UNIVERSITE

LAVAL

Widely tunable silicon Raman laser

Mohammad Ahmadi, Wei Shi, and Sophie LaRochelle

OSA Optica, (Accepted May 5, 2021)

© 2021 OSA. Personal use of this material is permitted. Permission from OSA
must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes,
creating new collective works, for resale or redistribution to servers or lists, or
reuse of any copyrighted component of this work in other works.



Copyright (c) 2021 OSA. Personal use is permitted. For any other purposes, permission must be obtained from the Optical Society of America
by emailing copyright@osa.org.

Widely tunable silicon Raman laser

Mohammad Ahmadi, Wei Shi, Member, IEEE and Sophie
LaRochelle* Fellow, IEEE, Fellow, OSA

Department of Electrical and computer Engineering, Centre d optique, photonique et laser, Université
Laval, Québec, Canada.
*sophie.larochelle@gel.ulaval.ca

Abstract: Stimulated Raman scattering is an effective means of wavelength conversion and
can largely extend the operating spectral range of an optical source. We demonstrate a high-
performance tunable Raman laser on a sub-micrometer-thick silicon on insulator wafer using a
standard foundry process. The key feature to this laser is the use of a tunable coupling
mechanism to adjust both pump and signal coupling coefficients in the ring cavity, allowing
demonstration of laser emission over a large wavelength tuning range of 83 nm. This Raman
laser demonstrates efficient (slope of up to 26% and a maximum pump-to-signal power
conversion efficiency of 10%) on-chip non-linear wavelength conversion. Our results indicate
great promise for substantially increasing the optical spectral resources available on a silicon
chip.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Recent advances in silicon photonics (SiPh) have spurred interest for applications of photonic
integrated circuits in a variety of fields. Robust fabrication methods have increased the
effectiveness of the sub-micrometer silicon on insulator (SOI) wafers as an integrated photonics
platform. Designers can now rely on libraries of validated passive and active building blocks,
such as wavelength multiplexers, ring resonators, modulators, and photodetectors.
Consequently, over the last decade, silicon photonics has become an enabling technology of
various fields spanning from telecommunication to medicine [1-3].

A crucial component of photonic circuits and systems is the light source. Integrating lasers in
SiPh circuits remains to this day an important challenge because silicon is characterized by an
indirect band gap. In group IV materials, such as silicon, light emission is thus a phonon-
assisted phenomenon, which is highly inefficient. To overcome this issue, the band structure of
the gain medium must be engineered to enhance radiation, for example by using nanocrystals
(Si-ns) or silicon quantum dots, alloys, and so on [4,5]. Various research efforts have therefore
been undertaken to proposed solutions for SiPh on-chip laser sources. Excluding the use of
external lasers, current integration approaches include group I11-V lasers and optically pumped
lasers [2,4]. High performance group I11-V materials (InP, GaAs etc.) can be co-integrated with
silicon wafer. These materials can be heterogeneously bonded on silicon layer by various
techniques such as flip-chips, wafer bonding, and transfer printing, etc, or can be monolithically
integrated by direct crystal growth on silicon layer [4-6].

In optically pumped on-chip lasers, a pump light is coupled to the chip from an external source,
or generated via the techniques described above. For example, the gain medium can be a glass
cladding layer with rare-earth doping, such as thulium or holmium [7,8]. Frequency conversion
through nonlinear effects in silicon waveguides is another approach to on-chip light generation
that can be achieved without any post processing of the SiPh chip. For example, in silicon, the
third-order nonlinearity enables comb generation [9], supercontinuum generation [10], optical
parametric oscillation [11], and Raman emission [12,13]. Among the available nonlinear
effects, stimulated Raman-Stokes scattering (SRSS) can be advantageously used for
wavelength conversion since it does not require phase matching. The silicon Raman gain has
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therefore been exploited in various designs and models of on-chip lasers and amplifiers [14—
27]. On-chip Raman lasers and amplifiers use simple cavity designs and have so far been
achieved mostly with relatively thick silicon wafers [20,21].

