33]. The modal dif-
ference is calculated as the product of the power transmittances
of the two ring resonators expressed in (2) [34]. The FSR of
the ring resonator is calculated using the group index of the Si
waveguide ng ,

FSRring1,2 =
c

Lring1,2 · ng
, (3)

Pring1,2 = |tring1,2 |2 =
k2 exp(−αS i L r in g 1 , 2

2 ){
1 − (1 − k) exp(−αS i L r in g 1 , 2

2 )
}2

+ 4(1 − k) exp(−αS i L r in g 1 , 2
2 )sin2(πL r in g 1 , 2

λ
neff )

, (2)
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Fig. 4. Calculated modal gain differences of the wavelength filter constructed
two ring resonators (red line). The relationship between the ring radius of the
ring resonators and FSR (blue line).

where c is the light velocity in vacuum and ng was calculated as
4.3 for a 400 nm width and 220 nm height Si waveguide using a
finite element method. The wavelength tuning range Δλ of the
wavelength-filter-based Vernier effect of two ring resonators is
given by

Δλ =
λ2

c

∣∣∣∣
FSRring1 · FSRring2

FSRring1 − FSRring2

∣∣∣∣ . (4)

Fig. 4 shows the relationship between the FSR of one of the
two ring resonator filters and the modal gain differences. In Fig.
4, we changed the FSRring1 of one ring resonator to maintain
the wavelength tuning range at 70 nm, as required for use in
L-band optical communication systems. It can be seen from the
figure that a wider FSR contributes to a larger modal gain differ-
ence. The modal gain difference increases with increasing ring
FSR. However, the FSR values of the rings are limited by the
waveguide bending loss because a large FSR requires a smaller
diameter ring structure. The required ring radius to fabricate
the ring resonators with FSRring1 is also shown in Fig. 4. An
advantage of the Si photonic wavelength filter is the large modal
gain difference obtained by using small-diameter ring resonators
with FSRs of nearly 1 THz [23], [35]. The large modal dif-
ferences can produce a wavelength filter with high wavelength
selectivity and wavelength tuning range. To avoid bending
loss, we adopted a large diameter ring resonator with a FSR of
501.4 GHz which corresponds to 136.4 m circumference, and
therefore the FSR of the other ring resonator filter was chosen
as 471.4 GHz which corresponds to 145.0 m circumference.

B. Narrow Spectral Linewidth

The lasing wavelength of the tunable LD was finally decided
by the sharp longitudinal mode formed by a cavity constructed
by the output facet of the SOA and the loop mirror as shown in
Fig. 3. In order to obtain lasing with a narrow spectral linewidth,
a sharp wavelength transmittance characteristic of the longitu-
dinal mode is needed, requiring a higher Q-factor of the Fabry–
Perot cavity. The spectral linewidth Δv of LDs can be expressed

Fig. 5. Calculated spectral linewidth of a wavelength tunable LD with Si
photonics external cavity which have a long cavity of Lfi lter . length.

by Henry’s formula [36];

Δν =
υ2

g hνnsp(1 + α2)
8πPout

(αm + αi) αm , (5)

where h is the photon energy, nsp is the spontaneous emission
coefficient, α is the linewidth enhancement factor, and Pout is
the lasing output power. The group velocity in the LD cavity,
υg , the mirror loss, αm , and the internal loss of the entire cavity,
αi are given by

υg =
c(LSOA + Lfilter)

LSOAnSOA + Lfilterng
, (6)

αm =
1

LSOA + Lfilter
ln

(
1√

R1R2

)
, and (7)

αi =
LSOAαSOA + LfilterαSi + δcoupling

LSOA + Lfilter
. (8)

