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Abstract—The benefits of using submicrometer modal-dimension silicon waveguides in realizing high-efficiency parametric
Raman wavelength conversion are demonstrated theoretically and
experimentally. The combined effects of Raman nonlinearities and
free-carrier losses induced by two-photon absorption (TPA) are
analyzed using the coupled-mode theory. The analysis indicates
that scaling down the lateral dimensions increases the conversion
efficiency of the Raman process and reduces the effective lifetime
of free carriers and hence ameliorates the free-carrier losses.
The feasibility of data conversion is demonstrated by coherent
transfer of the analog radio-frequency (RF) signal from Stokes
to anti-Stokes channels. The conversion efficiency, and hence
signal-to-noise ratio (SNR), and bandwidth of the conversion
process are found to be limited by the phase mismatch between the
pump, Stokes, and anti-Stokes fields. The dispersion properties
of submicrometer waveguides are also studied from the point of
view of achieving phase matching and enhancing the conversion
efficiency.
Index Terms—Integrated optics, nonlinear optics, Raman scattering, silicon-on-insulator (SOI), wavelength conversion.

I. INTRODUCTION

S

ILICON has many desirable physical and economical properties that render it a potential platform for optical and optoelectronic integration [1]. On the economics side, the quality
of commercial silicon wafers continues to improve while the
wafer cost continues to decrease. At the same time, nanoscale
device fabrication has entered volume manufacturing, keeping
alive the trend toward lower cost and higher performance.
Silicon photonics can, optimistically, be perceived as an extension of silicon complementary metal–oxide–semiconductor
(CMOS) technology that can meet the increasing demands for
faster interconnects on chip and between chips. Despite success
in making high-quality passive devices [2], silicon photonics
has been hindered by the lack of suitable active functionality.
Recently, good progress has been made in realizing active
functionalities. This includes light generation and amplification
in silicon nanocrystals [3], [7], Er -doped silicon waveguide
structures [4] and Er -doped silicon nanocrystals [5], [6].

Manuscript received September 20, 2004; revised February 28, 2005. This
work was supported by the MTO office of the Defense Advance Research
Project Agency (DARPA).
V. Raghunathan, D. Dimitropoulos, and B. Jalali are with the Department
of Electrical Engineering, University of California, Los Angeles (UCLA),
Los Angeles, CA 90095-1594 USA.
R. Claps was with the Department of Electrical Engineering, University of
California, Los Angeles (UCLA), Los Angeles, CA 90095-1594 USA. He is
now with Neptec Optical Solutions, Inc., Jefferson City, TN 37760 USA.
Digital Object Identifier 10.1109/JLT.2005.849895

Optical modulation using metal–oxide–semiconductor (MOS)
capacitance [8] and free-carrier dispersion effects [9] and
photodetection using silicon–germanium heterostructures [10].
Another approach toward realizing active functionalities is
to make use of the nonlinear optical properties of silicon. The
silicon-on-insulator (SOI) platform is best suited for nonlinear
optics, because of the high-index contrast between silicon and
, which results in the strong optical confinesilica
ment needed to observe optical nonlinearities. Recently, there
has been substantial interest in this direction with the demonstration of Raman amplification in continuous-wave [11]–[13]
and pulsed [14], [15] pumping conditions, anti-Stokes Raman
conversion [16], [17], supercontinuum generation [18], crossphase modulation [19], two-photon absorption (TPA) [20] and
four-wave mixing (FWM) [21].
This paper presents the theoretical and experimental results
demonstrating wavelength conversion using parametric Raman
nonlinearities in submicrometer modal-dimension silicon
waveguides. The interplay between the Raman conversion
process and TPA-induced free-carrier losses are studied using
the coupled-mode theory formalism. The analysis indicates that
scaling down the waveguide dimensions increases the conversion efficiency of the Raman process and reduces the effective
lifetime of free carriers, thereby suppressing the free-carrier
losses. The dispersion properties of these scaled waveguides are
also studied from the point of view of reducing phase mismatch
and enhancing the conversion efficiency.
II. THEORY
A. Parametric Raman Conversion
Stimulated Raman scattering involves the simultaneous generation of Stokes and anti-Stokes fields with the Stokes field experiencing amplification and exponential growth with length.
However, the extent to which the above assertion is true de, Stokes
pends on the phase mismatch between the pump
, and anti-Stokes
fields, which is given as
. As
tends to zero, the three fields experience
parametric coupling. This leads to exchange of information between the Stokes and anti-Stokes channels. The Raman amplification process is suppressed, and the Stokes/anti-Stokes fields
grow linearly with length. The vibrational energy levels of silicon and the parametric Raman interaction are shown in Fig. 1.
, the two processes shown in Fig. 1 strongly
Close to
couple through the mediation of coherently generated phonons
leading to coherent transfer of information between the Stokes
and anti-Stokes fields.
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Fig. 2. Electronic energy levels of silicon and the TPA process. Free carriers
generated during this process increase the overall loss. The carriers are depleted
by interface and surface defect state recombination and transit out of the optical
mode region in the rib structure.
Fig. 1. Vibrational energy levels of silicon and the Raman wavelength
conversion process. Modulated data in the Stokes input signal is coherently
converted to the anti-Stokes signal through the mediation of coherent optical
phonons.