In this work, we experimentally demonstrate a Raman laser on a sub-micrometer SOI wafer
using a standard foundry process. Moreover, the proposed Raman laser is tunable over a large
wavelength range, capable of converting pump wavelengths covering the band of 1530 nm to
1600 nm to output laser wavelengths spanning from 1662 nm to 1745 nm. The laser has a ring
cavity surrounded by a p-i-n junction to remove free carrier and lower the loss. The key feature
of this laser is a tunable directional coupler that allows the optimization of both pump and signal
coupling coefficient in the cavity. Adjustment of these parameters is critical to achieve high
performance over a wide wavelength range. This design is based on a comprehensive model
and optimization method that we reported in [12] and the results demonstrate the interest of this
design process to address the development of Raman lasers in other wavelength bands, such as
the mid-infrared. The remainder of the paper is organized as follows: in Section 2, we describe
the structure of the laser device, cavity parameters, and adjustable directional coupler
characterization. Section 3 discusses the experimental setup and presents the characterization
of the tunable Raman lasers. In addition, we discuss laser characteristics such as the threshold
power, slope efficiency, and maximum input power. We present our conclusion in Section 4.

2. Tunable Raman laser design

Raman lasers in SiPh have been studied extensively [12-27], but few experimental
demonstrations have been achieved since the seminal work of Rong et al. reporting a SiPh
Raman laser with a ring cavity [15]. To improve the laser efficiency, Rong et al. added a p-i-n
junction around the around the cavity waveguide, which reduces the free-carrier absorption
loss. The threshold power was ~20 mW and the output power reached up to 50 mW (with input
pump power of 300 mW) at a laser wavelength of 1,=1686 nm (for a pump wavelength of
Ap=1550 nm). This result was later followed by a demonstration of a cascaded Raman laser with
two output wavelengths: 1s=1686 nm and 1,=1848 nm [19]. They also presented a Fabry-Perot-
cavity Raman laser with 12 nm tunablilty range, 280 mW threshold power and 4.3% slope
efficiency. These SiPh Raman lasers were fabricated on wafers with a silicon layer thickness
of H=1.55 um. Raman laser was also demonstrated using silicon photonic crystal nanocavities
targeting a strong light-matter interaction to increase Raman gain. Designing such a high
quality factor nanocavity for Raman laser yielded a miniaturized device with an ultralow lasing
threshold of 1 uW and output power close to 130 nW [26].

More recently, Y. Zhang et al. [27] reported a Raman laser on sub-micrometer silicon thickness
(H=220 nm) SOI wafer, which is a more usual SOI layer for multi-project runs. In this work,
the cavity is a multimode ring-resonator surrounded by p-i-n junctions. They examined their
Raman laser at two wavelengths of 1440.5 nm and 1649 nm and reported the following results:
the threshold power ~ 1.3 mW with a slope efficiency of only 1.4% and a maximum output
power limited to ~0.03 mW at 1,=1440.5 nm. They also reported an almost similar results at
As= 1649 nm.

The schematic of the proposed ring-cavity Raman laser in this study, with a cavity length of
3.5 mm, is shown in Fig. 1. The waveguide frame of reference (X y z) axis is placed at 45° with
respect to the crystallographic axis of silicon (X ¥ Z) fabricated on the (100) plane of the SOI

substrate This waveguide orientation angle provides the maximum possible Raman gain to the
laser which is obtained when a TE pump converts to a TE signal in counter-propagating
configuration [22]. The laser cavity is a ring resonator, which has been shown to be more
efficient than a Fabry-Perrot one [25]. To reduce the nonlinear loss associated with the
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generated free carriers, a p-i-n junction is present around the waveguide (Fig. 1 (a)). Applying
a reverse bias voltage helps to extract the generated free carriers from the active effective area
of the waveguides and reduces carrier lifetime [12].