LSOA and Lfilter are the lengths of the SOA and the tunable
filter constructed by silicon waveguides, respectively. nSOA is
the group index of the SOA. R1 and R2 are the end-facet reflec-
tivities of the SOA and the loop mirror, respectively. δcoupling is
the coupling loss between the SOA and the tunable filter. Fig.
5 shows the calculated relationship between Lfilter and spectral
linewidth. The values used in the calculations are shown in Ta-
ble I. The spectral linewidth becomes narrower for longer Lfilter
values, because the Q-factor of the Fabry–Perot mode increases.
According to the calculation, spectral linewidths narrower than
100 kHz can be obtained when Lfilter is longer than 2.4 mm.
Here, the effective length of the tunable filter Lfilter is the sum of
the length of the bus-waveguide Lbus and the effective lengths
of the ring resonators Leff1,2 ,

Lfilter = Lbuss + Leff1 + Leff2 . (9)

Leff1,2 is given by the following at the resonant wavelength:

Leff1,2 =
(

1
2

+
1 − κ

κ

)
Lring1,2 . (10)

The Leff1,2 can be increased by decreasing the optical cou-
pling coefficient κ between the bus waveguide and the ring res-
onators without increasing the footprint of the filter, because the
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TABLE I
DESIGN PARAMETERS FOR NARROW SPECTRAL LINE WIDTH

Parameter VALUE Unit

λ 1.59 μm
hv 0.78 eV
ns p 0.2
α 3.0
LS O A 1300 μm
Lr i n g 1 136.4 μm
Lr i n g 2 145.0 μm
Lb u s 790.4 μm
ng -SOA 3.4
ng -Si 4.3
K 0.15
αS O A 20 cm−1

αS i 0.69 cm−1

δ c o u p l in g 4.5 db
R1 0.02
R2 0.85

lightwave travels around the ring resonator many more times by
decreasing optical coupling coefficient between the bus wave-
guide and the ring resonators [37]. However, there exists a trade-
off relationship between the linewidth and single-mode stability,
which puts a limit on increasing the cavity length. This can be
understood intuitively from Fig. 3. The gain difference between
longitudinal modes depends on the sharpness of the ring reso-
nant peak, which is determined by the coupling coefficient of the
ring resonator. The FSR of the longitudinal mode is inversely
proportional to the cavity length, thus, if the cavity length is
increased, the longitudinal modes get closer to each other, and
the gain difference decreases. It is feasible in theory that the
gain difference can be increased by decreasing the coupling co-
efficient of the ring resonator, but a smaller coupling coefficient
leads to a greater Q factor of the ring resonator, which results in
more significant nonlinear optical effects in the ring resonator
and may destroy the stable single-mode condition, and increase
multi-mode lasing. The influences of nonlinearity are described
in Section IV. Therefore, a value of 0.15 was chosen for κ
because it is not practical to further decrease the coupling co-
efficient of the ring resonator. A bus-waveguide length of more
than 790 m is required to obtain an effective filter length more
than 2.4 mm.

In summary, a wavelength tunable filter for narrow spec-
tral linewidth was designed as described above. The designed
structural parameters of the wavelength tunable LD and the pa-
rameters used for calculation are presented in Table I.

III. CHARACTERISTICS OF DESIGNED

WAVELENGTH TUNABLE LD

The optical microscope images of the fabricated filters are
shown in Fig. 6. The waveguide devices were constructed of Si
photonic wire waveguides of 400 nm in width and 220 nm in
height. The light from the SOA is coupled to a Si waveguide
with a high coupling coefficient using a double-core spot-size
converter (SSC) formed at the end facet of the Si photonics
chip [38]. The coupling loss between the SOA and the silicon

Fig. 6. Microscope image of fabricated wavelength filter. Pt/Ti heaters to
control the wavelength are placed on the two ring resonators and loop mirror.

