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ABSTRACT
High-efficiency wavelength conversion into the 2 μm region has been achieved through Raman enhanced four-wave mixing in a planar
silicon waveguide. By aligning the FWM phase-matching conditions with the Raman gain bandwidth, a wavelength conversion efficiency of
−25 dB was achieved with a continuous-wave pump power of only ∼45 mW. The maximum Raman enhancement in this hybrid wavelength
conversion process is ∼7 dB. Simulations show that by further optimizing the planar waveguide dispersion profile, the wavelength conversion
efficiency could be increased to ∼−11 dB using a standard continuous-wave pump source.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0288541

I. INTRODUCTION

Silicon photonic platforms that operate in the wavelength
range covering 2–3 μm have been generating increased interest
due to their potential use in broadband communications,1 optical
imaging,2 and sensing applications.3 Although there are integrated
semiconductor-based laser systems available in this region, they are
typically restricted to operating in discrete wavelength bands that are
fixed by the choice of gain medium.4 The ability to make use of the
excellent nonlinear transmission properties of silicon waveguides to
tune and extend the wavelength coverage of the light sources is thus
highly advantageous for the development of practical and compact
systems.5

Of the various nonlinear processes, four-wave mixing (FWM)
has been the most extensively explored for the generation and
manipulation of new wavelengths extending beyond 2 μm.6 How-
ever, in order to achieve high conversion efficiencies (CEs), pulsed
pump sources are often used due to their high peak powers, but
also to reduce the build-up of free carriers that can result in signif-
icant absorption in silicon systems.7 From a practical perspective,
continuous-wave (CW) pumping is more desirable as the lasers
are usually more stable, have lower cost, and are more suited for
direct integration.8 Popular approaches to increasing the efficiency

of CW pumped systems include making use of resonator geometries
to increase the interaction length9 or incorporating PIN junctions
to reduce the free carrier losses.10 An alternative method that has
been demonstrated recently in the telecom band is to couple the
FWM process with the strong resonant Raman gain associated
with the crystalline silicon core.11 The advantage of this approach
is that standard waveguide structures can be employed, simplify-
ing the geometry, while the combination of FWM and Raman still
allows for tunability of the system when combined with tunable
thulium-doped fiber lasers operating around 2 μm.

In this paper, we demonstrate strong Raman enhancement of
FWM wavelength conversion in silicon waveguides designed for
operation in the 2–3 μm region. A maximum conversion efficiency
of around −25 dB has been achieved with a CW pump power of only
∼45 mW, significantly more efficient than previous FWM results in
this regime.12,13 Numerical modeling of the nonlinear interactions
indicates an enhancement in the FWM CE due to coupling with
the strong Raman effect of ∼7 dB. Moreover, the modeling predicts
that the conversion efficiency could be increased to ∼−11 dB with
an appropriate dispersion profile and realistic pump powers of ∼200
mW. These promising results highlight the advantage of exploit-
ing Raman-enhanced FWM processes to improve the efficiency and
practicality of planar integrated silicon systems in the 2–3 μm region.
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II. CONCEPT AND SETUP
A. Theory of Raman-enhanced FWM

Raman-enhanced FWM involves three nonlinear effects: (1)
degenerate FWM, (2) stimulated Raman scattering (SRS), and (3)
inverse Raman scattering (IRS).14 The process is similar to coherent
anti-Stokes Raman scattering (CARS), which has been investigated
quite extensively in silicon waveguides,15 but here the signal wave-
length is aligned to convert anti-Stokes photons to Stokes photons
in order to take advantage of the higher Raman gain in Refs. 11
and 16. Figure 1(a) shows the energy level diagrams for these three
processes. Degenerate FWM is a nonlinear effect where two pump
photons with frequency ωp are used to generate an idler photon
(ωi) and a signal photon (ωs), which must obey conservation of
energy: 2ωp = ωi + ωs. In SRS, the pump photon (ωp) will interact
with the nonlinear medium, resulting in a vibration and a redshift
Stokes photon (ωst), with a Raman shift determined by the phonon
frequency (Δων) such that ωp = ωst + Δων. In IRS, the pump beam
( ωp) acts as the seed beam, which will be enhanced by the applied
anti-Stokes beam as ωp = ωas − Δων. If the FWM process is selected
to overlap with Raman scattering, such that ωs = ωas and ωi = ωst
for the given pump wavelength, then the wavelength conversion can
be significantly enhanced by the combination of the processes in
Fig. 1(a), starting with process (1) through to process (3).

