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Abstract:  Several kinds of nonlinear optical effects have been observed
in recent years using silicon waveguides, and their device applications
are attracting considerable attention. In this review, we provide a unified
theoretical platform that not only can be used for understanding the
underlying physics but should a so provide guidance toward new and useful
applications. We begin with a description of the third-order nonlinearity
of gilicon and consider the tensorial nature of both the electronic and
Raman contributions. The generation of free carriers through two-photon
absorption and their impact on various nonlinear phenomena is included
fully within the theory presented here. We derive a general propagation
equation in the frequency domain and show how it leads to a generalized
nonlinear Schrodinger equation when it is converted to the time domain.
We use this equation to study propagation of ultrashort optical pulses in
the presence of self-phase modulation and show the possibility of soliton
formation and supercontinuum generation. The nonlinear phenomena of
cross-phase modulation and stimulated Raman scattering are discussed
next with emphasis on the impact of free carriers on Raman amplification
and lasing. We also consider the four-wave mixing process for both
continuous-wave and pulsed pumping and discuss the conditions under
which parametric amplification and wavelength conversion can be realized
with net gain in the telecommunication band.
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1. Introduction

Silicon photonics has attracted much attention recently because of its potential applicationsin
the spectral region extending from near- to mid-infrared [1-3]. Silicon crystals, with a band
gap near 1.12 eV, become nearly transparent in the spectral region beyond 1.1 um and exhibit
optical properties that are useful for a variety of applications [4]. The high refractive index of
silicon allows for atight confinement of optical wavesto a sub-micron region using the silicon-
on-insulator (SOI) technology [1]. Moreover, silicon exhibits a large third-order nonlinearity,
with a Kerr coefficient more than 100 times larger [5] and a Raman gain coefficient more than
1000 times larger [6] than those of silica glass in the telecommunication band. These features
enable efficient nonlinear interaction of optical waves at relatively low power levels inside
a short SOI waveguide (<5 cm long). For this reason, considerable effort has been directed
in recent years toward investigating the nonlinear phenomena such as self-phase modulation
(SPM) [7-23], cross-phase modulation (XPM) [14,24-26], stimulated Raman scattering (SRS)
[27-60], and four-wave mixing (FWM) [61-79]. All of these nonlinear effects are currently
being explored to realize a variety of optical functions on the chip scale.

Although the third-order nonlinear effects have been studied extensively for silica fibers
[80], and these studies can be used as a guidance for SOl waveguides, it is important to
remember that silicon is a semiconductor crystal exhibiting unique features such as two-
photon absorption (TPA) [5, 7], free-carrier dispersion [81], and anisotropic and disper-
sive third-order nonlinearity [5, 82-87]. The interplay among various dispersive and non-
linear effects leads to many interesting features [8-25, 88, 89] that provide new function-
alities on the one hand [90-100], but may become obstacles in some cases on the other
[25,32,33,35-37,39,65-68,89]. Therefore, it isimportant to have a unified theoretical platform
that not only can be used for understanding the underlying physics but also provides guidance
toward new and useful applications. Indeed, considerable efforts have been made in the past
few years to develop a theoretical approach for understanding a specific nonlinear phenom-
enon [13-16, 2022, 26, 28, 46-48, 50, 55, 58, 59, 62, 66, 68, 70, 73, 74, 76, 88, 96]. In this paper,
we review recent progress realized in modeling nonlinear phenomenainside SOl waveguides
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and develop a unified theoretical platform. We then apply it to investigate various nonlinear
effects occurring inside silicon waveguides with a keen eye toward their applications.

The paper is organized as follows. We begin in Section 2 with a description of the third-order
nonlinearity of silicon and consider the tensorial nature of both the electronic and Raman con-
tributions. The generation of free carriers through two-photon absorption and their impact on
various nonlinear phenomenais included fully within the theory presented here. We derive a
general propagation equation in the frequency domain and show how it leads to a generalized
nonlinear Schrédinger equation when it is converted to the time domain. We use this equa-
tion in Section 3 to study propagation of ultrashort optical pulsesin the presence of self-phase
modulation and show the possibility of soliton formation and supercontinuum generation. The
nonlinear phenomenaof cross-phase modul ation and stimul ated Raman scattering are discussed
in Section 4 with emphasis on the impact of free carriers on Raman amplification and lasing.
Section 5 focuses on the FWM process and its applications. We consider first the impact of free
carriers and show that, although index changes induced by them have a negligible impact on
FWM, free-carrier absorption limits the FWM efficiency so much that anet positive gainis dif-
ficult to be realized with CW pumping in the telecommunication band. However, this problem
can be solved by pumping at wavelengths beyond 2.2 um because TPA-induced free carriers
are then absent. We also show that FWM can occur over a wide bandwidth (>300 nm), with a
proper choice of the pump wavelength, because of much smaller waveguide lengths employed
compared with those required for silica fibers. We discuss briefly the use of FWM in silicon
waveguides for generating correlated photon pairs that are useful for quantum applications.

2. General formalism

The nonlinear interactions of optical waves inside silica fibers are well understood owing to
extensive investigations over the past few decades [80]. The so-called generalized nonlinear
Schrodinger (NLS) equation provides a fairly accurate description, even for ultrashort pulses
creating an octave-spanning supercontinuum [101]. As the origin of third-order nonlinearity in
silicon waveguides is quite similar to that for silica fibers, a similar theoretical formalism can
be used for silicon waveguides, with suitable modifications to account for the features unique
to silicon. In this section, we develop a general formalism that can be used to describe various
nonlinear effectsinside silicon waveguides.

2.1. Third-order susceptibility of silicon

Assilicon crystals exhibit an inversion symmetry, the lowest-order nonlinear effects stem from
the third-order susceptibility x ®). When an optical field E(r,t) propagates inside a silicon
crystal or waveguide, theinduced nonlinear polarization can be written in the frequency domain
in the general form [102, 103]

~ 3¢ ~ ~, ~
PO o) = g ] 1001, 00 @)E (1. 0) (1, 00B (1 @)doda, - ()

where @y = w; + wx — wj, and we have adopted the notation of Ref. [102]. Here, i, j, k, and
| take values x, y, and z and Ei(r, ) is the Fourier transform of the ith component E;(r,t) of
the electric field defined as B(r, ) = [, B(r,t) exp(iot) dt. In Eq. (1), we have excluded the
sum-frequency generation assuming that this process is not phase-matched.

The third-order susceptibility of silicon has two dominant contributions, one from bound
electrons and the other from optical phonons, and it is useful to writeit as xi(ﬁ(), = X+ xffm ,
where the second term represents the Raman contribution involving optical phonons. These two
terms have quite different dispersion and polarization characteristics.
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Consider the Raman contribution first. Raman scattering in silicon is dominated by optical
phonons near the Brillouin-zone center. As these phonons have three degenerate normal modes
(with the same phonon energy), the Raman susceptibility is given by [104-106]

X (o o), —og o) =gHr(a — o) Y, 2% +dHr(0j— o) Y, R (2)

V=Xy.Z V=Xy.Z

where the spectral response of Raman scattering, ﬁR(Q), is the same for three normal modes.
Unlike silica glass which has a very broad Raman spectrum [107], optical phonons at the
Brillouin-zone center of silicon have a well-defined frequency of Qr/27r = 15.6 THz at
room temperature [108-110], resulting in a relatively narrow Raman-gain spectrum, with a
L orentzian shape of the form [104-106]

Qf

HRr(Q) = :
REQ) 02— Q72— 2TRQ

3

HereT'r isrelated inversely to the phonon lifetime (about 3 ps), resulting in afull width at half-
maximum (FWHM) of the Raman-gain spectrum of I'r/m ~ 105 GHz at room temperature
[108]. In general, both Qg and I'r are sensitive to temperature [37, 108, 109]. As an example,
Qr/21 decreases by ~40 GHz, while T'r/r increases by ~ 10 GHz, if temperature increases
by 50°C. The parameter g’ in Eq. (2) is related to the Raman polarizability associated with the
Brillouin-zone-center phonons and is nearly independent of optical frequency [102, 104, 106].
It determines the peak value of the Raman gain coefficient that is discussed later in Section 2.4.

In Eq. (2), the Raman tensor %', describes polarization dependence of Raman scattering. As
the three phonon modes belong to the T" 51 symmetry group and are polarized along a crystal-
lographic axis (indicated by the superscript of &), they interact resonantly only with optical
waves polarized orthogonal to their own axes. For this reason, the three Raman tensors have the
form[111]

%IXJ = 0iy0jz+ 6iz0jy, %I)G = Oix0jz+ 6iz0jx, %IZJ = ix0jy + iyOijx; 4

where we have assumed that X, y, and z axes are oriented along the crystallographic axes. Sub-
gtituting Eq. (4) in Eg. (2), we obtain the following compact form for the Raman susceptibility:

X (— 01 0f, — o, @) = gHr(1 — o) (ki + 61 Sjx — 28 1)
+ g'Hr(0] — o) (5ikdj1 + 88 — 28iji). ®)

where §;jq equals 1 only wheni = j = k=1 andis 0 otherwise.

The Raman susceptibility in Eq. (5) describes Raman scattering involving a single phonon.
Apart from this dominant contribution, Raman scattering can aso involve multiple phonons
simultaneously, a process known as higher-order Raman scattering [106, 108, 110]. In the case
of silicon, the second-order Raman scattering exhibits a broadband peak at a frequency near
29 THz resulting from two transverse optical phonons and another peak around 9 THz associ-
ated with two transverse acoustic phonons. However, as their amplitudes are more than 50 and
200 times smaller, respectively, compared with the dominant first-order Raman peak [108,110],
higher-order Raman effects are negligible in most practical situations.

Optical waves can also interact with a single acoustic phonon and experience Brillouin scat-
tering. However, the relative strength of this processin siliconis nearly two orders of magnitude
smaller than that of first-order Raman scattering [112]. Asaresult, Brillouin scattering is negli-
giblein most cases. Thisisin strong contrast to silica glass, where Brillouin scattering is three
orders of magnitude stronger than Raman scattering [80]. In this paper, we neglect the effects
of Brillouin scattering.
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We next focus on the electronic contribution stemming from oscillations of bound electrons
and leading to the optical Kerr effect through intensity-dependent changes in the refractive in-
dex. It also leads to two-photon absorption (TPA) whenever the energy of photons exceeds the
half band gap Eq/2, where Eq =~ 1.12 eV for silicon corresponds to a wavelength of 1.1 um.
Bound electrons in the valence band can be excited to the conduction band through TPA by ab-
sorbing two photonswith total energy exceeding E4. This process hasto be assisted by phonons
to conserve momentum because of the indirect nature of the band gap in silicon [113,114]. The
response time of both the Kerr effect and the TPA process are extremely short. As an esti-
mate, the uncertainty principle implies that non-resonant el ectronic transition occurs on atime
scale of | — Eg/R| L. For frequencies well below the band gap, the response time is below
10 fs[102,115]. Such a nearly instantaneous nature of electronic nonlinear response leads to
many potential applications related to high-speed optical signal processing [116].

Equation (1) shows that a complete description of third-order nonlinear effects requires
knowledge of the tensorial and dispersive properties of %ﬁm (—wi; wj, — o, @ ). Fortunately,
asasilicon crystal belongsto the m3m point-group symmetry, its electronic nonlinear response
has only four independent components[103,117,118]:

Xijk = X11220i 6 + X12120k0j1 + XT201 51 Sjk + X3 jud (6)

where x§ = X111 — Xtz — X122 — Xiop1 FEPresents the nonlinearity anisotropy. In prac-
tice, the most relevant electronic nonlinearity is the one involving only one frequency, i.e.,
Xﬁm (—w; 0, —0, o). Inthiscase, Eq. (6) is simplified considerably owing to the intrinsic per-
mutation symmetry of x7i0.(—@; 0, —0,0) = Y7 (—0; 0, —o,®). Moreover, for photon
energies ho well below Eg, ¥1515(—0; 0, —0,®) = x715,(—0; 0, -0, ) [105,118-121]. As
aresult, Eq. (6) reducesto

Xk = X111 {% (818 + i1 + 1 Sjk) + (1 — P)aijkl} ; ()

where p = 3y7,,/ X311, Characterizes the nonlinear anisotropy at the degenerate frequency .
Notethat Eq. (7) remainsvalid for third harmonic generation [86,118,119,122-125]. Also note
that the value of p can be complex in general.

