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Abstract. We present a detailed simulation-based analysis of Raman lasing in small-
volume silicon-on-insulator racetrack resonators. Continuous-wave Raman lasing in
submicron-sized resonant waveguide devices can be expected without the need of
additional electronic structures, with a significant improvement in threshold power,
device footprint and laser efficiency compared to state of the art integrated Raman
lasers on silicon.

Introduction

One elementary building block within the emerging field of Silicon Photonics is an
efficient integrated laser source. In the last years rapid progress in the development of
Raman lasers as integrated laser sources has been made [1], [2]. So far, experimentally
demonstrated silicon-based Raman lasers comprise low-loss waveguides with large
cross-sections above 1.5 ym? and exhibit overall footprints larger than 5.5 mm? [1], [2].
As the stimulated Raman scattering cross section is proportional to the intensity of the
pump laser inside the silicon waveguide, it is desirable to use small-size waveguides.
Another benefit of small size waveguides is the strongly reduced carrier lifetime
compared to large size waveguides [3], as the free carrier lifetime determines the
dominating loss mechanism of free carrier absorption in Raman lasers.

By the use of racetrack resonators high quality factors over a large wavelength range
can be achieved [4]. These properties make these devices well suited for integrated
Raman laser cavities. In the following we will present a model for analyzing the Raman
laser characteristics in integrated racetrack resonators on silicon. With this model we
analyze for the first time Raman lasing in ultrasmall waveguide resonators on silicon.
We show that it is possible to develop a Raman laser with submicron-sized waveguides
based on a racetrack resonator with a magnificent improvement in threshold power,
laser efficiency, device footprint and without the need of additional electronic
structures.

Modeling

Figure 1 shows a schematic view of the racetrack resonator structure studied here. The
resonator is pumped with laser light at the pump wavelength A,,, which is coupled to the
resonator and generates the laser signal at the Stokes wavelength A; by stimulated
Raman scattering. The amount of power coupled to or from the resonator is described
by power coupling coefficients k,? and k> at the pump and Stokes wavelengths.

The propagation of pump and Stokes powers (P, Ps) per resonator roundtrip can be
described by two coupled differential equations [5], [6]. Within our model pump
depletion, two photon absorption (TPA) and free carrier absorption (FCA) are included.
Here, a,s are the linear waveguide losses at the pump and Stokes wavelengths, gg is the
Raman gain coefficient and =0.5 cm/GW is the TPA coefficient of silicon [1], [2].
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In the last terms of Egs. (1) and (2), o represents the wavelength dependent FCA cross
section and N is the charge carrier density resulting from TPA.
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In Eq. (3) terr is the effective carrier lifetime inside the silicon waveguide and Ej, is the
photon energy at the pump wavelength, where the assumption E, = E; is made. For an
adequate description of the nonlinear interaction area we use an overlap integral
between the mode profiles at pump and Stokes wavelengths based on the definition
presented in [7]:
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In order to describe the resonator behavior, the boundary conditions at the coupling
region of the resonator have to be included. Inside the resonator the following

equations, for pump and Stokes power for the i™ roundtrip inside the resonator can be
derived:

P"()=tP/i=1), P,"() =1, P,'(i=1)+ P,'(0) + 2t,k,[P,' (0B, (i=1) » t;,, +K,, =1 (6)
It is assumed, that pump and Stokes wavelengths match precisely a resonance
wavelength of the racetrack resonator. Equations (1)-(6) are solved iteratively until a

steady state for pump and Stokes power after n iterations is reached. The output power
of the Raman laser at the Stokes wavelength is then calculated as Praman=Ks*Ps‘(n).
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Fig.1: Schematic view of a racetrack resonator. P, represents the initial pump power, Pgr,yan the
output power of the Raman laser at the Stokes wavelength A, k> describe the wavelength
dependent coupling coefficients between bus waveguide and resonator.