Fig. 7. Measurement system for the wavelength tunable laser diode. The L–I
characteristics and spectrum were measured using an optical power meter and
an optical spectrum analyzer, respectively. The spectral linewidth was measured
by the delayed self-heterodyne method.

waveguide through the SSC have been measured 4.5 dB. A
Pt/Ti microheater of 6 μm in width and 110 nm in thickness
was placed on the ring resonators and the loop mirror. The
total footprint (including the electrodes) of the filter is 0.8 ×
0.6 mm2 , which is less than 1/10 of those consisting of silicon

oxinitride (SiON) waveguides [28].
The experimental setup to measure the lasing characteristics

is shown in Fig. 7. The temperature controller of the SOA was
set to 25 °C. The SOA and wavelength tunable filter were butt-
jointed by stepping motor controllers. The light emitted from
the output facet of the SOA was coupled into a lensed fiber. The
spectral linewidth was measured by the delayed self-heterodyne
method [39]. The light coupled into the lensed fiber was equally
split into two arms, where one experienced a 25 km delay, and
the other was shifted into the center frequency f = 100 MHz
by an acousto-optic modulator. Then, the light was recombined,
the beat signal was detected by an InGaAs photodiode, and the
spectral linewidth was measured from the detected beat spec-
trum. The resolution limit of the spectral linewidth measurement
system was approximately 4.5 kHz.
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Fig. 8. SOA injection current dependence of laser output power. The blue
dotted line a linear fit under low power operation.

Fig. 9. Lasing spectrum of (a) 100 mA SOA injection current (b) 160 mA
SOA injection current.

A. Output Power, Wavelength Tuning Operation, and
Spectral Linewidth

Fig. 8 shows the relationship between the SOA injection cur-
rent and the output power, estimated by taking into account the
6.5 dB of optical coupling loss between the SOA and the lensed
fiber, and shows that the threshold current was approximately
25 mA. Fig. 9(a) and (b) shows the lasing spectra for an SOA
injection current of 100 mA and 160 mA, respectively. A clear
single-mode oscillation with 35 side mode suppression ratio
(SMSR) was obtained when the SOA injection current was less
than 150 mA; however, the lasing spectra shows multi-mode
oscillation when the SOA injection current was increased to
more than 160 mA, as seen in Fig. 9(b). The maximum out-
put power reaches 14.5 mW when the SOA injection current is
140 mA with single-mode oscillation. The multi-mode lasing
might result from nonlinear optical effects in the Si waveguide,
such as two-photon absorption, as discussed in the next section.
This causes fluctuations in the refractive index at relatively high
output power, and thereby decreases the gain difference between
longitudinal modes.

The experimental results of the wavelength-tuning opera-
tion are shown in Fig. 10. It was measured by heating one
of the two ring resonators at 50 mA SOA injection current.
The wavelength-tunable range was 55 nm, which covers the al-
most L-band. The lasing wavelength was controlled by heating
both ring resonators, which makes continuous wavelength tun-
ing possible. Fig. 11 shows the Ring2 heater power dependence
of the lasing wavelength when the injected current to the SOA

Fig. 10. Superimposed wavelength spectrum produced by varying the heater
of Ring1. The lasing wavelength was discretely controlled to correspond to the
resonant wavelengths of Ring2.

Fig. 11. Lasing wavelength with more than 30 dB SMSR. Heater power of
Ring1 was varied from 0 mW to 60 mW.

was set to 50 mA and the heater input power of Ring1 was varied
in the range between 0 mW and 60 mW to discretely controlled
the lasing wavelength shown in Fig. 10. The plots in Fig. 11
are single-mode oscillation with more than 30 dB SMSR. The
lasing wavelength is controlled by the Ring2 heater between the
discrete wavelengths controlled by the Ring1 heater. Thus, fine
wavelength tuning operation using two ring resonator heaters
was successfully demonstrated. A spectral linewidth measured
by the delayed self-heterodyne method and calculated linewidth
are given in Fig. 12. The average spectral linewidth estimated
by fitting to a Lorentzian function was 55 kHz when the lasing
total output power was 9.5 mW, which was in good agreement
with the calculated spectral linewidth of 58 kHz. Furthermore,
spectral linewidth narrower than 38 kHz was obtained when the
output power was 14.5 mW.