In this regime, the Raman nonlinearities can be used to
perform wavelength conversion across widely spaced chanRaman shift
31.2 THz in silicon i.e., 200 nm
nels (
for telecom wavelengths). One of the applications of the
Raman wavelength converter in silicon is as a chip–scale
interface between present-day optical networks, which efficiently operate at 1550-nm band and silicon–germanium
detectors, which exhibit efficient response in the 1300-nm
band. In silicon, this process is more efficient than electronic
susceptibility-based FWM because the Raman susceptibility
cm V [22] is 44 times larger
than the electronic one
cm V [23].
However, the Raman process being resonant has a characteristic Lorenztian gain profile (bandwidth 105 GHz in silicon),
which determines the response of the conversion process to
wavelength detuning from the peak.
B. Two-Photon and Free-Carrier Absorption
TPA is another nonlinear optical process that occurs at high
pump intensities and could compete with the Raman nonlinearities. It has been experimentally found that the depletion of the
pump due to TPA is negligible at typical continuous-wave (CW)
pump powers used to observe Raman nonlinearities [11]. However, the free carriers generated during this TPA process lead
to nonlinear absorption losses that could reduce the observed
Raman nonlinearities. The energy levels of silicon and theTPA
and free-carrier absorption (FCA) are shown in Fig. 2.
This FCA process has been identified as a limit in all-optical
switching in III–V semiconductor waveguides [24] and has also
been studied in silicon waveguides [12]. The TPA-induced freecarrier loss is described by the Drude model [25] as

silicon and buried oxide interface and surface recombination at
the waveguide sidewalls (Fig. 2). In rib waveguides, the lifetime
is further reduced by lateral diffusion of carriers away from the
optically active waveguide core (Fig. 2). In rib-waveguide structures with width , rib height , and slab height , the effective
lifetime can be written as [27]

(2)
Here, refers to the bulk recombination lifetime (hundreds of
microseconds in bulk silicon). The other three terms refer to
the interface recombination lifetime, surface recombination at
the sidewalls, and transit time out of the modal area, respeccm/s,
could range from 10 cm/s to
tively.
10 cm/s, depending on the quality of the sidewalls, and
16 cm s are the effective surface recombination velocity and
ambipolar diffusion coefficient, respectively [27]. The bulk recombination lifetime is much larger than the other two contributions. Hence, the effective lifetime is determined by the dimenand , and the ratio
. Thus, (2) shows that
sions
reduces with scaling down of the rib dimensions, and this in
turn reduces the FCA losses. The reduction in FCA losses with
reducing dimensions holds true for constant pump intensities.
However, as the carrier lifetimes are reduced to 1 ns and lower
FCA losses reach negligible levels, Raman nonlinearities dominate over FCA effects, even with increasing pump intensities.
This is further explained in Section II-D.
C. Coupled-Mode Analysis

(1)

