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Nonlinear silicon photonics

J. Leuthold*, C. Koos and W. Freude

Silicon offers an abundance of nonlinear optical effects that can be used to generate and process optical signals in low-cost
ultracompact chips at speeds beyond those of today's electronic devices. The Review discusses the nonlinear optical effects in

silicon and highlights some of the associated key applications.

process optical signals at speeds of 100 Gbit s and beyond',

detect signals at unprecedented sensitivities for novel sensing
applications®” and enable broadband electro-optic modulation®''.
Ultimately, the nonlinear effects in silicon may also permit the
generation of photons for lasing and amplification'?"*. It should
be mentioned, however, that although these nonlinear effects are
numerous, the interest in nonlinear silicon photonics is not so
much due to the superior nonlinear characteristics of silicon over
alternative integrated-optics materials, but rather because of its
potentially lower cost and high compatibility with CMOS indus-
try, which is interested in combining new optical functionalities
with electronics on a single chip.

The challenges in the development of active silicon elements
are: (1) the indirect minimum-energy bandgap of silicon, which
makes spontaneous emission unlikely and thus impedes lasing; (2)
the centrosymmetry of the silicon crystal, which prevents electro-
optic effects and thus hinders the development of electro-optic sil-
icon modulators; and (3) the variety of fast and slow higher-order
nonlinear effects that result in both slow and fast recovery times
when the material is exposed to high field strengths or sudden
temporal changes. Despite these issues, there has been impres-
sive progress in the development of functional nonlinear silicon
photonic devices. Today, silicon devices can emit light, modulate
signals electro-optically and process data at speeds higher than
electronic chips. This success is partially due to sophisticated tech-
nical solutions, and in particular has been enabled by progress in
the fabrication of nanophotonic devices'*"’.

The goal of this Review is to summarize the wealth of nonlin-
ear effects found in silicon, and to highlight selected applications
and technological solutions that have emerged during the past few
years. First, a short summary of silicon is given, following which
the various nonlinear effects and specific techniques used in the
application of these techniques are reviewed. Finally, a selected
number of applications are discussed in more detail.

E ; ilicon offers a variety of nonlinear effects that can be used to

The vision

Silicon is the raw material for the silicon-on-insulator (SOI) plat-
form, a fabrication approach in which a thin silicon layer on top
of an insulator layer resides on a silicon substrate. The functional
optical elements are situated in the thin top-silicon layer, and the
insulator is typically made from SiO,. The refractive index of wave-
guiding silicon is high (ng = 3.48) compared with air (n = 1) or the
Si0, cladding layer (ng;,, = 1.44), and hence strong optical guiding
is guaranteed for all signals around the typical near-infrared wave-
length of 1,550 nm.

The SOI platform has become the foundation of silicon pho-
tonics for many good reasons'® . For example, silicon is widely
available and is compatible with mature CMOS technology, thus
offering structure sizes down to 10 nm at low cost?"*2. The strong

optical confinement of silicon allows for very compact optical
devices with bent waveguide radii of the order of a few microme-
tres, and functional waveguide elements of ten to a few hundred
micrometres. Consequently, large-scale integration of many func-
tional elements on a single chip is within reach'.

Silicon photonics also extends to highly integrated multifunc-
tional devices that perform both optical and electrical operations
on a single low-cost chip. Such devices could replace the large
network interface cards that interconnect optical communications
networks with computers, or could act as sensitive optical detec-
tors with built-in processors for pre-processing detected signals.
Other applications include the development of silicon photonic
circuits for optical chip-to-chip communications® and the devel-
opment of silicon highest-speed signals processors for optical
communications and computers*. Besides passive splitters, filters
and multiplexers, such chips could also potentially comprise active
elements such as lasers, amplifiers, modulators, signal regenera-
tors and wavelength converters. Slow-light photonic crystals could
be used to enhance the nonlinear effects, and third-harmonic gen-
eration could be used for monitoring applications®.

Nonlinear effects in silicon

There are a plethora of nonlinearities in silicon***, and they all
originate from the interactions of the optical field with electrons
and phonons. In fact, it is the electric field of the optical signal
that resonates with the electrons in the outer shells of the silicon
atoms and thus causes polarization. Figure la illustrates how a
photon oscillating at frequency w polarizes an atom by displac-
ing an electron orbital with respect to the nucleus. In its simplest
form, and assuming an instantaneous dielectric response in an
isotropic material, the relation between an induced polarization
(P(t), scalar) and an electric field (E(t), also scalar) is expressed by
a power series in the electric field*:

P(t) = e,(xVE(t) + YPEX(t) + VB (1) + ...) (1)

where ¢, is the vacuum permittivity and y© are the ith-order optical
susceptibilities. The susceptibility terms are tensors of rank (i + 1),
and describe whether the relation between the induced polariza-
tion is linear or nonlinear, whether the electric fields induce phase-
shifts, absorb or amplify the incident field, and whether waves at
new frequencies are generated. Here, the nonlinear effects asso-
ciated with each of these susceptibility coeflicients are discussed,
taking them to be scalars for simplicity.

