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SUMMARY In this review paper we showcase recent activities on sil-
icon photonics science and technology research in Hong Kong regarding
two important topical areas — microresonator devices and optical nonlin-
earities. Our work on silicon microresonator filters, switches and modula-
tors have shown promise for the nascent development of on-chip optoelec-
tronic signal processing systems, while our studies on optical nonlinearities
have contributed to basic understanding of silicon-based optically-pumped
light sources and helium-implanted detectors. Here, we review our var-
ious passive and electro-optic active microresonator devices including (i)
cascaded microring resonator cross-connect filters, (ii) NRZ-to-PRZ data
format converters using a microring resonator notch filter, (iii) GHz-speed
carrier-injection-based microring resonator modulators and 0.5-GHz-speed
carrier-injection-based microdisk resonator modulators, and (iv) electri-
cally reconfigurable microring resonator add-drop filters and electro-optic
logic switches using interferometric resonance control. On the nonlinear
waveguide front, we review the main nonlinear optical effects in silicon,
and show that even at fairly modest average powers two-photon absorption
and the accompanied free-carrier linear absorption could lead to optical
limiting and a dramatic reduction in the effective lengths of nonlinear de-
vices.
key words: silicon microresonator, microring resonator, microdisk res-
onator, cross-connect filter, format converter, silicon modulator, reconfig-
urable add-drop filter, electro-optic logic switch, free-carrier plasma dis-
persion, interferometric resonance control, two-photon absorption, optical
limiting, silicon amplifier, wavelength conversion, helium implantation

1. Introduction

Over the past decade, silicon photonics research in Hong
Kong Universities have spanned the scope of fundamental
and applied research in three important topical areas — I.
advanced light-emitting materials, II. nonlinear optics and
waveguide devices, and III. microresonator devices. In this
article because of page-length constraint we highlight only
some of our major achievements and describe on-going
work for the last two topical areas. Thus far, our research
activities in these areas have born fruits in realizing some
of the first results on silicon nonlinear optics and photon-
ics, and demonstrating original silicon microresonator de-
vices. Here, we also seek to provide a glimpse on how our
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research effort on silicon photonics fundamentals and engi-
neering can lead to CMOS-compatible and potentially low-
cost optical devices and circuits on silicon chips for next-
generation optical communications networks and optical in-
terconnects on computer chips.

This review paper is divided into the following sec-
tions: 2. Passive microring resonator filters, 3. Active mi-
croresonator modulators and switches, 4. Nonlinear absorp-
tion and optical limiting, 5. Nonlinear figure of merit for
silicon, 6. Carrier dynamics in nonlinear devices, and 7.
Conclusion and future work.

2. Passive Microring Resonator Filters

Silicon-based high-index-contrast microresonators can con-
stitute various building blocks for large-scale-integrated
photonic circuits given their key merits of (i) CMOS-
compatibility, (ii) optical transparency to 1.3–1.7 μm
telecommunications wavelengths, (iii) micrometer-scale
compact size, (iv) wavelength agility and tunability, and (v)
accessibility using low-loss silicon wire waveguides. Al-
though both high-Q microring and microdisk resonators are
technologically interesting in their own rights, microring
resonators seem to be currently taking the center stage of
silicon photonics applied research mostly because of their
well known single-mode characteristics and ease of phase-
matching with silicon wire waveguides. Various univer-
sity and industry research groups worldwide have demon-
strated silicon microring resonators for potential applica-
tions such as add-drop filters [1], optical buffers [2], and
label-free biosensing [3]. While most of these work concern
single wavelength selection, multiple wavelengths cross-
connections using linearly cascaded microring resonators
[4] is also attracting attention for potential niche applica-
tions (e.g. wavelength-selective optical interconnections on
a multi-core computer chip). Moreover, high-data-rate sig-
nal transmission and distortions through a silicon microring
resonator filter [5] have also been examined.