This laser was designed using a comprehensive model presented in [12]. This work investigates,
through numerical simulations, taking into account silicon material properties, including gain
and loss, as well as waveguide and cavity designs. Included in the model are propagation loss
as well as losses due to two-photon absorption and free carrier absorption. Results show the
importance of tuning both signal, x%, and pump, &2, power coupling ratio for optimal operation
of the laser (power coupling ratios are the fraction of the pump and signal power that are cross-
coupled in and out of the ring cavity). This optimum operation point depends on specific
material and waveguide properties, such as loss, for which we only have an estimate at the time
of the design. Therefore, a key aspect of the present design is to introduce a tunable coupler in
the laser design, As discussed in [12, 28, 29], this approach provides a coupler that enables
adjustment of the power coupling ratios in order to obtain the optimum set (x%, x7%) for the
signal and pump wavelengths. In the present case, the modeling was done assuming a worst
case propagation loss of 2 dB/cm, a free carrier lifetime of 1 ns and a cavity length of 3.5 mm.
Other parameters were estimated from the literature and theoretical analysis as discussed in
[12]. The model predicted a maximum output of ~0.3 mW with 100 mW of input pump power,
which turned out to be underestimated by one order of magnitude due to the lower propagation
loss value (1.1 dB/cm) that results in a measured output power reaching 3.5 mW as will be
discussed below in section 3.2.

As discussed above, the design of an adjustable directional coupler (DC) for the ring resonator
cavity plays a fundamental role in achieving a robust, fabrication tolerant, and wavelength
tunable device. The adjustable DC is made of a short Mach-Zehnder interferometric (MZI)
structure built with two short (35.6 um) directional couplers (the waveguide bend radius was
35 um). The presence of a thermal element on the top of one arm, as shown in Fig. 1 (a), allows
to trim and tune the power coupling ratios, which can maximize the output power for specific
pump and signal output wavelengths. Figure 1 (b) shows the cross-section of the short
directional couplers with a gap of 460 nm between the two ridge waveguides with 220 nm
height and 90 nm slab thickness. The width of the intrinsic region of the p-i-n junction is 2.16
pum. Note that another thermal element is also placed on the top of the ring to tune the cavity
resonance wavelength, which helps to align the cavity resonance to the laser frequency. The
pump laser and the generated laser signal are counter propagating in the cavity and, therefore,
the laser signals is retrieved at the input port of the pump laser.
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Fig. 1. (a) Schematic of the Raman laser with a ring-cavity of length 3.5 mm. The green and red
regions represent the p-i-n junction. (b) Cross section of the DC.
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3. Experimental Results

In this section, we present the experimentally measured performance of the SiPh tunable Raman
laser fabricated at AMF in Singapore. We first characterize and calibrate the spectral
transmission of the adjustable DC using a test structure. Then we extract propagation loss from
spectral characterization of the passive cavity. The Raman laser output power and slope
efficiency is investigated in details for pump (4,=1532 nm) and signal (4;=1665 nm). Finally,
the tunable Raman laser emission over more than 83 nm (by 70 nm tuning of pump) is
demonstrated.

3.1 Cavity characterization

Given the variations expected in SiPh fabrication, we first validated the operation of the tunable
coupler to be able to target specific power coupling ratios during the Raman laser optimization.
We then proceeded to determine the propagation loss in the cavity, which is an important
parameter for precise modeling of the laser. Once propagation loss has been determined, we
will be able to extract other unknown parameters, such as free carrier lifetime, by fitting the
simulated results to the measured laser output as function pump power.

