1184

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 20, NO. 13, JULY 1, 2008

Dual-Wavelength Mode-Locked Fiber Laser With an
Intracavity Silicon Waveguide

Xinzhu Sang, En-Kuang Tien, Nuh S. Yuksek, Feng Qian, Qi Song, and Ozdal Boyraz, Member, IEEE

Abstract—We demonstrate dual-wavelength short pulses lasing
at 1540 and 1675 nm based on a silicon waveguide. The inline
silicon waveguide inside a laser cavity facilitates pulse compression
and laser mode-locking due to two-photon absorption (TPA) and
TPA-induced free-carrier absorption at 1540 nm. Compressed
pulses provide pump for stimulated Raman scattering. Raman
amplification and low threshold Raman lasing are observed based
on the same silicon waveguide.

Index Terms—Nonlinear optics, optical planar wavegudie,
Raman effect, silicon-on-insulator technology.

1. INTRODUCTION

ECAUSE of its possible dense on-chip integration with

microelectronics and significant advances in nonlinear
effects, silicon photonics has become a rapidly growing field.
Due to the high-index contrast between the silicon core and
silica cladding, silicon waveguides allow strong optical con-
finement and large effective nonlinearity, which facilitates
low-cost chip-scale demonstration of all-optical nonlinear
functional devices at relatively low pump powers. In fact,
nonlinear photonic phenomena and devices in silicon, such as
Raman amplification and lasing [1]-[4], optical modulation
[5], [6], wavelength conversion [7]-[9], all-optical switching
[10]-[12], pulse compression [13], [14], control of slow light
[15], [16] and so on, have been successfully demonstrated.
Two-photon absorption (TPA) and TPA-induced free-carrier
absorption (FCA) are nonlinear losses dominating at high inten-
sities. Because they introduce additional loss, so far they have
been considered as detrimental effects in nonlinear photonic
silicon devices. However, engineered use of TPA and FCA may
increase the capabilities of silicon photonics in different appli-
cations [13], [17]. Recently, a novel approach to utilize TPA
and FCA losses for ultrafast pulse shaping and mode-locked
pulse generation has been demonstrated. We experimentally
show that without contribution from group velocity dispersion
and self-phase-modulation-induced pulse shaping, the TPA and
TPA-induced free carriers alone can deliver short mode-locked
optical pulses [13]. Here we show that created mode-locked
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Fig. 1. Schematic of the experimental setup.

pulses can stimulate a Raman effect in the same silicon wave-
guide and provide dual wavelength lasing. Dual-wavelength
mode-locked laser pulses operating at 1540 and 1675 nm are
also experimentally demonstrated. These results indicate that
TPA and other nonlinear effects in silicon, such as Raman and
four-wave mixing, can be simultaneously utilized to enhance
the functionality of the silicon chip without using an external
pump laser. In particular, the proposed technique will be avail-
able at longer wavelengths where light sources are sparsely
available.

II. PULSE COMPRESSION AND RAMAN AMPLIFICATION

A. Principle of Pulse Compression

The principle of laser mode-locking in a silicon waveguide
has been previously described in detail [13], [14]. Laser
mode-locking relies on transient behavior of free carriers,
which are created by TPA. Since free-carrier lifetime is much
larger than the optical pulsewidth, the generated free carriers
accumulate and introduce time-dependent attenuation along
the pulse. As a result, the trailing edge of the pulse entering the
silicon waveguide is attenuated by TPA and free carriers that are
created by the front edge of the same pulse. This transient be-
havior of free-carrier concentration will build up over the pulse
duration every time the pulse propagates through the silicon
waveguide and facilitate self-compression and mode-locking
inside a laser cavity. Fig. 1 illustrates the schematic of the
experimental setup used for mode-locking. Here, a 1.7-cm-long
silicon-on-insulator waveguide with a ~5-um? effective area
is used for pulse compression. The waveguide has a p-i-n
diode structure to inject carriers and hence has a modulation
capability. The modulation feature has not been utilized in this
experiment due to its long resistive—capacitive—time constant,
which results in the generation of wide output pulses. The
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Fig. 2. Compressed pulse by TPA and FCA.

output of the waveguide is connected to a 3/97 tap coupler
where the 3% port is used as an output and the 97% port is
fed into the gain medium, a high power erbium-doped fiber
amplifier (EDFA). A resonator is formed by connecting the
EDFA output back into the silicon waveguide input end. A
tunable filter is inserted to ensure lasing at a desired wave-
length and suppress undesired amplified spontaneous emission
accumulation. Since the pulse shaping by free carriers requires
a time-varying optical signal circulating inside the cavity, an
electrooptic (EO) modulator is connected to the waveguide to
start initial pulsation. The output pulsewidth is expected to be
minimum when the frequency of the function generator matches
the fundamental cavity frequency. Here, frequency locking is
achieved by simultaneously monitoring the pulse shape and the
modulation frequency. The output of the resonator is connected
to an optical spectrum analyzer (OSA) and a photodetector
followed by a 25-GHz sampling digital oscilloscope (DOS)
that measures output pulse characteristics.