B. Waveguide design
To take advantage of the Raman enhancement, it is important

to keep the intrinsic FWM CE high enough to act as the seed for
SRS. Thus, precise dispersion engineering of the silicon waveguide
is required to achieve phase-matching for the pump wavelength. In
our work, we make use of rib waveguide structures as they can be
fabricated to have low transmission losses in the 2–3 μm region.17

The cross section of the rib design is shown in Fig. 1(b), which
includes three key parameters: rib width (W), etch depth (h), and
rib height (H). Two waveguide designs were considered, both with
a zero-dispersion wavelength (ZDW) near the pump wavelength
(∼2.17 μm), but with slightly different widths so that the role of
phase-matching can be investigated.16 The silicon rib waveguides
used in this experiment were fabricated with electron-beam lithog-
raphy, followed by a dry etching process, which gives very precise
dimensional control.18 To facilitate coupling into the optimized rib
section, two tapered regions were added to each end to increase
the waveguide widths at the facets, as shown in Fig. 1(b). How-
ever, these tapered couplers were kept sufficiently short so that they
did not contribute to the nonlinear propagation. Since the pump

TABLE I. Design parameters for the silicon rib waveguides for Raman-enhanced
FWM.

Label WG1 WG2

Input coupler width (μm) 15 15
Rib width (μm) 1.515 1.490
Output coupler width (μm) 15 15
Rib height (nm) 500 500
Slab height (nm) 250 250
Waveguide length (cm) 2 2
Calculated β2 (ps2/m) −0.013 −0.023
Propagation loss (dB/cm) ∼2.5 ∼2.5

wavelength is close to the ZDW, terms up to fourth-order disper-
sion were included for the calculations. The group velocity disper-
sion (GVD) and fourth-order dispersion (FOD) of rib waveguides
with different widths are calculated using the refractive indices of
silicon19 and silica20 from the literature and shown in Fig. 1(c).

The parameters for the two waveguides are given in Table I.
WG1 has a GVD term (β2 = −0.013 ps2/m at 2.17 μm) closer to zero,
which suggests that it should have a better phase-matching condi-
tion for FWM. Considering the total insertion losses (∼20 dB) of
these two waveguides, and previous determination of the coupling
losses through cut-back measurements, the propagation losses for
both waveguides were estimated to be ∼2.5 dB/cm. Further con-
firmation of the loss values was obtained via simulations to fit the
experimental results of Raman-enhanced FWM. We attribute the
higher propagation losses of our waveguides, when compared to
state-of-the-art foundry SOI platforms, to slightly higher sidewall
roughness values. Thus, the waveguide losses could be improved in
future work through further optimization of the etching recipes or
via adding a thin capping layer via atomic layer deposition to smooth
the surfaces.21

C. Setup
The experimental setup is shown in Fig. 2. Due to the limited

access to tunable sources around 1900 nm, we used a fixed wave-
length CW laser (LFLTM) positioned at 1950 nm as the signal. A
tunable CW pump laser (Cr+2: ZnS/Se IPG Photonics) covering
the range 2165–2172 nm was then employed to ensure the gener-
ated idler wave could be tuned through the Raman gain bandwidth
(2440–2450 nm). A beam splitter (BS) (9:1) was used to combine
the pump and signal laser, before coupling into and out of the

FIG. 1. (a) Energy level diagrams for
(1) FWM, (2) SRS, and (3) IRS. (b)
Schematics of the cross section and
the longitudinal profile of the planar sili-
con rib waveguides. (c) Calculated group
velocity dispersion (GVD, solid lines) and
fourth-order dispersion (FOD, dashed
lines) as a function of wavelength for the
rib waveguides with widths as labeled in
the legend.
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FIG. 2. Experimental setup for Raman-enhanced FWM. OL1 & OL2: objec-
tive lenses; BS: beam splitter; OSA: optical spectrum analyzer; PC: polarization
controller.

silicon waveguides by using two aspherical objective lenses (OL)
(C093TME-D). The output beam was collected using a mid-infrared
fiber (Thorlabs, M43L01, transmission window of 400–2400 nm) to
ensure a high coupling efficiency. The collected light was then sent to
a mid-infrared OSA (YOKOGAWA, AQ6376) to measure the FWM
spectra. Two polarizers were used for the pump and signal input
beams to ensure the light propagated within the TE1 mode in the
waveguides.