The evolution of the pump , Stokes , and anti-Stokes
fields along the length of the waveguide can be described by the
)
coupled-mode equations as (assuming
[22], [28]

cm/W for silicon),
Here, is the TPA coefficient (
is the pump wavelength,
is the effective carrier lifetime,
is the photon energy.
and
The carrier lifetime in SOI samples depend on the method
used for fabrication of the wafer and the film thickness, with
reported values ranging between 10 and 200 ns [26]. The lifetime is primarily limited by the interface recombination at the

(3)

m
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Fig. 3. Cross-sectional profile of the waveguide and the transverse-electric
(TE) mode coupled into the waveguide. The dimensions of the waveguide are
2 m, rib height H
0.93 m, and slab height h
0.48 m.
width w
Also shown is the crystallographic orientation of the SOI waveguides.

=

=

=

where ’s refer to the coupling coefficients, which are given as

(4)
refers to the linear absorption loss, which is assumed to be the
same for the three fields. However, since the three fields span
200 nm in wavelength, the linear losses could be different at
refers to the FCA losses as given
these wavelengths.
by (1). Depletion of the pump, Stokes, and anti-Stokes by the
TPA process has also been included. The phase mismatch
determines the extent of coupling between the Stokes and antiStokes fields. With the assumption
, the Raman gain coefficient is written as
cm/W [11], and
the contribution to the electronic nonlinearity is written as
cm/W [16]. The cross section of the SOI waveguide and its crystallographic orientation is
shown in Fig. 3. The dependence of the conversion efficiency on
the crystallographic axes can be described based on the selection
rules obtained using the Raman tensors [29]. Moreover, the relative polarization of the pump and signal with respect to the crystallographic axes determines the contribution of birefringence
to phase mismatch and hence the conversion efficiency. This is
further discussed in Section IV.
D. Theoretical Results and Discussions
The coupled-mode equations presented previously were
solved numerically. Conversion is assumed to occur from a
Stokes to an anti-Stokes wavelength with no initial anti-Stokes
signal. The conversion efficiency of the wavelength converis defined as
sion process across a waveguide of length
, with
. This theoretical analysis
also holds true for anti-Stokes-to-Stokes conversion, but the
. The
conversion efficiency differs by the factor
waveguides used in the experiments were simulated using
the beam-propagation method (BPM), and the modal profile
is shown in Fig. 3. From this, the modal area was extracted
to be 0.54 m . In all the theoretical results discussed here,
uniform linear propagation losses of
1 dB/cm and a

Fig. 4. Variation of conversion efficiency with pump intensity for
0 and (b) with phase mismatch
(a) phase-matched condition k
k 14 cm . The plots are shown for carrier lifetimes of 1, 10, and 100 ns
and no FCA effects. Also shown are the curves with no Raman susceptibility
, where only electronic nonlinearity is present.
involved G

1 =

1 =

( = 0)

waveguide length of
2.5 cm has been assumed, unless
stated otherwise.
The variation of conversion efficiency with pump intensity
is shown in Fig. 4 for the phase-matched case [Fig. 4(a)] and
for a phase mismatch of 14 cm [Fig. 4(b)]. The conversion is
most efficient at the phase-matched condition, and in this case,
with no FCA losses, the conversion efficiency varies quadrati, the variation is
cally with pump intensity [28]. For nonzero
more complex with pump intensity. The saturation of efficiency
for increasing carrier lifetimes is due to the TPA-induced FCA
losses. FCA effects are a concern for carrier lifetimes of larger
than 10 ns. For a lifetime of 1 ns and lower, the curves essentially
follow the case with no free-carrier losses, and hence free-carrier losses are negligible. Thus, scaling down of waveguide dimensions to achieve lifetimes of 1 ns offers a twofold advantage in enhancing the Raman nonlinearities due to an increase
in optical intensities coupled into the waveguide and reducing
FCA effects to negligible levels.
Conversion efficiency is also shown for the case in which
.
only electronic nonlinearities contribute to conversion
1 ns , the efficiency is
Even with negligible FCA losses
18 dB less than the Raman conversion case. This is because
of the weaker electronic susceptibility when compared with the
Raman contribution as discussed previously.
dependence of conversion efficiency on phase misThe
match at a fixed pump intensity of
W/cm is shown in
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Fig. 5. Dependence of conversion efficiency on phase mismatch is shown for
various carrier lifetimes and also for the case with no FCA effects.

