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Abstract—Core-pumped silicon Raman amplifiers reported so
far have exhibited gains of 4 dB or less in continuous-wave operation, limited by free-carrier absorption. Here we propose a device design that mitigates the problem of free-carrier absorption
and leads to significantly higher gain values. In the new design, we
surround the silicon waveguide with an additional rib-shaped passive cladding with a refractive index between that of silicon and
the silica buffer. By injecting the pump power into the cladding,
instead of directly into the silicon core, the overlap of the pump
power with the silicon core is reduced and thus the effect of freecarrier absorption on the pump is weakened. The amplifier may
therefore be made much longer, and higher total gains be achieved
than in conventional core-pumped amplifiers. We present a detailed analysis of a design where a total gain as high as 18 and
34 dB may be achieved with pump powers of 300 mW and 1 W,
respectively. We describe the model we have developed to design
and optimize cladding-pumped silicon Raman amplifiers. Explicit
expressions are formulated for the nonlinear effective areas for
stimulated Raman scattering and two-photon absorption in silicon
waveguides, taking into account the differing tensorial structures
of these nonlinearities.
Index Terms—Free-carrier absorption, Raman amplifiers, silicon nitride, silicon photonics.

I. INTRODUCTION

T

HE field of silicon photonics has seen significant progress
in the last few years [1], [2]. One of the many successes
is that a viable optical gain mechanism has been found in the
form of stimulated Raman scattering (SRS), which is the optical
amplification of a signal or “Stokes” wave in the presence of a
strong pump wave. By injecting the signal and the pump into
the core of a silicon waveguide, one can thus obtain a silicon
Raman amplifier (SRA) [3]–[8]. Furthermore, the Raman effect
has also been used to successfully realize lasers [9], [10] and
wavelength converters [11] in silicon.
In principle, SRS amplification is possible for all wavelengths
where silicon is transparent, i.e., from 1.2 m towards longer
wavelengths, as long as a suitable pump source is available: for
SRS to work, the optical frequency of the pump wave must be
larger than that of the Stokes wave by an amount that depends
on the material—in silicon, the “Raman shift” is approximately
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15.6 THz [3]. This spectral freedom is in contrast to amplifiers
based on rare-earth dopants such as erbium-doped waveguide
amplifiers (EDWAs) [12], which are restricted to a rather narrow
signal-wavelength range. One particularly promising use of
SRAs is therefore in the form of compact stand-alone amplifier
modules for optical-communications wavelengths that are not
covered by EDWAs (for example, the 1300-nm band). The
devices proposed in this paper are meant for such applications.
Because of their very long waveguide lengths, our devices are
not suitable for integration with CMOS and, hence, we are not
proposing them as amplifiers for on-chip optical interconnects.
After the first experimental demonstration of SRS in a silicon
waveguide in 2003 [3], SRAs have been improved to the point
that gains of up to 4 dB under continuous-wave (CW) operation have been demonstrated [8]. A further increase of the gain
is currently limited by nonlinear absorption effects that set in at
high pump powers: two-photon absorption (TPA) generates free
charge carriers in the silicon-waveguide core which accumulate
and lead to significant additional optical losses, namely free-carrier absorption (FCA) [13]. As a result, it does not help to simply
increase the pump power indefinitely; for each SRA there is a
certain pump power beyond which the amplifier gain will decrease again. The maximum possible gain for a given waveguide
technology is only achieved for a single optimal amplifier length
and pump power [14].
To mitigate the problem of FCA and increase the gain of
SRAs, several approaches have been used. On the one hand, the
lifetime of the TPA-generated charge carriers can be reduced
by implantation of helium [15], argon [16] or oxygen [17], or
the carriers can be extracted from the silicon core by means of
an externally applied electric field in a p-i-n junction [8], or by
exploiting the built-in field of the junction [18]. However, such
a carrier sweep-out is only partially effective because at high
pump intensities, the TPA-generated carriers screen the junction field and render the diode ineffective [19]. Exponential tapering of the effective mode area would permit arbitrary total
gain, but is limited by the minimum effective area practically
achievable [20]. On the other hand, we have recently proposed a
cladding-pumped amplifier structure, in which the pump power
is injected not directly in the silicon core but in an additional
surrounding cladding without significant nonlinear absorption
[21]. The pump power is then attenuated less by FCA due to the
smaller overlap of the pump mode with the silicon core, and the
entire amplifier can be made longer, thus delivering more gain.
Drawbacks of the design presented in [21], however, are the
large silicon-core dimensions which require large pump powers
for achieving Raman gain. Furthermore, both the core and the

0018-9197/$25.00 © 2008 IEEE

KRAUSE et al.: GAIN ENHANCEMENT IN CLADDING-PUMPED SILICON RAMAN AMPLIFIERS

Fig. 1. Waveguide cross section for the proposed cladding-pumped silicon
Raman amplifier.