To characterize the el ectronic nonlinearity, one needs to measure x 4, (—®; ®, —o, ). The
real and imaginary parts are related to the Kerr coefficient n, and the TPA coefficient fr as
[80,102] 3

0]

= — e — , — 8
480C2ng(a))X1111( w w7 0),0)), ( )

i

Zng(0) + 5Br (o)
where ng() is the linear refractive index of silicon at the frequency w. Extensive measure-
ments have been carried out to characterize n, and Bt over awide frequency range [5-7,9, 11,
12,24,65,82-85,93,126]. The value of n, for silicon is found to be more than 100 times larger
inthe 1.55-um region than that of fused silica. However, TPA isalso quite largein this spectral
region. The relative magnitudes of the Kerr and TPA coefficients are often characterized by a
nonlinear figure of merit (NFOM) [127] defined as F, = ny/ (A1), where A = 2rc/ o is the
optical wavelength in vacuum. This NFOM is quite small for silicon (only about 0.3) in the
1.55-um spectral region [5, 84]. Recent experiments [5, 82-85] show that n, and Bt aso vary
considerably with A in the spectral region extending from 1.1 um to 2.2 um (close to half
band gap), with n, peaking around 1.8-1.9 um. Since TPA decreases quickly to zero when the
wavelength exceeds 1.7 um, the NFOM increases considerably for A near or beyond 2 um[84].
Unlike adirect band-gap semiconductor for which n, changesits sign at photon energies around
0.7Eq [128], n, for silicon is always positive for &l photon energies below Eg [83,84]. Thisis
a consequence of the phonon-assisted nature of electronic nonlinearity [113, 114].
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The magnitude of nonlinear anisotropy is related to the band structure of a silicon crystal. It
has been measured in the past four decades through third-harmonic generation [86, 122—125],
degenerate FWM [120, 121], and the z-scan technique [87]. The magnitude of p is quite dis-
persive in the opaque region (hw > Eg) [86], but it becomes nearly constant for hw < Eg
[86,87,120]. The measured value of p is close to 1.27 in the telecom band, with a negligible
imaginary part [87]. The absence of an imaginary part indicates that anisotropy is the same for
both the Kerr and TPA coefficients. From the standpoint of applications, nonlinear anisotropy
affects the polarization dependence of nonlinear phenomena inside silicon waveguides. Re-
cently, photocurrent induced by TPA inside a silicon avalanche photodiode (APD) was used to
characterize the anisotropy of TPA [129, 130]. In contrast to the optical characterization, TPA-
induced photocurrentsindicated that the TPA process was isotropic inside asilicon APD. This
discrepancy between the optical and el ectrical measurementsremains an open issue at thistime.
One possible reason may be related to the nonlinear Franz—Keldysh effect [114] introduced by
the high dc field inside an APD.

2.2. Free-carrier effects

The TPA process may generate a considerable number of free electrons and holes, depending
on the peak power associated with the incident optical field. These excessive carriers not only
absorb light but also affect the nature of wave propagation by changing the refractive index. As
the electron and hole mobilities, e and uy, in silicon arein the range of 100-1000cm?/(V - s)
for densities of up to 10'® cm~3 [131], the momentum relaxation times [ty = uym/q (v =
e h), where m{ is the effective mass and q is electron’s charge] lies in subpicosecond regime,
much longer than the duration of an optical cycle [102]. As a result, free carriers can follow
oscillations of an optical wave almost instantaneously and affect its propagationright after their
creation. The dynamics of free carriers are well described by the Drude model [81, 102, 132—
134], and the induced polarization varies linearly with the carrier densities as

Plf(r7t) = Ne(r7t)<pie(r>t)> + Nh(r7t)<pih(r7t)>7 )

where Ne and N;, are densities of free electrons and holes, respectively. In this equation, (p})
withv = e histhe statistically averaged response of asingle electron or holeto the electric field.
According to the Drude model, it takes a simple form in the frequency domain, (py(r,»)) =
goYv(0)E;i(r, ®), wherethe carrier polarizability Y is given by [102]

Py -1
()= €M, (a)(a)rﬁ—i)) ' (10)

The carrier-induced polarization in the frequency domain is thus given by

Bl (r,0) = go/;zf(w,w/,ﬂe, R)Ei (r, ) da, (11)

where the spectral response %' is defined as
7 (0,0, Ne,Ny) = Ye(@' )Ne(r, 0 — @) + Yh(0 )Ny(F, 0 — ). (12)

Here Ny (v = e, h) isthe Fourier transform of the carrier density Ny. Equation (11) shows that the
free-carrier response has alinear and isotropic nature, because of the cubic rotational symmetry
of asilicon crystal [102].

Equation (10) indicates how the spectral response of free carriers varies with optical fre-
guency. However, in most cases of nonlinear interactions, the optical field consists of only a

#88416 - $15.00 USD  Received 9 Oct 2007; revised 22 Nov 2007; accepted 25 Nov 2007; published 29 Nov 2007
(C) 2007 OSA 10 December 2007 / Vol. 15, No. 25/ OPTICS EXPRESS 16614



few waves at specific carrier frequencies w,, each of which has a limited bandwidth. On the
other hand, carrier densities vary on a time scale longer than that associated with an optical
pulse, i.e., they vary much slower than the carrier dipole moment oscillating at optical frequen-
cies. As aresult, the time-domain induced polarization consists of a few terms, each of which
adiabatically follows variations of carrier densities, while oscillating around a specific carrier
frequency w,. More specifically,

PI(rt) =20 x"(@u,Ne, No)Ei (T, oy, t), (13)

where E;(r, wy,t) isthe optical field at the carrier frequency @, and the induced susceptibility
isgiven by
X' (@u, Ne,Nn) = Ye(@u)Ne(F ) + Yn(@u)Nn(r.t). (14)

Asthe susceptibility x iscomplexin general [see Eq. (10)], we can relateits real and imaginary
parts to changes in the refractive index and the absorption coefficient induced by free carriers
using the relation,

%" = 2no[ns +icos/ (20)], (15)

where ¢ is the free-carrier index (FCI) change and o governs free-carrier absorption (FCA).
Ideally, according to the Drude model of Eq. (10), they vary with optical frequency as(wty >
1) [81,102,134]

2 N N
Nt (@, Ne,Np) = —ﬁ (é + ﬁZ) ; (16)
3
01 (0, Ne, Ny) = — Ne -t (17)
€0CNOW? \ HelME?  ppmy,?

In practice, their magnitudes for silicon are larger than those predicted by Egs. (16) and (17).
At a specific wavelength of A; = 2rc/wr = 1550 nm, it is common to employ the following
empirical formulas[81, 135]

Nt (@r,Ne,Np) = — (8.8 x 107 *Ne+ 8.5N%8) x 10718, (18)
ot (@r,Ne, Ni) = (8.5Ne+ 6.0Np) x 1028, (19)

where Ne and N, have units of cm~2 and o is expressed in units of cm—1.
In the case of nonlinear optical interactions, free carriers are created through TPA with equal
densities, i.e., Ne = N,, = N. In this case, it is more convenient to write ns and o4 as

n; = on(®)N, o = oa(®)N, (20)

where 6, = 1.45x 10~ (@ /»)? (inunits of cm?) and o = ¢ (@ /@)2. Thevalue of ¢ depends
on the density region because of the (Np,)%8 dependencefor holesin Eq. (18). For example, Eq.
(18) shows that the contribution of holesis about 3.8 and 6.1 times larger than that of electrons
for a density of 1017 and 10 cm~3, respectively. As the carrier density created by TPA is
typically in this range, we assume that the hole contribution to FCI is 5 times that of electrons,
and use ¢ ~ —5.3 x 1072 (in units of cm®) in this paper.

Equations (16), (17), and (20) show that FCI and FCA changes with time reflect precisely
temporal variations of free carriers. This feature has been widely used to investigate the carrier
dynamics in semiconductors by probing the transient FCl and FCA excited by an ultrashort
pump pulse [132, 133]. Note that the model presented in this section for free-carrier effectsis
valid only when free carriers reach a certain thermal quasi-equilibrium. This is the case for
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time scales >50 fs because optically excited free carriers can be thermalized over such time
intervals by various scattering processes [132, 133, 136]. In the context of nonlinear silicon
photonics, aimost all practical applicationsfall in thisregime. However, a quantum-mechanical
description is necessary for accurate modeling of free-carrier dynamics for ultrashort pulses
containing only of afew optical cycles[136].

Apart from density changes, optical excitation of free carriers between nonparabolic conduc-
tion and valence bands may also modify the effective masses of electrons and holes and thus
introduce additional nonlinear effects associated with free carriers [134]. However, this effect
isminor compared with the changesin the carrier density and is neglected in this paper.

2.3. General frequency-domain wave equation

In this subsection we derive ageneral equation describing propagation of an optical field inside
asilicon waveguide. As usual, the starting point is the Maxwell wave equation. After including
theinduced polarizations associated with the third-order nonlinearity and free carriers, the wave
equation in the frequency domain takes the form

V2E(r,0) + i’—fné(w)é(nw) — —no? [F(r,0) + A% (r, )] (21)

In general, the induced polarizations are only small perturbations to the linear wave equation.
To thefirst order, we can assume that the waveguide modes are not affected by them and write
the electric field in the form

Ei(r,0) ~ R(xY,0)A(z0), (22)

where If.(x7 Y, @) governs the mode profile in the plane transverse to the propagation direction
z. Substituting Eq. (22) into Eq. (21), multiplying by F*, and integrating over the transverse
plane, we obtain

A o~ 2 JR[R+ ISi(3>] dxdy
= T B (0)A = —Uow** = 23
57 BHA = —oo® e 23)
where i () is the propagation constant given by
B2 (o) = & IB(@)IRPGdy | JRVERddy 2

¢ [|R[2dxdy I |Fi[2dxdy

and the subscript T denotes the transverse part of the Laplacian operator. The linear dispersion
curve of a silicon waveguide is obtained from Eq. (24) after finding the transverse mode pro-
file under specific boundary conditions set by the waveguide geometry. Note that the material
refractiveindex ng is generally different for the core and cladding layers.

The general solution of Eq. (23), in the absence of the free-carrier and nonlinear effects, con-
sists of the forward and backward propagating waves with the phase factorse +1fi(®)Z, Thisphase
factor variesin alength scale of optica wavelength, much shorter than thelength scalein which
the small free-carrier and third-order nonlinear effects evolve. As aresult, d Aj/dz= iBi(®)A;
even when the free-carrier and nonlinear effects are included, where we have assumed that
the incident optical field propagates along the +z direction. Assuming that small perturbations
do not reflect light and the backward wave can thus be ignored, we make the slowly varying
envel ope approximation and use

2 pe- (55+18) (55-18) ~28 (5,-i81). (29
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Asaresult, Eq. (23) reducesto

A .~ ipgw? [F [P + P dxdy
— =ifi(o)A+ — . 26
By substituting Eq. (22) into Egs. (1) and (11) and using them in Eq. (26), we obtain the
following equation for the field amplitude:
oA _
0z

+ #/ ik (—o; @), —ax, o)Aj (2, 0)) A (Z, o)A (2, o) dojd o, (27)

iB (@)A +i/ﬁ{(w,w’,ﬁe, Ni)A (2 0') do’

where we have normalized the field amplitude such that the corresponding temporal profile
|A(zt)|? has units of power. The nonlinear parameter i in Eq. (27) is defined as

N 3winijk (3) N
Mjkl(_wlija_a)kva)l): 48()Cza_(ninjnkn|)l/2xijkl(_wl,wh_a)k’a)l)’ (28)
where ny(wy) = cfy(av) /oy (v=1, ],k ) isthe modal refractiveindex at wy, a'is the average
effective mode area related to that at individual frequenciesas
= o 1/4 _ Uf|'§\/|2dXdy]2
a=(aa , == 29
(ayajaxay) ly [ |Rufdxdly (29

and njju isthe mode-overlap factor defined as
JFF lfk*ﬁ dxdy
~ 1/4°
[Tyt 1R ey

Theintegral in the numerator of ay is over the whole transverse plane, but the dominant contri-
bution to other integralsin Egs. (29) and (30) comesfrom the silicon core layer if the third-order
susceptibility is negligible for cladding layers.

Similar to xi(ﬁ()l , the nonlinear parameter iy = Vlej Wt %'?m is also composed of the electronic
and Raman parts. Its expression in Eg. (28) includes wavelength dependence of the nonlinear
parameters, effective mode area, mode overlap, and modal refractiveindex. If only one wave at
thefrequency w; isinvolved, njiii = 1, a= a;, and Eq. (28) reducesto the conventional nonlinear
parameter [80]. A detailed analysis shows that the fundamental modes of a straight waveguide
overlap well with each other, leading to ;i ~ 1. But thisis not so for amicrodisk or microring
resonator because of the curved nature of device geometry [137].