A processes. The complex first-order susceptibility term y con-
cerns dipole excitations with bound and free electrons induced
by a single photon. The real part of ¥ is associated with the real
part of the refractive index, whereas the imaginary part of Y
describes loss or gain. Some of the dipole excitations associated
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Figure 1| lllustration of a dipole excitation and possible energy level
diagrams. a, An electromagnetic wave with electric field E passing
through an atom and thereby inducing a dipole oscillation P(E).

b, Energy level diagrams showing possible single-photon dipole transitions
with contributions to refractive index changes (left) or to free-carrier
absorption (right). ¢, Third-order nonlinear dipole transitions, showing
self-phase modulation (SPM), two-photon absorption (TPA), cross-phase
modulation (XPM), third-harmonic generation (THG), partially degenerate
and non-degenerate four-wave mixing (FWM) and stimulated Raman
scattering (SRS).

with ¥ processes are depicted in Fig. 1b. The left-hand energy
level diagram suggests that the refractive index has its origin in
atomic dipole oscillations between a bound state and a virtual level
(an energy level that does not correspond to an excited energy
eigenstate of the atom®). Lorentz developed a simple model for
calculating the contribution of bound electrons to the suscepti-
bility, and showed that the refractive index changes strongly near
a resonance. His model gives the susceptibility of bound states
belonging to a density of N dipoles (elementary charge g, effective
mass m, and oscillating charge) as:

wZ
I @
orentz 2 2 .
w - Wiy

where w, is the resonance frequency of the bound state and y, is
the associated damping constant. w, is the Lorentz plasma fre-
quency, which is defined as:

Ng?

SOme

2 —
(UL—

An additional contribution to the susceptibility comes from
free carriers, which semiconductors have many of at room tem-
perature. Free carriers absorb photons and contribute to the refrac-
tive index. An absorption process with successive non-radiative
recombination is depicted in the right-hand energy level diagram
of Fig. 1b. The complex susceptibility induced by free carriers may
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be derived from equation (2) by dropping the restoring force (that
is, w, = 0). This is described by the Drude model:

CUZ

— P
M= = 3
Drude w2+ 1wa ( )

with the plasma frequency w, being defined as:

,_N¢’

w
P 80me

Here, the plasma frequency w, and damping constant y;, have
different values than the corresponding quantities w; and y, in
equation (2). Any contribution from either bound- or free-electron
oscillations contributes to the complex refractive index. Thus, for
non-magnetic materials, one may write:

nZ =1+ X(ﬁgrentz + X%)rude (4)

Equation (4) shows that the refractive index changes with both
wavelength and carrier concentration N. Although equation (4)
does provide physical insight, in practice when performing simu-
lations researchers prefer to fit their models with directly meas-
ured wavelength dependences and free-carrier contributions from
electrons (concentration N,) and holes (concentration N,) to the
refractive index. A useful empirical function for giving the refrac-
tive index 7 as a function of wavelength (1), N, and N; is given by:

HONN,) = 1, (0) + An(NLN,) = i 2 A (NN,

where n,(1) is the wavelength dependence of the refractive index,
Angis the free-carrier index (FCI) change and Aa; is the free-carrier
absorption (FCA) change. n,(A) for silicon is incorporated through
the Sellmeier relation:

A BX
ng(A)=£+P+ri\; (5)

with € = 11.686, A = 0.9398 um?, B = 8.1046 x 10~ and the bandgap
wavelength of silicon A, = 1.1071 pm (refs 27,29). The closer the pho-
ton gets to the bandgap energy of silicon (1.12 eV), the stronger the
change in refractive index becomes. Equation (5) describes what is
known as the material dispersion of silicon. Further below we will see
that a precise knowledge of the material dispersion and the ability to
engineer the waveguide dispersion will be instrumental in optimizing
the conversion efficiency of higher-order nonlinear effects®.

The changes in FCI and FCA at A = 1,550 nm are often incorpo-
rated by the following empirical expressions®”*':

N N, %
An = - {8.8 X101 485 [Ehs) } x10°18

Aa, N N,
s 8.5 cme’3+ 6.0 p x10718

where N, and N, have units of cm~ and «; has units of cm™.

x® processes. The second-order susceptibility term y*? is absent in
centrosymmetric crystals such as silicon. However, such nonlinear
effects would be highly desirable as they would allow the creation
of electro-optic modulators. Measures to overcome this deficiency
include breaking the crystal symmetry by depositing straining
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layers on top of silicon®, or using another y®-nonlinear electro-
optic active material as a cladding®™*. At this point it should be
mentioned that electrical modulation has also been successfully
demonstrated by simply injecting and removing carriers, thereby
making use of the aforementioned y®"-related FCA and FCI
effects®***. However, y® electro-optical modulators would be pre-
ferred as they do not suffer from carrier-related speed limitations.

x® processes. Third-order nonlinearities are especially important
in silicon as they exhibit a wide variety of phenomena. This can
be easily demonstrated for an electric field E comprising three fre-
quency components (w;):

3

E(r,t):ZEk =% Z E (rw)e o 1 c.c) (6)
k=1 k=1

where c.c. denotes the complex conjugate. By substituting equa-
tion (6) into equation (1) and expanding the frequency components
of the third-order nonlinear term y*, one obtains a multitude of
terms at new frequencies for the third-order polarization P©®:

PO =3¢ YO[B, P E, + ] SPM
+ % eXV((E, P +[E, )E, + ] XPM
+ 1 eVl e ce)+ 2] THG

3 e 091 (B2 E, e et r c.c)+ ] FWM  (7)
+ % e XV S (B2 E, et ce)+ ] FWM
8 ex[J(BE E e e ircc)r:]  FWM
8 ex[(EE E e ereiice)r]  FWM

w0 W, wy

where the symbol .. stands for all possible permutations of fre-
quencies. Each of the terms on the right-hand side of equa-
tion (7) corresponds to a nonlinear optical excitation, of which
a few are visualized in Fig. 1c. The energy level diagrams show
how three photons induce dipole transitions to excited states,
which subsequently relax back by releasing a fourth photon. If
the excited states do not correspond to bound eigenstates of the
crystal then the relaxation processes take place almost instantane-
ously. It is these fast processes that have caught the interest of the
research community, and in fact many of the processes depicted
in Fig. 1c are ultrafast. Among the many nonlinear processes,
only those that maintain both energy and momentum conserva-
tion (known as phase-matching) result in efficient excitation®. A
particular process among the many nonlinear processes available
can be selected to some degree by choosing the energy levels and
phase-matching appropriately.

The first term in equation (7) corresponds to a phenomenon
called self-phase modulation (SPM), which results from dipole
excitations induced by three photons (for example, all at an angular
frequency of w,). This process is depicted in Fig. 1c. SPM leads to an
intensity-dependent refractive index change #,, which in turn mod-
ifies the spectral composition of the very same pulse that has gener-
ated it. As a consequence, SPM leads to a broadening of the pulse
spectrum. Extreme levels of SPM may generate a supercontinuum,
which has, for example, applications in the generation of ultrashort
pulses in spectroscopy, telecommunications and metrology.
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The photons that generate SPM can also excite an energetically
higher state, as depicted in the two-photon absorption (TPA) dia-
gram of Fig. 1c. TPA excitations are ‘absorbing’ because they cor-
respond energetically to an excitation of an electron in the valence
band to the conduction band. TPA leads to an intensity-dependent
contribution a, to the linear absorption coefficient a,. TPA generates
free carriers in the conduction band that subsequently act as sources
for FCA and FCI changes. The long lifetime of the free carriers in
the conduction band leads to long-lasting FCA and FCI processes
that ultimately slow down the speed of silicon photonic devices***..

The intensity-dependent refractive index and absorption
changes associated with SPM and TPA affect the complex refrac-
tive index n by the relation

n=n0+n21—iﬁ (et, + aI)

where I is the intensity, and n, (the Kerr coefficient) and «, are
interrelated with the real and complex part of the third-order sus-
ceptibility by the equations

3

n2= > Re(y™)
-0 3

a,= 62n2£ Im(X<3))

A figure of merit (FOM) is often used to compare the magnitude
of the Kerr coefficient #, with the strength of the TPA coeflicient a,:

FOM—1 =
_)L(X

A large FOM is preferable, to avoid TPA-related speed limita-
tions. For silicon, although the Kerr nonlinear coeflicient is large
(n,=(4.5%1.5) x 10™"® m* W' at 1.55 um; ref. 42), the large TPA coef-
ficient results in a low FOM of ~0.4 (ref. 41). The difficulty in non-
linear optics is therefore to find a material that has both a large Kerr
nonlinear coeflicient and a small TPA coeflicient. The quantities ,
and «, vary with wavelength. Relative magnitudes of these two coef-
ficients as a function of photon energy normalized to the bandgap
energy have been derived for silicon*, using a method similar to that
of an earlier approach for direct bandgap materials*. The silicon Kerr
coefficient actually peaks at around 1.8 pm and 1.9 um, whereas the
TPA absorption coefficient decreases considerably beyond 2 um; that
is, beyond half the bandgap energy?. Silicon is therefore expected to
show very favourable Kerr nonlinearities with a large FOM in the
near-infrared, as will be discussed further below*>*.

The second term on the right-hand side of equation (7) rep-
resents cross-phase modulation (XPM), in which a first signal at
w, influences a second signal at w, (Fig. 1c). The refractive index
change induced by XPM is twice as strong as the refractive index
change induced by SPM, as can be seen by the coefficients in the
respective terms for SPM and XPM in equation (7).

The third term in equation (7) describes third-harmonic gen-
eration (THG). The third harmonic allows a new signal oscillating
at wyyg = 3w, to be produced from a signal at w,. For example,
THG can be used to generate green light from an input signal with
a wavelength of 1.55 pm (ref. 47).

The remaining terms in equation (7) describe the generation of
new waves through four-wave mixing (FWM), in which three inci-
dent photons generate a fourth photon at an idler frequency w,. The
incident photons are allowed to be degenerate, with one possible
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Figure 2 | Four silicon waveguide structures and their respective electric
field distributions. a, Strip waveguide using silicon nonlinearity in core.

b, Strip waveguide using cover nonlinearities. ¢, Slot waveguide using
nonlinearities in the slot. d, Slot slow-light waveguide. The transverse
electric (TE) mode has its dominant electric field component parallel to
the substrate plane, whereas the transverse magnetic (TM) dominant field
contribution is perpendicular to the substrate.

energy diagram shown in Fig. 1c. FWM is an ultrafast process that
has a wide range of applications, for instance in wavelength conver-
sion, parametric amplification and sampling.