2.1 Cascaded Microring Resonator Cross-Connects

One of our research objectives is to develop two-
dimensional array multiple-wavelength cross-connects with
multiple input/output ports for wavelength-division multi-
plexing (WDM) applications. The building block of such
array cross-connects can be a microring resonator coupled
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to a waveguide crossing. In this basic unit, the microring
resonance wavelengths can be cross-coupled to the cross-
port, while the off-resonance wavelengths can be trans-
mitted to the throughput-port. Previously [6], we studied
such architecture in the form of a single circular micror-
ing resonator side-coupled to a wire waveguide crossing
on a silicon nitride-on-silica substrate. However, there are
two shortcomings of this simple embodiment: (1) the high-
index-contrast wire waveguide crossing junction induces
considerable scattering loss and crosstalk, which compro-
mises the feasibility of cascading multiple crossings into a
large-scale-integrated cross-grid array, and (2) the crosstalk
light field interferes with the microring resonant transferred
light field at the cross-port, resulting in asymmetric reso-
nance line shapes [7] that may not be desirable for WDM
cross-connections.

Most recently, we have proposed and demonstrated
two-dimensional cascaded microring resonator array cross-
connect filters using multimode-interference (MMI) based
wire waveguide crossings on a silicon chip [8]. The main
merit of the MMI-based crossings according to our previous
work [9] is that the self-imaging at the center of the crossing
helps mitigate the scattering loss at the crossing junction,
and thus reduces both the throughput insertion loss and the
cross-talk. The reduced crosstalk enables nearly symmetric
(Lorentzian) resonance line shapes in the cross-port trans-
mission spectra.

Figure 1(a) depicts schematically a cascaded micror-
ing resonator array cross-connect filter [8]. The 2 × 2
cross-connect comprises multiple input/output-ports and
four MMI-based waveguide crossings, with three of the four
crossings side-coupled to microring resonators. The in-
set schematically depicts the MMI-based waveguide cross-
ing. We adopt square-shaped microring resonators with four
straight waveguide sections in order to enhance the lateral
in/out-coupling to the waveguide crossing. Microring res-
onators R1 and R2 are of the same design (with resonant
wavelength λ1) and microring R3 is of a slightly larger size
(with resonant wavelength λ2). Multiple wavelength chan-
nels can be cross-connected between different input/output-
ports. In principle, multiple 2 × 2 cross-connect units can
be cascaded into a large-scale-integrated optical networks-
on-chip [10], and each microring resonator can be actively
switched to particular wavelengths in order to accommodate
a particular pathway.

We have fabricated our passive devices at the HKUST
Nanoelectronics Fabrication Facilities using CMOS com-
patible processes including i-line photolithography and re-
active ion etching. Figure 1(b) shows a top-view scanning
electron micrograph (SEM) of the fabricated array filter on
a silicon-on-insulator (SOI) substrate [8]. The inset depicts
the zoom-in view SEM of the MMI-based waveguide cross-
ing.

Figure 2 shows the measured TE-polarized (electric
field parallel to chip) two-mode throughput-port transmis-
sion spectrum at port T and single-mode drop-port trans-
mission spectra at ports D1, D2, and D3, with the lightwave

Fig. 1 (a) Schematic of a 2 × 2 cross-grid using cascaded microring-
resonator-coupled MMI-based waveguide crossings [8]. I1, Ir: input-ports,
T, Tr: throughput-ports, D1, D2, D3, Dr: drop-ports. Solid arrows de-
note light paths that are launched from input-port Il. Dashed arrows de-
note light paths that are launched from input-port Ir. Inset: zoom-in view
schematic of the MMI-based waveguide crossing. Lm: MMI waveguide
length, Wm: MMI waveguide width. (b) SEM of the fabricated cross-grid
array in SOI. Inset: zoom-in view SEM of the MMI crossing. Lm ≈ 4.5 μm,
Wm ≈ 1.1 μm, arc radius r1 ≈ r2 ≈ 20 μm, and r3 ≈ 20.3 μm [8].

Fig. 2 (a)–(d) Measured TE-polarized throughput- and drop-port trans-
mission spectra for input-coupling at port I1. (a) Throughput-port transmis-
sion spectrum at port T. (b)–(d) Drop-port transmission spectra at ports (b)
D1, (c) D2, and (d) D3.

end-fired at input-port Il. We denote the two resonances as
λ1 (for microring resonators R1 and R2) and λ2 (for mi-
croring resonator R3). For resonance λ1, the lightwave is
first cross-coupled by microring resonator R1, then cross-
coupled by microring resonator R2. The cascaded microring
coupling results in spectral dips near the center resonance
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wavelengths in the drop-port transmission spectrum of mi-
croring R1 (Fig. 2(b)), and sharpened nearly symmetric res-
onance peak line shapes in the drop-port transmission spec-
trum of microring R2 (Fig. 2(c)). For resonance λ2, we see
cross-port transmission with nearly symmetric resonance
peak line shapes at drop-port D3 (Fig. 2(d)). We remark that
lightwave can also be end-fired at input-port Ir. We observe
single-mode (resonance λ1) throughput-port transmission at
throughput-port Tr and corresponding cross-port transmis-
sion with nearly symmetric resonance peak line shapes at
drop-port Dr.