B. Longitudinal Mode Phase Control

Next, we attempted to control the phase of the longitudinal
mode by mounting a micro heater on top of the loop mirror in
the wavelength filter. The ring resonator modes and the longi-
tudinal modes were independently considered in the previous
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Fig. 12. Output power dependences of measured and calculated spectral
linewidth calculated by the delayed self-heterodyne method.

Fig. 13. Schematic of equivalent two mirror cavity model. The reflection of
the wavelength tunable filter was replaced by an effective reflectivity Reff . The
improved cavity model can be considered as a Fabry–Perot cavity.

section. However, all the modes are correlated and an analytical
model for coupled resonators is required to precisely control
the longitudinal modes. A cavity model with a combination of
ring resonator modes and longitudinal modes was considered
[40]. Fig. 13 shows the equivalent two mirror cavity model
which replaces the wavelength tunable filter by an effective
mirror with reflectivity reff [34]. It is derived by considering the
change of the electrical amplitude and phase in rings tring1,2 ,
bus-waveguide, and loop-mirror using (1),

reff = δcoupling · t2ring1 · t2ring2

· exp
(
− j

4πneff

λ
Lbus − αSiLbus

)
·
√

R2 . (11)

The transmittance of the equivalent Fabry–Perot cavity T is
obtained by using reff [33]

T = |t|2 =

∣∣∣∣∣−
√

R1 +
(1 −

√
R1 )

2
reff exp(−j 4π n S O A L S O A

λ
)

1 −
√

R1reff exp(−j 4π n S O A L S O A
λ

)

∣∣∣∣∣
2

.

(12)
Here, the absorption and the gain of the SOA was ignored to

simplify the calculation. Fig. 14(a) shows the experimental re-
sults of the longitudinal mode phase control by the phase heater.
Fig. 14(b) shows the calculated normalized transmittance

(a)

(b)

Fig. 14. (a) Measured wavelength spectrum near the lasing mode when the
heater power of the phase heater was varied. The lasing wavelength shifts to
longer wavelengths and mode-hopping was observed at 45 mW heater power.
(b) Calculated normalized transmittances.

using (12) when the effective length of bus-waveguide Lbus
is changed. The relationship between the Lbus and the phase
heater input power in the calculation was obtained by the result
of the wavelength tuning operations. The phase of resonant
wavelength was changed 2π by 54.5 mW heater input power
of Ring2 shown in Fig. 11. It denotes that the increment of the
effective length of silicon waveguide is λ at this time. Because
the effective index of silicon waveguide is 2.23 at 1.59μm,
the relation between the Lbus and the heater input power
was obtained as 13.1 nm/mW. When the phase heater power
increases, the effective length of the loop mirror increases, and
the longitudinal mode shifts to longer wavelengths. The lasing
wavelength hopped to a neighbor longitudinal mode when the
power is 45 mW. The phase tuning of the longitudinal mode can
be used to produce more precise wavelength-tuning, adjust the
output power, and SMSR. The FSR of the longitudinal mode
is not constant value because the effective circumferences of
the ring resonators are changed depending the wavelength.
The FSR of the longitudinal mode was minimized at the
wavelength of mode hopping in both of the measurement
and the calculation. The measured spectrum reproduced the
calculated spectrum, and the phase of longitudinal mode was
controlled within 4π by 90 mW heater power.

IV. NONLINEARITIES OF SILICON PHOTONIC

WIRE WAVEGUIDES

The energy bandgap of Si is approximately 1.1 eV and the
Si photonic wire waveguide with SiO2 cladding have very high
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refractive index difference. Therefore, optical nonlinear effects
such as two-photon absorption easily occur at optical commu-
nication wavelengths due to the strong light confinement of Si
photonic wire waveguides. Moreover, the internal cavity power
of our tunable laser is enhanced owing to the strong light confine-
ment in the ring resonator and it causes a detrimental nonlinear
effect on the lasing operation [41]–[45]. The nonlinear effects
on laser operation are discussed in this section.