rectangular cladding in [21] are heavily multimoded, which can
in practice result in undesired mode interference, leading to excessive TPA and thus FCA.
In this paper, we present an improved design for a
cladding-pumped silicon Raman amplifier operating in the
1300-nm (O-band) region, and we provide details on our
full-vectorial mathematical model. The improved design
includes a rib structure for the cladding waveguide that judiciously removes all undesired higher order modes. By using
reduced cross-sectional dimensions compared to the design
presented in [21], we show that it is possible to achieve CW
gains exceeding 30 dB with pump powers on the order of 1 W.
The outline of the paper is as follows. Section II introduces
the geometry of the cladding-pumped silicon Raman amplifier
and the model we use to simulate and optimize these devices.
Section III introduces a particular design exhibiting significantly
increased gain compared to conventional core-pumped SRAs
and discusses the mechanisms that support the gain enhancement. Section IV analyzes the influence of deviations from the
ideal design specifications, and Section V studies the gain as a
function of the linear losses and the effective carrier lifetime.
Finally, Section VI concludes the paper, and Appendixes A and
B present further details of our mathematical model.
II. GEOMETRY AND MODEL
A. Geometry
Fig. 1 schematically shows the waveguide cross section for a
cladding-pumped silicon Raman amplifier. The proposed structure consists of a rectangular silicon waveguide core on top of
a silica buffer layer. It is covered by a rib-shaped cladding the
refractive index of which lies between that of silica and silicon,
. In the simulations for this paper,
i.e.,
, corresponding to silwe use a refractive index of
icon nitride [22], which can be integrated relatively easily with
the processing of the rest of the structure. Materials with a similar refractive index that could be used alternatively are tantalum
pentoxide or titanium dioxide.
The signal light to be amplified at the Stokes wavelength is
guided in the fundamental mode of the entire structure, which
is highly confined to the silicon core. While in a conventional
core-pumped SRA [3]–[8], the pump power is also injected into
the core, we here propose to inject the pump light in the only
higher order mode of the structure, which is mainly guided in the
cladding. Fig. 2(a) and (b) shows the mode-intensity profiles for

693

a possible choice of the Stokes and pump modes, respectively.
By using a rib-shaped cladding, we make sure that only these
two desired modes (and their orthogonally polarized, though
unused, counterparts) are guided by the structure.
In order to launch the pump and Stokes beams into the
cladding-pumped amplifier, the Stokes waveguide (silicon
core) could at some point be sharply curved by 90 degrees
and routed away from under the cladding rib waveguide. Then
standard techniques can be used to launch the Stokes light into
the bare silicon core, while the pump power can be injected by
focusing it onto the large lobe of the remaining rib waveguide
made from the pure cladding material. At that point where the
silicon core joins perpendicularly the pump waveguide, the
pump will suffer small diffraction losses, but the length of this
transition region can be kept on the order of a few micrometers
by making use of the sharp bending radii that are possible for
the silicon waveguide. In fact, we have found that it is most
important to avoid an adiabatic passage of the silicon core from
under the rib to the outside region because then the cladding
pump mode is dragged along with the silicon core, and pump
power can then not be injected as described above.
B. Differential Equations
and
In our model, the CW pump and Stokes powers
evolve along the waveguide according to the differential
equations [23], [24]

(1)

(2)
where is the longitudinal coordinate and the five terms on the
right-hand sides of (1)–(2) represent, respectively, linear losses,
SRS, degenerate TPA, nondegenerate TPA, and FCA.
The linear loss coefficients at the pump and Stokes waveand
are given by
and , respectively. The
lengths
remaining physical quantities involved in (1)–(2) are explained
in detail in Section II-C–E.
C. Stimulated Raman Scattering (SRS)
The strength of SRS is expressed in (1)–(2) as the ratio of the
Raman-gain constant of bulk silicon, , and the effective area
that describes the influence of the waveguide geometry.
For waveguides with the usual orientation, namely along the
[011] direction on a (100) surface [25], [8], this effective area
takes the form [see (35) in Appendix A]

(3)
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Fig. 2. (a) Mode-intensity profiles of the Stokes and (b) pump of a cladding-pumped silicon Raman amplifier. While the Stokes light to be amplified is guided in
the silicon core, the pump mode is guided mainly in the (nonabsorbing) cladding and is thus scarcely attenuated by FCA.

where
is the vacuum impedance,
are the (linear) refractive indexes of silicon at the pump and Stokes wavelengths,
are the electric fields of the pump and Stokes modes with real
are
transverse and imaginary longitudinal components, and
the corresponding mode normalizations
(4)
where
are the magnetic fields of the modes, is the unit
vector in the propagation direction , and the integration is over
the entire transverse plane
. In (3), we use superscripts to
denote the cartesian components of the fields with respect to the
, the
coordinate system defined in Fig. 1, and
in
asterisk denoting complex conjugation. The factor of
front of the second term on the right-hand side of (1) expresses
photon-number conservation.
D. TPA

E. FCA
In this Section we will derive an expression for the chargethat occurs in the last terms describing FCA
carrier density
on the right-hand sides of (1)–(2).
As we are dealing with optically generated charge carriers
without externally applied electric fields, the carrier dynamics
are well described by ambipolar diffusion [27], [28], i.e., the
electron and hole densities may be assumed to be equal at each
point as in [13] and [29]. Furthermore, we assume that the
and
in the waveguide vary slowly
optical powers
enough along the propagation direction such that the carriergeneration rate and thus the steady-state carrier density vary
with only on a scale large compared to the carriers’ diffusion
length. This reduces the carrier-diffusion problem to a locally
two-dimensional process taking place only in the transverse
of the waveguide. The steady-state
cross-sectional plane
carrier density
then obeys the diffusion equation [27]
(6)

Similar to the SRS gain, the attenuation caused by TPA is expressed in (1)–(2) in terms of the bulk-silicon TPA coefficients
and certain effective areas.
and
are
On the one hand, the material parameters
the degenerate-TPA coefficients of silicon at the pump and
is the nondegenerate
Stokes wavelengthts, respectively.
(pump Stokes) TPA coefficient “seen” by the Stokes wave,
in front of the fourth term on the
and the factor of
right-hand side of (1) expresses the fact that photons are removed from the pump and Stokes beams in equal numbers by
nondegenerate TPA.
On the other hand, the three effective areas for TPA occurring
in (1)–(2) are given by [see (27) in Appendix A]