3.1.1 Adjustable DC

We characterized the power coupling ratios of the adjustable DC at both the pump and signal
wavelengths (1,=1532 nm, 1s=1665 nm) as a function of the electrical power applied to the
thermal element. For this purpose, we used an adjustable DC test structure, which is similar to
the adjustable DC of the laser in Fig. 1 (a) but has all input and output ports available for
characterization, as depicted in Fig. 2 (a). Note that the laser signals are coupled in/out of the
chip via edge couplers. We first launch the pump or signal laser at one input port of the
adjustable DC test structure. Then, by applying a voltage on the thermal element, a phase
difference is induced on one arm of the MZI, which shifts the spectral response of the device
thereby tuning the transmission of the pump (signal). We thus swept the voltage applied to the
thermal element and recorded the output power from P1 and P2 as shown in Fig. 2 (a). The
current flowing in the thermal element was also measured in order to calculate the applied
electrical power. The power coupling ratios therefore need to be extracted from the measured
extinctions ratios using the relations presented in [30] and the results are shown in Fig. 2 (b).
The adjustable DC provides values of pump and signal coupling ratios. We practically chose
the optimum values by tuning the adjustable DC to maximize the laser output, which is the set
of power coupling ratios (x2,=0.21+0.03, x%=0.07+0.01) identified in Fig. 2 (b). The electrical
power needed to set the target values of power coupling ratios in the laser cavity is thus obtained
from this measurement although fine tuning is required as will be discussed in more detail in
the next section.
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Fig. 2. (a) Schematics of the adjustable DC, P1 and P2 shows the output power of DC for
different applied electrical power at A=1532.2 nm. (b) Measurement of the cross-coupled power
coupling ratio as a function of the electrical power applied to the thermal element. The optimized
set of power coupling ratios (x%=0.21+0.03 and x%=0.07+0.01) are located at 79 mW.

3.1.2 Quality factor

To estimate the cavity loss from the loaded Q-factor, we measure the spectral transmission of
the cavity resonance with a low pump power and 1.5 V reverse bias to the junction to reduce
the free carrier absorption loss as much as possible from which we extract the loaded quality
factor Qiead that is a function of both cavity loss and DC transmission. The intrinsic quality
factor Qinrand cavity loss can then be determined using Eq. 1 and Eq. 2 below. A schematic of
the measurement setup is presented in Fig. 3 (a), we used a tunable laser source (TLS) to sweep
the wavelength with a precision of ~ 0.1 pm, and simultaneously recorded the output power of
the cavity. The adjustable DC was tuned (by applying the electrical power to the thermal
element) so as to bring the cavity transmission close to zero (T¢~0), which implies approaching
the critical coupling regime at the pump wavelength [31], as shown in Fig. 3 (b). A Lorentzian
curve is then fitted to the experimental result to determine Qioad, by Which we find Qioad
=3.5x10°. The intrinsic quality factor Qin: is then calculated using:

M

where Ty is the transmission at the cavity resonance, which gives Qint=6.6x10° . Finally, the
propagation loss can be estimated using

g = 2h @)
Q,, x FSRxL

where L is the cavity length and FSR is the free spectral range of cavity [32]. The estimated

propagation loss is a=1.1 dB/cm. We used this value in our numerical simulations to fit the
experimental data.
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Fig. 3. (a) Q-factor measurement set-up. (b) The measured resonance spectrum of the ring-cavity
(black dots) with FSR=0.167 nm and Lorentzian fit (red line), which gives the full-width at half
maximum value of 4.32 pm at a wavelength of 4,=1532 nm.

3.2 Laser output

A schematic of the experimental setup for testing the Raman laser is shown in Fig. 4. The pump
laser is amplified by an erbium-doped fiber amplifier (EDFA), and a tap coupler is used to
monitor the amplified pump power with a power meter. The polarization controller aids in
launching TE-polarized light in the chip; both pump and signal are coupled in/out of the chip
via edge couplers. The Raman laser signal is generated in the cavity in the counter propagating
direction compared to the pump. The emitted signal is thus directed to the optical spectrum
analyzer (OSA) by a circulator that captures the spectrum and measures the laser power. A
weak signal was also observed at the other chip facet (co-propagating direction), which is
attributed to the Fresnel reflection at the input chip-air interface and waveguide backscattering.
Co-propagating laser operation is unlikely due to its large Raman effective area and was not
observed in our simulations.

