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We present a wavelength-tunable laser diode with a 99-nm-wide wavelength tuning range. It has a

compact wavelength-tunable filter with high wavelength selectivity fabricated using silicon pho-

tonics technology. The silicon photonic wavelength-tunable filter with wide wavelength tuning

range was realized using two ring resonators and an asymmetric Mach-Zehnder interferometer.

The wavelength-tunable laser diode fabricated by butt-joining a silicon photonic filter and semicon-

ductor optical amplifier shows stable single-mode operation over a wide wavelength range. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4915306]

Recently, optical communication systems have been

required to process rapidly increasing communication traffic

volumes. The wide wavelength range allows us to improve

the utilization efficiency in a wavelength division multiplex-

ing (WDM) system. A compact wavelength-tunable laser

diode with low power consumption and a wide wavelength

tuning range is in high demand as a light source for such

WDM systems.1

Silicon photonics is a promising technology for realiz-

ing compact optical devices with low power consumption

using CMOS-compatible processes.2 Various optical com-

munication devices using silicon photonics have been

reported.3–7 In the present study, we demonstrate a

wavelength-tunable laser diode with a narrow spectral line-

width by using a silicon photonic wavelength filter as an

external cavity.8,9 The wavelength filter consists of small

ring resonators and a Mach-Zehnder interferometer, which

is realized through the strong optical confinement of

silicon-wire waveguides. The wavelength-tunable laser

diode shows high output power and a wide wavelength-

tuning range while being ultra-compact.

Figure 1 shows a schematic of the silicon photonic

wavelength-tunable laser diode. The light from a semicon-

ductor optical amplifier is filtered using two ring resonators

having slightly different free spectral ranges (FSRs) and an

asymmetric Mach-Zehnder interferometer (a-MZI) having

an FSR approximately two times larger than the FSRs of the

ring resonators. The lasing wavelength is determined by the

Vernier effect between two ring resonators, and the wave-

length selectivity is defined as difference in the transmittance

between the main mode and the nearest side mode.10–13 A

large transmittance difference enables stable single-mode

lasing. The transmittance of the ring resonator Tring is calcu-

lated using the following equation:14

Tring ¼
k2 exp � aLring

2

� �

1� 1� kð Þexp � aLring

2

� �� �2

þ 4 1� kð Þexp � aLring

2

� �
sin2 cnef f Lring

2k

� � ;

where j is the coupling coefficient between a ring resonator

and the bus waveguide, a is the propagation loss of the sili-

con waveguide, c is the velocity of light, k is the wavelength

of the propagating light, and neff is the equivalent index of

the silicon waveguide. The circumference of a ring resonator

Lring is obtained to be k2/(ng�FSR) using the FSR of the ring

resonator and the group velocity of the silicon waveguide ng.

The transmittance of the a-MZI TMZI is calculated using the

following equation:

TMZI ¼
1

2
1þ cos

c

k
nef f DL

� �� �
;

where the path difference of the a-MZI Dk is also obtained

to be k2/(ng�FSR) using the FSR of the a-MZI. Figure 2(a)

shows the calculated transmittance spectra of the two ring

resonators (red and blue lines) and the a-MZI (black line)

and the transmittance spectrum of the silicon photonic wave-

length filter, which is the product of each transmittance

shown in Fig. 2(b). The values of neff and ng for the silicon

waveguide with a 400-nm width and a 220-nm height were

calculated using the finite element method. The FSRs of the

two ring resonators and a-MZI are 946 GHz, 890 GHz, and

1800 GHz, respectively. The transmittance difference

increases with increasing FSR of the rings. However, the

FSR values of the rings are limited by the waveguide bend-

ing loss because a large FSR requires a small-diameter ringa)E-mail: tkita@ecei.tohoku.ac.jp
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structure. An advantage of the silicon photonic wavelength

filter is the large transmittance difference obtained by using

small-diameter ring resonators with FSRs of nearly 1 THz.15

Moreover, the effect of the a-MZI decreases the transmit-

tance of the nearest side mode, increasing the transmittance

difference. Here, the wavelength tuning range is designed

using the following equation:

Dk ¼ k2

c

���� FSR1 � FSR2

FSR1� FSR2

����;
where FSR1 and FSR2 are the FSRs of rings 1 and 2,

respectively.

Figure 3 shows the calculated relationship between the

wavelength tuning range and the transmittance difference

between the silicon photonic filter with and without the MZI,

showing FSR1 as 946 GHz. However, the transmittance differ-

ence decreases when using a wide wavelength tuning range.

The double ring filter with the MZI yields a transmittance dif-

ference greater than 13 dB and wavelength a tuning range

greater than 120 nm. The FSRs of ring 1, ring 2, and MZI are

determined as 946 GHz, 890 GHz, and 1774 GHz, respectively.

The details of the filter design are shown in Table I.