Fig. 6. Dependence of conversion efficiency on phase mismatch is shown for
various pump intensities. The amplitude of the ripples reduces with increasing
intensity, and the shift of maximum efficiency to
is due to modulation
instability effects.

1k > 0

Fig. 5. The efficiency is strongly dependent on
with a reduction of more than 20 dB for
10 cm . This emphasizes
the importance of achieving phase matching in order to enhance
the conversion efficiency. Also shown in Fig. 5 are the curves
for various carrier lifetimes. As the efficiency reduces with increasing carrier lifetimes, the amplitude of the ripples is found to
increase. Many values of phase mismatch can achieve the same
, which achieves a
conversion efficiency, and the range of
given conversion efficiency, increases for larger values of phase
implies
mismatch. In general, the oscillatory dependence on
that phase mismatch must be accurately engineered to achieve
a given efficiency.
for varying pump inFig. 6 shows the efficiency versus
tensities. A carrier lifetime of 1 ns has been assumed. With increasing pump intensity, the conversion efficiency increases as
curve approaches a monotonically deexpected, and the
. This implies that at higher intensities,
creasing function of
the conversion efficiency is less sensitive to small variations in
. Higher intensities result from high pump powers or smaller
waveguide cross sections. The latter is preferred for multiple
reasons as it also reduces free-carrier accumulation, as discussed
previously. The slight shift in the peak conversion efficiency to
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Fig. 7. Evolution of conversion efficiency along the propagation direction for
are shown for
phase-matched case and phase mismatch of 10 and 50 cm
carrier lifetime of 1 ns. At phase mismatch, the ripples are due to the periodic
reversal of phase between the various field.

Fig. 8. Dependence of conversion efficiency on linear propagation losses are
shown for phase-matched case and a phase mismatch of 10 cm . Also shown
are the plots for carrier lifetimes of 1, 10, and 100 ns. For losses less than
0.55 cm or 2.5 dB/cm, the FCA losses dominate and determine the conversion
efficiency. However, for losses larger than 2.5 dB/cm, FCA effects are minimal,
but overall conversion efficiency is less due to high linear loss in this regime.