A final third-order nonlinear process should be mentioned
here — stimulated Raman scattering (SRS). In SRS, a pump pho-
ton is annihilated and a photon at the Stokes-shifted frequency of
ws = wp — O is created, with Q; being the energy of a phonon
excitation. A strong pump and a Stokes wave are needed to induce
strong molecular vibrations (phonons), which in turn lead to the
stimulated emission of additional Stokes waves. This allows energy
to be passed on from the Raman pump to the Stokes wave. SRS
has been successfully used to demonstrate amplification and las-
ing. In silicon, optical phonons have an energy corresponding to
a frequency Qy/2n = 15.6 THz. The full-width at half-maximum
(FWHM) of the phonon energy is only 105 GHz (ref. 26). As a con-
sequence, SRS gain will take place only within a narrow 105-GHz
window centred at 15.7 THz beneath the pump frequency.

Silicon photonic waveguides with a high nonlinearity
To exploit the nonlinear effects in silicon, light must first be launched
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into waveguides in which the nonlinear processing will take place.
In this section silicon waveguide structures with particular high
nonlinearities are discussed. In addition, the techniques that are fre-
quently used to further enhance the nonlinear interactions in these
waveguides will also be summarized.

The general guidelines for the design of waveguides providing
particularly strong nonlinear interactions are as follows: (1) the
waveguides should provide a high optical field confinement; (2) the
waveguide material must have a high nonlinear Kerr coefficient; (3)
the FOM should be large enough such that TPA is not an issue; and
(4) where necessary, phase-matching must be guaranteed either by
proper dispersion engineering or by keeping structures so short that
dispersion does not matter.

A useful number to quantitatively judge the nonlinear character-
istics of a particular structure is the nonlinear waveguide parameter
y, defined by

B 21 n,
A AG

This parameter is maximized for large Kerr coefficients n, and
for strongly confined modes (that is, for the smallest possible
third-order nonlinear effective area A%); refs 48,49). Some of the
frequently used silicon waveguide structures with good mode con-
finement are depicted in Fig. 2, along with their corresponding elec-
tric field distributions.

Figure 2a shows the silicon strip waveguide geometry and its
transverse electric field distribution. Such waveguides have typi-
cal widths ranging from 300 nm to 1.5 um, and heights of 200 nm
to 1.5 pm. The high refractive index contrast of silicon against
air provides strong confinement. Nonlinear coefficients up to
y = 307,000 W' km™ with an FOM of 0.4 have been measured in
a 360-nm-wide and 220-nm-high strip waveguide®'. Although this
value of y is large, the FOM is low. This means that the TPA-induced
free carriers are generated with lifetimes in the nano-to-millisecond
range. However, free carriers give rise to FCA and FCI effects, mak-
ing fast applications impractical beyond data rates of 10 Gbit s™.
Nevertheless, 10 Gbit s all-optical processing has been shown™.
Techniques to overcome these free-carrier-related speed-limitations
include use of larger waveguides (1.5 pum X 1.5 pm) with smaller
confinement and consequently lower nonlinearity coeflicients, and
the use of a p-i-n (p-type/intrinsic/n-type layers) diode structure
across the waveguide to allow the removal of free carriers through
application of a reverse bias. This method has been used to success-
fully demonstrate operation at 40 Gbit s (ref. 2).

A different approach is shown in Fig. 2b, in which a silicon
waveguide is covered with a nonlinear material®. Because the
waveguide is thin, the optical transverse magnetic mode extends
far into the cladding material. The idea is to choose a cladding
material with both a large nonlinear Kerr coefficient #, and a large
FOM — indeed, such a waveguide has already been fabricated and
tested using DDMEBT as the nonlinear material®>*2>. The nonlin-
ear Kerr coefficient of this organic molecule is roughly ten times
larger than that of silicon, giving n, = (1.7 = 0.8) x 107 m* W-!
(ref. 51). Nonlinear coefficients of up to y = 108,000 W km™" with
a good FOM of 1.2 were found*'. This approach — referred to as
the silicon-organic hybrid (SOH) approach — takes advantage of
the many organic nonlinear materials that have large Kerr coef-
ficients®**. In the future, silicon-inorganic hybrid approaches
might also become important as many inorganic materials have
high Kerr coefficients™"*.

The slotted waveguide approach of Fig. 2¢ takes the concept
of nonlinear cladding one step further**”*. In this approach,
the slot not only guides the light but also enhances its inten-
sity. The enhancement results from the continuity of the normal
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component D, of the dielectric displacement oriented parallel to
the substrate plane®:

Dx,Si = Dx,slot - SSiEx,Si = sslotEx,slot

For instance, if ny, = 1.8 and ng = 3.5, the electric field in the
slot is then enhanced by eg/ey, = (ng/ny,)* = 3.8 over the electric
field in the silicon, which is a significant increase. The strong field
confinement inside the slot can be seen from the electric field distri-
bution shown by the simulation in Fig. 2c. Slotted waveguide struc-
tures filled with DDMEBT provide nonlinear waveguide parameters
beyond y = 116,000 W km™ with an excellent FOM of 2.2 and
without any sign of TPA-related speed limitations*-.

Finally, slow-light photonic crystal waveguides'®*"** have also
been suggested for further enhancing nonlinearities (Fig. 2d). In
these structures, the slowdown of the field enhances the light-
matter interaction. The third-order nonlinear phase shift enhance-
ment is predicted to be proportional to the group index (or slowing
ratio) squared, (¢/v,)* (ref. 61), whereas the second-order nonlinear
enhancement is calculated to increase linearly with c/v, (ref. 10). In
these expressions c is the speed of light and v, is the group velocity.
In slow-light slot waveguides with highly nonlinear cladding, one
may therefore expect to see nonlinearity enhancements due to the
slow-light effect, a field enhancement due to the discontinuity of the
refractive index at the slot boundaries, and advantages by the judi-
cious choice of a material with a larger nonlinearity than silicon.