(5)
which we have derived under the assumption that the
tensor
describing TPA in silicon is isotropic and fulfills the Kleinman
symmetry condition [26] (see the discussion in Appendix A).

where is the ambipolar diffusion constant,
is the local
TPA carrier-generation rate, and is the bulk carrier lifetime.
At the interfaces between silicon and the surrounding waveguide materials, fulfills the boundary condition
(7)
where is a unit vector normal to the interface and directed
outward, and is the recombination velocity at the interface.
exIn order to solve (6)–(7) for the carrier density
.
actly, we need to know the local carrier generation rate
The spatial distribution and the magnitude of the generation rate
will depend on the field shapes and powers of the pump
and Stokes modes. However, a simple general solution for can
be obtained when we assume, as in [29], that the carrier diffusion is so fast that the steady-state carrier density is constant,
, in those regions of silicon where the mode fields
are concentrated. Consequently, the solution of (6)–(7) does not
depend on where exactly the carriers are generated in the waveguide cross section, but only on how many of them are generated
in total. Mathematically
(8)
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where
is the total number of carriers generated through
TPA in the entire cross section of the waveguide per unit time
is a constant of proporand per unit waveguide length, and
tionality with unit s/m which depends only on the waveguide
geometry and the two material parameters, bulk recombination
lifetime and interface recombination velocity . The constant
can be related to the effective carrier lifetime of the waveguide, see Appendix B.
occurring in (8) can be derived
The total generation rate
of the waveguide. The differenby considering a thin slice
tial equations (1)–(2), rewritten in terms of photon fluxes, then
show how many photons are absorbed by TPA in that slice per
unit time. Finally, by requiring that for each two absorbed photons, an electron–hole pair is generated, an expression for
is obtained. As a result, the free-carrier density is given by
(9)
are the optical frewhere is Planck’s constant,
quencies of the pump and Stokes waves, and is the speed of
light in vacuum. The last term in brackets in (9) results from the
two nondegenerate TPA contributions to (1)–(2) and can alter,
natively be written in the equivalent form
is the nondegenerate TPA coefficient
where
for the pump wave, see Appendix A.
Finally, the FCA “seen” by the pump and Stokes waves is
, where
[13] and
are
given by
confinement factors quantifying the overlap of the modes with
the silicon core
(10)
which corresponds to the standard perturbation result for the
modal attenuation caused by an absorbing waveguide profile [30].
F. Simulation Parameters
Throughout this paper, we assume pump and Stokes wavenm and
nm, respectively,
lengths of
which are separated by the silicon Raman shift of 15.6 THz.
For the refractive indexes of silicon and silica, we evaluate the
and
standard Sellmeier formulas at 1220 nm giving
, respectively [31], [32].
For the three TPA coefficients we use the values
cm/GW,
cm/GW and
cm/GW,
which have been obtained from the model of [33] calibrated
such that the degenerate-TPA coefficient at a wavelength of
1427 nm has a rather high value of 0.7 cm/GW [13], so that we
do not underestimate the effects of nonlinear absorption. The
values thus obtained are in the range of those recently reported
for the 1200-nm region [34], [35]. For the Raman-gain coefficm/GW, which corresponds
cient we use the value
to a value of 20 cm/GW at a pump wavelength of 1427 nm,
scaling law as in [36].
assuming a
We use a full-vectorial mode solver [37] to calculate the
modes of the various analyzed structures of the type shown in
Fig. 1. We choose the predominantly -polarized fundamental
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mode for the Stokes mode, and the next-higher order predominantly -polarized mode for the pump (cladding) mode. Using
(3), (5), and (10) we then calculate the effective areas and
confinement factors required for the simulation of the amplifier
characteristics on the basis of (1)–(2).
G. Solution of the Model Equations
The ordinary differential (1)–(2) can be integrated numerically for a given input pump power
and input Stokes
from
to
. The total gain of the amplifier
power
can then be calculated from
(11)
We assume unsaturated operation of the amplifier in the remainder of this paper, i.e., the Stokes powers are so small that the
longitudinal evolution of the pump power is not significantly influenced by them. Still, in general the gain of the amplifier must
be calculated numerically. However, generalizing the results obtained in [14] it can be shown that for given material parameters
and fixed Stokes and pump modes, the unsaturated gain of the
cladding-pumped amplifier is maximized only when choosing a
specific optimal amplifier length and optimal pump power. This
maximum possible gain as well as the corresponding optimal
length and pump power can be derived in explicit form, which
can significantly speed up the optimization process.
III. GAIN ENHANCEMENT IN CLADDING-PUMPED SRAS
We now proceed to quantitatively illustrate how the concept
of the cladding-pumped silicon Raman amplifier can increase
the gain compared to conventional core-pumped amplifiers.
Later in Section III-D we will explain the reason for the increased gain.
While in the previously presented design for a claddingpumped silicon Raman amplifier [21] we used a highly multimode silicon core with dimensions of 2.0 1.5 m , in this
section we will discuss a new design with much smaller core
nm and
nm. These
dimensions of
dimensions are such that with an infinite upper cladding, the
waveguide would support only the fundamental mode (in the
two polarizations). With a rib-shaped upper cladding (as in
Fig. 1), the structure may guide additional modes. We will
show that the rib can be designed such that there is only one
additional mode with the power mainly guided in the cladding,
which is the one we will use as the pump mode, compare
Fig. 2(b).
A. Maximum Possible Gain
In order to illustrate the potential of the cladding-pumped
silicon Raman amplifier, we first consider the maximum gain
that is possible with the structure for given material parameters and unlimited pump power, and compare the result with the
core-pumped case. In Section III-G, we will consider practical
limitations on the pump power.
Consider first the core-pumped case. We assume that the
linear losses of the fundamental mode of the structure (used
dB/cm,
for both the pump and the Stokes power) are
ns. These
and that the effective free-carrier lifetime is
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Fig. 3. For unlimited pump power: (a) maximum possible gain of cladding-pumped silicon Raman amplifiers versus cladding height
and etch depth
,
and (b) the corresponding optimal lengths and (c) pump powers. If the pump power were injected directly into the silicon core, the maximum possible gain would
be only 6.1 dB. The thick solid lines enclose the region where the structure guides only the two desired Stokes and pump modes shown in Fig. 2 and no higher
order modes.