is due to modulation instability effects that occur at
[30].
The evolution of conversion efficiency along the propagation length is shown in Fig. 7 for a fixed pump intensity of
W/cm . The oscillatory nature of the curves for nonzero
is a manifestation of the periodic reversal in the phase relationships and, hence, the parametric conversion process as
determined by the coherence length [30]. The combined contributions of the linear propagation losses and the free-carrier
losses lead to the decrease in conversion efficiency with length.
Although it is beneficial under phase mismatch to use shorter
length waveguides to achieve higher conversion efficiencies, the
amplitude of the ripples also increases for shorter lengths, necessitating a more precise control of waveguide length.
Next, we show the dependence of conversion efficiency on the
linear propagation loss for various carrier lifetimes and
0 and 10 cm
(Fig. 8). A constant pump intensity of
W/cm has been assumed. We obtain two different regimes,
depending on the relative contribution of FCA loss to the overall
loss in the waveguide. As the linear propagation loss increases
and contributes significantly to the overall loss in the waveguide,
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the effect of FCA loss on the conversion process becomes negligible. The linear propagation loss at which this happens depends on the waveguide length and pump intensity achieved in
the waveguide. Under the given conditions, for linear loss of
less than 0.55 cm ( 2.5 dB/cm), FCA loss dominates. This
is seen from the different profiles for the curves corresponding
to various lifetimes. For losses larger than 2.5 dB/cm, the linear
loss dominates, and the curves for different lifetimes follow a
similar trend. However, as the linear propagation loss increases,
the conversion efficiency is also reduced significantly.
From this analysis, it is found that scaling down the waveguide dimensions to submicrometer dimensions and low propagation losses enhances the Raman nonlinearities and reduces
carrier lifetime and, hence, free-carrier effects. An increase in
pump intensity not only enhances Raman nonlinearities, but
also relieves the stringent requirements on phase mismatch to
close to
achieve high conversion efficiency. Engineering
zero would further help in enhancing the conversion efficiency.
Experimental results on scaled silicon waveguides are presented
in Section III. The various contributions to phase mismatching
and the different means to achieve phase matching are presented
in the Section IV.
III. EXPERIMENTAL RESULTS
The experimental setup used for wavelength conversion as
shown in Fig. 9 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
bandpass filter is used to extract the converted anti-Stokes signal
at 1328.8 nm (TE polarized) before observing the converted
power using an optical spectrum analyzer (OSA) or radio-frequency spectrum analyzer (RFSA). The SOI rib waveguide used
is 2.5 cm long with dimensions as shown in Fig. 3 and a modal
0.54 m . The propagation losses in these wavearea of
guides at 1328.8 nm were estimated to be 2.5 dB/cm using
the Fabry–Pérot resonance technique. The polarization configuration used in this paper is different from our previous report
[16], [17]. The reason for this is the different dispersion properties of the submicrometer modal-dimension waveguides as discussed in Section IV.
Total anti-Stokes-converted power of 2.3 nW is measured (see
inset of Fig. 10) at 1.8 mW of Stokes input power and 0.23 W of
pump. Taking into account the coupling losses, the net conver. The input Stokes wavesion efficiency is found to be
length was tuned from 1535 to 1550 nm, and the conversion
efficiency between the input (Stokes) and the converted output
(anti-Stokes) as obtained using the optical spectrum analyzer is
shown in Fig. 10. A clear peak is obtained at the Raman resonance, and the “satellite” peaks are a manifestation of the
functional dependence of conversion efficiency on phase mismatch, which in turn depends on the wavelength. The bandwidth
of the conversion process is determined by the Raman gain profile and the pump laser linewidth. It can be increased by using
many pump lasers or a broader linewidth pump laser. However,
the use of a broader pump would reduce the magnitude of the
Raman nonlinearities [11].

Fig. 9. Experimental setup for wavelength conversion, pump: pump laser
at 1427.3 nm. ECDL: External-cavity diode laser at 1542.3 nm (Stokes);
MOD.: modulator; BS: beam splitter; WG: waveguide; P (TE): polarizer
to collect TE0 mode; BPF: bandpass filter at 1328.8 nm (anti-Stokes);
PD.+Amp.: photodetector and amplifier; RFSA: radio-frequency (RF)
spectrum analyzer.

A figure of merit that characterizes the improvement in the
conversion process as the waveguide cross section is scaled
. For the submicrometer modal-dimendown is
W ,
sion waveguides used in this paper,
while in our previous report on micrometer-sized waveguides,
W [16], [17]. This improvement by more
than a factor of five can be attributed to the increased Raman
nonlinearities and the reduced carrier lifetime due to submicrometer modal-dimension waveguides.
The dependence of conversion efficiency on pump intensity
is shown in Fig. 11(a). Theoretical fit (solid line) to the experimental data using the analysis of Section II shows good agreein the range of
ment for an effective lifetime of 10 ns and
15–120 cm . The
dependence of efficiency on phase
, satisfying the obtained
mismatch leads to multiple values of
efficiency. This prevents us from extracting the exact value of
using this method. Using (2), the effective carrier lifetime
can be extracted to be 5 ns, depending on the surface recombination velocity. This is in reasonable agreement with the above
fit. When the pump and Stokes signals are cross-polarized, the
conversion is found to be less efficient as shown in curve b in
Fig. 11. This is because of the larger phase mismatch when compared with the parallel-polarized case, as will be discussed in the
next section.
The conversion of analog radio-frequency (RF) modulation
from Stokes to anti-Stokes channels is shown in Fig. 12. An RF
signal at 1.03 GHz was modulated at the Stokes wavelength
and converted to the anti-Stokes wavelength. The converted
anti-Stokes signal was detected and amplified before observing
the modulation using an RF spectrum analyzer. The output
shows a clear peak at 1.03 GHz with a maximum signal-to-noise
ratio (SNR) of 47 dBe, measured across a 100-Hz bandwidth.
The bandwidth and SNR of the converted signal are limited by
the conversion efficiency, which in turn is limited by the phase
mismatch.
IV. PHASE-MATCHING CONSIDERATIONS
Wavelength conversion in silicon waveguides using the
Raman susceptibility requires phase matching between Stokes,
anti-Stokes, and pump waves, which span 200 nm in wavelength. Such widely spaced channels make phase matching a
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Fig. 10. Variation of Stokes-to-anti-Stokes conversion efficiency as obtained using the optical spectrum analyzer for Stokes wavelength detuning from 1535 to
dependence of efficiency on k . The inset
1550 nm. Clear peak is obtained corresponding to the Raman resonance peak. The secondary peaks are due to the
shows the anti-Stokes-converted power for a pump power of 0.23 W and signal power of 1.8 mW. A maximum conversion efficiency of :
is obtained
using this data.