In Eq. (27), the second term on the right side represents the effect of free carriers with Eif
given by

Nijk = (30)

0 [[%'(0,0 ,Ne,Ny)|F[*dxdy
2cni (o) J|Fi|2dxdy

where xfisgivenin Eq. (12). In gpneral , free carriers have specific transverse density distribu-

tions inside the waveguide, and ﬁif includes the effect of a partial overlap between the charge

distribution and the mode profile [138]. If we assume that ' is linearly proportional to the

carrier densities [see Egs. (9) through (20)], Eg. (31) is simplified, resulting in the following

expression:

B (@, 0, Ne,Np) , (31)

o = [NJRPdxdy

. e
A ®,®",Ne,Np), Ny = ——= :
= et X ¢ & Nn) ' [|F|2dxdy

(32)
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The physical meaning of free-carrier effects can be seen more clearly in thetime domain. The
general form of the free-carrier term in Eq. (27) can be simplified considerably if we notice that
nonlinear interactionstypically involve only afew optical waves, each with alimited bandwidth
around a carrier frequency wy. By using Egs. (13) and (14), it is easily to show that the free-
carrier effects on each wave manifest in the time domain as a perturbation to the propagation
constant through FCI and FCA.. From Egs. (13), (15), and (32), this perturbation is given by

n AT Ne. N
O(@u) [P R M)+ ot (s No ) | (33)

Bl (N ) = (5|2 5

where ns and o5 are given by Egs. (16) and (17) [or Egs. (18)—20)] after replacing N ¢ and Ny
with their averaged values defined in Eq. (32). Equation (33) shows that, for the same distribu-

tion of carrier densities, free-carrier effects are enhanced in a waveguide compared with bulk

material as the modal refractiveindex is smaller because of mode confinement. The free carri-

ers may also introduce extra birefringence or polarization-dependent losses because n; can be
quite different for different polarization modes. Such effects are negligible for waveguides with

arelatively large mode area, but they can become significant inside a nano-size waveguide. As
an example, for an air-clad SOl waveguide with a cross section of 600 x 300 nm?, n; is 2.76
and 2.32at A = 1.55 um for the fundamental TE and TM modes, respectively. These values are
much smaller than the material index (np = 3.48) and indicate that free-carrier effectswould be
enhanced by 26 and 50% for the TE and TM modes, respectively.

Free electrons and holes can be generated either optically inside the waveguide or electrically
through current injection from outside. After being created, they can diffuse to a low-density
area through thermal motion, or drift away by an external dc electric field Eqc. In general, the
dynamics of carrier density is governed by the continuity equation [131]

88_|\th =G- &, + DvVZNv — sV - (N\VEge), (34

TV
where v = efor electrons, v= h for holes, s, = 1, se = —1, Dy isthe diffusion coefficient, 7|, is
the carrier lifetime, and uy is the mobility. The generation rate G is a function of optical field,
if free carriers are generated through optical excitation like TPA.

What we are interested in is not a detailed density distribution across the waveguide but its
effect on the optical field. Thus, we can average Eq. (34) over the transverse coordinates to
obtain a dynamic equation for the average density N,. By noting that the diffusion and drift of
carriers away from the waveguide core reduces carrier density inside it, just as recombination
of carriers does, we write the spatially averaged termsin Eq. (34) as

J 1P DNy — sV - (NEgo) ddy R, (35)
[Fil2dxdy v

where 1 represents the effective lifetime associated with thermal diffusion and field-induced
drift of free carriers. As aresult, the dynamics of averaged carrier densities are governed by a
simple equation of the form
VU - N _  [GlE2

a_N":G_&, G:—J/GLFW dxdy7 (36)
ot % I IR[2axdy
where G is the generation rate averaged over the optical mode profileand 7o = 77}/ (7, + )
is an effective carrier lifetime that includes al the effects of recombination, diffusion, and drift;
we have assumed it to be the same for electrons and holes.
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Note from Eg. (35) that the effective lifetime in general depends on the waveguide geom-
etry. Indeed, it can be reduced considerably by increasing the surface-to-volume ratio of the
waveguide [139]. It can aso be reduced by applying an external dc field [42, 67] or intro-
ducing non-radiative centers through ion implantation [140-143]. However, as nonlinear inter-
actions require relatively high intensity inside the waveguide, generated carriers may screen
the applied dc field and thus limit the reduction in effective carrier lifetime [144]. For SOI
waveguides commonly used for photonic applications, the effective lifetime varies from sub-
nanosecond [54, 90, 141] to tens of nanoseconds [41, 42].

Equation (27) isquite general asit includesall dispersive, nonlinear, and polarization effects
introduced by waveguide confinement, free carriers and third-order nonlinearity. Thefirst term
on its right side governs the dispersive effects. It can also include linear absorptive and scatte-
ring losses, if B (w) istreated as acomplex quantity. This frequency-domain wave equation can
be used to investigate nonlinear interactions inside silicon waveguides for optical fields with
arbitrary spectra. It can be simplified considerably if we notice that both the free-carrier and the
third-order electronic nonlinear effects are only weakly dependent on optical frequency across
a pulse spectrum. Often, the dispersion induced by FCI is negligible compared with the mater-
ial and waveguide dispersion because |ns| < 102 even at carrier densitiesup to 10’ cm—3[81].
As o =< 1/w? = A2 [see Egs. (16) and (17)], the magnitude of FCA changes by <14% even
when the wavelength changes over 100 nm in the 1.55-um spectral band. For similar changes
in the wavelength, the electronic nonlinearity of silicon varies by ~20% in this spectral region
[83-85]. Thus, if the incident and generated optical fields have a bandwidth much smaller than
100 nm, we can empl oy the approximation Vﬁm (—oi; 0j, —oy, @) = Viejkl (—wy; @i, — oy, ) and
use Eq. (7). The use of this approximation simplifies the theory considerably.

2.4. Time-domain description

In many practical situations, the input field is either a continuous wave (CW) or isin the form
of apulsetrain. If only one wave at the carrier frequency wo propagates along the waveguide,
we can expand the propagation constant 3 (w) in a Taylor series around @o. The time-domain
description of the nonlinear process is then realized by replacing @ — wq with the derivative
i(d/dt). Transferring Eq. (27) into time domain with this approach, we obtain the following
equation for the field amplitude A (z,t):

A _ 5 M Bim OTA

. _ _ )
0z m otm +'Bif((00,Ne, Np)A +i (1+|§§> PiNL7 (37)

m=0

where Bin is the mth-order dispersion parameter defined as Bim = (d™Bi/d@™)|w=aw,. These
parameters also include the linear loss and its dispersion when () is a complex quantity.
In the following discussion, we assume that free carriers are generated only optically so that

Ne = Np = N, and write the B term as B (wp, N).
The nonlinear polarization PNt (z,t) has the following compact form in the time domain:

PN (zt) = Aj(2.t) /7 TR (- 1Az DA Z ), 39)
where the third-order nonlinear response function is given by
Ri(je)lgl(’f) = Ye(@0)6(7) [% (5ij5kl + 6ik5jl +5i|6jk) + (1—p)5ijk|
+ RhR(T) (8ik6ji + i Sjk — 26iju) » (39)
The electronic nonlinear parameter ye(wp) is defined as

Ye(@0) = Y1111 (— @o; W0, — o, o) = Yo(wo) + i—zﬁ%(wo), (40)
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Fig. 1. Rotation of the coordinate system required for SOI waveguides fabricated along the
[0 1 1] direction.

where ¥ = wpny/(ca) is the nonlinear Kerr parameter and 1 = Br/ais the TPA coefficient
normalized by the effective mode area.

The Raman nonlinear parameter yr is related to the Raman gain coefficient gr as yr(wo) =
gr(@o)T'r/(2QR), Where gr is obtained from Egs. (3) and (28) and is given by gr(wp) =
3wog' Qr/ (2e0c?n’T'R). Note that gr is linearly proportional to . In the 1.55-um spectral
band, its values are in the range of 4.3 to 76 cm/GW, based on the experimental measurements
of spontaneous and stimulated Raman scattering [6, 27, 29, 30, 32, 34,41, 145, 146]. Thus, g r
is more than 1000 times larger than that found for silica [80]. It is aso nearly 10 times larger
than the electronic nonlinear parameter of silicon. However, as yr dependslinearly on I'r/Qg,
the magnitude of yr is only a few percent of y, and is negligible unless the pulse spectrum
falls within the Raman gain bandwidth. The Raman response function hr(7) in Eq. (39) isthe
inverse Fourier transform of Hgr(€2). Using Eq. (3), it is found to be [hg(t) = O for t < Q]

hr(t) = Qe /2 sin(t /1), (41)

where 7, = 1/Tr and 7 = 1/(Q& — T'3)Y/? ~ 1/Qr. The Raman-gain bandwidth of 105 GHz
in silicon corresponds to a response time of 7, &~ 3 ps. Similarly, the Raman shift of 15.6 THz
correspondsto 71 ~ 10fs.

Although Eq. (39) shows that the third-order nonlinearity involves all three components of
the electric field, the longitudinal field component E; in a silicon waveguide contains only
a relatively small fraction of incident power, particularly in the case of the fundamental TE
and TM modes. As aresult, the nonlinear effects are dominated by the transverse polarization
components of the electric field. For thisreason, most problems can be simplified by neglecting
the E; component, as far as the nonlinear effects are concerned.

Asdiscussed in Section 2.1, Eq. (39) iswritten in a coordinate basis aligned along the crys-
tallographic axes. For commonly used (1 0 0) silicon wafers, this amountsto assuming that the
waveguideisfabricated dlong the[0 1 0] or [00 1] direction. If that is not the case, the nonlinear
response in other Cartesian coordinate systems can be found by a suitable rotation of the basis,
resultingin Rfiil) = R&f)a Mgi My jMgMyi, where Myy is arotation matrix. By noting that all terms
in Eq. (39) except those involving &jjx are rotation invariant, the nonlinear response function
in the rotated coordinate system is found to be

F%Ea)(f) = %6(7) [% (816 + Gikdji + 61 i) + (1—p) D MsMsjMgMgy
S
+ hR(T)(5ik5j| +3i|3jk—22MngstkM5|). (42)
S

As an example, consider an SOl waveguide fabricated along the [0 1 1] direction because
of cleaving convenience. In this case, the new coordinate system is obtained by a 45° rotation
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along the x axis, as shown in Fig. 1, and the rotation matrix is given by

1 0 0
M = (o 1/V2 —1/\@). (43)
0 1/vV2 1/v2
Inthis case, it is easy to show that
Risox(7) = 166(7), Ry (7) = 18(7)(1+p) /2 + 1RNR(7), (44)
Rioy(7) = Rgx(7),  Rigk(7) = %p8(1)/3+ whR(7). (45)

The two componentsin Eq. (44) represent the nonlinear response of an optical field polarized
linearly along the x’ and y’ axis, respectively, and those in Eq. (45) govern the nonlinear cou-
pling between these two orthogonal polarizations. Two important conclusions can be drawn
from Eq. (44) for SOI waveguides fabricated along the [0 1 1] direction. First, the Raman con-
tribution is absent for the quasi-TM modes polarized along the x’ axis. Second, the electronic
contribution is enhanced for the quasi-TE modes by a factor (about 14%) having its originin
the nonlinear anisotropy [87]. Note that Raman scattering can occur for TE modes, but not for
TM modes. In contrast, Raman coupling between the pump and signal waves, polarized orthog-
onally along the TE and TM modes, occurs with the same magnitude, [28, 34, 52] but the Kerr
nonlinearity is reduced roughly by one third for such a polarization configuration [80].

InEq. (37), & isrelated to the frequency dependence of the nonlinear parameter, and is given

by

1 1 dye 1 da
S — [ d_
o Aloo) do

: wo  xe(wo) do

: (46)

@o

where ye(wo) = x1111(— @o; w0, —wp, o). In the 1.55-um spectral region, the contribution of
the second term in Eq. (46), related to the dispersion of silicon electronic nonlinearity [5, 83,
84], dominates, in contrast with silica fibers for which the first term dominates because of a
negligible dispersion of n,. In practice, the & term becomes important only when the spectrum
of input pulses broadens by alarge factor during their propagation inside a silicon waveguide;
for example, in the case of supercontinuum generation [16]. In many cases of practical interest,
& « 1, and its contribution can be neglected.

Equation (27) in the frequency domain and Eq. (37) in the time domain provide a general
theoretical basis for studying the nonlinear effects in silicon waveguides. We use them in the
following sections to discuss a variety of nonlinear phenomena that can be employed for a
multitude of practical application of silicon waveguides.

3. SPM effectson short optical pulses

In this section, we apply the general theory to the simplest case in which short optical pulses at
a specific carrier wavelength are launched inside a silicon waveguide. The propagation of such
pulsesis affected considerably by the nonlinear phenomenon of SPM, especially when the dis-
persive effects cannot be ignored. As Eqg. (37) is quite similar to the generalized NL S equation
governing the nonlinear effectsinside silica fibers[80], we would expect similar phenomenato
occur inside a silicon waveguide. In particular, the possibility of soliton formation and super-
continuum generation exists. Of course, the differences unique to silicon waveguides, such as
TPA and free-carrier effects, will have a significant impact on these nonlinear phenomena. This
section focuses on such differences.
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Fig. 2. Wavelength dependence of [, for several waveguide widths simulated with the
finite-element method (FEMLAB, COMSOL). Solid and dashed curves correspond to the
TE and TM modes, respectively. The black curve shows for comparison the case of bulk
silicon, and the inset shows the waveguide geometry.