are typical values for silicon waveguides of the considered
dimensions [4], [38], [6]. Using the approach described in
Section II-G, we find that the maximum possible gain that can
be achieved by core-pumping this waveguide is 6.1 dB, which
is attained only for the optimal amplifier length of 2.6 cm and
the optimal pump power of 350 mW. More pump power than
this can not be usefully employed here, as the amplifier gain
will then decrease [14].
Now we turn to the present case of cladding pumping. We
assume that the linear losses of the pump mode are lower
dB/cm,
than those of the Stokes mode, namely only
since the scattering losses are usually the smaller the larger
the waveguide is (however, as we show in Section V, the
cladding-pumped SRA is superior for equal pump and Stokes
loss coefficients as well, see Fig. 10). When we arbitrarily
m, we still have
choose a cladding rib width of
and etch
the two unspecified parameters cladding height
. Fig. 3(a) shows the maximum possible gain of the
depth
cladding-pumped amplifier as a function of these two parameters, while Fig. 3(b) and (c) show the corresponding optimal
lengths and pump powers, respectively.
As can be seen in Fig. 3(a), the maximum possible gain of
the cladding-pumped amplifiers is significantly higher than the
mere 6.1 dB achievable with the corresponding core-pumped
amplifier for all considered choices of the cladding rib height
and etch depth
. For example, for a cladding height of
m and an etch depth of
m, the maximum possible unsaturated gain is 40 dB. For this gain to be
achieved, the amplifier must be 13 cm long and supplied with a
pump power of 2 W. Also, there is considerable design freedom:
amplifiers with the same gain can be obtained for all other rib
dimensions along the 40-dB contour line in Fig. 3(a), while the
required amplifier lengths and pump powers remain approximately the same, because the contour lines in Fig. 3(a)–(c)
follow similar paths.
B. Single-Mode Claddings
The two thick lines in each of Fig. 3(a)–(c) enclose the region
of cladding dimensions for which the structure has no modes
other than the desired fundamental mode for the Stokes light

Fig. 4. Maximum possible gain (solid) of cladding-pumped amplifiers as a
m.
function of the available pump power for a fixed cladding height
Also shown is the optimized amplifier length (dashed), the optimized cladding
etch-depth
(dashed-dotted) and the corresponding pump confinement factor
(dotted).



D

L

H = 2:5 

in the core and a second-order mode for the pump light mainly
guided in the cladding, as shown in Fig. 2. In the region above
the upper-left thick line in Fig. 3, no guided mode other than the
fundamental mode exists, and the pump power can then not be
guided by the cladding.
A cladding with only a single pumping mode is desirable for
two reasons. On the one hand, it makes it possible to cleanly
launch the pump power into the cladding. If more guided modes
were excited, these could produce an irregular interference pattern inside the silicon core. In the peaks of this pattern, TPA and
thus FCA would be particularly strong, and the amplifier would
deliver less total gain than possible if only one pump mode were
present.
On the other hand, even if the launching conditions were such
that in a multimode cladding only the desired pump mode was
excited, the same undesired interference effects could occur because waveguide irregularities could eventually couple the pump
light between different modes. This coupling would be particularly strong between the various cladding modes, because they
lie closest to each other in space
and usually low-frequency irregularities predominate. By using a rib-shaped cladding, the higher order cladding
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Fig. 5. For maximum available pump power of 300 mW: (a) maximum possible gain of cladding-pumped silicon Raman amplifiers versus cladding height
and etch depth
, and (b) the corresponding optimal lengths and (c) pump powers. If the pump power were injected directly into the silicon core, the maximum
possible gain would be only 6.1 dB. The thick solid lines enclose the region where the structure guides only the two desired Stokes and pump modes shown in
Fig. 2 and no higher order modes.