If a waveguide becomes long (several millimetres or centimetres),
then walk-off and phase-matching between the pulse and probe sig-
nals or between electrical and optical waves may become an issue.
In silicon waveguides such walk-off and phase-matching issues have
been successfully overcome by proper engineering of the waveguide
geometry. Good reports of such dispersion engineering have been
given in ref. 30 and ref. 63.

The ultimate speed of nonlinear devices

The ultimate speed of a nonlinear device is often subject to con-
troversial discussion. First, there are a multitude of nonlinear
operations that each take advantage of different nonlinear aspects,
making comparison quite difficult. Second, many nonlinear opera-
tions require the devices to work for an extended period of time in
the linear regime, but only occasionally in the nonlinear regime. It
is therefore quite tempting to cite the operation speed of the linear
regime rather than that of the nonlinear regime.

For example, if nonlinear processing speeds are discussed then it
is expected that the device works error-free in the nonlinear regime
at the specified transmission rate for a pseudo-random bit sequence.
Both the received signal quality and the pseudo-random bit sequence
length must be stated. An example of such a nonlinear process is all-
optical wavelength conversion, in which every single incoming bit
modulated to an optical carrier is mapped to a carrier at a new wave-
length. This operation must be error-free for all possible bit patterns,
and this can be achieved only if the response and recovery times of
the nonlinear medium are within the order of the bitrate.

Conversely, if sampling is performed then one takes advantage
of the ultrafast response times to generate a short gating window,
which allows extraction of a single bit from a larger bit stream.
For instance, if a time-multiplexed 1 Tbit s™' signal is successfully
demultiplexed into its one tributary at 10 Gbit s by means of a
nonlinear process, then it proves that the device can successfully
generate ultrashort gates with subpicosecond rise times. The device
is therefore rightfully said to have terahertz sampling capabilities.
However, nonlinear processing has only been performed at a rate
of 10 GHz.

Similarly, if a nonlinear effect is seen across an optical band-
width of several terahertz then this clearly shows the potential of the
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Figure 3 | Nonlinear silicon light sources. a, A short input pulse is
spectrally broadened in a nonlinear silicon wire waveguide using SPM and
subsequently distributed to several outputs, each at different wavelengths.
b, Using THG to generate green light in a slow-light silicon photonic
crystal waveguide. ¢, A silicon Raman ring laser within a ring laser cavity.
A reverse-bias p-i-n structure is placed across the silicon rib waveguide to
‘sweep out’ TPA-induced carriers. Figure reproduced with permission from:
a, ref. 72, © 2007 AIP; b, ref. 47, © 2009 NPG; ¢, ref. 84, © 2007 NPG.

device for terahertz sampling, but it does not conclusively indicate
that the device can also perform nonlinear processing at the quoted
repetition rate. An actual implementation could be jeopardized by
a dominant lower-speed process, and so error-free operation may
not be seen. As a consequence, results obtained through statistical
averaging bear no relevance to communications, in which error-free
operation must be guaranteed for each and every bit.

The ultimate speed of an integrated optical device therefore
strongly depends on the nonlinear operation under consideration.
Additionally, other effects that depend on the actual implementa-
tion may limit the speed, such as optical carrier phase mismatch or
walk-off between the optical signals themselves or between optical
and electrical signals. To overcome walk-oft and phase-mismatch
limitations, dispersion engineering might help**®. Other limita-
tions might be inherent to the material. For example, bandwidth
limitations in silicon are encountered with the Raman effect, which
is only found across a limited optical window of 105 GHz (ref. 26).
Other material-related speed limitations in silicon are often due
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to carrier-induced TPA, FCI and FCA effects. The time constants
of these effects are typically of the order of several hundred pico-
seconds to several hundred nanoseconds*. Measures to overcome
material-related speed limitations involve active carrier removal",
the usage of larger waveguide cross-sections to stay below the TPA
limit, and the use of a silicon-organic hybrid approach'’. Lastly,
limitations due to the choice of resonant configurations with a ring
filter, grating or photonic crystal might add up.

Applications
The following section reviews a number of techniques that illustrate
the potential of nonlinear silicon photonics for practical applications.

Supercontinuum generation: SPM. The generation of ultrabroad-
band spectra using SPM in a nonlinear fibre has already found
useful applications in a wide variety of fields, including for optical
coherence tomography®, frequency metrology at unprecedented
accuracy®, all-optical signal regeneration demonstrating 40 Gbit s™
transmission over as much as one million kilometres®, and spectral
slicing of wavelength-division multiplexing single-laser sources (for
example, a recent experiment involved encoding a 10 Tbit s™ signal
in a single laser®”). These applications have so far used optical pow-
ers in the range of 1 W and fibres with typical lengths of around
100 m. However, recent progress in silicon has allowed generation
of a spectral supercontinuum of 350 nm width and beyond®"" in a
single silicon wire waveguide of only a few centimetres in length.
A recent experiment demonstrated continuum generation, spectral
slicing and the dropping of several wavelengths on a single chip,
the scheme for which is shown in Fig. 3a. The figure shows how a
short laser pulse is spectrally broadened in a silicon wire waveguide
2 cm in length, and how it is subsequently dropped onto three out-
puts at different wavelengths using ring filters.