3.1. Dispersion engineering

Before we discuss the SPM effects, we should consider the nature of group-velocity dispersion
(GVD) inside SOI waveguides, asit has a profound impact on nonlinear pulse propagation [80].
Fused silica has a zero-dispersion wavelength (ZDWL) around 1.276 um beyond which GVD
becomes anomalous. In contrast, silicon has significant normal dispersion over its transparent
spectral region beyond 1.2 um, as seen in Fig. 2. However, it iswell known that mode confine-
ment provided by waveguide geometry introduces significant dispersion, which can be used
to compensate for the material dispersion. This feature has been utilized in silica fibers to tai-
lor their dispersion over a broad near-infrared region by either changing the size of the fiber
core [147], or by introducing a photonic-crystal cladding [148]. Optical pulses exhibit rich
nonlinear dynamics inside such fibers with engineered dispersion [101]. The idea of disper-
sion engineering can be transferred directly to silicon waveguides. Moreover, as the refractive
index of silicon (around 3.48) is much larger than silica glass, mode confinement is naturally
stronger in silicon waveguides, particularly those with an air cladding. This feature enables
efficient dispersion engineering simply by changing the size and aspect ratio of a rectangular
waveguide[13,149].

In general, the GVD for an optical mode is dominantly set by the boundaries where the
electric field is discontinuous. As aresult, the quasi-TE modes tend to be more sensitive to the
two sidewalls and the waveguide width. In contrast, the quasi-TM modes are more sensitive
to the top and bottom interfaces and the waveguide height. Thisisillustrated clearly in Fig. 2,
which shows the wavelength dependence of the GVD parameter 3, obtained with the finite-
element method, for some rectangul ar-shape waveguides (see theinset). In each case, the height
is fixed at 400 nm, but the width W varies from 0.6 to 1.75 um. As seen there, the waveguide
dispersion changes dramatically the magnitude of GVD, and the ZDWL for the fundamental
TE mode can be engineered to lie anywhere from 1.2 to beyond 3 um simply by changing the
waveguide width. More specifically, an SOI waveguide with a cross-section of 0.6 x 0.4 um?
exhibitsitsZDWL near 1328 nm for the fundamental TE mode, resulting in adeeply anomalous
GVD in the telecommunication band (about —1.52 ps?/m at 1550 nm). For the same mode,
ZDWL can betailored to near 1577 nm simply by increasing the waveguide width to 1.0 um.
The ZDWL shifts dramatically to 2322 nm in the mid-infrared region with a further increase
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of the width to 1.75 um, resulting in a normal dispersion of 0.59 ps2/m at A = 1550 nm. In
contrast, the GVD curves are similar in shape for the fundamental TM mode (dashed curves)
of these three waveguide geometries, because of a fixed waveguide height used. Clearly, the
tight mode confinement inside an SOI waveguide provides a significant degree of freedom for
engineering GVD.

Further dispersion engineering can be realized by introducing a photonic-crystal cladding,
again similar to the case of silica fibers[148]. Such dispersion engineering enables observation
of nonlinear phenomenainside a short waveguide at moderate power levels to an extent that is
not possible for silicafibers. Moreover, an appropriate design of the waveguide also allows one
to obtain nearly identical GV D curves for the two polarizations [68]. The extent of dispersive
effects on pulse propagation is characterized by the dispersion length, defined asL 4 = TZ/| 32|
[80], where Ty is a measure of the width of input pulses. Although the magnitude of GVD can
be engineered considerably in SOI waveguides, the dispersion length is still often larger than
the waveguide length (L ~ 1 cm). For example, for aGVD of || = 2 ps?/m, Ly = 50 cm for a
pulse with Ty = 1 ps. Therefore, GVD-induced pulse broadening is relatively small until input
pul ses become shorter than 100 fs.

3.2. Relative magnitudes of the nonlinear and free-carrier effects

As mentioned earlier, the free-carrier effects have a significant impact on pulse propagation.
Thus, our first task is to estimate the relative importance of FCA and FCI compared with the
nonlinear phenomena of SPM and TPA. The free-carrier effects depend, in general, on the
repetition rate of input pulses. In this section, we consider the smplest case and assume that
the repetition rate is low enough (<100 MHz) that free carriers produced by one pulse have
enough time to recombine before the next pulse arrives. This simplification allows us to focus
onasingle pulse. Many experimentscarried out in the past few years have employed arepetition
rate low enough that the single-pul se assumption holds for them [7-12, 14, 15, 17,23, 25].

The importance of the nonlinear effects is governed by a parameter known as the nonlinear
length [80] and defined as Ly = (10Po) 1, where Py is the peak power of input pulses. Because
of arelatively large value of Y in silicon waveguides, Ly can easily become 1 mm or less
at moderate peak power levels. As aresult, the SPM-induced spectral broadening is frequently
observed in short silicon waveguides[7-12]. Such spectral broadening has already been used to
realize useful functions such as optical gating [10], regeneration [19] and multichannel spectral
carving [18]. In many cases, a shift of the broadened spectrum toward shorter wavelengths was
observed [8-10, 12, 14, 18, 19, 25]. Detailed numerical simulations show that this blue shift is
caused by a free-carrier-induced chirp (FCC) that affects pulse dynamics on a different time
scale[9,14,20-22,25].

Equation (37) can be used to describe pulse propagation inside SOl waveguides under quite
general conditions. For simplifying the following discussion, we do not consider the polariza-
tion effects by assuming that the input pulse is polarized along the fundamental TE or TM
mode of the waveguide. In this case, the pulse maintains its initial state of polarization, and
a scalar approach can be employed in Eq. (37) by dropping the subscript i from A;. A further
simplification occursif we note that the Raman scattering is not important in this case because
of alarge Raman shift and a narrowband nature of the Raman-gain spectrum.

Even with these simplifications, the situation is more complicated than that encountered
inside silica fibers. Equation (37) shows that both the electronic nonlinearity and free carriers
would induce nonlinear phase shifts and extra losses on the pulse. Here we provide a simple
analytical approach to estimate their relative magnitudes. Assuming that the dispersion length
is so much longer than the waveguide length that dispersive effects are negligible, we neglect
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all dispersiontermsin Eq. (37) and obtain the ssmple equation

dA

0z

where we have also neglected linear scattering losses and changed the time reference frame to
T =t — B1zsothat T = O correspondsto the pulse center.

Consider first the relative importance of the FCA and TPA effects. Noting that the TPA

originates from the imaginary part of ye in Eq. (40), the power-loss rate introduced by TPA is
given by 0P/dz= —Br|A|*/a Accordingly, the carrier generation rate in Eq. (36) becomes

=B (w0, N)A+iveAPA, (A7)

<~ 1 0P  Br|A*
G=- 2hwoa dz  2hwoa?’ (48)

The use of this expression in Eq. (36) provides aformal solution for the carrier density as

N(z 1 (t=7)/0|A(z,7')|*d 7. (49)

2h_woa_12

Equation (49) shows clearly that carriers accumulate over the pulse duration through TPA, but
they also disappear because of recombination. The upper limit of the carrier density is thus the
value accumulated over the whole pul se without recombination, and is given by

AL /
Nm = Zﬁwoéz Az ')|*dT’. (50)
To be specific, consider a Gaussian input pulse with the power profile |A(0,7)|? =
Poexp(—12/TZ2). Inthis case, Ny, becomes

N — VaBrPTo
2/ 2hmod@@

If we substitute this expression into Eq. (20) and use Eg. (33), we obtain the upper limit o 1m
of the FCA parameter ;. As the maximum TPA is governed by atm = BrPy/a (at the pulse
peak), the ratio of these two providesacriterion for testing the relative magnitudes of FCA and
TPA through the dimensionless parameter

(51)

_ Ofm . nocaéop

= Otm _ _TMo%acp 52
otm  2v/2hagna (52)

where &, = /TRy Ty istheinput energy of aGaussian pulse. Note that ng and n are, respectively,
the material and modal refractive indices at the carrier frequency g of the pulse.

It follows from Eq. (52) that the FCA effects are relatively small when ry < 1. Us
ing typical parameter values at wavelengths near 1550 nm, Eq. (52) leads to a condition,
&p/a < 25 mJ/cm?. For example, pulse energy should satisfy &, < 125 pJ for a waveguide
witha= 0.5 um?. Thiscondition is often satisfied in practice for pulses shorter than 0.1 ns. As
aresult, TPA dominatesfor ultrashort pul ses propagatinginside a silicon waveguide. Moreover,
ofmisrelatedtorg as afm = rafitPy/a Withr, < 1and Bt ~ 0.5 cm/GW, arm < 0.4 dB/cm
at apeak intensity of 0.2 GW/cm?. Clearly, FCA is negligible for ultrashort pulses of modest
energies. However, it can become significant when pul se widths become longer than the carrier
lifetime and the peak powers become relatively high. In this case, free carriers created by the
leading edge of a pulse would absorb light in the pulse tail. As aresult, FCA will dampen the
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pulse tail but leave intact the leading part of a pulse. This feature has been recently used to
generate short pulses by removing their trailing part through FCA [97].

We next focus on the role played by index changes induced by free carriers (FCI). Both the
Kerr nonlinearity and free carriers change the refractive index and impose SPM on the pulse.
From Egs. (20), (33), and (47), these phase changes evolve as

oD

8—zK = }/0|A|2’
where @k and @; are the phase shifts induced by Kerr nonlinearity and free carriers, respec-
tively. Both of them depend on pul se’stemporal profile and thus chirp the pul se. Such frequency
chirps are more relevant in practice than the phase shifts themselves since they indicate the ex-
tent of spectral broadening [80]. Noting that the frequency shift variesas 6w = —d®/dr, the
two frequency chirps satisfy

0®s  NowoOon —
el N,
0z cn

(53)

d(dwx) B 8|A|2 d(dwr) B _nOCOOGna_N_ (54)
iz~ "ot Jz cn ot
¢From Egs. (36), (48) and (49), we find that changesin the carrier density evolve as
aN—f ﬁT 4 1 T (t-7)/1% NV
ot 2hwoa? {|A| T /We |A(z, 7')|"d7| . (55)

Optical pulsesused for investigating SPM generally have widths shorter than the carrier lifetime
to prevent severe FCA. For such pulses, the second term in Eq. (55) is of the order of T/ 1o,
and is thus negligible compared with the first term when Ty < 19. As aresult, the growth rate
of FCC from Eq. (54) is approximately given by
8(5a)f) noGnﬂT|A‘4

dz  2cnR@@ (56)
Noting that o, is negative [see Egs. (18) and (20)], it followsthat FCC always causes the pulse
spectrum to be blue-shifted. The maximum chirp occurs at the pulse center and is given by

J(8wim) - _nOGnBTPg
dz ~ 2cnh@
On the other hand, the Kerr-induced chirp (KIC) has a maximum growth rate of

|0(Swxm)/ 97 ~ yPo/To a two temporal locations around the pulse center [80]. Therefore,
the ratio of the FCC and KIC for Gaussian pulsesis given by

_ |9(8wim)/dZ  nolon|Sp
¢ 7 19(8wxm)/d7 ~ 4n3/2F,cnha’

(57)

(58)

Similar to the case of r, this ratio depends only on the pulse energy (rather than on pulse
width or peak power aone). The FCC and KIC become comparable (r = 1) for ép/a~
4 mJ/cm?, or at a pulse energy of &, ~ 20 pJ for a waveguide with a= 0.5 um?. For pulse
energieslarger than this value, FCC becomes significant. This conditionis easy to meet in prac-
tice. For example, the experimentsin Refs. [8-10,12,14,18,19] fall inthisregimeand result in
a blue spectral shift. However, the experiments of Refs. [15,17] fall outside of this regime and
thus do not show such a blue shift. Clearly, compared with FCA, FCC has a more significant
effect on pulse propagation, especially when the pulse width is much shorter than the carrier
lifetime. Moreover, such FCC can be significantly enhanced inside a high-quality microcavity
through cavity resonance, leading to much less requirement of input pulse energy [91, 96].
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Fig. 3. (@) SPM-broadened spectra and (b) nonlinear phase shifts showing the impact of
FCC. Red curves neglect both FCA and FCC, black curves include FCA but neglect FCC,
and green curvesinclude both. (After Ref. [21].)

Figure 3 shows numerical examples of SPM-induced spectral broadening and phase shifts
for Gaussian pulses with Top = 10 ps. The device length L and peak power Py of pulses are
chosen such that ¢x = wPL = 15.57 in the absence of TPA and the resulting free-carrier
effects. Red curves neglect both FCA and FCC, assuming negligible density of free carriers.
black curves include FCA but neglect FCC, while the green curves include both effects. The
blue shift induced by FCC is seen clearly. The free carriers also introduce considerabl e spectral
asymmetry because they are created by the leading edge of the pulse and affect mainly its
trailing portion. Notice how the nonlinear phase shift changes from positive to negative values
inthetail part of the pul ses because of the free-carrier effects.