B. Raman Amplification Using Compressed Pulses

Net gain amplification and lasing in silicon have been previ-
ously demonstrated using a pulsed-pumping technique [1], [3].
To study stimulated Raman scattering inside the mode-locked
laser cavity, a simple pump—probe experiment is conducted by
using a continuous-wave (CW) probe laser around 1675 nm.
The setup is shown in Fig. 1. In this experiment, Raman gain in-
side the laser cavity is measured for various pulsing conditions,
as illustrated in Fig. 2. We show that a 2.8-dB Raman gain can
be measured at the front end of a long pulse with a large pedestal
when the mode-locking condition is not optimized, as shown in
Fig. 3. However, at the same time, the pulse suffers from a 7-dB
free-carrier loss at the trailing edge. Hence, for low loss and
an effective Raman effect, the fundamental pulse mode-locking
should be optimized before the Raman cavity is formed.

III. GENERATION DUAL WAVELENGTH SHORT PULSES

The observation of a 2.8-dB gain indicates that a careful de-
sign of the laser cavity can facilitate lasing at the Stokes wave-
length by stimulated Raman scattering without an additional
pump and hence enhance the functionality of the silicon chip.
Because of wavelength selectivity of the filter, another cavity
for Raman Stokes pulse is needed. To facilitate resonance at the
pump wavelength and the Stokes wavelength, the experimental
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Fig. 3. Raman gain pumped with compressed pulses.
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Fig. 4. Spectra of the pulse-compressed pump and Raman laser.

setup is modified according to dashed line in Fig. 1. After re-
moving the probe CW laser, the original laser cavity is modified
by using two wavelength-division-multiplexing couplers, which
separate the Stokes from the wavelength sensitive components
in the pulse compression cavity and recombine before the silicon
waveguide, and a tunable fiber delay. Once mode-locking is op-
timized to generate short pulses, we are able to utilize the short
pulses as the pump to achieve stimulated Raman scattering and
mode-locking in the second cavity. After pulses at both wave-
lengths are aligned temporally, we observe lasing at Stokes and
pump wavelengths. The spectra of the dual wavelength laser are
shown in Fig. 4. The pump wavelength is selected by the band-
pass filter inside the laser cavity to be 1540 nm and the expected
Raman Stokes signal is at wavelength of 1675 nm [3].

Fig. 5(a) illustrates the 100-ps mode-locked pulses generated
inside the main laser cavity. Due to the polarization sensi-
tivity of the mode-locking and Raman processes, we observe
that the fundamental pulsewidth is slightly broader than pure
mode-locking optimum and it is difficult to simultaneously
achieve mode-locking and Raman lasing. Fig. 5(b) shows the
Raman Stokes pulse observed at the output. Since free car-
riers are created and accumulate in the silicon waveguide, the
Raman Stokes pulse also suffers from free-carrier attenuation.
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Fig. 5. Time profiles for (a) the compressed pump and (b) Raman pulses.
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Fig. 6. Raman laser output power as a function of EDFA output power.

Therefore, the final outcome of the Raman Stokes pulses is
the combination of Raman amplification, TPA, and free-carrier
effect. To measure the lasing threshold at the Stokes wave-
length, we change the pump power circulating inside the laser
cavity. Fig. 6 illustrates the variation in Stokes power with
respect to EDFA output power sweep from 0 to 6 mW. The
lasing threshold is measured to be ~3.75 mW. Since the pump
pulsewidth is a function of EDFA output power, we observe
different Stokes pulsewidths at different EDFA output power
levels. Increasing the EDFA output power above 5 mW causes
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the Raman output power to enter into saturation because of
nonlinear losses including TPA and FCA.

IV. CONCLUSION

Laser mode-locking is achieved by pulse compression due
to TPA and TPA-induced FCA. We also demonstrate that the
generated short pulse can also act as a pump for stimulated
Raman scattering in the same silicon chip and provide dual
wavelength lasing. Laser mode-locking and dual wavelength
lasing at 1540 and 1675 nm are experimentally achieved using
a silicon waveguide in the dual-fiber-ring-cavity with an EDFA
and silicon as the gain media. The performance of pulse com-
pression in the silicon waveguide can be enhanced using small
core waveguides [12]-[14], which can stimulate the Raman ef-
fect at even lower powers. Additionally, the broadband nature
of this mode-locking scheme may deliver short pulses and fa-
cilitate nonlinear optical devices at wavelengths where conven-
tional saturable absorber mode-locking fails.
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