2.2 All-Optical NRZ-to-PRZ Data Format Converters

We also proposed and demonstrated all-optical non-return-
to-zero (NRZ) to pseudo-return-to-zero (PRZ) format con-
version using narrowband silicon microring resonator notch
filters [11], [12]. In principle, there can be significant trans-
mission of high-data-rate optical NRZ signals through a mi-
croring resonator, corresponding to the sideband frequency
components outside the microring resonance line width dur-
ing the NRZ signal transitions. These discrete transmis-
sions, referred to as optical PRZ pulses, carry a clock tone
which is of essence for NRZ data clock recovery. The con-
verted PRZ data quality highly depends on the microring
resonator notch filter extinction ratio and coupling regime.
We demonstrated that a dual-microring-resonator notch fil-
ter with a Q-factor of ∼14,000 can convert a 3.6-Gbps input
NRZ data signal to PRZ pulses with an extinction ratio of
∼8 dB and a pulse width of ∼40 ps [12].

3. Active Microresonator Modulators and Switches

Silicon microresonator modulators that are based on carrier
injection [13], [14] or depletion [15] have recently surpassed
GHz-speed and have captured considerable attention from
the silicon photonics research community. Our work in ac-
tive microresonator devices was based on carrier injection.
Here, we outline the principle of silicon microring resonator
modulators based on carrier injection.

Figure 3(a) shows the schematic of the microring mod-
ulator. The microring is surrounded by a lateral p-i-n diode
for carrier injection to (sweep-out from) the microring mode
volume. The carrier injection reduces the microresonator
refractive index according to the free-carrier plasma disper-
sion effect in silicon [16], and thereby blueshifts the cav-
ity resonance (Fig. 3(b)). For a probe wavelength λprobe

near a narrowband resonance, the transmission intensity
can be significantly modulated upon a resonance shift by
as narrow as the resonance line width. Figure 3(c) illus-
trates schematically the carrier concentration variation in
the microring mode volume and the resulting optical mod-
ulation upon a square-wave electrical driving signal with
forward- and reverse-biases. We emphasize that the opti-
cal transition times can be much shorter than the electrical
injection/sweep-out times due to the narrowband-resonance-
shift induced optical modulation.

Fig. 3 (a) Schematic of a carrier-injection-based silicon microring res-
onator modulator using a lateral p-i-n diode surrounding the entire micror-
ing. (b) Schematic of resonance wavelength blueshift upon free-carrier in-
jection. Solid line: before carrier injection, dotted line: after carrier in-
jection. (c) Schematics of an input NRZ electrical signal, the free-carriers
concentration variation, and the resulting modulated optical signal at wave-
length λprobe.

Fig. 4 (a) Top-view optical micrograph of the fabricated microring res-
onator modulator. Inset: schematic cross-sectional view of the p-i-n diode
[17]. (b) Measured on-chip driving voltage and output optical signal with
NRZ modulation format at 3.6-Gbps data rate.

3.1 GHz-Speed Microring Resonator Modulators

Figure 4(a) shows the optical micrograph of our fabricated
microring resonator modulator [17]. The inset illustrates
the schematic cross-section of the lateral p-i-n diode. The
p+- and n+-doped regions are separated from the waveguide
sidewalls with a spacing of only ∼0.3-μm in order to min-
imize the carrier injection and sweep-out times. The fabri-
cation employs standard CMOS processes including i-line
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Fig. 5 (a) Schematics of an input sine-wave electrical signal, the electri-
cally driven free-carriers concentration variation, and the resulting optical
sampling pulses at wavelength λprobe. (b) Measured on-chip driving volt-
age and output optical signal with NRZ modulation format at 3.6-Gbps data
rate [17].

photolithography, reactive ion etching, ions implantation,
metal sputtering and metal patterning, etc. [17].