Since the cavity resonance of the ring resonator red-shifts during pump power injection in the
cavity [27], we use a thermal element on the top of the cavity to control the cavity resonance.
We heated the thermal element, injected the pump, and then gradually decreased the
temperature of the element by lowering the voltage. Lowering the temperature blue-shifts the
cavity resonance thereby eliminating the need to tune the pump wavelength (as proposed in
[19,27]) as it is injected in the cavity. During the experiment, the power meter, on the right side
of the schematic monitors the coupling condition of tapered fibers to the edge couplers,
ensuring that the coupling remains optimized. To determine coupling efficiency, we measure
the transmission of a straight waveguide test structure placed in close proximity to the laser
cavity. We extract the coupling efficiency taking into account the propagation loss determined
above. We find a coupling efficiency of ~ 33% at 4,=1532nm and ~ 40 % at 4s=1665 nm. In the
results reported below, the losses of all components are thus calibrated out so that the pump
power and signal power values are the ones present at input/output of the DC (left port in Fig.

1(a)).
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To operate the laser at the maximum possible output power, we first injected a high pump power
(~ 70 mW) to the chip, then, an optimum pair of power coupling ratios (x%=0.21+0.03 and
K%=0.075+0.01) was found by adjusting the DC and maximizing the output of the laser, as
indicated in Fig. 2 (b). Then, the input pump power at 2,=1532 nm was swept from 10 mW up
to 80 mW, and the laser output at 1s=1665 nm was measured. The results are displayed in Fig.
5 for two different reverse bias voltages, 1.5 V and 0.5 V, applied to the p-i-n junction. To set
the reverse bias, we fixed the injected pump power near the maximum value and observed the
Raman laser output. We did not observe any significant changes in the laser output when the
reverse bias was larger than 1.5 V. This effect was simulated for a similar waveguide in [35],
but for different in pump intensity, wavelength and width of the p-i-n intrinsic region. It shows
an exponential decrease of the free carrier lifetime with reverse bias and, in our case, no further
improvement was observed after 1.5 V. For the 1.5 V reverse bias, this experiment yields the
following observations: pump power threshold, Pireshois= 15 £ 0.5 mW, slope efficiency ~ 26%
(line slope between Pinreshold and Pin=18 mW), and maximum output power Poytmax= 3.7 £ 0.2
mW. The power conversion efficiency reaches a maximum of ~ 10% with a laser output power
of ~ 3.5 mW obtained at an input pump power of ~35 mW. For future applications, the overall
power efficiency of the Raman laser will depend on the chosen pump laser system that should
be optimized for this purpose. At a reverse bias of 0.5 V, we obtained Pinreshois= 16.25 £ 0.5
mW, slope efficiency ~ 17% (line slope between Pinreshold and Pin=21 mW), and Poyt-max= 2.31%
0.1 mW. As expected, output power of laser increases as the reverse voltage applied to the p-i-
n junction due to the lower free carrier absorption.