For relatively low-energy pulses such that re < 1 in Eq. (58), free-carrier effects become
negligible. In this case, we can set B = 0in Eq. (47), resulting in

A_ o
dz 2

where we have added in the term representing linear losses. This equation can be easily solved
to obtain the following solution of pulse power:

A+irelAIPA, (59)

P(Ov T) exp(_ % Z)

P(z 1) = . (60)
1+ —ﬁT';(%T) [1—exp(—0q2)]
Accordingly, the Kerr-induced nonlinear phase shift, ®x = 1o ]bL P(zt)dz isgiven by [21]
D (L,7) = 18n [1+ wm}, (61)
Br a

where Lgt = (1—e %) /oy isthe effective length. TPA convertslinear dependence of d on
the peak power to a logarithmic one. As a result, it reduces the value of ® ¢ by a factor that
increases with increasing peak power and sets the fundamental limit on the extent of SPM-
induced spectral broadening in silicon waveguides.

3.3. Ultrashort pulse propagation and soliton formation

The preceding analysis neglected the dispersive effects. However, if the dispersion length be-
comes smaller or comparable to the waveguide length, GV D effects must be considered. If we
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Fig. 4. Simulated shape (a) and spectrum (b) of input (blue curves) and output (red curves)
pulses in the soliton regime. The green curve in (a) shows the output pulse in the absence
nonlinear effects. The dashed curve in (b) corresponds to a sech pulse. (After Ref. [17].)

keep the GVD term, neglect the high-order dispersive and nonlinear effects, and ignore the
impact of free carriers, Eq. (37) reducesto the following simpler NL S equation:
i 2

é—é + %A+ %%\ — s AA (62)
The main difference compared with optical fibersisthat ye isacomplex parameter in view of the
TPA effects that cannot be ignored for silicon waveguides. Since linear losses and TPA reduce
the peak power continuously along the waveguide length, an ideal soliton cannot form inside
silicon waveguides. However, a soliton-like behavior can still be observed if the SPM effects
are made strong enough initially that the dispersion-induced pulse broadening is negligible at
the output. Indeed, we have found that if the input pulse is launched with an appropriate peak
power, a solitary wave can form with arelatively small pulse broadening [13]. Such a solitary
wave corresponds to a path-averaged soliton [80] for which SPM and GVD do not balance
each other locally. Rather, they are balanced on average along the whole device length such
that yoPLq = 1, where Py = L*lfoL Py(z)dz is the average peak power along the waveguide.
Under such conditions, an input pulse preserves its temporal and spectral shape reasonably
well at the output end [13].

Moreinterestingly, if welaunch a Gaussian pulse with an appropriate power in the anomal ous
GVD regime of an SOI waveguide, the pulse becomes quite resistant to the dispersion-induced
broadening [17]. It evolves itself into a sech-like shape, as shown clearly in the numerical
example of Fig. 4. In this case, the pulse spectrum narrows down since the Gaussian-shape
input spectrum istoo broad to hold a solitary wave. Thisfeatureisin strong contrast to the case
of nondispersive SPM (discussed earlier) that resulted in spectral broadening.

Spectral narrowing suggesting the formation of a path-averaged soliton was observedin are-
cent experiment in which 120-fs Gaussian pulseswere launched in the anomal ous-GV D regime
of an SOI waveguide [17]. As shown in Fig. 5, the 27.8-nm-wide (FWHM) spectrum of input
pulses is narrowed by about 33% at the output end. The shape of the output spectrum is best
described by a sech shape, rather than a Gaussian. Numerically simulations performed with the
experimental parametersfit the experimental spectrum reasonably well, as seen in Fig. 5(b).
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3.4. Soliton fission and supercontinuum generation

Spectral broadening introduced by SPM can be used for applications such as multichannel spec-
tral carving [18]. This technique may find applications in the context of optical interconnects
based on the scheme of wavel ength-division multiplexing. However, as discussed above, spec-
tral broadening introduced by the sole effect of SPM is quite limited because TPA imposes a
fundamental limit on the extent of such broadening. Current experiments only show spectral
broadening of tens of nanometers[7-10, 12, 14, 25].

To overcome the barrier set by TPA, an optical pulse needs to broaden its spectrum by a
large factor before TPA reduces its peak power. This can be done by employing the concept of
soliton fission and supercontinuum generation, two processes that have been extensively stud-
ied for silica fibers in the past few years [101]. Spectral broadening is enhanced dramatically
by forming a higher-order soliton at the input end of the waveguide that splits into multiple
fundamental solitons through a fission process. In general, Eq. (27), which includes all pos-
sible linear and nonlinear effects and wave-mixing processes, should be used to simulate the
dramatic spectral broadening during supercontinuum generation. In particular, the spectral de-
pendence of the propagation constant 3; () should be accurately accounted for acrosstheentire
broadened spectral region because the soliton fission processis very sensitive to high-order dis-
persion [101]. In practice, the generalized time-domain NLS equation (37) provides a fairly
accurate description of such spectral broadening if correctly including in higher-order linear
dispersion terms together with the nonlinear dispersion of Eq. (46).

Numerical simulations typically make use of the split-step Fourier method [80] that deals
with dispersion in the frequency domain and treats SPM in the time domain. It is thus rela-
tively easy to include higher-order dispersive effects. The results show that the soliton fission
process can generate a supercontinuum that extends over 400 nm even for a 3-mm-long SOI
waveguide [16]. Figure 6 shows the supercontinuum created when a 50-fs pulse is launched to
excite a third-order soliton inside the waveguide. Although TPA and free carriers reduce the
total bandwidth, a 400-nm-wide spectrum could be generated in spite of them. Such wide spec-
tra have not yet been observed experimentally, but recent experiments have shown evidence of
the emission of dispersive waves from an optical pulse under the impact of third-order disper-
sion [15, 23]. This process enhances spectral broadening, and it also provides a simple way to
characterize the third-order dispersion.
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excites the third-order soliton (red curve). The blue curve ignores the effects of TPA and
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4. XPM and Raman interactionsinvolving two waves

The situation becomes considerably more complicated when two optical waves with differ-
ent wavelengths, and possibly different states of polarization, copropagate inside a silicon
waveguide. For example, SRS may occur if the wavel ength difference matches the Raman shift.
Even when the Raman effects are not important, XPM couples the two waves and resultsin a
variety of new effects [80]. To include the possibility of Raman scattering, we consider two
waves copolarized along the TE mode of awaveguide, fabricated along the [0 1 1] direction.

The starting point in this case is the frequency-domain NL S equation (27). By writing the
total field intheform Ai(z, @) = Ap(@ — wp) + As(® — ws), where the subscripts p and s denote
the pump and signal waves, respectively, decomposing the equation into equations for individ-
ual waves, and converting the resulting equations to time domain, we obtain the following two
coupled NL S equations:

i 3 e o, iBlan i (olO) g+ [ (0] A7) Ay

+ i7RAs [ hr(t —t' )& A (2 1) Ap(z t )t (63)
e mgo o 0P s p - iBLAs 1 {1(O) A2+ [1+ 9(0)][Apl?} As

+ 75 A [ he(t —t')g9* AL (2 1) As(z t)dt, (64)

where oy (V= p,s) islinear loss at the carrier frequency @y, Bmv = Bm(@y) accounts for var-
ious orders of dispersion, [3\‘; = ﬁf(a)\,, N) governs the free-carrier effects, and Qu = oy — oy
represents the frequency detuning. We have assumed that the pulses are long enough that the
higher-order nonlinear terms can be neglected. In Egs. (63) and (64), the nonlinear parameter
7w includes both electronic and Raman contributions as 7., (Q) = 78, + %X Hr(Q). Similar to
the case of single-pulse propagation, the Raman nonlinear parameter is related to the Raman
gain coefficient as yﬂf, = gr(@u)TR/(awQr), Where the effective mode area ay = /ajay is
obtained from Eq. (29). The Raman gain coefficient is obtained from Egs. (2) and (28) and is
given by
(o) = Swug' QrNuv

9r T 2e0c?nynyIR’
where the mode overlap factor 1y = Ny IS given by Eq. (30). Note that gr scales linearly
with optical frequency. When wy, = ay, %}, and gr(wy) reduceto the single-wave case discussed

(65)
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in Section 3. For the TE mode polarized aong the [0 1 1] direction, the electronic nonlinear
parameter is given by
Yo = Y (—0u; o, —ay, o) (1+p) /2. (66)

As discussed previously, since ¥y, scales with Tr/Qg, its value is only a few percent of the
electronic part ¥§,. Asaresult, vy (0) ~ ¥5,-

4.1. XPM and cross two-photon absor ption

If the frequency detuning between the two waves is far from the Raman frequency shift, the
terms involving the Raman response function hg(t) in Egs. (63) and (64) are irrelevant. For
picosecond optical pulses, dispersionlengthistypically muchlonger than the waveguidelength,
and the dispersion terms (m > 1) are also negligiblein these equations, resulting in

oA oA, . .
a—zp‘i'ﬁlpa—tp = 'ﬁ;faAp+' (Vgp|Ap|2+21’§s|As|2) Ap, (67)
A IAs .
8—; + ﬁlsa—ts = iBIAS+1 (Ve As? + 25| Apl?) As, (68)

where we neglected the terms associated with ¥} because of its small magnitude and used
7w (0) ~ 15,. We al so neglected linear |osses and removed the trivial constant phase factor e'fov?
(v=p,s). These two equations are similar to those describing the XPM effectsin silicafibers,
except for the TPA and free-carrier terms [80]. As a result, we may expect that XPM inside
a silicon waveguide should exhibit similar spectral characteristics. This indeed was observed
recently by using femtosecond pulses [14, 26]. In particular, the XPM-induced spectral asym-
metry because of a pump-probe delay was seen clearly, and its features agreed with theory.
Similar to the case of silica fibers[116], the XPM-induced phase shift and its associated chirp
can be used for optical switching and wavelength conversion [14, 25].

The TPA effects can be deduced from Egs. (67) and (68) by studying how the powers, P =
|Ap|? and Ps = |As|2, change along the waveguide length. These powers satisfy the following
set of two coupled equations:

dPp dPp 5
P + Blp? = _ﬂ'i'pppp - 2ﬁ'{'psPSva (69)
dP. dP.

a_zs + ﬁlsa—ts = —BrssPZ — 2B1sPsPy, (70)

where the TPA coefficient is defined as B, = 2Im(y§,) = Bruw/aw- These equations show
that TPA can occur in three ways: by absorbing two pump photons, two signal photons, or
one pump and one signal photon (cross-TPA). The factor of 2 for the last process arises from
the interference effects and the instantaneous nature of the TPA process [150]. Noting that
X111 (— Op; Os, — s, Wp) = 7111 (— s, ©p, —Wp, W), from Egs. (28) and (66), we find that

! !
ﬁLps — BT_Sp, (71)
wp s
irrespective of the pump and signal frequencies. Physicaly, this equality indicates that cross-
TPA annihilates one pump and one signal photon simultaneously. Taking into account the three

TPA processes, the free-carrier generation rate in Eq. (36) is given by

ﬁTpp|Ap|4 ﬂTss|As|4 2ﬁTps|Ap|2|As|2

6= 2hwpaZ,  2hwsd Rowpads

(72)
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where the self-TPA coefficient Brpp and Brss are given in Eq. (8) for degenerate frequency wp
and ws, respectively. The cross-TPA coefficient Brps is measurable in principle but it has not
yet been measured for silicon. A good approximation is to estimate it at the mean frequency
0 = (0p+ ws) /2 as Prps ~ Pr(w), because the TPA processis most sensitiveto the total energy
of the two absorbed photons [128]. As self-TPA coefficient does not show sharp dependence
on photon energy below Eq [83,84], Brpp = Brss = Brps When frequencies wp and ws are close
to each other.

Equation (72) shows that cross-TPA-induced carriers and the associated photocurrent are
generated only when both pulses are present simultaneously. This feature enables the use of
cross-TPA for measuring the temporal characteristics of ultrashort optical pulses [151-156]
and employing it for ultrafast optical switching [98-100]. However, as the cross-TPA genera-
tion rate is only four times larger than that of self-TPA, each pulse by itself aso generates a
considerable number of carriers[thefirst two termsin Eq. (72)]. Asaresult, the autocorrelation
based on cross-TPA is generally not background free, unless a specific technique is used to
remove the background [ 157].