Figure 4(b) shows our measured on-chip NRZ driving
voltage (Vpp ≈ 5 V) and the resulting optical transmission
signal at a 3.6-Gbps data rate using our microring resonator
modulator. We use a microring resonance with a Q of ∼104.
We only measure the signal modulation up to 3.6 Gbps,
which is limited by our transmission analyzer. The sharp
optical transition times observed suggests that the modulator
bandwidth can exceed 3.6 GHz. We attribute the noise fluc-
tuations to the erbium-doped fiber amplifier (EDFA) noise
from our measurement setup.

Moreover, we demonstrated periodic optical pulses at
GHz repetition rate by driving the microring resonator mod-
ulator with a near sine-wave electrical signal [17]. Such op-
tical pulses generation offers a periodic optical sampling to
incoming optical signals, such as PRZ pulses from a micror-
ing resonator data format converter (Sect. 2.2), and thereby
potentially enables a silicon microring resonator-based op-
toelectronic integrated circuit for clock recovery applica-
tions [17].

Figure 5(a) schematically shows the response of a
carrier-injection-based silicon microring resonator modula-
tor driven by a sine-wave signal with a few-volt Vpp voltage.
The electrical signal is negatively offset such that during ev-
ery period only a small fraction of the driving voltage ex-
ceeds the p-i-n diode turn-on voltage. Free-carriers are pe-
riodically injected into the microring only for a very brief
duration and are quickly swept out, resulting in periodic op-
tical pulses at a probe wavelength near resonance.

Figure 5(b) shows our initial experimental results of
optical pulses generation at a 3.6-GHz repetition rate using
the silicon microring resonator modulator [17]. The mea-
sured on-chip driving signal displays a 3.6-GHz nearly sine
waveform that is negatively offset and with a Vpp ∼1.7 V
(top). The resulting optical pulse train exhibits a 3.6-GHz
repetition rate with a pulse width of 80 ps and nearly uni-

Fig. 6 (a) Schematic of a 10-μm-diameter silicon microdisk resonator
modulator using a selectively integrated lateral p-i-n diode. Inset:
schematic cross-section of the p-i-n diode [18]. (b) Measured optical re-
sponse with modulation frequency. The dashed line indicates a 3-dB band-
width of 510 MHz. Inset: measured driving voltage on the chip and optical
signal in the waveguide transmission [18]. (Reproduced with permission
from Optical Society of America)

form pulse height (bottom).

3.2 Microdisk Resonator Modulators

We also demonstrated carrier-injection-based silicon mod-
ulators using a circular microdisk resonator [18] and an al-
ternative octagonal microdisk resonator [19], both with se-
lectively integrated lateral p-i-n diodes. Compared with
microring resonators, microdisk resonators offer the main
merit of having only the outer sidewall, and thus allow
lower radiative losses due to sidewall roughness-induced
scattering and curved-sidewall diffraction. Besides, the mi-
crodisk designs also eliminate the fabrication-induced non-
uniformity in the microring waveguide width along the mi-
croring circumference. Nonetheless, as circular microdisk
resonators support whispering-gallery (WG) modes travel-
ing along the microdisk rim, and octagonal microdisk res-
onators support N-bounce modes reflecting from the flat
sidewalls [20], the lateral p-i-n diodes need to be selectively
integrated into the microdisk in order to enable substantial
spatial overlap between the cavity mode field and the in-
jected carriers, yet without trading off cavity losses due to
mode-field overlap with the heavily-doped regions inside
and outside the microdisk.

Figure 6(a) shows the schematic of our silicon carrier-
injection-based modulator using circular microdisk res-
onator of 10 μm in diameter [18]. The microdisk rim region
is the intrinsic region of the p-i-n diode. The inset depicts
the schematic cross-section of the lateral p-i-n diode. Our
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Fig. 7 Schematic illustration of our reconfigurable add-drop filter under
two conditions: (a) without relative phase shift (ΔΦ = 0), and (b) with rel-
ative phase shift (ΔΦ = π) of the non-resonance arm. I: Input, T: Through-
put, D: Drop, A: Add. Schematic transmission spectra are shown [21].
(Reproduced with permission from Optical Society of America)

previous work [18] demonstrated a 3-dB modulation band-
width of ∼0.5 GHz for a resonance mode of Q ∼ 16,900,
using a 5-ns driving pulse with voltage Vd of 0.9 V forward-
bias and −6 V reverse-bias (Fig. 6(b)). The inset of Fig. 6(b)
reveals that the relatively slow modulation speed is primarily
limited by the slow fall time (∼1 ns), which can be attributed
to the relatively wide intrinsic region of 2.25 μm along the
microdisk rim. Our numerical simulations suggest that the
silicon microdisk modulation bandwidth can be improved
up to several GHz by narrowing the integrated p-i-n diode
intrinsic region to or shorter than 1.5μm.