A. Optical Nonlinear Effect in Silicon Photonic
Wire Waveguides

The optical nonlinear effect in silicon is considered to be due
to the Kerr effect and two-photon absorption. The index change
nKerr due to the Kerr effect for optical power in a cavity Pcavity
is determined by the following equation:

ΔnKerr = n2

(
Pcavity

Aker r

)
, (13)

where n2 is the nonlinear index of silicon and Akerr is the
effective area of the Kerr effect.

Two-photon absorption produces an optical loss proportional
to the square of the propagation light power. The propagation
loss due to two-photon absorption is less than 0.1 dB in our tun-
able filters, which is negligibly small. However, free electrons
and holes are secondarily generated as a result of the two-photon
absorption, and the refractive index of the Si is altered by these
generated carriers. Moreover, heat is also generated by the ab-
sorption of propagation light and the free carrier relaxation,
which changes the refractive index through the TO effect of Si.
The index change of a Si photonic waveguide is studied by using
the rate equations for carriers and temperature.

The rate equation of free carriers considering two-photon
absorption and carrier relaxation is written as

dN

dt
=

βTPA

2hν

(
Pcavity

AFCD

)2

− N

τcarrier
, (14)

where N is the carrier density, βTPA is the coefficient of two-
photon absorption, AFCD is the effective area of free carrier
dispersion, and τcarrier is the carrier life time. The carrier density
in the steady state is written as

N =
βTPA

2hν

(
P

AFCD

)2

τcarrier . (15)

The index change due to the free carrier dispersion ncarrier
is determined by the following well-known equation concern-
ing the electro-optic effect of Si because the densities of elec-
trons and holes generated by two-photon absorption are identical
[49]:

Δncarrier = −8.8 × 10−22N − 8.5 × 10−18N 0.8 . (16)

Next, time variation of temperature change (difference) from
thermal equilibrium ΔTemp is introduced to the index change
of the TO effect of silicon:

TABLE II
NONLINEAR PARAMETERS OF SILICON

Parameter Value Unit Source

hv 1.25 × 10−1 9 J
n2 4.4 × 10−1 8 m2 /W [48]
βT PA 8.4 × 10−1 2 m/W [48]
τc a r r i e r 10 Ns [42], [45]–[47]
τ t h 150 Ns [42], [45]–[47]
A e f f 0.234 m2 calculated
AT PA 0.88 m2 calculated
AK e r r 0.88 m2 calculated
AF C D 0.75 m2 calculated
AF C A 0.75 m2 calculated
σF C A 1.53 × 10−2 1 m2 [49]
αa b s 0.25 cm−1 [47]
ρ 2300 kg/m3 [43]
C 705 J/(kg · K) [43]
dnS i /dT emp 1.86 × 10−1 4 K−1 [49]

dΔTemp

dt
=

1
ρC

[
αabs

(
Pcavity

Aeff

)
+ βTPA

(
Pcavity

ATPA

)

(
Pcavity

Aeff

)
+σFCAN ] − ΔTemp

τth
, (17)

where ρ and C are the volume density of silicon and the ther-
mal capacity of silicon, respectively, Aeff and ATPA are the
effective area and the effective area of two-photon absorption,
respectively, and σFCA and τth are the coefficient of free carrier
absorption and the thermal relaxation time, respectively. The
first and second terms on the right side of (17) are the effects of
the linear absorption and the two-photon absorption of propaga-
tion light. The third term is the effect of free carrier absorption by
generated carriers. The last term is the effect of the temperature
relaxation. The steady state temperature is written by

ΔTemp =

τth

ρC

[
αabs

(
Pcavity

Aeff

)
+ βTPA

(
Pcavity

ATPA

)(
Pcavity

Aeff

)

+σFCA
τcarrierβTPA

2hv0

(
Pcavity

AFCA

)2 (
Pcavity

Aeff

)]
. (18)