Apart from the XPM induced by the Kerr nonlinearity, TPA-generated free carriers induce
additional phase modulation through index changes produced by free carriers. From Egs. (20),
(33), and (68), these phase shifts for a pump-probe configuration (Ps < Pp) satisfy

0Dk _

0D+ Nos®Ws —
O 2Rl Aol e

W— one O-nsN. (73)

The Kerr-induced XPM has a maximum growth rate of d®km/dz = 2Re(15,)Ps at the pulse
center. For a Gaussian pump pulse much shorter than the carrier lifetime, the maximum rate of
carrier-induced XPM can be estimated by using Eq. (51) in Eq. (73) and is given by

dPtm _ \/EnOSwso'nsﬁTppPgTo

74
0z Zﬂcnsﬁwpa_gp (74)

Therelative ratio of the growth rates of these two phase modulationsis given by
_10®im/97]  nosos|ons|Brapdp /AT -

*7 [00km/dZ]  4v2cneRe(16)wpdd,  2v2'

where r¢ is given in Eq. (58) and the last approximation is valid when the pump and signal
frequencies are not too far from each other. Clearly, the discussion about r ¢ in the preceding
section appliesto ry aswell. Asthisratio is typically much larger than 1 for moderate pump-
pulse energies, free-carrier-induced XPM provides a more efficient way for optical switching,
particularly when an interferometric resonance inside a micro-resonator is used to enhance
such effects [90, 92]. However, this carrier-injection scheme has a speed limited by the carrier
lifetime (typically ~1 ns) [94], and it responds much slower compared with a scheme based on
Kerr-induced XPM or TPA. The modulation speed can be increased considerably by reducing
the effective carrier lifetime. Thisis often realized by applying an external field to swipe away
the free carriers[92].

4.2. Raman amplification and lasing

When the frequency detuning between the pump and signal becomes close to the Raman shift,
SRS begins to affect the pulse propagation. As the Raman response time is about 3 ps, SRS
is only effective for pulses longer than this. Through a pump-probe scheme, 6-dB and 6.8-dB
gains were observed in experiments employing 3.5-ps and 6.6-ps-wide pump pulses, respec-
tively [31, 34]. Numerical simulations show that asignal pulse can grow even from noise [47].
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However, for such short pump pulses, SRS processis affected by the walk-off between the pump
and signal pulses [47, 48] because the group-velocity mismatch is not negligible for a Raman
shift of 15.6 THz. This walk-off problem can be solved by launching a CW signal [32, 40, 44].
Indeed, a net Raman gain of 2[32], 3.1[40] and 13 dB [44] was observed in three such experi-
ments. Raman lasing has also been realized through pulsed pumping [38,43].

However, practical applications generally require CW pumping. In this case, both the TPA
and FCA affect the SRS process considerably. To study their impact, we employ Egs. (63) and
(64). Thetimeintegral in these equationsis readily performed for CW fields, resulting in

A

o7 iBpAp — %Ap‘f' iﬁ{)Ap"‘i {Ypp(o)|Ap|2+ [%s(0) + YpS(QpS)HASF}Apv (76)
% = iBsAs — %Aﬁ' iBLAs+i { 1s5(0) |As|? + [5p(0) + Yep(Qp) ]| Ap|* } As. (77)

We are mainly interested in studying how the pump and signal powers, P, and Ps, evolve along
the waveguide length. These powers satisfy the following coupled equations:

9P _

5, = (oiptamp)Pp— BropP5 — 2BrpsPsPo — 2yRIM[HR(Qps) PPy, (78)
P -~
8—25 = —(01s+ 1s)Ps — PresPs — 2B1spPoPs — 28I M[HR(Qep) |PoPs, (79)

where ﬁR(Q) is given in Eq. (3). When the signal is located at the Stokes side of the pump
with afrequency detuning of the Raman shift, Q s, = —Qg, Eq. (3) and Eq. (79) result in a peak
Raman gain of gr(ws)/agp Where gr(ws) is givenin Eq. (65).

As expected, apart from the gain or loss provided by the SRS process, the two waves suffer
losses from the TPA and FCA processes. In the following analysis, we assume that the pump
is much more intense than the signal so that free carriers are dominantly generated from the
pump-induced TPA. In this case, Egs. (20), (33), and (49) show that FCA coefficient is given
by
_ NosOasPrppToPy

Gs = 2hophsad, (80)

In the CW pumping case, it turns out that FCA is the dominant loss mechanism rather than
TPA [32-36]. This can be seen from the loss ratio defined in Eq. (52). In the steady state with
CW pumping, Eq. (52) becomes

- nOsGasﬁTppPpToasp
a —_— .
4hwonsPrepagp

(81)

Using Brsp ~ Prpp @nd ag ~ app, wefind from Eq. (81) that r 5 > 1 at amoderate power level of
Po/asp > 35 MW /cm? for an SOI waveguidewith 7o = 1 ns. To realize a Raman amplification,
we need grPpL/asp > 1, which leads to the requirement P /ag, > 50 MW /cm?. Clearly, FCA
is the major obstacle for Raman amplification.

As arough estimate of the combined effects of SRS, FCA, and TPA, assume that the signal
islocated at Raman gain peak, Eq. (79) together with Eg. (80) shows that net amplification of
the signal through SRS is possible only when

NosOasBrppToP3

Po
(OrR— 2Prep) B o, ays > 0. (82
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This quadratic relation and the requirement that P, is areal positive quantity lead to the follow-
ing condition on the carrier lifetime:

ﬁ(Upnsé-gp(gR - 2ﬁTsp)2
ZOCIsGasnOSﬁTppa_éj .

To < Tth = (83

This condition imposes a stringent limitation on the carrier lifetime for net Raman amplifica-
tion. For example, using typical parameter values with Bt¢ ~ Brpp, the carrier lifetime should
be <60 nsfor awaveguide with alow linear loss of 0.2 dB/cm. Indeed, positive Raman ampli-
fication with CW pumping was observed inside a waveguide with alinear loss of 0.22 dB/cm
and a carrier lifetime of 25 ns[33]. However, as smaller values of T are required with increas-
ing linear losses, Eq. (83) is hard to satisfy for practical silicon waveguides because alow loss
available for large waveguides also |eads to longer carrier lifetimes. Decreasing the waveguide
cross section helps reduce the carrier lifetime [139], but it also increases scattering losses. The
real situation is worse than the rough estimate in Eq. (83) because FCA and TPA also reduce
the pump power along the waveguide that was assumed to remain constant. In this case, Eq.
(82) should be replaced with

) L L
(R~ %rs) | Padz- NosOasfTpp o | Pdz—ail > 0. (84)

Asarelatively low effectivelifetime of freecarriersin SOl waveguidesiscritical for practical
application of Raman amplification, significant efforts have bee made to reduce its magnitude.
For example, the effective lifetime could be reduced in one experiment from 100 nsto 1.9 ns
through helium-ion implantation, thereby enabling positive Raman amplification [140]. In an-
other approach, free carriers are quickly swept away from the core area by applying an external
dc field [41, 42, 45, 54, 56]. Indeed, efficient Raman amplification realized with this approach
has been used to make CW silicon Raman lasers with athreshold as low as 20 mW [41,42,54].

The lasing threshold can be estimated from Eq. (84) by setting its left side equal to zero. In
this case, the linear loss factor o5 should be replaced by total distributed cavity 10sses o:s that
include coupling losses and reflection from cavity mirrors. It turns out that there is an upper
limit on the carrier lifetime above which the Raman laser would not be able to operate, no
matter how large the pump power is[39]. This can be seen clearly from Egs. (82) and (83) after
replacing oys with ois. Equation (82) cannot be satisfied for any pump power, if 7o islarger than
Tin given in Eq. (83). If cavity losses are small (e.g., in the case of a microcavity), the lasing
threshold is found from Eq. (82) to be

1/2
OpWsNgpNgsVm  Qep  Tih ( To)
Ph= —> Ali-(1-=2 , 85
"7 2c%(gr — 2Prep) QusQf, T Tth (85)

where Vi, = agl is the effective mode volume, ngy is the group index at wy (V= p,s), and Qe
and Qy, are the external and loaded quality factors for the cavity, respectively. They are related
to linear loss as Quy = Ngvay/(Cowy) (U= e,t), where ae, islinear coupling loss at wy.

Equation (85) shows clearly that lasing is possible only when 19 < 1. If the carrier lifetime
issmall enough that 7o < T, Eq. (85) leads to

Wp®@sgpNgsVm  Qep
4Cz(gR - zﬁTSp) Qtthzp7

This expression reduces to the case of microcavities when TPA is negligible [158]. However,
if the carrier lifetime approaches 1y, Eq. (85) shows that the lasing threshold becomes twice

Rh = (86)
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of that given in Eq. (86). Of course, as the pump itself starts to experience significant losses,
the real threshold would more than double in practice [39]. Similar to the case of Raman las-
ing in microcavities [158], Eq. (85) shows that the lasing threshold is linearly proportional to
effective mode volume and inversely proportional to the square of the cavity Q factor. Asare-
sult, increasing the Q factor or reducing the mode volume would significantly lower the lasing
threshold in Raman lasers built using SOl waveguides.

It is important to note that the inequalities in Egs. (82) and (84) can only be satisfied for a
certain range of pump powers. In practical terms, FCA would always cause the Raman ampli-
fication/lasing to saturate and thus limit the maximum available output power. The upper limit
of pump power for Raman lasers can be estimated from Eq. (82) and is given by:

P, = 2pONgpNgsVm Qe Ttn | 4 (1 T°>1/2 87)
m= — _ .
2¢%(gr — 2Prsp) QusQf, To

This equation shows clearly that Py, — e when 1o < 1, and the lasing saturation is negligible.
However, as 79 becomes close to 7y, the maximum alowed pump power Py, approaches Py,.
Eventually, the power range to obtain positive intracavity gain becomes so small that Raman
lasing is quenched.

The preceding simple analytical theory explains qualitatively the observed features of Ra-
man silicon lasers [39, 41,42, 54]. A similar discussion can be found in [58]. A quantitative
description of such lasersrequires numerical simulations based on Egs. (78) and (79). Note that
the lasing in general can occur in both the forward and backward directions. Thus, an accurate
quantitative description of silicon Raman lasers requires numerical simulations of three equa-
tions [39], or even four equations if the pump wave a so propagates along both directions[59].
More technical details about Raman lasers can be found in two recent reviews [52,53].

Apart fromthe power amplification, SRSisaresonant processthat also changestherefractive
index of silicon itself. From Egs. (3), (76) and (77), the Raman-induced perturbation to the
propagation constant is given by

2 2

ﬁR = gRP{RQR 2 QRZ = 2 . (88)

ap  (QF—Q?)2+4130?2

This quantity is positive (negative) when the pump-signal detuning is smaller (larger) than the
Raman frequency shift. Physically, this stems from the fact of a standard resonant system that
stimulated lattice vibrations follow the pump-signal beating in phase (out of phase) when the
beating frequency is smaller (larger) than the resonant frequency. As the Raman gain spectrum
is relatively narrow, such changes of propagation constant within the Raman gain spectrum
lead to dramatic changesin the group velocity. In particular, the group delay at the center of the
Raman gain spectrum s given by

= R / “p(2)dz (89)
9 2l'rag Jo P '

The magnitude of Raman-induced group delay is directly proportional to the pump power. This

feature providestunabl e delays simply by changing the pump power [50,51]. Interestingly, such

Raman-induced group delays exist even when no net Raman amplification occurs (TPA and

FCA depend on frequency only weakly and introduce a negligible change in group velocity).

This scheme was recently used to demonstrate a tunable group delay of up to 4 ps[51].

5. FWM and itsapplications

The situation becomes more complicated in the case of FWM because three or four waves co-
propagateinside an SOl waveguide simultaneously. Only threewaves areinvolved in the case of
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degenerate FWM. These are called the pump, signal, and idler waves, and their photon energies
setisfy the energy-conservation relation 2hwp = hws + haj. As this process is a four-photon,
elastic scattering process originating from the Kerr nonlinearity, its instantaneous nature makes
it useful for a variety of applications related to ultrafast optical signal processing using silica
fibers [159]. The possibility of using FWM in silicon waveguides for similar applications has
excited considerable interest recently [61-75, 77-79, 137].

5.1. Free-carrier effectson FWM

As seen in preceding sections, free carriers introduce considerable loss and phase modulation,
and thus impact any nonlinear interaction inside a silicon waveguide. Indeed, the density of
TPA-created free carriers becomes large enough in some cases that the reuse of their energy
was proposed recently [160, 161]. Clearly, free carriers would affect the FWM process as well.
Before discussing the details of FWM, we first look into the impact of free carriers.

It turns out that most free-carrier effects on FWM can be deduced from Eq. (37). For sim-
plicity, we first assume that all optical waves are polarized along the TM mode so that Raman
scattering is absent. By using Egs. (20), (33) and (49) in Eq. (37), we obtain

JA & jmil JTA . 't /
== Tﬁmw—f—wesz—&—lyfA / e O/R|AZ )4t (90)
ey m )

where the parameter y¢ is defined as

Br_ no(wo) [wo

= Dgd? (o) —on(wo)+'§oa(wo)} : (91)

Yi c

Equation (90) shows clearly that TPA-induced free carriers produce a fifth-order nonlinear ef-
fect that is accumulativein nature [115].