Figure 4 shows a microscope image of the fabricated sil-

icon photonic wavelength filter. A double-core spot-size con-

verter is installed at the output facet of the photonic wire

waveguide, which has a silicon core with a width of 400-nm

and a height of 220-nm, enable connecting to a semiconduc-

tor optical amplifier (SOA) with low coupling loss. The

mode converter consists of a 3 lm� 3 lm SiOx core and

tapered silicon waveguide core. The mode field is adiabati-

cally expanded with a tapered silicon waveguide and the

expanded mode is coupled with a SiOx waveguide placed

outside of the tapered silicon waveguide.16 Pt/Ti micro-

FIG. 2. (a) Calculated transmittance spectra of ring 1 (red line), ring2 (blue

line), and the a-MZI (black line). (b) Transmittance spectrum of the silicon

photonic wavelength tunable filter.

FIG. 3. Plot showing the dependence of the calculated transmittance differ-

ences on the wavelength-tuning range of the double ring filter and the filter

composed of the double ring and the a-MZI filter.

TABLE I. Structural parameters of the wavelength tunable laser.

FSR 1 (GHz) 946

Lring (lm) 73.3

FSR 2 (GHz) 890

Lring (lm) 77.9

j 0.15

Si filter length without ring resonators (mm) 0.7

SOA length (mm) 1.3

FSR of a-MZI (GHz) 1774

DL (lm) 39.1

Footprint (mm�mm) 2.5� 0.6

FIG. 1. Schematic of a wavelength-tunable laser diode with a silicon pho-

tonic wavelength tunable filter.

FIG. 4. Microscope image of the fabricated silicon photonic wavelength fil-

ter with Pt/Ti micro-heaters.
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heaters are placed on the rings and the MZI to tune the lasing

wavelength. The large thermo-optic coefficient allows us to

tune the lasing wavelength with the heaters in relatively low

power-consumption states.17–19 The device footprint with

bonding electrodes and a 300–lm spot-size converter is less

than 550� 400 lm2. Employing silicon photonics allows us

to realize an ultra-compact wavelength filter with a wide

wavelength tuning range.

Figure 5 shows the amplified spontaneous emission

spectra of a commercially available 1.3-mm-long L-band

SOA with 100-mA and 300-mA injection currents. The SOA

has a coupled quantum well consisting of InGaAsP and InP.

The output facet of the SOA has a reflectivity of 2%, and the

anti-reflection coating is formed at the facet that couples to

the tunable filter. The amplified wavelength range expands

to shorter wavelengths because of the increase in carrier den-

sity under high injection current. The SOA with a 300-mA

injection current covers a wide wavelength range and can be

used as an optical gain medium for the C-band

(1530–1565 nm) and L-band (1565–1625 nm) of the optical

communications wavelength range.

The temperature of the SOA was held at 25 �C using a

thermoelectric cooler, and the alignment between the SOA

chip and silicon photonic wavelength-tunable filter was

adjusted using stepping motors. The maximum transmittance

of the external cavity was estimated to be �10.2 dB includ-

ing the propagation loss of the silicon waveguides and twice

the coupling loss between the SOA and external cavity.

Figure 6 shows the dependence of the optical output power

on the SOA injection current when the lasing wavelength

was approximately 1590 nm. The lasing threshold is 25 mA,

and the maximum fiber coupled output power is 8.9 mW.

The kinks in the graph are due to the mode hopping of the

longitudinal mode formed in the SOA and the wavelength-

tunable filter. The coupling loss between the SOA output

facet and the lensed fiber is about 6 dB, and the maximum

out power of the chip is estimated to be 35 mW.

The lasing wavelength was carefully tuned using the

current injection of micro-heaters. Figure 7(b) shows the

superimposed lasing spectra for different values of the laser

wavelength with an SOA injection current of 300 mA. The

wavelength tuning operation was performed by heating the

micro-heater placed on ring 2. The lasing wavelength spac-

ing corresponds to the FSR of ring 1 (946 GHz). The micro-

heater placed on the a-MZI was controlled to maximize the

optical output power. The heating powers applied to ring 2

and the a-MZI are shown in Fig. 7(a). The amount of wave-

length shift achieved with respect to the power consumption

of the heater on the ring was about 2.3 nm/mW. The a-MZI

heater is required to decrease the reflectivity of the nearest

side mode, and a p phase-shift of the spectrum of the a-MZI

is needed to change the lasing wavelength to the nearest side

mode. Although the heating power necessary to achieve a p
phase-shift of the a-MZI spectrum was about 40 mW, a slight

increase and decrease is apparent because the FSR of the a-

MZI is not exactly twice as much as the FSR of ring 1. The

wavelength tuning range spans 99 nm (from 1527.9 nm to

1627.1 nm), covering both the C-band and L-band with a

side-mode suppression ratio greater than 29 dB by fine con-

trol of the heating power.

FIG. 5. Measured amplified spontaneous emission of the L-band SOA with

100-mA and 300-mA injection currents.
FIG. 6. Dependence of the optical output power on the SOA injection

current.

FIG. 7. (a) Heating powers of ring 1 and the a-MZI for controlling the lasing

wavelength, (b) superimposed lasing spectra for an SOA injection current of

300 mA.
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We developed a silicon photonic wavelength-tunable

laser diode with a wide wavelength tuning range.

Wavelength-tunability over a wide wavelength range of 99-

nm was demonstrated with a chip size of 2.5� 0.6 mm2. Our

wide-range wavelength-tunable laser is suitable as an inte-

grated light source for optical network systems with wide

wavelength ranges.
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