III. RESULT AND DISCUSSION
A representative transmission spectrum as measured from the

output of WG1 is shown in Fig. 3(a). Using the measured coupling
losses, the coupled-in power for the signal and pump lasers were
estimated to be ∼90 μW and ∼45 mW, respectively. When the idler
is tuned across the Raman gain bandwidth, the CE (Pout

idler/Pin
signal) of

WG1 and WG2 varies, as shown in Fig. 3(b). With the generated
idler wavelength aligned to the central wavelength of Raman gain
peak, the CE in WG1 increased from ∼−32 to ∼−25 dB, indicating
an enhancement of ∼7 dB due to the coupling of the nonlinear pro-
cesses. In WG2, the enhancement is less pronounced, but there is
still an increase from ∼−38 to ∼−34 dB. We attribute the reduction
in the CE for WG2 to the larger GVD of the waveguide and the less
optimum FWM.

To investigate the coupling of the FWM and Raman pro-
cesses in more detail, nonlinear propagation in the waveguides
was modeled via the generalized nonlinear Schrödinger equation
(GNLSE):14

∂A
∂z
+ α

2
A − i

∞

∑
n=1

inβn

n!
∂nA
∂tn −

σ
2
(1 + iμ)NcA

= i(γ(ω0) + iγ1
∂

∂t
)
⎛
⎜
⎝

A
∞

∫
0

R(t′)∣A(z, t − t′)∣2 dt′
⎞
⎟
⎠

. (1)

Here A is the amplitude of pump laser, which we approximate as
a quasi-CW beam. α is the linear propagation loss; βn is the nth
order dispersive term; γ = ω0n2/cAef f + iβTPA/2Aef f is the nonlin-
ear parameter, where n2 is the nonlinear refractive index and Aef f is
the effective mode area; γ1 = (dγ/dω)ω=ω0

; σ is the free carrier loss; μ
is the free carrier dispersion; and Nc is the free carrier density, which
is governed by the following equation:

∂Nc(t)
∂t

= βTPA

2h̵ω0

∣E(t)∣4

A2
ef f
− Nc(t)

τ
, (2)

FIG. 3. (a) Representative transmission spectrum from the output of WG1. (b)
Conversion efficiency as a function of idler wavelength with the signal at 1950 nm
and the pump wavelength tuned from 2165 to 2172 nm.

where βTPA is the two-photon absorption coefficient and τ is the free-
carrier lifetime. The nonlinear response function R(t) is given by

R(t) = (1 − fR)δ(t) + fRhR(t), (3)

where fR = gRΓR/(n2k0ΩR) represents the fractional contribution of
the delayed Raman response to the nonlinear polarization in which
gR is the Raman gain, ΓR/π is the gain bandwidth, and ΩR/2π is the
peak gain frequency shift. The Raman response function for silicon
is given by hR(t) = (τ−2

1 + τ−2
2 )τ1 exp (−t/τ2) sin (t/τ1), in which

τ1 and τ2 are the damping times of the Raman vibrations.
For the GNLSE simulations, the wavelength-dependent βn,

Aef f , n2, and βTPA values were estimated using the methods
described in Ref. 14. The results of the simulations are plotted in
Fig. 3(b) using the experimental input power of ∼45 mW. The
modeled curves are in good agreement with the experimental data,
particularly for WG1. The slight disagreement for WG2 is most
likely due to power fluctuations during the measurements. Never-
theless, these simulation results show that, regardless of the phase-
matching, coupling between the FWM and Raman processes can
result in a significant enhancement of the CE. Moreover, the CE
of Raman-enhanced FWM can be increased significantly through
increasing the pump power. Figure 4(a) shows the measured and
simulated Raman enhanced CE for WG1 and WG2 as a function of
coupled-in pump power. Clearly, the maximum pump power used
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FIG. 4. (a) Conversion efficiency as a function of pump power for WG1 & WG2.
The gray dot indicates the estimated Raman-enhanced CE using the intensity from
Ref. 13 for comparison. (b) Simulated CE for Raman-enhanced FWM for wave-
guides with different widths, as labeled in the legend, when pumped with a coupled
in power of 200 mW.