Green light emission: THG. The generation of green light through
THG in silicon has long been of interest”, with recent studies dem-
onstrating the generation of green light in a slow-light silicon pho-
tonic crystal waveguide (Fig. 3b)*. The challenge in THG — which
involves converting three photons of energy /w into a single photon
of energy 3hiw — is to achieve the necessary conversion efficiency
while making sure that the green light generated by THG is not
absorbed in silicon. The success of the structure shown in Fig. 3b is
due to several factors. First, a large enhanced electric field is present,
resulting from the strong confinement of the silicon waveguide
structure in combination with the pulse compression provided by
the photonic crystal. Such an enhancement is beneficial because
the third-harmonic conversion efficiency scales as the square of the
pump intensity. Second, the photonic crystal is designed to emit
the green light perpendicularly to the slow-light propagation direc-
tion, because otherwise the newly generated green light would be
absorbed in silicon. This scheme was recently found to be useful
for all-optical monitoring applications. It has been shown that the
conversion efficiency for a particular input power directly relates to
the optical signal-to-noise ratio. Experiments have been performed
for signals of up to 640 Gbit s (ref. 25).

Light amplification and lasing: The Raman effect. Silicon has the
potential to provide cheap integrated optical components that can
overcome their own internal losses using built-in amplifiers, or
generate light on-chip. Unfortunately, the indirect bandgap of sili-
con means that it is inefficient in spontaneously emitting photons.
Although one solution towards the realization of a silicon ampli-
fier or laser is the use of silicon engineered materials™, another
promising path is to exploit stimulated Raman scattering (SRS).
Raman gain and amplification beyond 11 dB has been reported for
both the telecommunications window'>”*#? and the mid-infrared
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wavelength region®. An advantage of Raman amplification is that
it works well over a large spectral range. However, the Raman gain
spectrum is narrow (1.2 nm), so amplification works well only for a
single channel at most.

SRS lasing has also been demonstrated®**'. Figure 3c shows
an instructive example of a silicon Raman laser on a single chip
with a ring laser®. The silicon Raman laser chip comprises a 3 cm
ring resonator with waveguide widths of w = 1.5 um, heights of
h = 1.55 um and etch depths of 0.76 um. The Raman pump and
Raman-generated lasing signal are coupled in and out through a
directional coupler. One of the main issues in Raman-pumped sili-
con lasers are the free-carrier related losses resulting from TPA. In
this case, a p-i-n structure was placed along the waveguide rib to
‘sweep out’ these free carriers and thus reduce losses. A reverse
bias of up to 25 V was applied along the junction, which had a
width of 6 um. When a pump laser of wavelength 1,550 nm was
launched into the device, laser emission at 1,686 nm was observed.
The threshold was found to be at a pump power of 20 mW, and
the slope efficiency was close to 28%. Up to 50 mW of output
power was measured with a reverse bias of 25 V across the junc-
tion, whereas a maximum of only 10 mW was achieved without
a reverse bias. SRS has also been useful for tuning the slowdown
factor of light in silicon®.

Light amplification: FWM. Amplification in silicon has also been
demonstrated using FWM!'>¢¢_ Unlike the Raman effect, the FWM
effect may provide broadband parametric amplification if phase-
matching is achieved. The FWM amplification scheme typically
involves two pump photons at w, passing their energy to a weaker
signal w, and an idler signal w; such that the relation 2w, = w, + ;
holds. Amplification by FWM in silicon is an ultrafast parametric
gain process. FWM-based parametric gain has a large gain band-
width over tens of nanometres, which is a significant improve-
ment over SRS gain. The challenge with FWM-based processes is
that phase-matching must be maintained over the gain spectrum of
interest, and this typically requires careful dispersion engineering.
Parametric gain will only be observed for strong pump signals, lead-
ing to both SPM-induced refractive index changes for the pump sig-
nal itself and XPM-based refractive index modulations of the signal
and idler waves. These changes must also be included in the phase-
matching condition'. Successful parametric gain has been demon-
strated around the communications wavelength of 1.55 um (ref. 15)
and in the mid-infrared**®, thanks to the small TPA coefficient in
this region. The TPA coeflicient is low in the mid-infrared because
photon energies are lower than half the bandgap energy of silicon,
and therefore TPA-related FCA effects do not result. Figure 4a shows
the set-up of an experiment in which parametric gain in a silicon wire
waveguide measuring 4 mm x 700 nm x 425 nm was achieved*. An
on-chip gain of up to 25.4 dB was demonstrated around a wavelength
of 2,220 nm with a gain bandwidth exceeding 220 nm (ref. 86). The
dimensions were chosen to provide zero-dispersion at 2,260 nm,
thus producing anomalous dispersion of 1,000 ps nm™ km™" around
the pump wavelength at 2,170 nm. Pump pulses with a peak power
of 27.9 W and with a repetition rate of 76 MHz were launched into
the device, along with a continuous-wave (CW) signal of less than
0.45 mW. The idler conversion gain and the signal gain are plotted in
Fig. 4b for various situations in which the signal was detuned from
2,060 nm to 2,280 nm.

Mid-infrared wavelength conversion based on FWM using
compact fibre-based sources as the pump and probe has also been
recently reported”. A maximum wavelength of 2,388 nm was
obtained using a probe at 1,758 nm and a pump at 2,025 nm with a
conversion efficiency of —36.8 dB.