The change of refractive index Δnth due to tempera-
ture change is obtained from the thermo-optical constant
dnsi/dTemp of Si [50],

Δnth =
dnSi

dTemp
ΔTemp. (19)

The change of refractive index due to the nonlinear optical
effect was calculated in the steady state using the parameters
shown in Table II. Various effective areas were calculated by
the finite element method. Fig. 15 shows the power dependence
of the index change. The red line shows the thermal effect of
Δnth , the blue line shows the carrier effect of Δncarrier and the
green line shows the Kerr effect ΔnKerr . The net index change
is shown as the black line. The influence of the Kerr effect is
relatively small. The power of light in the Si waveguide under
lasing operation is a few tens of mW. However, the refractive
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Fig. 15. Power dependence of index change. Thermal effect of Δnth (red),
the carrier effect of Δncarrier (blue), Kerr effect ΔnKerr (green), and the net
index change (black).

index is changed by an order of 10–4 by both the thermal effect
and carrier effect in that condition, the net index change is
suppressed, because Δnth is positive and Δncarrier is negative.
An index change of the order of 10–4 has serious impacts on the
wavelength tuning operation and laser oscillation stability in our
tunable laser. The details of nonlinearity having an impact on
the laser operation will be discussed in the next paragraph.

B. Analysis of Dynamic Characteristics in Wavelength
Tunable Lasers Under High Output Power Operation

The absorption loss due to two-photon absorption is negligi-
bly small and the transmittance is mostly not influenced in Si
photonic wire waveguide for propagation light with power up to
a few tens of mW, because the linear absorption is much larger
than the nonlinear absorption. However, in our tunable filter, the
transmittance is also significantly affected by the two-photon
absorption through the change of refractive index. The change
of transmittance of the laser cavity by the index change was cal-
culated using (12). Here, it was assumed that the index change
only occurred in the ring resonators and the bus-waveguide in-
dex was not affected, because the internal power is enhanced
owing to the strong light confinement in the ring resonator, and
the ring internal power Pcavity is given by the coupling coeffi-
cient κ and power of bus-waveguide Pbus ,

Pcavity =
Pbus

κ
. (20)

κ is 0.15 in our ring resonators, the relatively small nonlinear
effect in the bus-waveguide was ignored because two-photon ab-
sorption is proportional to the square of light power. The change
of maximum transmittance T(max)(Δn) depending on the index
change of the ring resonator in the tunable filter is calculated
using (12) in Fig. 16(a). Fig. 16(b) shows the wavelengths of
the maximum transmittances. The resonant wavelengths of the
two ring resonators show the same wavelength shift by the in-
dex change, and are always matched. However, the wavelength
shift of the longitudinal mode is much smaller than those of
the rings because the FSR of the longitudinal mode is much
smaller than the FSRs of the rings. The discrepancy between
each resonant wavelength decreases the transmittance of the
wavelength filter. The maximum transmittance decrease and

Fig. 16. (a) Calculated change of maximum transmittance T(m ax)(Δ n) de-
pending on the index change of the ring resonator in the tunable filter. (b)
Wavelength of each T(m ax)(Δ n) .

longitudinal mode hopping is caused by an index change of
more than ± 2.4 × 10−4 .

The dynamic characteristics of the tunable LD considering
the nonlinear effect of the Si photonic wire waveguide were
analyzed by large signal analysis using T(max)(Δn) and the rate
equations described in the previous paragraph. It was assumed
that the lasing wavelength is always the wavelength of max-
imum transmittance and nonlinear effects in the SOA are not
considered. The dynamic characteristics of the output power
and the lasing wavelength were calculated by the following cal-
culation process. The changes of the carrier density and the
temperature due to a light power Pcavity are calculated by the
rate (14) and (17), the index change is calculated by (13), (16),
and (19), and the transmittance change T(max)(Δn) due to the
index change is calculated by (12), where Pcavity and lasing
wavelength are changed by T(max)(Δn) . The time dependence
of the lasing characteristics could be calculated by the above
calculation loop.