in these experiments of ∼45 mW is still very low. However, the
results indicate that by increasing the pump power to ∼150 mW,
which is readily available with many CW sources, the CE could reach
∼−15 dB in WG1.

Traditionally, efficient FWM in silicon waveguides in the 2 μm
wavelength range has required high light intensities. Despite this,
the previously achieved CEs are still relatively low. For example, Lau
et al. reported a CE of approximately −32 dB with a pump intensity
on the order of 1 × 1011 W ⋅m−2,13 which is one order of magnitude
higher than that employed in our work. Based on the simulated CE
values, which exhibit excellent agreement with experimental data, it
can be estimated that an enhanced CE of −22 dB could be achieved
by exploiting Raman enhanced FWM with the same pump intensity
as in Ref. 13, as dicated by the gray point shown in Fig. 4(a).

Finally, we investigate the role of the dispersion profile on the
maximum possible CE. Additional simulations of different wave-
guide widths reveal that further improvement of the CE could be
obtained by optimizing the dispersion profile of the waveguides to
expand the FWM phase-matching bandwidth. Figure 4(b) shows the
simulated CE for WG1 and WG2, as well as two slightly wider wave-
guide widths of W = 1540 and 1560 nm, calculated for pumping
with a CW power of 200 mW. From the inset, we see the max-
imum achievable CE peaks for the optimum waveguide width of
1540 nm, which then decreases as the ridge width increases further.

Although there is not a dramatic change in the maximum Raman-
enhanced FWM peak for the four waveguides, the optimized width
does offer a small increase in the CE of ∼−11 dB compared to the pre-
dicted maximum of −12 dB for WG1, thanks to the slightly higher
FWM baseline. However, the Raman enhancement remains signifi-
cant (>14 dB) for all four widths, indicating that the process is robust
against fabrication tolerances in the waveguide designs. Moreover,
further simulations have also been conducted to investigate the tol-
erance of the Raman-enhanced FWM when tuning the pump from
the optimized value for a given waveguide design. The results have
shown that although there is some decrease in the maximum CE, as
expected due to the reduction of the FWM efficiency, coupling to the
Raman term helps partially compensate for this, so that the overall
CE for the hybrid system is higher than for FWM alone. Interest-
ingly, when the optimum width of 1540 nm is selected in Fig. 4(b),
the very flat and broad FWM gain bandwidth offers the potential
to extend the idler light to longer wavelengths through cascaded
Raman-enhanced FWM processes.22 Thus, Raman-enhanced FWM
schemes offer great potential for high efficiency and tunable sources
of mid-infrared light.

IV. CONCLUSION
In conclusion, we have shown that by coupling the Raman and

FWM nonlinear processes in a silicon waveguide, it is possible to
significantly enhance the wavelength conversion efficiency in the
mid-infrared regime, where pump powers are often lower than their
telecom band equivalents. Moreover, the process can make use of
straight waveguides and so does not rely on the fabrication of more
complex ring resonators or PIN structures to compensate for losses
associated with high power pumps. Our experiments indicate that
the peak conversion efficiency is influenced by the phase-matching
conditions of the FWM process, with the highest CE obtained when
the waveguide is designed to have a broad, flat FWM bandwidth. A
maximum enhancement of ∼7 dB was obtained for a waveguide with
the smallest group velocity dispersion parameter, with an overall CE
of ∼−25 dB for a modest pump power of ∼45 mW. Further adjust-
ment of the waveguide design and pump power could yield higher
FWM conversion efficiencies, especially compared to the previous
FWM results obtained without Raman. These findings demonstrate
the versatility and effectiveness of this method to boost the FWM
conversion efficiency in the traditional planar silicon waveguide
system.
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