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Abstract: Parametric Raman nonlinearities in Silicon waveguides is
used to demonstrate wavelength conversion from Stokes to anti-Stokes
channels. The eﬀects of two photon absorption and free carrier nonlinear losses on the conversion process have also been analyzed. We
ﬁnd that scaling down the waveguide dimensions to submicron sizes
is advantageous in terms of increasing the Raman nonlinearities and
reducing the carrier lifetime and hence nonlinear absorption.
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Introduction

The success of silicon as the mainstay of the electronic industry has fuelled
interest in using the technology to create low-cost optical and opto-electronic
integrated circuits. Research on silicon photonics was started in the 1980’s
with signiﬁcant progress, accelerated by the telecommunication boom, during the late 1990’s. Despite success in making high quality wavelength ﬁlters
and other passive devices, silicon photonics has been hindered by the lack
of suitable active functionality. Recently good progress has been made toward light generation and ampliﬁcation, modulation, and detection using silicon [1]. Wavelength conversion is another fundamental function required in
multi-wavelength optical communications. In this paper, we discuss parametric Raman interactions in silicon, and report the observation of wavelength
conversion in waveguides with submicron modal area. We ﬁnd that scaling
down the waveguide dimensions to submicron sizes is advantageous in terms
of increasing the Raman nonlinearities and reducing the carrier lifetime and
hence nonlinear absorption. Such nanoscale waveguides also oﬀer ﬂexibility
in achieving phase matching.
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Theory

Conventionally, wavelength conversion is performed in optical ﬁbers by mak(3)
ing use of the broadband electronic susceptibility, χE of the material [2].
In contrast, the technique described here makes use of the resonant Raman(3)
induced optical susceptibility, with a peak (χR = 11.2 × 10−14 cm2 /V 2 ) that
(3)
is ∼44 times stronger than the electronic susceptibility in silicon (χE =
0.25 × 10−14 cm2 /V 2 ). The vibrational energy levels of Silicon and the Raman induced wavelength conversion process are shown in Fig. 1 (a). When
the pump, Stokes, and anti-Stokes ﬁelds are phase matched (∆k = 2kP -kS kA = 0), the two processes shown in Fig. 1 (a) couple through the mediation
of coherent phonons and this leads to coherent transfer of information between the Stokes and anti-Stokes channels.
Another non-linear process that could compete with Raman scattering is
Two-Photon absorption (TPA). At power levels achievable under continuous
wave pumping, depletion of the pump due to TPA is negligible [3]. However,
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Fig. 1. (a) The vibrational energy levels of Silicon showing the Raman wavelength conversion process. (b)
Electronic energy levels of Silicon and Two-photon
absorption (TPA) process. Free carriers generated
by TPA increase the overall loss. These free carriers diﬀuse out of the rib structure and also recombine at interface defect states. In this work,
w = 2 µm, H = 0.93 µm and h = 0.45 µm.
the free-carriers generated during this process increase waveguide losses and
lower the conversion eﬃciency through free carrier absorption. The electronic
energy levels of Silicon and TPA induced free carrier generation are shown
in Fig. 1 (b). This has been identiﬁed as a limitation in all-optical switching
in III-V semiconductor waveguides [4] and has also been observed in silicon
waveguides [5]. The TPA-induced free carrier loss is described by the Drude
model as [6]: ∆αFCA ∼
= 6.04 × 10−18 λ2 (µm) · βIp2 τeﬀ /2Ep . Here, β is the
TPA coeﬃcient (= 5 × 10−10 cm/W) [3], λ is the pump wavelength, τeﬀ is
the eﬀective carrier lifetime, and Ep is the photon energy.
The eﬀective carrier lifetime depends on the recombination lifetime (τr )
of the carriers at the Si-SiO2 interface and the diﬀusion time (τtr ) of the
carriers out of the modal area and can be written as: 1/τeﬀ = 1/τr +1/τtr [7].
Since carriers must diﬀuse to the Si/SiO2 interface for recombination to take
place, τr is linearly proportional to Si ﬁlm thickness. Similarly, the transit
time, τtr is proportional to rib width (see Fig. 1 (b)). Hence reducing the
waveguide cross section is beneﬁcial as it reduces the eﬀective life time and
thus minimizes TPA-induced free carrier absorption.
The evolution of Stokes (S), anti-Stokes (A) and pump (P) ﬁelds can be
described by the following coupled mode equations (assuming electric ﬁelds
|EP | > |ES | > |EA |) [8, 9]. Here |ωP − ωS | = |ωA − ωP | = Ω is the Raman
frequency shift and ∆k = 2kP -kS -kA refers to the wavevector mismatch. The
depletion of the Stokes and anti-Stokes signals due to two photon absorption
(TPA) are neglected.
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(α + ∆αFCA (z))
β
dEP
=−
EP − |EP |2 EP
dz
2
2
(α + ∆αFCA (z))
dES
∗
=−
ES + κSS ES + κSA EA
exp(−i∆kz)
dz
2

(1)

300

IEICE Electronics Express, Vol.1, No.11, 298–304

∗
(α + ∆αFCA (z)) ∗
dEA
∗
=−
EA + κAA EA
+ κAS ES exp(+i∆kz)
dz
2

The coupling coeﬃcients are given as follows:




iG
κSS = −i · 2R +
|EP |2 ,
2


iG ∗
κAA = i · 2R −
|EP |2 ,
2
(3)

−iχR (Ω)4πω 2
=
c2 k
(3)
χ
2πω 2
and R = N Rc2 k

where, G =





iG
κSA = −i · R +
EP2
2


iG ∗ ∗2
κAS = i · R −
EP
2

(2)

2.0 × 10−8 cm/W [3] refers to the Raman gain

= 1.7 × 10−9 cm/W [10] is the contribution due
coeﬃcient
to non-linear electronic response. α refers to the linear propagation loss and
is assumed to be the same for all waves and ∆αFCA refers to the nonlinear
absorption loss. Numerical solutions to these equations are presented in the
following section.