Results and discussion

In order to demonstrate the reliability and performance of our model we apply the
equations above to an experimentally demonstrated Raman laser based on a racetrack
resonator of large-size SOI rib waveguides [2]. For all presented modeling results in this
contribution a pump wavelength of A,=1550nm and a Stokes wavelength of A,=1686nm
is used. All coupling coefficients for the different resonators were also taken from [2].
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Used modeling parameters as given in [2] are Le=3 cm, 04,=0.6+0.1 dB/cm, Tes=1 ns
and gg=9.5 cm/GW.

Figure 2 shows the Raman laser output power Praman for different input pump powers
Py. Solid lines represent our numerical simulations and corresponding measured data
points are taken from [2]. Obviously, our modeling results are in excellent agreement
with the experimental data, demonstrating the suitability of our model to analyze Raman
lasing in SOI racetrack resonator structures.

T T
= » Measurement k;,2=0.25,kg2=0.05 [2]
€ 309 - Measurement k;2=0.30,k52=0.15 [2]
25 = Measurement k,2=0.86,ks2=0.17 [2]

Raman

b— Simulation k;,2=0.86,ks2=0.17
Simulation kp2=0.30,k52=0A15

15— simulation k2=0.25,52=0.05

54 E

Output Power P
o

0 T ¥ v v v
0 100 200 300 400 500 600
Pump Power P [mW]

Fig.2: Output power Raman laser over input pump power. Shown are the experimental data
taken from Ref. [2] and our simulation results (solid lines) for different coupling coefficients k.

Subsequently we apply our model to resonator structures with ultrasmall cross sections.
We consider SOI waveguides of 400 nm width and 340 nm height. After simulating the
mode profiles for pump and Stokes wavelengths with the finite element software HFSS
the effective modal area was calculated to Acs=0.15 pm?. For the Raman gain
coefficient gg we used the value of gr=30 ci/GW, which has been experimentally
determined for small-size waveguides with comparable cross-sections [8], [9]. We
model a ring resonator of 100 um radius equivalent to about a 24-fold reduction in
resonator length compared to Raman lasers on silicon demonstrated up to now.

For this resonator configuration power coupling factors of x,>=0.12 and k,>=0.09 were
calculated using coupled mode theory. The value of k;? is close to critical coupling at
the chosen resonator geometry for state of the art waveguide losses of 2 dB/cm [4], [10].
The effective carrier lifetime is determined by interface and surface recombination
velocities and can be estimated to t.s=1.2ns for the given waveguide geometry [3].
Figure 3(a) shows the Raman output power Pryman Versus input pump power Py for
different linear propagation losses o=a,=0o,. The laser threshold power increases with
increasing linear waveguide losses and the Raman output power saturates at higher
input powers due to TPA induced FCA. An extremely low threshold power level of
6.9 mW for state of the art waveguide losses can be expected. This presents about a
threefold reduction in power threshold level compared to the lowest threshold level
presented so far for large size rib waveguide resonators [1].

Fig. 3(b) shows the Raman output power Praman Over input pump power Py for different
effective carrier lifetimes t.. It becomes clear, that at shorter effective carrier lifetimes
larger laser efficiencies can be reached. Assuming an effective carrier lifetime of
Te=50ps, which has already been demonstrated using a p-i-n-diode ring resonator in
small size waveguides [11], a total laser efficiency of 30.1 % at Py=100 mW can be
achieved. This represents more than twice of the highest efficiency of silicon Raman
lasers realized so far .in large size rib waveguides.
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Fig. 3: (a) Raman output power Pgryp,, vs. input pump power P, for different linear propagation
losses a=0p-0, and T.~=1.2 ns. (b) Raman output power Pgypa, vs. input pump Power P, for
different effective carrier lifetimes 1. and a=2 dB/cm.

Conclusion

An effective model to predict the output characteristics of racetrack resonator based
integrated continuous wave Raman lasers on silicon is presented, predicting better
performance as reported up to now. The key point is the scalability to ultrasmall SOI
waveguides, with small effective core areas and low carrier lifetimes, allowing
integrated Raman laser on silicon with higher efficiencies, lower threshold power levels
and about a 140-fold footprint reduction compared to state of the art Raman lasers.
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