D

modes and thus undesired scattering-based interference effects
are suppressed. Scattering of the pump mode with
to the close-lying radiation modes of the silica substrate
will then be responsible for the biggest part of the total
of the pump mode. As we show below, the
scattering losses
technology has to be optimized such that these losses are low,
otherwise the cladding-pumped amplifier has no advantage over
direct core pumping (see Fig. 10). Therefore, if these losses are
low enough, the even weaker coupling of the pump mode to the
remote (in space) fundamental mode will not impair the amplifier operation.
C. Gain for Practical Pump Powers
In Section III-A, we discussed the maximum possible gain of
our cladding-pumped SRA for the case that the available pump
power was unlimited. Fig. 3(a) shows that unsaturated gains exceeding 70 dB are possible with the chosen structure, but that the
required pump powers would be more than 10 W, see Fig. 3(c).
The question arises now what gains can be achieved with practical pump powers. To this aim, the thick solid curve in Fig. 4
shows the achievable gain as a function of the available pump
power. In calculating this curve we have chosen a fixed cladding
m, and we have optimized the ampliheight of
fier length as well as the cladding etch-depth
[the latter
only in the range between 0.2 and 1.2 m, corresponding to
the single-moded part of the horizontal axis in Fig. 3(a)]. Fig. 4
shows that even with pump powers as low as 200 mW, gains exceeding 10 dB can be achieved with a cladding-pumped SRA.
As another illustration, from now on we place an upper limit
of 300 mW on the available pump power. This power limit
is within the reach of cheap and compact laser diodes based
on self-assembled In(Ga)As–GaAs quantum dots [39]. Highpower quantum-dot lasers operating from 1.0 to 1.3 m are commercially available [40]. Given this pump-power limit, Fig. 5(a)
shows the maximum gains that are possible in our claddingand etch
pumped SRA as a function of the cladding height
, while Fig. 5(b) and (c) shows the corresponding opdepth
timal amplifier lengths and pump powers, respectively. It is seen
that even with a pump-power limit of 300 mW, significant gains

Fig. 6. Characteristics of a cladding-pumped silicon Raman amplifier optimized for a pump power of 300 mW (thick solid curve), and for SRAs with
and
(thin curves). The
slight deviations in the silicon-core dimensions
thick dotted curve shows the characteristics of the optimal core-pumped SRA.

W

H

of more than 18 dB can be achieved with the cladding-pumped
SRA, while the core-pumped SRA could deliver only 6.1 dB,
see Section III-A. However, for configurations above the thick
dotted line in the upper left corner of Fig. 5, the pump power is
not sufficient to achieve any positive gain, because the cladding
is simply too large—the fraction of the pump power that overlaps
with the silicon core is too low to produce enough Raman gain.
Finally, the thick solid curve in Fig. 6 shows the amplifier
characteristics (unsaturated gain versus pump power ) for
one of the configurations of Fig. 5(a) with the maximum posm and
m, while
sible gain, namely for
the thick dotted curve in Fig. 6 shows the characteristics of the
optimal core-pumped amplifier.
D. Principle Behind Gain Enhancement
As compared to the core-pumping concept, in claddingpumped SRAs the effect of FCA on the pump power propagating in the amplifier is weakened by keeping it away from
the silicon; only a small part of the pump mode extends into
the silicon core [see Fig. 2(b)] and amplifies the Stokes mode
through SRS. It also generates free carriers through TPA, as in a
conventional core-pumped amplifier, and the resulting FCA will
affect both the Stokes and the pump mode. However, the pump
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Fig. 8. Radiation losses of the cladding-pumping mode per 90-degree bend in
the waveguide with cladding height H = 2:5 m versus etch depth D for
three different radii of curvature R .

Fig. 7. (a) Longitudinal evolution of the pump power P (z ) (solid) and the
corresponding local Stokes gain (z ) (dashed) in a cladding-pumped amplifier
(thick) and the optimal core-pumped amplifier (thin). In the cladding-pumped
amplifier, the pump power decays much slower due to pump-FCA mitigation;
additionally the local Stokes gain can be larger than in the core-pumped ampli according to (9).
fier. (b) Corresponding free-carrier density N

mode is much less affected, because it is concentrated outside
of the silicon and thus overlaps only slightly with the free
carriers. If the cladding is large enough, the pump power can
propagate without being significantly attenuated by FCA—the
main effect limiting the efficiency of core-pumped amplifiers
[14] has thus been reduced. Consequently, the amplifier can be
longer than in the core-pumped case and deliver more gain.
However, the larger the cladding (i.e., the further the pump
mode is extracted from the silicon), the more pump power must
be injected in order to keep the pump intensity in the silicon
core high enough to enable Raman amplification. Therefore, the
practically available pump power will set an upper limit to the size
of the cladding and thus to the amount of pump-FCA reduction.
This is reflected in the optimization result shown in Fig. 4: for low
available pump powers, the optimized cladding etch-depth
(dashed-dotted) as well as the corresponding pump confinement
factor (dotted) are larger than for high available pump powers.
The solid curves in Fig. 7(a) illustrate the effect of pump-FCA
mitigation. The thin solid curve shows the pump-power evolution along the waveguide for the optimal core-pumped amplifier: the pump power decays rapidly due to a strong overlap
of the pump with the silicon core
and the corresponding strong FCA. In contrast, the thick solid curve in Fig. 7
shows the pump-power evolution in the cladding-pumped amplifier optimized in Fig. 4 for a pump power of 1.1 W. Here, the
pump power decays much more slowly, because the overlap of
the pump mode with the silicon is now only
. The
cladding-pumped SRA can consequently be much longer than
the core-pumped SRA, thus the total gain is higher. Note that
the actual free-carrier density inside the silicon core is comparable in the two cases, which is shown in Fig. 7(b).
Finally, in the considered cladding-pumped SRA the local
Stokes gain is larger than in the core-pumped case. This effect is
illustrated by the dashed curves in Fig. 7, which show the evolution of the local Stokes gain
[defined in (2)] along the waveguide. While for the core-pumped amplifier [thin dashed curve