3

Experimental results

The experimental setup shown in the inset of Fig. 2 consists of a CW pump at
1427.3 nm (TE polarized) and an external cavity diode laser (ECDL) used as
the Stokes source at 1542.3 nm (TE polarized). The ECDL is ampliﬁed before
combining with the pump. At the output end, a band-pass ﬁlter is used to
extract the converted anti-Stokes signal at 1328.8 nm (TE polarized) before
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Fig. 2. The experimental setup used for wavelength conversion is shown in the inset. The pump signal (1427.3 nm) and Stokes signal (1542.3 nm)
are launched into the waveguide. The propagation loss in these waveguides was ∼2.5 dB/cm.
The converted anti-Stokes signal (1328.8 nm) is
observed using the Optical spectrum analyzer
(OSA). The optical spectrum of converted antiStokes signal is shown at various pump powers.
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observing the converted power using an optical spectrum analyzer (OSA).
The Silicon-on-Insulator (SOI) rib waveguide used is 2.5 cm long with dimensions as shown in Fig. 1 (b) and a modal area of ∼0.54 µm2 . The propagation
losses in these waveguides at 1328.8 nm were estimated to be ∼2.5 dB/cm.
The polarization conﬁguration used in this work is diﬀerent from our previous report [10, 11]. The reason for this is the diﬀerent dispersion properties
of the submicron modal dimension waveguides as discussed below.
Figure 2 shows the optical spectrum of the converted anti-Stokes signal at 1328.8 nm for an input Stokes power of 1.8 mW. The center wavelength is precisely at the expected shift (520 cm−1 ) from the pump. There
is a clear non-linear growth of the anti-Stokes signal with increase in pump
power. A maximum anti-Stokes converted power of 2.3 nW is measured; taking into account the coupling losses, the net conversion eﬃciency is found to
be 1.7x10−5 . We note that this is achieved at a lower pump power than our
previous reports [10, 11]. The improvement is a manifestation of sub-micron
modal dimensions used here.
The experimentally obtained variation of conversion eﬃciency with pump
intensity is shown in Fig. 3 (squares). Theoretical ﬁt to the measured data
using the coupled mode equations, with ES (0) = 0, EA (0) = 0 shows good
agreement for an eﬀective lifetime of 10 ns (solid line) and 15 < |∆k| <
120 cm−1 . The oscillatory nature of eﬃciency vs. ∆k makes it not possible
to extract the exact value of ∆k using this method [10]. Also shown is the
conversion eﬃciency when the pump and Stokes ﬁelds are orthogonally polarized (triangles). In this case, birefringence contributes to phase mismatch
and conversion is found to be less eﬃcient.
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Fig. 3. Experimental plot of conversion eﬃciency vs.
pump intensity: (a) both pump and signal are
TE polarized (no birefringence). Theoretical ﬁt
shows good agreement for eﬀective lifetimes τeﬀ
of 10 nsec. (b) pump and signal are TE and TM
polarized respectively (with birefringence).
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Fig. 4. Conversion of analog RF signal (centered at
1.03 GHz) from Stokes to anti-Stokes. Electrical
SNR of 47 dBe was obtained over a bandwidth of
100 Hz.

Figure 4 shows the conversion of a 1.03 GHz electrical signal from Stokes
to anti-Stokes. The electrical signal was modulated onto the 1542.3 nm carrier
and the RF spectrum of the converted 1328.8 nm signal after photodetection
and ampliﬁcation is shown in this ﬁgure. A Signal-to-Noise Ratio (SNR) of
47 dBe is obtained over a 100 Hz bandwidth for the converted signal. Further
increase in bandwidth and SNR for the conversion requires ∆k close to phase
matching.
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Phase matching in submicron waveguides

Eﬃcient wavelength conversion in Silicon waveguides using the Raman susceptibility requires phase matching between the Stokes, anti-Stokes and pump
waves. The phase matching condition is an important part of waveguide
design since dispersion, and hence phase mismatch, depend on waveguide
dimensions.
The main contributions to phase mismatch are material, waveguide dispersion of the guiding silicon rib structure and birefringence. To achieve
phase matching, material dispersion has to be compensated by the combined
contributions of waveguide dispersion and birefringence [9]. The TPA induced free-carriers also result in change in refractive index and can alter the
phase matching condition. However, this eﬀect is negligible at pump powers
used in this work.
In waveguides with relatively large modal area (∼5 µm2 ) the contribution
of waveguide dispersion is insigniﬁcant and birefringence is the only viable
means for phase matching [9, 11]. However, in submicron modal area waveguides, such as the ones used in this work, birefringence increases dramatically
to the extent that it over-compensates the material dispersion [12]. Fortunately, waveguide dispersion also increases suﬃciently [13] that it can provide
eﬃcient conversion. This is veriﬁed in the experimental results of Fig. 3.
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5

Conclusions

We have demonstrated wavelength conversion in silicon waveguides with submicron modal area. The eﬀects of two photon absorption and free carrier
losses on the conversion process have also been analyzed. We ﬁnd that reducing the rib waveguide dimensions oﬀers two-fold advantage in increasing
the conversion eﬃciency and reducing the free carrier losses. We have measured a conversion eﬃciency of 1.7 × 10−5 , a value that is limited primarily
by phase mismatch. Dispersion engineering by proper rib-structure design
would enable phase matching and help in achieving high eﬃciency wavelength
conversion.
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