As an alternative microdisk resonator modulator, oc-
tagonal microdisk modulators offer flat sidewalls for effi-
cient lateral coupling with waveguides. However, unlike
WG modes in circular microdisks, the N-bounce modes
fields in octagonal microdisks extend relatively inward into
the microdisk bulk, imposing a relatively large intrinsic re-
gion for the embedded p-i-n diode. For our initial sili-
con octagonal microdisk resonator modulators of 50μm in
sidewall-to-sidewall distance [19], we demonstrated a mod-
ulation bandwidth of only 6 MHz, which is severely limited
by the carrier transit times through a large intrinsic region.

3.3 Electrically Reconfigurable Filters and Switches

In order to enhance silicon microresonators signal process-
ing functionality, we can controllably tune the microring
resonance line shape and extinction ratio via interference
with the resonance. Here, we review our two recently
demonstrated devices using different interferometric con-
trol of resonances — (i) electrically reconfigurable micror-
ing resonator add-drop filters using Fano resonances [21],
and (ii) electro-optic OR-logic switches using a micror-
ing resonator with a waveguide-coupled feedback and dual-
electrical-inputs [22]. For electro-optic tuning, both devices
adopted lateral p-i-n diodes similar to those in the carrier-
injection-based microring resonator modulator (Sect. 3.1).

Figure 7 shows the schematic of the reconfigurable

Fig. 8 (a)–(d) Measured TE-polarized output-ports transmission spectra
for a racetrack-shaped microring resonator-coupled MZI-based filter with
bias voltages Vd = (a) 0.85 V, (b) 0.89 V, (c) 0.92 V, and (d) 0.96 V [21].
(Reproduced with permission from Optical Society of America)

add-drop filter comprising a racetrack-shaped microring res-
onator coupled with a Mach-Zehnder interferometer (MZI)
on a SOI substrate [21]. The resonator-coupled MZI arm
acts as a resonance pathway, and the other MZI arm acts as a
coherent background (non-resonance) pathway with relative
phase tuning enabled by an integrated lateral p-i-n diode.
The interference between the resonance and the coherent
background at the MZI output-ports results in a pair of com-
plementary Fano resonance line shapes. These resonance
line shapes can be controllably tuned by biasing the diode-
integrated phase shifter. Figure 7(a) depicts that for a rel-
ative phase shift ΔΦ = 0, the transmission at output-port 1
displays a symmetric resonance peak at λ2 while the trans-
mission at output-port 2 exhibits a complementary symmet-
ric resonance dip. This suggests that resonance wavelength
λ2 is routed to port 1 while other non-resonance wavelengths
exit at port 2. Figure 7(b) illustrates that for ΔΦ = π, the
transmission at output-port 1 becomes a symmetric reso-
nance dip while the transmission at output-port 2 exhibits
a complementary symmetric resonance peak. This suggests
that resonance wavelength λ2 is switched to port 2 while
other non-resonance wavelengths are routed to port 1.

Figure 8 shows the measured TE-polarized transmis-
sions spectra at output-port 1 (dashed line) and 2 (solid
line) for our electrically reconfigurable microring resonator-
coupled MZI-based filter upon various bias voltages Vd [21].
Our experiments revealed that a near symmetric resonance
peak can be flipped to a near symmetric resonance dip at a
fixed output-port by a change in the applied voltage of less
than 0.1 V (see Figs. 8(a) and 8(c)). Thus, we demonstrated
that the microring resonance wavelengths can be control-
lably dropped (or added) to either of the output-ports by
tuning the relative phase shift between the MZI arms.