Sinc

Fig. 11. Experimental plot of conversion efficiency versus pump intensity:
(a) both pump and signal are TE polarized (no birefringence). Theoretical fit
shows good agreement for effective lifetimes 
10 ns. (b) Pump and
signal are TE- and transverse-magnetic (TM)-polarized, respectively (with
birefringence). With birefringence, the conversion is found to be less efficient.

=

necessary condition for high-efficiency conversion. Phase mismatch, and hence dispersion, in the waveguides are determined
by the waveguide structure and its dimensions.
The phase mismatch between the pump, Stokes, and antiStokes waves can be expanded in terms of its various contributions as

1 7 2 10

1

Fig. 12. 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.

assumed that only the fundamental modes interact in the conversion process. In multimode waveguides, higher order modes can
contribute to conversion, making the analysis more complicated.
The self- and cross-phase-modulation phase mismatches have
been calculated to be approximately 0.2 cm at typical CW
pump powers coupled into the waveguide [22]. Hence, the phase
mismatch due to these effects is negligible when compared with
the other dispersion contributions as explained subsequently.
The TPA-induced free carriers also lead to a change in refractive index due to free-carrier refraction effects. This can be
calculated based on the Drude model as [25]

(5)
Here, superscripts and refer to the TE or transverse-magnetic (TM) polarizations. The right-hand side of the equation
includes the effects of birefringence, material dispersion, waveguide dispersion, and phase mismatch due to self-/cross-phase
modulation, and free-carrier refraction, respectively. Here, it is

m

At carrier concentration
achieved at a pump intensity of

(6)
10 cm , which is
W/cm and
10 ns,
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TABLE I
MODAL INDEX AT PUMP, STOKES, AND ANTI-STOKES WAVELENGTHS ALONG
WITH THE PHASE MISMATCH DUE TO FREE-CARRIER REFRACTION.
DIFFERENT POLARIZATION CONFIGURATIONS ARE ALSO CONSIDERED