in Fig. 7(a)], the local Stokes gain never exceeds 5.8 dB/cm, in
the cladding-pumped amplifier (thick dashed curve) it can evidently be higher, namely 8.9 dB/cm here, which further contributes to the large total gain of the cladding-pumped SRA.
E. Bending Losses
As the optimal lengths of cladding-pumped SRAs may be on
the order of tens of centimeters [see Fig. 3(b)], the waveguide
shown in Fig. 1 will have to be at least partly curved to fit onto a
silicon chip. It is, therefore, necessary to design the waveguide
such that small curvature radii are tolerated without introducing
too high losses. The losses in a waveguide bend consist of two
contributions: the pure radiation loss which can be calculated
from the imaginary part of the complex propagation constant of
the leaky mode [37], and the loss that occurs at the transition
from the straight to the curved waveguide.
Fig. 8 shows the pure radiation loss, calculated as in [37], of
the cladding-pumping mode per 90-degree bend as a function
, while the total cladding height
of the cladding etch-depth
has been kept fixed at
m (as in Fig. 4). Fig. 8 shows
that the bending loss decreases when etching the rib cladding
further down, i.e., by increasing
. However, an upper limit
to the etch depth is given by the onset of additional undesired
cladding modes at
m (see Section III-B). For example, the waveguide corresponding to the cladding-pumped
SRA whose characteristics are shown as the thick solid line
in Fig. 6 (
m) can be curved with radii down to
0.5 mm, where the bending loss still has an acceptable value of
0.15 dB per 90-degree bend. The transition losses, on the other
hand, can be avoided by smoothly varying the radius of curvature along the propagation direction instead of having an abrupt
transition from
(straight waveguide) to the desired .
Finally, note that the fundamental mode of the entire structure,
i.e., the Stokes mode, will have much lower curvature losses due
to the higher index contrast between the silicon core and the surrounding materials, and thus the curvature loss of the cladding
mode is the only limiting criterion to be considered.
IV. FABRICATION TOLERANCES
We now consider the effects of deviations from the intended
design of a cladding-pumped SRA. Figs. 3 and 5 show that
changes of the rib-cladding dimensions on the order of 100 nm
only relatively weakly influence the amplifier characteristics.
On the other hand, the question remains what are the effects of
deviations in the silicon-core dimensions.
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W = 340

W = 340

Fig. 9. Maximum possible gain of cladding-pumped amplifiers for a pump-power limit of 300 mW: (a) silicon-core dimensions as designed (350
nm); (c) still
identical to Fig. 5(a)); (b) core too small (
nm, but pump wavelength decreased from 1220 to 1205 nm.

A. Deviations in Silicon-Core Dimensions
Consider again the thick solid curve in Fig. 6, which shows
the amplifier characteristics for one of the configurations of
Fig. 5(a) with the maximum possible gain, namely for
m and
m. At the maximum available pump
power of 300 mW, Fig. 6 shows that this optimized amplifier
delivers 18 dB gain. Its core dimensions are
nm
and
nm, see the beginning of Section III. In contrast, the various thin curves in Fig. 6 show the characteristics
of this amplifier for slight deviations from these silicon-core dimensions. For deviations as small as 5 nm, the amplifier gain at
mW can drop down to 8 dB.
The origin of this strong dependence of the gain on the silicon-core dimensions lies in a spatial redistribution of the power
inside the pump mode, which is very sensitive to the dimensions
of the silicon core with its high refractive index. The thick solid
curve in Fig. 6 shows the characteristics of the cladding-pumped
SRA as designed. If the silicon core is accidentally made larger
than designed (corresponding to the two thin solid curves in
Fig. 6), the pump mode is “drawn” more into the silicon. The
consequence is that on the one hand, Raman gain sets in at lower
overall pump powers (the amplifier reaches its 0 dB threshold at
lower pump powers), but on the other hand FCA has a stronger
influence on the pump mode which reduces the possible overall
gain at larger pump powers; both of these consequences can be
seen in the two thin solid curves in Fig. 6. On the other hand,
if the silicon core is made smaller than designed (dashed curves
in Fig. 6), the pump power is released into the cladding. The reduced overlap of the pump mode with the silicon then requires
larger pump powers to reach the threshold but permits larger
total gains due to less influence of FCA on the pump mode. Only
at the core dimensions
nm and
nm, corresponding to the thick solid curve in Fig. 6, is the fraction of
pump power in the core optimal such that the amplifier gain at
the pump power of 300 mW is maximal.
B. Changes in the Pump Wavelength
However, a similar spatial redistribution of the power inside
the pump mode also takes place when the pump wavelength is
changed [21]. Consider Fig. 9(a), which shows the maximum
possible gain as a function of the cladding dimensions for the
original core dimensions of
nm and
nm
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[Fig. 9(a) is identical to Fig. 5(a)]. If now the core were 10 nm
too small, we would, after the discussion in Section IV-A, expect a significant change of those results. The gain for the new
nm is shown in Fig. 9(b). The various contour lines
for equal gain have shifted towards the lower right corner of the
figure as compared to Fig. 9(a), as a consequence of the reduced
confinement of the pump modes to the silicon core. If we now
decrease the pump wavelength from 1220 to 1205 nm, the confinement of pump mode to the silicon will increase again. Indeed, the result shown in Fig. 9(c) shows that the contour lines
have shifted back almost to their original position from Fig. 9(a).
Not shown here are the optimal lengths and pump powers, which
behave in a similar way.
In practice, this pump-wavelength dependence of the amplifier gain can be used to get an idea how the silicon-core size
should be adjusted in order to achieve operation at the desired
pump (and thus Stokes) wavelength. In case a given prototype
has its largest gain at a pump wavelength shorter than the desired one, the core may be too small and thus should be larger
in the new prototype (as in the example shown in Fig. 9). On
the other hand, if the gain is largest at a pump wavelength that
is too long, the new prototype should have a smaller core.
V. GAIN VERSUS LINEAR AND NON-LINEAR LOSSES
So far, all our simulations have been performed for fixed
dB/cm and
Stokes and cladding-mode losses of
dB/cm, respectively, while the effective free-carrier lifetime
ns.
has been assumed to be
To show that the cladding-pumped SRA performs much
better than the core-pumped SRA in a wide range of these
parameters, we show in Fig. 10 the maximum possible gain of
the cladding-pumped SRA corresponding to the thick curves
m and
in Fig. 7, i.e., for cladding dimensions
m. We have varied the linear pump and Stokes
losses as well as the free-carrier lifetime, and for each parameter set we have optimized the amplifier length for a maximum
pump power of 300 mW such that the total gain is maximized.
Fig. 10 shows that the cladding-pumped SRAs (solid curves)
can deliver significantly more gain than the core-pumped SRAs
of the cladding-pumping
(dotted curves). Low linear losses
mode are beneficial, because the total pump attenuation will
be lower, the amplifier longer and the total gain higher. On
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W =15