To describe the FWM process, we assume that A(z,t) is composed of three waves such that
A(zt) = Ap(z t)e '@t + Ag(z,t)e 't + Aj(z,t)e '@, among which the pump field A is much
more intense than the signal As and idler A;. We substitute this expression into Eq. (90) and
obtain the following three equations at individual frequencies:

Ay & iMBrp IA

DY

-t ,
= iYe|Ap|2Ap+inAp/ e /0 |AN(Z 1) *dt, (92)

0z = m Jtm
8A = imﬂ amA . i " ) t Y
a_;_' z T,mSTmS _ 2|'}/e|Ap|2As+|yeA%Ai +WfAS/7me (t t)/r0|Ap|4dt/

m=0
+ 2iytAp / e (/g AL Z(AL A+ AAN L, (93)

t
OA . & iMBi OMA; . . o .
8—AZ'—| 2 nf'm 8tﬁl :2IVe|Ap|2A;+|)/,3A%AS+|%Ai /7 e (t t)/10|Ap|4dt/

m=0

't / i /
+ 2y e O R VA AN+ AR, (94

wherewe have used Qg = Qp,; and kept only thefirst-order termsin As and A;. Equations (92)—
(94) show clearly that thefifth-order nonlinear effect associated with free carriersalso introduce
SPM, XPM, and FWM-like processes, some of which (SPM and XPM) have been discussed in
preceding sections.

We now focus on a CW or quasi-CW case and assume that the pul se widths associated with
the threefields are much longer than the carrier lifetime. In this case, the field amplitudesinside
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the integralsin Egs. (92)—(94) can be treated as constant, and these equations reduce to
dAp

20 — oAy + 76lApl2Ap + 71 ol Al A, )
5, = 1BsAst 2l Apl "As + I1eARA
r 2
. 2 2 2 2 A%
+inmolAol? ||Ag At Tiamm (1A As—i-ApAi)] : (96)
IA B A+ 20l AP 1 i7AZAT
o = BIA + 2076l Apl A+ T7eATAS
r 2
. 2 2A & 2A. 2 pA*
+ iy 0l Ap| _|Ap| A+ JETowe (1Ap| A+ApAs)]7 (97)

where Qv = oy — oy (u,v=p,s,i) and By = Po(wy) is the propagation constant at the carrier
frequency wy. Note that Qps = Qj, for a FWM process. In Egs. (95)—(97), we have neglected
linear losses and assumed pulse widths to be wide enough that all dispersive effects are negli-
gible for individual waves.

The physical origin of various nonlinear termsin Egs. (95)—(97) isclear. All termsinvolving
e stem from the Kerr nonlinearity, but the terms containing y+ result from the TPA-generated
free carriers. Comparing the nonlinear effects induced by these two mechanisms, we find that
the efficiency of Kerr-induced FWM scales as A2, but that of free-carrier-induced FWM scales
as 2y; ro|Ap|4 /(1+1QpsT0). The relative importance of these two FWM processes is governed
by theratio

— 2y1 70| Apl? '
Ye(1+iQpsTo)

Noting that Re(ys ) > Im(ys ) from Egs. (20) and (91), and using Ye = Bt (2nFn+i/2) ~ 2nF.f1
for F, > 0.2, where F, isthe NFOM introduced earlier, Eq. (98) can be approximated by

(98)

r - nOGnT0|Ap|2
FWM ™ hcna_Fn(1+|stT0) '

(99)

As we know from nonlinear fiber optics [80], efficient Kerr-induced FWM requires
Re(1e)|Ap|2L ~ 7. In atypical silicon waveguide, this condition requires a pump intensity of
|Ap|?/a= 0.4 GW/cm? inside a 5-cm-long waveguide. At such power levels, |r pym| < 1 when
the pump-signal detuning Qsp /27 > 60 GHz, sincethe NFOM isF, ~ 0.3 in the telecom band.
The magnitude of rpyv becomes even smaller at lower pump powers. As a result, FWM in-
duced by free carriers is negligible in most practical situations of parametric generation and
wavelength conversion. However, one should keep in mind that this process could become
quite efficient when pump-signal detuning becomes relatively small. For example, for acarrier
lifetime of 1 ns, [rrym| can be larger than 250 when |Qsp| 79 < 1, a condition satisfied for a
pump-signal detuning of <160 MHz.

Free carriers can affect a FWM process in another way because FWM is a coherent process
and requires phase matching among the interacting waves. As free carriers introduce consider-
able phase modulations, they would affect the phase-matching condition of FWM. From Egs.
(95)—(97), we find that the phase mismatch induced by free carriersis given by

_ 4Re(yt) 0| Apl*

Axs = . 100
f 1+ (stfo)z ( )
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As the Kerr-induced phase mismatch is given by Axk = 2Re(%)|Ap|?, the ratio between the

two is found to be

__ 2Re(y1)w|Apf
Re(7e)[1+ (QpsT0)?]’

Thisexpressionis quite similar to Eq. (98). As aresult, preceding discussion about the magni-
tude of reym appliestor, aswell. Inother words, r isnegligiblein most practical situations of
parametric generation. Physically speaking, if the pump-signal detuning is not too small, free
carriers impose nearly identical phase modulations on the three waves, leading to negligible
phase mismatch among them, even though the absolute magnitude of such phase modulations
could be large. Note that Egs. (95)—(97) neglect the wavelength dependence of y; by assuming
that it has the same value for all three waves. A more detailed analysis shows that free carriers
do introduce some phase mismatch; this effect is discussed later. In practice, as long as the
pump-signal detuning is not too small, the effects of free carriers on both FWM efficiency and
phase-matching condition are negligiblein the quasi-CW case, and their dominant effect comes
from FCA [68].

The situation becomes quite different in the pulsed regime in which pulse widths involved
become much smaller than the carrier lifetime. Although FCA is negligible in this case (as
discussed earlier), transient index changes produced by free carriers can have significant impact
on the FMW process. Mathematically, all the field amplitudesinside the integralsin Egs. (92)—
(94) can be considered as an ultrashort impulse, resulting in

(101)

K

A, A,

¥l +l31p7 = IBpAp + 1%l Ap|*Ap -+ i Tol Ap| *Ap, (102)
aAs aAs s . 2 - 2 Ak H 2 2 2 A%

A oA . ) ) )

O B = A+ ZITlA A + I1ABAL + i TolAol? (SIAplPA + 28245 , (104

where the pulse width Ty is assumed to be the same for the three waves, and dispersive effects

are neglected assuming that the dispersion length is longer than the waveguide length.
Following a reasoning similar to the quasi-CW case, we can find the relative impact of free

carriers on the FWM efficiency and the phase mismatch through two ratios that now become

rewm = 271 TolAp|?/ e, re = 2Re(ys) To|Ap|*/Re(Te). (105)

It turns out that the magnitude of these two ratios can become quite large in some cases. For ex-
ample, itis~4for 10-pspulses at a0.4 GW/cm? pumping level for atypical silicon waveguide.
Clearly, free-carrier effectswill be quite significant in this case. Note that the rea part of y; is
negative because o, < O (free carriers reduce the refractive index). As aresult, with increasing
pump power, free-carrier effects tends to cancel those induced by the Kerr nonlinearity, leading
to a net decrease in the FWM efficiency. Moreover, the parametric bandwidth also decreases
with increasing pump power. This may explain the gain saturation of parametric amplification
observed experimentally with 3.5-ps pump pulses [69]. However, free-carrier effects decrease
for shorter pump pulses, and may becomes negligiblewhen the width of pump pulsesis reduced
to below 1 ps.

In concluding this subsection, index changes produced by free carriers have a significant
impact on the FWM process for pump and signal pulsesin the picosecond regime. Their impact
is negligible in the quasi-CW regime in which pulse widths are much longer than the carrier
lifetime. As CW pumping is required in most practical applications, we focus on this case in
the following section dealing with broadband parametric generation.
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5.2.  Broadband parametric generation and wavel ength conversion

One advantage of the FWM process is that its instantaneous nature supports parametric genera-
tion over a broad bandwidth. In silica fibers, parametric gain bandwidths of up to 100 nm have
been demonstrated [162, 163]. In this section, we focus on FWM inside a silicon waveguide
and show that, with an appropriate control of waveguide dispersion, parametric gain may be
realized over a bandwidth larger than that possible for silica fibers. For a complete description
of the broadband FWM process, we return to Eq. (27) rather than using Eq. (37) or (90). For
simplicity, we first assume that Raman scattering does not play a significant role.

As before, the optical field is composed of three CW waves at different frequencies. substi-
tuting this form in Eq. (27), we obtain the following three equations for the pump, signal, and
idler fields:

IA .

e [i(Bo+BE) - 'p} Po-+(YiPo+ 2Pt 205R ) Ap -+ 2 AN, (106)
a;f = [1(Bs-+ BY) — 52| At (VP -+ 2655 + 28R A+ inGipARAY (107)
‘Z—AZ“ = [i (Bi+ B — 7‘} A +i (yFP. + 2P+ 2yfgps) A+ 1B ARAS, (108)

where P; = |A| |2 for j = s,i, p and the nonlinear parameters appearing in the FWM terms are
obtained from Eq. (28). For example, y;"spi isgiven by

_ 30pMpspi X111 (— @p; Ws, —Wp, @)
and yg’pip and yi%sp can be obtained from this equation by exchanging the subscripts. We have

neglected FWM induced by free carriers because of its negligible magnitudein the CW regime.
Because of the time-reversal symmetry, the third-order susceptibilities satisfy the relation

X111 (—@s; Op, — @, Wp) = XT111 (— O @p, —Ws, Wp) = [YT111 (— Wp; s, —Wp, 1)]".  (110)
Asaresult, we find from Eq. (109) that

111
o - a - o (111)

Therefore, as far as the FWM process is concerned, the last termsin Egs. (106)—(108) lead to

10Rs 109R 1 JP

ws 0z @ dz  2wp 07 (112)
This is the well-known Manley—Rowe relation for the FWM process, indicating the conserva-
tion of photon numbers among the three interacting waves [102, 103].

Equations (106)—(108) are quite general and include all effects related to linear loss and
dispersion, nonlinear loss TPA and free carriers produced by it, various nonlinear effects (SPM,
XPM, and FWM), and pump depletion. The TPA processes now become more complicated
than the cases discussed earlier. The involvement of three waves leads to six possible types of
TPA processes. As aresult, the carrier generation rate in Eq. (36) is given by

_ 4 U#V 2 2
G= z ﬁTvv|Ap| z ﬁTuv|Au|_2|Av| : (113)
V=0, S.I 2ﬁa)‘/aVV u,v=p, SI ﬁa)UaLIV
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where ayy = /a,ay is obtained from Eq. (29).

In most practical situations, the pump is much more intense than the signal and idler fields.
In this case we can ignore pump depletion as well as the SPM and XPM effects produced by
the signal and idler, and Egs. (106)—(108) reduce to

A
220 [i(Bo-+ BE) - %2] A+ 4P (114)
a;; [ (ﬁ5+ Bs) OCls} As+ 2'76 PPAS+ iygpipA%Ai*a (115)
88—3 = [1(8+ B = 5] A+ 2P + i ARAL. (116)

As mentioned earlier, FWM requires phase matching among the interacting waves (related
to momentum conservation among the four photonsinvolved in the FWM process). From Egs.
(114)—116), we find that the total phase mismatch is given by

K = AB + APt + 2PoRe(1S, + 15 — 2), (117)

where the first term, A = Bs+ Bi — 2Bp, represnts linear phase mismatch, the second term,
ABf = Re(Bf + B - 2[3{)), is the phase mismatch induced by free carriers, and the last term is
the nonlinear phase mismatch induced by the Kerr nonlinearity. From Egs. (20) and (33), we
find that B7(w,N) islinearly proportional to no(m)/B(w). As aresult, the free-carrier-induced
phase mismatch is given by

'\_‘anwg <n05 Noi nOp) ZNanwp S Com o
AB— Nos , Mo ,Nop o 118
== B85 "B z X7 (18

where {m = [0™(nof 1)/ 0™ o= wp- AS Onp < 0, Eq. (118) shows that FCI-induced phase mis-
match acts like adding negative (anomal ous) second- and higher-order dispersions. The magni-
tudes of such equivalent GV D and fourth-order dispersion (FOD) are given by

Bo=Nonp@30o/Z. s =NonpoBa/ (c2). (119)

However, these quantities are relatively small. For example, {, ~ 8 x 10713 m.ps? and
&4~ 2x 1071 m.ps* for a typica silicon waveguide. As a result, at a pumping level of
0.4 GW /cm? in the telecom band, the FCI-induced GV D and FOD are about 8, ~ —0.02 ps?/m
and B4 ~ —5x 10~ ps*/m, respectively. Both are much smaller than the GVD and FOD re-
sulting from the waveguide confinement. Therefore, the phase-matching condition for FWM

inside a silicon waveguide is dominated by the linear phase mismatch A and the nonlinear
contribution resulting from the Kerr effect.