Fig. 17 shows the time dependence of Δn. The initial power
setting, Pcavity , was (a) 20 mW, (b) 40 mW, and (c) 50 mW.
In Fig. 17, the Δn rapidly decreases in the first few ten ns,
because the reduction of index due to the free carrier dispersion
is dominant at an early stage. The Δn gradually increases due
to an increase of the thermal effects. In Fig. 17(a) and (b), Δn
converges on a constant value after a few hundred ns, however
in Fig. 17(c), the n shows a periodic variation. The time
dependence of power and Δncarrier and Δnth is shown in Fig.
18. When Δn increases, Tmax decreases as shown in the figure,
Pcavity decreases due to the reduction of Tmax because the
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Fig. 17. Time dependence of Δn. The initial setting power Pcavity is
(a) 20 mW, (b) 40 mW and (c) 50 mW.

Fig. 18. Time dependence of index change. Thermal effect of Δnth (red), the
carrier effect of Δncarrier (blue), Kerr effect ΔnKerr (green), and the net index
change (black).

nonlinear effect is suppressed due to the reduction of Pcavity .
For Δn close to zero, Tmax and Pcavity increase, because the
nonlinear effect is enhanced by high Pcavity , and Δn increases.
The refractive index is oscillated by repeating the above cycle,
the period of oscillation is limited by the thermal relaxation
which is much slower than the carrier lifetime. The calculated
power and wavelength of the wavelength tunable LD is shown in
Fig. 19. The output power shows an oscillating behavior like the
self-pulsation phenomenon with 178 ns period, and the lasing
wavelength shows periodic mode-hopping. Fig. 20 shows the
amplitude of power oscillation against ring internal power. The
threshold cavity power of power oscillation is approximately
44 mW. Thus, nonlinearity of the Si photonic waveguide
causes power oscillation and mode-hopping in wavelength
tunable LDs.

C. Comparison Between the Experimental Results and the
Calculation Results

The laser showed multi-mode oscillation when the output
power was increased to more than 15 mW, as shown in Fig.
9(b). Multi-longitudinal mode oscillation was observed and the

Fig. 19. Calculated oscillation of power and wavelength in wavelength tunable
laser diode due to the nonlinearity of silicon waveguide.

Fig. 20. Calculated amplitude of power oscillation against ring internal power.
The threshold power of the power oscillation is approximately 44 mW .

SMSR decreased by less than 10 dB. The internal power in the
ring resonators are estimated by

Pcavity =
2Pout · R1 · δcoupling · gSOA

κ
, (21)

where R1 is the reflectivity of the front mirror with a value of
0.02, δcoupling is the coupling loss between an SOA and a Si
photonics chip of –4.5 dB, and gSOA is the optical gain of the
SOA chip of 13.4 dB [21]. The threshold cavity power of lasing
instability was estimated as 31 mW by (21). The obtained
value from the measurement is approximately corresponding
with the calculated value of 44 mW. The light intensity noise
of the wavelength tunable LD was measured using an InGaAs
photo-detector and an electrical spectrum analyzer. Fig. 21
shows the noise spectrum when the SOA injection currents
were 50 mA and 200 mA. The noise spectrum at 50 mA shows
noise-free characteristics; however, a basic wave at 6.2 MHz and
harmonic waves were observed when the SOA injection current
was 200 mA, and the laser oscillation was multi-mode. The
measured period of the basic wave was 161 ns, which is in good
agreement with the repetition period calculated in the previous
section. The frequency spectrum of calculated output power was
obtained by fast Fourier transform (FFT) as shown in Fig. 22.
The calculated power oscillation has 5.6 MHz basic wave and
harmonic wave peaks that show a similar tendency to the mea-
sured spectrum. The calculated results are not in quantitatively
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Fig. 21. Measured light intensity noise of wavelength tunable laser diode
using electrical spectrum analyzer when SOA injection current was 50 mA and
200 mA.