It is worth mentioning here that recent work has demonstrated
an optical parametric oscillator in a silicon nitride ring, and this
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set-up has been used with optical pumping to reach more than
100 unprecedented wavelengths®.

All-optical wavelength conversion: FWM/XPM. All-optical
wavelength conversion based on FWM has been studied inten-
sively in recent years, both in non-degenerate' and degenerate>**-%
schemes. Wavelength conversion is of interest in optical communi-
cations to overcome wavelength-blocking issues at network nodes.
Conversion efficiencies of around —10 dB have been demonstrated
for 10 Gbit s wavelength conversion®** and 10 Gbit s signal
regeneration®. By appropriate engineering of the waveguide dimen-
sions, conversion over more than 150 nm has been achieved”. At
higher data rates>*, TPA-generated free carriers accumulate, and
the conversion efficiency suffers from free-carrier absorption. A
reverse-biased p-i-n junction can be used to actively move free car-
riers out of the waveguide core, allowing for conversion efficiencies
of around -8.6 dB at a data rate of 40 Gbit s (ref. 2). However,
two-photon-induced nonlinear loss still represents a problem in
many all-optical signal processing applications. This problem can
be avoided by using the SOH platform, in which the optical signal
is guided by the silicon waveguides but the nonlinearity comes from
an organic cladding material**”. Pattern-free wavelength conver-
sion has been demonstrated at 42.7 Gbit s using a 4-mm-long
SOH slot waveguide®, and a more recent experiment demonstrated
FWM-based wavelength conversion of a 56 Gbit s DQPSK (dif-
ferential quadrature phase shift keying) phase-encoded signal®® —
the first demonstration of phase-preserving wavelength conversion
on a silicon chip. The experiment was performed with a SOH wire
waveguide. The experimental set-up and eye diagram of the quadra-
ture channel are shown in Fig. 4c. All-optical wavelength conversion
can also be achieved by exploiting XPM. An advantage of XPM-
based wavelength conversion over FWM-based all-optical wave-
length conversion is its insensitivity to dispersion, which makes it
easier to perform wavelength conversion over a large spectral range.
In XPM schemes, a strong data signal leads to intensity-dependent
refractive index changes in a co-propagating probe signal
Subsequent offset filtering is used to extract the converted signal.
Format conversion of a 10 Gbit s' NRZ-OOK (non-return-to-zero
on-off-keying) to RZ (return-to-zero) has been reported in con-
ventional silicon nanowires”, and a data rate of 42.7 Gbit s™ has
been reported for SOH slot waveguides®. Parametric wavelength
conversion from 1,550 nm to 1,300 nm was also demonstrated for
megabit-per-second optical signals using SRS”. The conversion effi-
ciency was limited by imperfect phase-matching and the low-power
CW pump, but could be increased to 58% by using pulsed pump
light'™. As a non-parametric effect, cross-TPA was investigated to
achieve all-optical wavelength conversion'®. In this approach, a
strong data signal and a weak CW probe signal are launched into
a silicon nanowire waveguide. The instantaneous photon density of
the data signal induces TPA by pairs of data and probe photons,
hence modulating the probe light. Cross-TPA itself is ultrafast, but
the generated free carriers tend to accumulate, hence limiting the
dynamic performance of the device.

All-optical demultiplexing: FWM. All-optical demultiplexing
is frequently used to convert high-speed signals to lower bit-rates
that can then be electronically processed. Experiments demonstrat-
ing the demultiplexing of 1.28 Tbit s™' signals to 10 Gbit s (ref. 4)
and 160 Gbit s to 10 Gbit s (ref. 102) have been reported for
silicon nananowires. Using the SOH approach, demultiplexing of
170.8 Gbit s7! to 42.7 Gbit s (ref. 3) and 120 Gbit s to 10 Gbit s!
(ref. 60) has been achieved.

Ultrafast oscilloscopes and waveform compression by means of
FWM-assisted time-to-frequency conversion. By exploiting FWM
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Figure 4 | Applications exploiting the FWM effect. a, Set-up exhibiting
FWM-based parametric gain. A strong pulsed signal is launched into

the silicon wire together with a continuous-wave signal. Energy is then
transferred from the strong pump signal to the signal and idler signal,
thereby providing amplification. b, Parametric gain coefficients of the signal
and the conversion efficiency for the idler. OPO, optical parametric oscillator;
OSA, optical spectrum analyser. ¢, All-optical wavelength conversion of

a 56 Gbit s DQPSK signal from 1,554 nm to 1,550 nm using FWM in a
4-mme-long silicon-organic hybrid (SOH) waveguide®®. The spectra shows
the NRZ DQPSK signal (blue), the continuous-wave signal (green) and the
new wavelength converted signal (red), which was detected in a balanced
received (Rx). The eye diagram shows open eyes for both the in- and
quadrature-phase components. BER, bit-error rate. Figure reproduced with
permission from: a, ref. 46, © IEEE 2009; b, ref. 86, © 2010 NPG.

in silicon waveguides and taking advantage of second-order disper-
sive fibres, optical time-to-frequency conversion and time-lenses
have been demonstrated. A potential application is the realization
of oscilloscopes that can magnify an ultrafast pulse sequence into a
lower speed signal or that can demagnify a lower bit-rate signal into
an ultrafast code.