Fig. 5 shows that, with a 1.5 V reverse bias, the laser output power saturates when the input
pump power reaches a value of ~35 mW. In the case of the 0.5 V reverse bias, the output power
reaches a maximum, at approximately the same pump power, and then decreases. A possible
explanation for this behavior, which is usually not taken into account in simulation models, is
the fact that the carrier lifetime is a function of laser power [33], known as the screening effect
[34]. This effect adds a nonlinear component to the free carrier absorption since the latter
depends on the carrier lifetime. The screening effect is caused by charge accumulation in the
waveguide that reduces the applied electric field. As observed in our experiment, and also
simulated in [35], this effect results in a rapid increase of the free carrier lifetime after the pump
intensity reaches a certain threshold. Numerical simulations of this effect are performed in [35]
for waveguide dimensions of 500 x 200 x 50, for width, rib height, and slab height respectively,
and with an intrinsic region width of 1.2 um for the p-i-n junction. At 0 V reverse bias, it
predicts that the screening effect becomes significant at a pump intensity of 1~4x107 W/cm?,
which is agreement with our observation. Specifically, in our experiment, with a pump power
of 35 mW and a cavity buildup factor ~3, the intensity is 1~9x107 W/cm?, which is in the range
of intensity threshold of the screening effect depending on the bias voltage. Furthermore, in the
case of the 0.5 V reverse bias, the higher nonlinear FCA loss translates to a quenching effect
[24]. In other words, as more electrons build up in the waveguide with increased pump power,
the increase in FCA loss becomes dominant over the increase in gain. Eventually, the electron-
attributed loss becomes sufficiently large to overcome the Raman gain and stop the lasing.
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Fig. 4. Schematic of the Raman laser test setup. Blue line indicate electrical connections to the
chip to apply electrical voltages to the p-i-n junction, thermal element of adjustable DC and
thermal element for controlling the resonance of cavity. Yellow lines indicate optical fiber
connections. The red dotted-arrows shows the Raman laser signal at 1665 nm directed to the
OSA via the circulator, and the blue dotted-arrows shows the direction of the pump power at
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Fig. 5. The Raman laser output power at 1665 nm as a function of input pump power at 1532
nm for 1.5 V (blue dots) and 0.5 V (red dots) reverse bias. The blue line shows the linear
regression fit between Pyresnols and Pin=18 mW giving a slope efficiency of 26%. Error bars show
the uncertainty in the launched pump power and the measured Raman laser power. The dotted
lines represent the simulated results. Lines with lighter color (above input pump power of 35
mW) indicate the range where the screening effect comes into play.

To characterize the free carrier lifetime for different pump powers, we used the model and
simulation method presented in [12]. The parameters used in the simulations include the
experimentally determined values of the propagation loss a=1.1 dB/cm (extracted from the Q-
factor measurement), the calculated values of the Raman gain coefficient (g=9.62 cm/GW), and
the two-photon absorption coefficients (Bp=0.49 cm/GW, Bss=0.26 cm/GW, Bsp= 0.36 cm/GW,
where p and s represent the pump and signal [12]. To determine the best fit to the experimental
data, we adjusted the power coupling ratios to x%,=0.33 and x%=0.08, which are slightly different
from the values x%=0.21+0.03 and x%=0.07+0.01 expected from the calibration of the test
device at this electrical power. Such difference is not unexpected considering variations in the
fabrication process and the fact that the test structure of the adjustable DC is located ~1 mm
away from the laser cavity on the chip. This means that, although the layout of both devices are
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the same, the power coupling ratios obtained for a given applied electrical power to the thermal
tuner of the MZI can vary slightly in different areas of the chip.

A good fit between the simulations and experimental results was thus obtained by considering
a constant carrier lifetime for low input pump power, i.e. 0.73 ns and 0.58 ns for reverse bias
of 0.5 V and 1.5 V and pump power lower than 35 mW. For higher pump power, the carrier
lifetimes extracted from the model by fitting the experimental results are shown in Fig. 6 for
the two reverse bias voltages. Free carrier lifetime changes as a function of input power in Fig.
6 reveal the role of screening effect in our experiment. In agreement with numerically simulated
results in [35], lifetime is constant in low pump powers then it gradually increase depending
on the applied reverse bias. To further optimize the Raman laser performance, a possible
approach would be to investigate the impact of the waveguide width on several important laser
parameters, namely propagation loss, free carrier lifetime, Raman gain and nonlinear loss.
Although a wider waveguide could be multimode, it is possible to excite only the fundamental
mode using an adiabatically tapered waveguide as suggested in [27]. With a 2 um wide
waveguide, the laser could benefit from a lower propagation loss (down to 0.4 dB/cm [27]),
allowing for a decrease in the laser threshold and improved power conversion efficiency.
Currently, the model presented in [12] takes into account Raman gain and non-linear loss
dependence on waveguide width, but does not consider dependence of the free carrier lifetime
[36] and scattering loss [37].
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Fig. 6. Free carrier lifetime obtained from fitting the simulation results to experimental data as
shown in Fig. 5. The Blue and red line-dots attribute to 0.5 V and 1.5 V reverse bias applied to
p-i-n junction.