the contribution of free-carrier refraction to phase mismatch
can be written as
(7)
Table I lists the free-carrier refraction phase mismatch for
various polarization configurations. The effective modal index
was calculated for the waveguide structure using BPM simulations. Here, TE–TE and TM–TM refers to pump, Stokes,
and anti-Stokes waves having same polarization, and TE–TM
and TM–TE refers to a cross-polarized configuration of pump
and Stokes/anti-Stokes waves. The phase mismatch due to freecarrier refraction is negligible at the pump intensities achieved
under CW pumping. Hence, we can conclude that the presence
of free carriers does not materially change the phase-matching
criterion.
The material dispersion of silicon follows the Sellemier equation and, being in the normal dispersion regime, the contribution
to phase mismatch is on the order of 110 cm at the pump
wavelength used in our experiments. This is significant and has
to be compensated by the combined contributions of birefringence and waveguide dispersion effects [22].
The change in the relative contributions of birefringence and
waveguide dispersion as the waveguide dimensions are scaled
to submicrometer sizes are studied hereafter based on BPM
simulation (see Fig. 13). In these simulations, the rib-waveguide
and
. In waveguides
dimensions are taken as
with micrometer-sized dimensions, waveguide dispersion
is close to 10 cm , and birefringence can be made close to
100 cm by choosing appropriate rib-waveguide dimensions
in order to cancel material dispersion [22]. As the waveguide
dimensions are scaled down to submicrometer regimes, both
birefringence and waveguide dispersion increase. Birefringence
increases dramatically [Fig. 13(a)] to the extent that it overcompensates the material dispersion. Similar dispersion curves
have been obtained for dense-wavelength-division-multiplexed
(DWDM) components [31]. Fortunately, waveguide dispersion
also increases [Fig. 13(b)] sufficiently such that it can provide
efficient conversion without the contribution of birefringence.
This is clearly observed in the experimental results of Fig. 11,
where without birefringence, high conversion efficiency is
achieved, whereas with birefringence, the efficiency is significantly lower.
As the rib dimensions are reduced further, waveguide dispersion is found to reach a maximum positive value and then reduce

Fig. 13. Variation of (a) birefringence and (b) waveguide dispersion as the
rib-waveguide dimensions are scaled down. The scaling is done with H = w
and slab height h = 0:6H . Both birefringence and waveguide dispersion
increases with reduction in dimensions. Birefringence increases dramatically
110 cm ).
such that it overcompensates for material dispersion (
Waveguide dispersion also increases and can be used to partially cancel out
material dispersion without the contribution of birefringence.

 0

Fig. 14. Variation of waveguide dispersion as the channel waveguide
dimensions are scaled down. The scaling is done with H = w . Waveguide
dispersion increases substantially that it can be used to compensate material
dispersion of 110 cm completely and provide phase matching.

0

and eventually become negative [32]. This would result in partial compensation of material dispersion and limit the minimum
achievable phase mismatch. However, waveguide dispersion increases substantially as the slab region is etched and the waveguide approaches channel geometry. The variation of waveguide
dispersion in a channel waveguide as the dimensions are scaled
down is shown in Fig. 14. Similar dispersion curves have been
obtained for silicon wire waveguides [32]. Considering only
fundamental modes to interact, channel waveguides of dimensions 0.7 m 0.7 m and 0.3 m 0.3 m attain enough
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waveguide dispersion to completely cancel out material dispersion and hence achieve phase matching. However, the slope of
versus curve in Fig. 14 suggests that for
0.4 m,
the
waveguide dispersion is extremely sensitive to height variations,
making it difficult to control the dimensions in order to achieve
phase matching.
V. CONCLUSION
Parametric Raman nonlinearities and its application in realizing wavelength conversion are studied theoretically and
experimentally in submicrometer-modal-area silicon waveguides. The combined effects of Raman nonlinearities and
free-carrier losses induced by two-photon absorption (TPA)
nonlinearities have been analyzed using the coupled-mode
equations. It is found that reducing carrier lifetime close to
1 ns would reduce free-carrier effects to negligible levels.
Scaling down the waveguide dimensions to submicrometer
regimes would help in enhancing the Raman nonlinearities
and reducing the free-carrier lifetime. High optical intensity
also relieves the stringent requirements on phase mismatch to
achieve high conversion efficiency. Experimentally, a converhas been obtained. The figure of
sion efficiency of
merit of the conversion process, which is defined as the ratio
of the conversion efficiency to the effective pump power in
these waveguides, is found to be more than five times larger
than the authors’ previous report on micrometer-sized waveguides. This improvement can be attributed to the increased
Raman nonlinearities and reduced carrier lifetime. The feasibility of this scheme toward data conversion has also been
demonstrated. The dispersion properties of these waveguides
are found to be different from the authors’ previous work on
micrometer-sized waveguides. In the submicrometer regime,
the waveguide dispersion increases so significantly that it can
help in partially compensating material dispersion and achieve
efficient conversion. It is also found that submicrometer channel
waveguides can help achieving complete phase matching and,
hence, enhance the conversion efficiency by several orders of
magnitude.
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