The operating principle of time-to-frequency conversion and
time lenses is traditionally explained using spacetime duality>'>1%,
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a time lens. a, Operating principle of time-to-frequency conversion. The
spectrograms show an ultrashort pulse P, and the 10111 sequence P,.

b, Set-up of a time lens comprising time-to-frequency (A) and frequency-
to-time (B) schemes, each with different scaling factors, thus allowing both
magnification and demagnification. The red pattern at the bottom was
demagnified by a factor of 27 into the blue pattern. Figure b reproduced
with permission from ref. 104, © 2009 NPG.

Here we attempt to give an alternative explanation of the time-to-
frequency conversion concept. The conceptual experiment dis-
cussed here gives the conceptual framework, but not necessarily
the subtleties. The time-to-frequency set-up comprises dispersive
fibres with lengths larger than the respective dispersion lengths, so
that the chirp (the dispersion-induced change of frequency with
time) decreases with fibre length and dispersion D. A coupler and
a nonlinear FWM element complete the set-up (Fig. 5a). Initially,
a pulse sequence P, and a single short pulse P, are launched
into dispersive fibres with negative accumulated total dispersion
-D, and -D,, respectively. The frequency-time spectrograms at
the various positions within the set-up are plotted beneath the
scheme. It can be seen from the first spectrogram that P,, and P,
are initially unchirped. After passing through the fibres, they both
become chirped to different degrees. On performing FWM in the
nonlinear element, an idler field E; = E; E}, is generated from the
pump and the signal fields E, and E, respectively. Because the
amplitude of the pump field is squared, the pump chirp increases
to the same amount as the signal chirp. As a result of FWM, at
any point in time the spectral components of the idler all keep the
same distance from the pump spectrum, making the idler spec-
trally spread as per the chirp of the involved pulses P, and P,.
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Figure 6 | Gas sensor. a, Scheme of a gas sensor comprising a slot
microring resonator. b,¢, Scanning electron microscope image (b) and
optical transverse electric field distribution (¢) in a slot waveguide. Scale
shows the electric field intensity in arbitrary units. Figure reproduced with
permission from ref. 7, © 2008 OSA.

Upon transmitting the idler through a fibre with a totally accu-
mulated positive dispersion D, the dispersion is undone, and the
pulses arrive all at the same time. Consequently, perfect time-to-
frequency conversion is achieved.

Cascading time-to-frequency and frequency-to-time conver-
sion schemes allows the generation of a temporal image of a pulse
sequence that is either stretched or compressed in time'*. This is
a useful feature that allows an optical signal either to be sampled
with limited-speed electronics or its bit-rate to be increased within
a certain time window?®. Figure 5b shows a temporal imaging system
comprising a time-to-frequency conversion scheme with accumu-
lated dispersion D, and a frequency-to-time converter with accu-
mulated dispersion —Dj;. Cascading the two schemes results in a
temporal image that is demagnified by a factor Dy/D,. Figure 5b
shows an initial 10 Gbit s™ sequence being demagnified by a factor
of 27 onto a 270 Gbit s~ sequence.

Photonic sensors. These are likely to play an important role in all
future silicon photonics devices'®. Cheap and sensitive sensors are
needed for industrial and public safety applications, as well as for
personal use. In many cases optical sensors will be based on eva-
nescent wave detection, in which a receptor layer on top of a core
surface of a waveguide changes its optical properties upon reaction
with a specific substance. This change is then detected through the
evanescent field of the guided light, and its amplitude can be corre-
lated to the concentration of the substance'®. In the context of this
Review, current research attention is on highly sensitive detectors
that can detect the slightest changes in refractive index. An interest-
ing approach is to combine high-Q ring resonators with the slot-
ted waveguide approach®”'?””. Resonant ring filters have shown to
be highly sensitive to small changes in refractive index, and the slot
provides a good overlap of light with the substance to be probed.
Such a scheme has recently been used to demonstrate a sensitive gas
or pressure sensor’ (Fig. 6). The sensor consisted of a 20 pm micro-
ring resonator with a Q-factor of ~5,000. The slotted waveguides
were 600 nm wide and 250 nm tall, with a 40 nm slot. The authors
were able to detect refractive index changes due to pressure of the
order of 10~*in the near-infrared.

Conclusions

This Review has given a summary of the nonlinearities of silicon
and their respective applications. Silicon has convincingly dem-
onstrated its ability to amplify, generate, process and sense signals.
Although its low cost, compactness, mass-manufacturability and
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compatibility with CMOS architecture are all key to bringing this
technology to market, waveguide losses in some applications will
need to be further reduced, and the development of CMOS integra-
tion processes will require further work. However, one can already
envisage the introduction of all new ultracompact transceivers offer-
ing gigabit-per-second capacities on a device the size of a fingernail.
It is foreseeable that optical interconnects, data communication and
telecommunications will all take advantage of the new optical sili-
con chips. Ultimately, the realization of ‘terabit-per-second on-chip’
silicon processors seems to be possible. If successful, such devices
will offer smaller footprint, lower energy consumption and lower
cost than present non-silicon transceiver and only-electronic solu-
tions. Furthermore, it is likely that new silicon laser sources and
amplifiers that cover new spectral ranges will be added. In the near
future, nonlinear silicon photonics could challenge state-of-the-art
green lasers such as those used in laser pointers, and may even-
tually become competitors to quantum cascade lasers. As the field
matures and prices come down, silicon optical sensors and silicon
all-optical monitoring devices may become ubiquitous and afford-
able for mass-production.
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