3.3 Tunable laser

We now present the tuning results of the laser. An important advantage of the proposed device
is the possibility to adjust the power coupling ratios by fine tuning the electrical power applied
to the DC and hence find the most optimal power coupling ratios that maximize the laser output.
We used the same setup and technique to characterize the tunable laser as in Fig 4 above. The
results measured with a reverse bias voltage of 1.5 V are shown in Fig. 7. We measured the
laser performance with three different pump powers for each specific wavelength as presented
in Fig. 7(a). The measured corresponding laser outputs are presented in the Fig. 7 (b). The laser
output power for each specific wavelength almost remained constant by changing the attributed
input pump power, which means the laser reached the plateau of saturation for the three input
pump powers. The Raman laser output power is expected to decrease at longer wavelength as
the gain coefficient scales «c1/1 and the propagation loss will also be larger due to greater
sidewall interaction. The measured optical spectra for three pump and Raman laser signal
wavelengths are shown in Fig. 8.
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In addition, we measured the linewidth of the Raman laser using the passive coherent
discriminator method [38,39]. We determined the frequency noise spectral density of the
Raman laser, and analyzed the low-frequency noises to extract the linewidth of the laser. At a
laser signal wavelength of 1662 nm and 1703 nm, we estimated the linewidth to be < 12 MHz
and <2.4 MHz, respectively. These values are dominated by EDFA noise, and thus, we expect
the actual values to be smaller than these numbers with a cleaner pump.
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Fig. 7. (a) The three different pump powers for each of the pump wavelengths that range from
1530 nm to 1600 nm. (b) The corresponding Raman laser output signal power over the range
from 1662 nm to 1745 nm. The experiment was carried out with 1.5 V reverse bias. Error bars
show the uncertainty range for the input pump and output signal powers as determined by the
small observed fluctuations of the input/output edge coupling.
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Fig. 8. Uncalibrated optical spectrum of the Raman laser output signal at 1662 nm, 1703 nm,
and 1745 nm respectively. The signals are separated by 15.6 THz from the corresponding pumps

at wavelengths of 1530 nm, 1565 nm, and 1600 nm. Some of the pump power reflected back to
the OSA is also present on the spectrum.
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4. Conclusion

In this study, we proposed a widely tunable Raman laser on a sub-micrometer SOl wafer. Our
device uses a reconfigurable ring cavity with the capacity of tuning simultaneously the center
wavelength and the coupling conditions of both the pump and signal for optical performance.
The design led to the experimental demonstration of an efficient tunable silicon Raman laser
with a slope-efficiency of up to 26% and a maximum pump-to-signal power conversion
efficiency of 10%. The Raman conversion efficiency can be further improved by reducing the
waveguide loss, e.g., by optimizing the fabrication process or waveguide geometry. The laser
operation was fully characterized with cavity and coupler parameters extracted using test
structures. We measured output laser power with respect to input pump power and compared
the data with numerical simulation. Our results confirmed that the screening effect has a
significant impact on the carrier lifetime at a high pump power, leading to output saturation.
Multi-mill watt Raman laser emission has been achieved over an ultra-wide spectral range of
83 nm (from 1662 nm to 1745 nm). To the best of our knowledge, this is the first demonstration
of a continuously and widely tunable Raman laser on a silicon chip. Our proposed structure can
also be used for even longer wavelength conversion penetrating into the mid-IR region of the
spectrum.
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