The bandwidth of parametric gain is determined by the condition |kL| < 7/2. Asis known
from FWM in silica fibers [80, 159], it would be maximized when the pump wavelength falls
close to the ZDWL of a silicon waveguide. However, the parametric bandwidth is enhanced
dramatically for SOI waveguides because a typical waveguide length (L ~ 1 cm) is much
shorter than that used for fibers. Figure 7 shows examplesof the signal gain (a) and wavelength-
conversion efficiency (b) for three choices of pump wavelengths for awaveguide designed with
a ZDWL at 1551 nm [68]. With a proper choice of the pump wavelength, such parametric
amplifiers can cover the entire so-called S, C, L, and U telecommunications bands. Similarly,
if the idler is used for wavelength conversion, such wavelength converters can operate over a
300-nm bandwidth or more. Further extension of the parametric bandwidth can be realized by
engineering the waveguide to reduce the impact of fourth-order dispersion. This scheme was
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Fig. 7. Signal gain (a) and wavelength-conversion efficiency (b) as a function of signal
wavelength for three pump wavelengths in the vicinity of the ZDWL (dashed line) of the
TM mode. Input pump intensity is 0.2 GW/cm? in all cases. (After Ref. [68].)

used in a recent experiment to demonstrate wavelength conversion over a bandwidth of about
150 nm [79].

Unfortunately, although the bandwidth can be made very broad through dispersion engineer-
ing, the efficiency of the FWM processis severely limited by FCA, and it is difficult to realize
a net amplification with CW pumping [68]. Similar to the case of Raman amplification/lasing
in Section 4.2, we can estimate the required effective carrier lifetime for parametric amplifica-
tion to occur through FWM. Equations (114)—(116) show that net amplificationis possible only
when [68]

NosasPrppToPs

- 0 120
Zﬁwpnsézpp a|S > ) ( )

2[Re(Yqip) — BrplPo—

where we have used Eq. (80) for the FCA coefficient. This inequality imposes the following
upper limit on the carrier lifetime[68] :

Zﬁ(Dpnsé?pp 2hwpnsPr,
— 7 IRe(1E ) — Bre )P~ R (o, — 1)2 121
Oflso'asnOSﬁTpp[ (V§p|p) ﬁTsp] 0sOasNos ( =1 (121)
where we used ygpip ~ Y5, Brsp & Prpp, and asp = app in the last approximation, assuming that

these quantities do not change much with the signal frequency. Equation (121) is similar to
Eq. (83) obtained for Raman amplification. However, as the Kerr parameter is about 10 times
smaller than the Raman gain coefficient, Eq. (121) imposes a much more stringent limit on the
carrier lifetime. A detailed analysis shows that it is not possible to obtain positive parametric
gainunlessthe carrier lifetimeis reduced to below 100 ps[68]. Such a stringent requirement on
carrier lifetime imposes a serious challenge to practical applications of FWM in the telecom-
munication band.

5.3. Coherent anti-Sokes Raman scattering

Although efficient FWM with CW pumping is difficult to realize through the Kerr nonlinearity,
it turns out that amplification of the signal can occur if we take advantage of SRS. We have seen
in Section 4.2 that the SRS process in silicon waveguides not only providesgain but it also in-
troduces significant changes in the refractive index, when the pump-signal detuning lies within
the Raman-gain bandwidth. Equation (88) shows that SRS introduces a maximum nonlinear
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Fig. 8. Signal gain (a) and conversion efficiency (b) for the TE mode under the same con-
ditionsasin Fig. 7. (After Ref. [68].)

index change of n§ ~ cgr/(4ws) ~ 1.2 x 10~4 cm?/GW, which is much larger than that pro-
duced by the Kerr nonlinearity. Asaresult, when SRS contributesto the FWM process, it makes
FWM much more efficient than that possible from the Kerr nonlinearity alone. This regime of
FWM is known as the coherent anti-Stokes Raman scattering (CARS) process[103,164] and is
used widely for molecular spectroscopy [165]. Of course, the phase-matching condition should
be maintained over the spectral region covering the Raman-gain spectrum [68].

As SRS needs to be present for this process, a specific polarization mode is required for the
CARS. In the case of silicon waveguides fabricated along the [0 1 1] direction, the fundamen-
tal TE mode is employed. In this situation, Egs. (114)—(116) are replaced with the following
equations to account for the Raman-induced coupling:

220 _ [i(By+ B}) — %] Ao+ i1(0)PoAn 122
% = litBs+B0) - %} As+i[15p(0) + Yop( Q) PpAs + i 1epip(Qep) AGAT,  (123)
O (1B B~ %] A+ iD0) + () PoA (AR (12)

where the nonlinear parameters now include the Raman contributions, i.e., y5p(Qsp) = ¥5 +
18(Qsp) and Yip(Qp) = 15 ip T Ys%ip(QSP)-

The CARS process in silicon waveguides has been employed for wavelength conversion
[61-64,66], but its efficiency was relatively low. The reason turns out to be the phase-matching
condition [68]: CARS can become efficient only when phase matching is realized for a signal
separated from the pump by the Raman shift of 15.6 THz. This can be realized by choosing the
pump wavelength appropriately with respect to the ZDWL of an SOl waveguide [68]. Figure 8
shows the signal gain and wavel ength-conversion efficiency as a function of signal wavelength
under conditions similar to those used for Figure 7, except that the Raman-induced enhance-
ment of the FWM process is included. As seen there, by choosing the pump wavelength in
the normal -dispersion region of the waveguide, the phase matching condition can be satisfied
for the Stokes and anti-Stokes waves, leading to a positive gain of about 9 dB, even with CW

pumping.
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5.4. Highly tunable parametric generation from the telecom band to the mid-infrared

Although the CARS process enables positive parametric gain, its spectral location is fixed
within the Raman gain bandwidth. To take advantage of the instantaneous nature of FWM
outside this spectral region, we should go back to the Kerr nonlinearity and ask what limits the
FWM efficiency in the CW regime used for Figure 7. As we have seen, it is the presence of
losses induced by the free carriers (FCA). Recalling that free carriers are created through TPA,
it isimmediately obviousthat the FWM efficiency can beimproved drastically by choosing the
pump wavelength beyond 2.2 um. As the pump wavel ength then falls below the half-band gap
of silicon, TPA vanishes [83, 84], and efficient parametric generation becomes possible. Note
that the signal wavelength can still be well above the half band gap, if the SOI waveguide is
designed properly to satisfy the phase-matching condition over a wide bandwidth [137].

Figure 9 shows an example of sucha FWM configuration. By tailoring the ZDWL of the fun-
damental TE mode to 2349 nm using a waveguide cross section of 1.8 x 0.4 um?, parametric
amplification becomesvery efficient when pump wavelength islocated in the vicinity of ZDWL
because no TPA can occur. For example, a broadband gain spectrum with positive gain is ob-
tained at a pump wavelength of 2.45 um falling in the anomal ous-GV D regime. Even when the
pump wavelength fallsin the normal-GV D regime, higher-order dispersive effects can assist in
satisfying the phase-matching condition to provide gain in spectral regions far from the pump.
In thisregime, phase matching becomes very sensitive to the pump wavelength. The main point
to note is that efficient parametric amplification is possible at signal wavelengths extending
from 1.5 um to mid infrared by simply tuning the pump wavelength within 100 nm. Tunability
of the signal is morethan 5 timeslarger than the pump itself. Althoughit was proposed recently
to use silicon Raman laser in mid infrared [166], its lasing frequency is fixed with respect to
the pump. In contrast, the FWM-based parametric amplification discussed here can provide a
much larger bandwidth and broader tunability, features comparablewith those availablein y (@
materials such as a periodically poled lithium-niobate waveguide.

5.5.  Photon pair generation by FWM

So far, we have focused on the traditional regimein which ahigh-power pumpisused to amplify
asignal and simultaneously generate an idler beam. However, as FWM is a four-photon el astic
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scattering process, it conserves physical quantities, such as energy and momentum, among the
four interacting photons. As aresult, if no signal isinitially present so that FWM is initiated
from vacuum noise, and the pump power is relatively low so that stimulated FWM does not
occur, it is possible to create only one pair of signal and idler photons at a time (within the
coherencetime of the pump) that are correlated quantum mechanically in multiple dimensions.
Such correlated photon pairs are useful for applications in quantum information processing.
Indeed, spontaneous FWM in silica fibers have been used for this purpose successfully in the
past few years [167-170].

Unfortunately, pump photons also interact with thermal phonons and generate uncorrel ated
signal/idler photons through spontaneous Raman scattering (SpRS). This process is found to
impose a severe limit on the degree of the quantum correlation between the signal and idler
photons [171-173]. Because of the broadband nature of SpRS in silica fibers, high-quality
correlated photon pairs can be generated only at frequencies far from the pump (>25 THz)
[169, 170]. They can also be generated within the Raman-gain bandwidth by cooling the fiber
with liquid nitrogen [174,175]. The SpRS problem can al so be solved using silicon waveguides.
As we have seen earlier, Raman scattering in a silicon crystal occurs only for specific polariza-
tions within a very narrow (105-GHz wide) band and can easily be avoided. For this reason, if
spontaneous FWM inside a silicon waveguideis used to create correlated photon pairs, photon
pairs should have a very high quality [73].

In the low-power regime, pump depletion can be neglected completely, and the pump waveis
described classically by Eq. (122). However, the signal and idler waves must be treated quantum
mechanically. Equations (123) and (124) should thus be replaced by the corresponding operator
equations, as was donefirst in a 2006 study [ 73], resulting in the following signal equation:

% = [i(Bs+ B — %als]Aeri[ng(O) + Yo Q) PoAs + iJ/spip(QSp)Af,A,T
+ My (z, 0s) + Mt (2, ws) + M (Z, 0s) Ap + ITR(Z, Qgp) Ap. (125)

The idler equation can be obtained by exchanging the subscripts s and i. The four noise oper-
ators (last 4 terms) in Eq. (125) are associated with scattering losses, FCA, TPA, and Raman
gain/loss, respectively. They obey a commutation relation of the form

[y (22, 0u), W] (22, )] = 27D (0u — av)8(21 — 22), (126)

whereDj (j =1, f,T,R) standsfor o4 (@), (21, @y), 2By, and Gr(Qup) /aup for the four noise
sources, respectively. In the case of SpRS, the photon frequency o in Eq. (126) isreplaced with
the phonon frequency Q = o — wp.

Equation (125) together with Egs. (122) and (126) can be used to find the photon genera-
tion rate and the quantum correlation between the signal and idler photons [73]. An example
is shown in Fig. 10. A detailed analysis shows that FCA and TPA play minor roles because
of the low pump power used. Thus, FWM in silicon waveguides is quite efficient for photon-
pair generation. Such a silicon-base scheme not only provides a pair correlation close to the
fundamental limit set by a pure FWM process but also exhibits a spectral brightness that is
comparable to other photon-pair sources. This scheme has recently been used to generate cor-
related photon pairs[75], and a maximum coincidence-to-accidental ratio of 25 was obtained at
aphoton production rate of 0.05 per pulse. Thisvalueis still far below the predicted theoretical
value, indicating room for future improvement.

6. Summary
Several kinds of nonlinear optical effects have been observed in silicon waveguides in recent
years, and their device applications are attracting considerably attention. In thisreview, we have
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Fig. 10. Normalized photon flux (a) and pair correlation and spectral brightness (b) for the
TM mode as a function of pump intensity. The inset shows the waveguide design. (After
Ref. [73].)

provided a unified theoretical platform that can be used not only for understanding the under-
lying physics but also to provide guidance toward new and useful applications. We began in
Section 2 with a description of the third-order nonlinearity of silicon and considered the ten-
sorial nature of both the electronic and Raman contributions. The generation of free carriers
through TPA and their impact on various nonlinear phenomenais included fully in the theory
presented here. We derived ageneral propagation equation in the frequency domain and showed
how it leads to a generalized nonlinear Schrodinger equation when it is converted to the time
domain. We used this equation to study propagation of ultrashort optical pulsesin the presence
of SPM and showed the possibility of soliton formation and supercontinuum generation. The
nonlinear phenomenaof XPM and SRS were discussed next in a separate section, with empha-
sis on the impact of free carriers on Raman amplification and lasing. Section 5 focused on the
FWM process and its applications. We considered first the impact of free carriers and showed
that, although index changes induced by them have a negligible impact on FAWVM, FCA limits
the FWM efficiency so much that a net positive gain cannot be realized in the telecommuni-
cation band in the case of CW pumping. However, this problem can be solved by pumping
at wavelengths beyond 2.2 um because TPA-induced free carriers are then absent. We also
showed that FWM can occur over a wide bandwidth, with a proper choice of the pump wave-
length, because of much smaller waveguide lengths employed compared with those required
for silicafibers. We al so discussed briefly the use of FWM in silicon waveguidesfor generating
correlated photon pairs that are useful for quantum applications.
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