Fig. 22. FFT spectrum of calculated power oscillation of wavelength filter.

agreement with the measured results, because the nonlinearity
of a SOA which make a great impact on the laser operation was
ignored in these calculation. Moreover, τ carrier and τ th depend
on the structures of the waveguides and the material properties of
silicon and SiO2 cladding, the used values in calculation are not
necessarily accurate. However, the calculation considering the
nonlinearity of silicon qualitatively represented the measured
results, the slow output power oscillation with a few hundred
nanosecond period is highly likely to be caused by the thermal
relaxation of silicon waveguide. Thus, there is a high probability
that the instability of laser oscillation in the wavelength tunable
LDs causes the optical nonlinearity of the Si photonic wave-
guide. The reported self-pulsation in the fabricated Si photonic
wire ring resonator waveguides was similar to this phenomenon,
but reported self-pulsation is observed in ring resonators with
very high Q-factors when fixed wavelength laser light enters.
Power oscillation with mode-hopping is a unique characteristic
of the LDs with an external cavity of Si ring resonators and
causes a change of internal power because of the discrepancy
between the resonant wavelengths of the ring resonators and the
longitudinal mode.

D. Increasing the Output Power

The lasing instability caused by the optical nonlinearities
precludes increasing the output power of the wavelength tun-
able LD. Moreover, free carriers generated by two-photon ab-

Fig. 23. Schematic of improved filter configuration. The internal cavity power
in the improved filter is reduced by half and the effect of two-photon absorption
is reduced to a quarter.

Fig. 24. SOA injection current dependence of laser output power with im-
proved filter configuration.

sorption scatter the phase of coherent light and cause spec-
tral linewidth broadening. Thus, the nonlinearities of Si are
a major obstacle to fabricating a practical wavelength tun-
able LD with a Si external cavity. We propose an im-
proved wavelength filter with a loop configuration of ring
resonators to reduce the Si nonlinearity effects, as shown in
Fig. 23(b). The propagation lightwave is divided by the Y-branch
and the light power coupled with the ring resonators is halved.
Because the two-photon absorption is proportional to the square
of the light power, the influence of two-photon absorption is re-
duced to a quarter compared to the previous structure with series
configuration shown in Fig. 23(a). The LD with the improved
filter structure shows stable single-mode laser oscillation under
high output power, as shown in Fig. 24. The maximum output
power of loop filter reaches 38.5 mW.

In addition, a Si-photonics hybrid ring external cavity
(SHREC) wavelength tunable LD has been proposed. The
SHREC lasers have a booster SOA in addition to an SOA and a
Si photonics external cavity. The internal power of the laser cav-
ity is reduced to less than 10 mW under high output operation,
because the output light is enhanced by the booster SOA. More
than 100 mW output power and less than 100 kHz linewidth
wavelength tuning operation have been demonstrated [26].

The problems of the oscillation instability caused by the non-
linearity of silicon waveguide will be solved by the improved
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laser structures to reduce the internal power confined in the ring
resonators.

V. CONCLUSION

In conclusion, a spectral linewidth narrower than 100 kHz
was obtained for a tunable LD with Si-wire waveguide ring
resonators by optimizing the design of the ring resonators. The
footprint of the optical cavity including the SOA is as small
as 0.8 mm × 0.6 mm, which is less than 1/10 of those made of
silica (SiON) material. The lasing wavelength was continuously
tunable and the phase of the longitudinal mode was successfully
controlled by TO heaters. The spectral linewidth was narrower
than 60 kHz to utilize in 16QAM digital coherent optical com-
munication system for the almost L-band. The possibility of
laser oscillation instability under high output power operation
caused by optical nonlinearity was suggested and an improved
filter structure to reduce the nonlinearity of silicon demonstrated
a high output power of 38.5 mW. These tunable narrow spectral
linewidth LDs with silicon photonics external cavity are suit-
able as light sources in practical use for digital coherent optical
transmission systems.
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