=25

=12

Fig. 10. Maximum possible gain of SRAs with cladding dimensions
: m, H
: m and D
: m as a function of the fundamental-mode
for three different free-carrier lifetimes  , and maximum available pump power of 300 mW. The dotted curves show the maximum possible gain of
losses
core-pumped SRAs, while the solid curves correspond to cladding-pumped SRAs with varying pump-mode losses .

the other hand, low linear Stokes losses
increase the local
Stokes gain, thus contributing to a higher total gain. Finally,
result in both decreased pump attenuation
short lifetimes
(longer amplifiers) and a larger local Stokes gain. Note that the
gain of cladding-pumped SRAs could be optimized even more
by adjusting the cladding and core dimensions, which we have
kept fixed during the optimization for Fig. 10.
VI. CONCLUSION
We have shown in this paper that cladding-pumped silicon
Raman amplifiers can deliver significantly more gain than
conventional core-pumped amplifiers. We have presented a
cladding-pumped design with an enhanced total gain of 18 dB
that is achieved at a pump power of 300 mW. The idea behind
the gain enhancement is that the pump power is guided mainly
in the nonsilicon cladding with no free-carrier absorption.
The reduced overlap of the pump mode with the silicon core
weakens the effect of free-carrier absorption on the pump wave,
thus permitting longer amplifiers with larger total gain.
APPENDIX A
DERIVATION OF EFFECTIVE AREAS
In this appendix, we sketch how the expressions (3) and (5)
for the effective areas describing SRS and TPA in a silicon waveguide have been derived [24].
A. Coupled-Mode Equations
Full-vectorial, nonlinear coupled-mode theory shows that the
longitudinal evolution of co-propagating monochromatic pump
and Stokes waves with powers and , respectively, is governed by the differential equations [23], [25], [41], [24]
(12)
(13)
where
(14)

are the coefficients that describe the strength of the nonlinear effects. They depend on both the waveguide structure (through the
Stokes and pump mode fields and ) and on the material prop). We aserties (through the nonlinear susceptibility tensor
sume that only the silicon core has a significant nonlinearity, so
that the integration in (14) extends only over the silicon part of
the waveguide cross section. We use the Einstein sum convention,
over the coordinates
defined
i.e., a summation of
in Fig. 1 is implicit on the right-hand side of (14), is the perare the optical angular frequencies,
mittivity of free space,
and the remaining quantities have been defined in Section II.
The goal of this appendix is to introduce effective areas in
terms of which (12) and (13) can be written in a form that is
consistent with the usual notation in fiber optics [42]
(15)
(16)
where the contribution of the pure nonlinear material has been
and ,
extracted into the bulk TPA and SRS coefficients
and the information about the influence of the guiding geometry
resides in the effective areas
and
.
B. General Form of Nonlinear Coefficients in Silicon
As pointed out in Section II-C, our waveguide is not oriented along the crystallographic axes of the silicon, but along
a [011]-like direction. The following discussion is more convenient when we express the tensor-field product under the integral in (14) in a coordinate system coinciding with the crystallographic axes. We, therefore, write
(17)
where
is the nonlinear susceptibility tensor with respect to
the crystallographic axes, and the mode fields with respect to
the latter are given by
(18)
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where
(19)
is the rotation matrix whose columns represent the unit vectors
along the
and directions with respect to the crystallo.
graphic axes
As silicon is a cubic material belonging to the m3m class,
all 81 components of the nonlinear susceptibility tensor
can be fully expressed in terms of the four
,
and
as [26]
elements

(20)
where the frequency dependence
is implicitly assumed, we have defined
, and is the Kronecker symbol which is unity only when
all of its indexes are equal. Using (20), we can evaluate the tensorfield product under the integral in (17), casting it in the form
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and Kleinman symmetry even though no data is available in the
literature to the best of the authors’ knowledge.
Using (22) and (23), the TPA contribution to the nonlinear
from (21) can be written
coefficient

(24)
which we now want to express in the form in which it occurs in
(15)–(16):
(25)
In (25), the bulk TPA coefficient
is a material constant describing the strength of TPA for homogeneous plane waves in
to be derived desilicon [47], and the effective area
scribes the influence of the waveguide geometry in terms of a
compact formula involving only the mode fields and the waveguide shape. The bulk TPA coefficient is often specified for the
case of waves linearly polarized along the same direction; it is
then related to the nonlinear susceptibility tensor as [47]

(26)

(21)

where is the permeability of vacuum, and the second equality
yields
follows from (22) and (23). Solving (24)–(26) for
the desired expression

In (21), the first three terms contain only dot products of the
fields. As these remain unchanged by a rotation of the coordinate system, we can keep the fields in the original waveguide
coordinates. Only in the last (anisotropic) contribution, the rotated fields from (18) have to be used.
C. Two-Photon Absorption (TPA)
One contribution to the imaginary part of the nonlinear susceptibilities occurring in (21) is due to TPA. Here, we assume
that the four elements sufficient to specify the full
tensor
according to (20) have the form

(27)
Finally, it is clear from (27) that
. Since
[47], (25) shows that
furthermore
. Therefore, the contribution of nondegenerate
TPA to the differential equation for the pump power [last term
in (15)] is the same as that in the equation for the Stokes power,
(16), multiplied by the ratio of the Stokes and pump wave.
lengths,
D. Stimulated Raman Scattering (SRS)

(22)
(23)
The assumption expressed by (22) and (23) is that TPA in silicon is isotropic and that the Kleinman symmetry condition is
valid [26]. On the one hand, this would mean that degenerate
) in silicon is isotropic with an incremental
TPA (i.e.,
. This is consistent with
dichroism parameter [43] of
the experimental results available in the 1.55- m region from
[44], [45], [35], although other authors have recently reported a
nonzero anisotropy [46]. On the other hand, as far as nondegen) is concerned, we assume isotropicity
erate TPA (i.e.,

The second contribution to the imaginary part of the nonlinear
susceptibilities occurring in (21) is that of SRS. Here, the four
tensor according to
elements sufficient to specify the full
(20) are [25], [8]
(28)
(29)
(30)
(31)
. Insuch that
serting this into (21), and simplifying the resulting expression
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by making use of the convention that the transverse (
) field
components are real, while the components are imaginary, we
find that the nonlinear coefficient describing SRS is given by

APPENDIX B
AND THE EFFECTIVE
RELATION BETWEEN
FREE-CARRIER LIFETIME
In Section II-E, we have introduced the constant
that relates the total carrier-generation rate at the waveguide position
to the free-carrier density in the steady state, thus characterizing the strength of FCA.
can be calculated when the
On the one hand, the constant
recombination velocities at the silicon boundaries are known.
From (6)–(8), we get [29]

(32)
(36)
We now write the preceding result

in the form
(33)

where the Raman-gain constant describes the strength of SRS
for homogeneous plane waves in the bulk material, and the efto be derived describes the influence of the
fective area
waveguide geometry. The bulk Raman-gain constant in silicon is usually specified for linear Stokes and pump polarizations along orthogonal crystallographic axes [25], [8]. It is then
tensor given by (28)–(31) through [47]
related to the

(34)
Solving (32)–(34) for

gives the desired expression

is the silicon cross-sectional area, and
where
the integral is over the entire boundary of the silicon core. If
the recombination velocity at the interfaces to the media sur], we
rounding the silicon were constant [
would simply have
(37)
which is a special case of [29, eq. (4)] for equal interface and
surface recombination velocities and zero rib height.
can be related to the efOn the other hand, the constant
that is usually used in the literafective free-carrier lifetime
ture to characterize FCA in waveguides [13], [38]. The relation
between the two quantities can be derived by considering the
situation where only one wave is propagating inside the waveguide. Dropping the respective subscripts or , in our model
the power evolves inside the waveguide according to
(38)

(35)
Finally,

using

the

symmetry

property

[47] in (21) shows that
. Therefore,
the SRS contributions to (15) and (16) are identical apart from
.
a factor of
such derived is “effective” in the sense that
The area
a homogeneous pump plane wave propagating in bulk silicon
in order to amplify a
must have the intensity
co-propagating Stokes plane wave with a local Raman gain that
is exactly as large as the gain provided by the pump power
to the Stokes power in a waveguide with the SRS effective area
.
For weakly guiding waveguides and -polarized mode fields,
the effective areas derived in this appendix for TPA and SRS
become identical and reduce to the one used in fiber optics [42].
However, in structures with high refractive-index contrast, such
as the ones analyzed in the present paper, the effective areas for
TPA and SRS may differ significantly. For example, for the optimized design shown in Fig. 6, the pump-Stokes-TPA effective
m , while the SRS effective area is only
area is
m .

where
is an effective intensity. On the other
hand, in conventional models of SRAs [13], [5], [8] the evolution of an effective intensity is described by
(39)
We now require that our model (38) and the conventional model
(39) both predict the same longitudinal evolution of the effective
intensity along the waveguide. Then we must have
(40)
which is the desired result.
Equation (40) shows that the effective free-carrier lifetime
depends on the considered mode of the waveguide. Different modes will thus “see” different effective lifetimes. On the
other hand, in our formulation there is only one parameter
describing the carrier-diffusion process (see Section II-E), and
the extent to which each individual mode contributes to carrier
generation is represented by the effective areas in (9), while the
extent to which each individual mode is influenced by FCA is
represented in (1)–(2) by the confinement factors (10).
required for our simulations
Using (40), we obtain the
as follows: for a waveguide of the dimensions considered in
this paper (350 270 nm , see Section III), a typical lifetime
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seen by the fundamental mode would be
ns [38]. The
effective area and the confinement factor of the fundamental
mode are calculated at our wavelength of 1220 nm to be
m and
, respectively, yielding an
of 1.2 10 s/m .
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