Figure 9(a) shows the schematic of the electro-optic
OR-logic switch comprising a racetrack-shaped microring
resonator double-coupled to a single-mode U-bend wave-
guide [22]. One p-i-n diode (node A) is integrated across
the U-bend waveguide and another p-i-n diode (node B) is
integrated across two arcs of the microring. Biasing node A
phase-shifts the cross-coupled waveguide, whereas biasing
node B phase-shifts the microring. However, the detailed
phase-matching condition depends on the cross-coupling-
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Fig. 9 (a) Schematic of the microring resonator-based electro-optic OR-
logic switch with waveguide cross-coupling [22]. (b) Measured TE-
polarized transmission spectra of the cross-coupled microring device with
dual electrical inputs for four electrical signal input states [22]. VA: bias
voltage across node A, VB: bias voltage across node B. (c) Measured opti-
cal waveform at a probe wavelength near the resonance “*,” with relatively
shifted 200-Mbps NRZ electrical input data streams applied across nodes
A and B simultaneously [22]. (Reproduced with permission from Optical
Society of America)

induced feedback [23], and thereby the resonance character-
istics are distinct from those of simple waveguide-coupled
microresonators. As an electro-optic logic switch with dual
electrical inputs, both nodes A and B can be used for signal
modulations.

Figure 9(b) shows the measured TE-polarized trans-
mission spectra of the cross-coupled microring device with
dual electrical inputs for four electrical signal input states
[22]. We see that both input states (VA, VB) = (1.0 V, 0.0 V)
and (0.0 V, 1.0 V) suppress the coupled-interference reso-
nance, whereas the input state (VA, VB) = (1.0 V, 1.0 V) es-
sentially blueshifts the coupled-interference resonance.

Figure 9(c) presents the measured optical waveform
at a probe wavelength near resonance “*,” with relatively
shifted 200-Mbps NRZ electrical input data streams applied
across nodes A and B simultaneously [22]. Our experiments
revealed optical transmission intensity levels that followed
OR-logic operation with the dual electrical inputs.

4. Nonlinear Absorption and Optical Limiting

The advent of ultra-small silicon wire waveguides (wave-
guide widths ∼ 400 nm) as shown in Sects. 2–3 has allowed
the high peak optical intensities needed for nonlinear opti-
cal phenomena to be attained at modest average power lev-
els. Nonlinear effects must be taken into account even in

Fig. 10 (a) Experimental observation of optical limiting of picosecond
pulses from two photon absorption in a silicon waveguide which has an ef-
fective area of 6.2 μm2 and a physical length of 17 mm. (b) Optical limiting
of CW light from TPA and FCA in a SOI wire waveguide of 450 nm width
and 200 nm height for different carrier lifetimes.

the design of linear devices when such devices process pi-
cosecond optical pulses which have average power levels as
low as ∼10 mW and peak intensities of ∼1013 W/m2. Unlike
optical nonlinearities in optical fibers, two photon absorp-
tion (TPA) and free carrier absorption (FCA) are present in
silicon waveguides and these phenomena can significantly
reduce the effective length of waveguides. Since silicon
has a direct band-gap of about 3.4 eV and an indirect band-
gap of about 1.12 eV, the energy of photons at wavelengths
used in optical communications (∼1.3–1.7 μm wavelength
or 0.7 eV to 1.1 eV photon energy) is insufficient to excite
electrons from the valance band to the conduction band.
Yet the sum of the energies from two photons is sufficient
to excite electrons across the indirect band-gap of silicon.
Thus, TPA can occur across the indirect bandgap. Con-
servation of momentum requires the indirect TPA to be as-
sisted by phonons which is either absorbed or emitted in the
process. Overall, the phonon-assisted TPA is weaker than
TPA in direct band-gap semiconductors because of the nec-
essary extra phonon interaction. In the first measurements
of TPA at telecom wavelengths in silicon waveguides [24],
we used very low repetition rate pulses to avoid the build-
up of free carriers and allowed the TPA coefficient to be ob-
tained from a measurement of the reciprocal transmission as
a function of the input power [24]. The first measurements
yielded a value of the TPA coefficient β2 of silicon at λ =
1550 nm of 0.45±0.1 cm/GW [24], but later measurements
at higher peak powers yielded values of 0.67 cm/GW [25],
0.8 cm/GW [26], and 0.7 cm/GW [27]. There is thus quite
good agreement in the recent experimental results, which
converge around 0.7 cm/GW.

For low duty cycle (period exceeds the carrier lifetime)
ultrashort optical pulses, TPA by itself can act to limit the
optical power in a silicon waveguide. Figure 10(a) shows
that at peak powers of about 70 W, corresponding to peak in-
tensities of ∼1013 W/m2, the nonlinear loss from TPA starts
to limit the output power from the waveguide. At high
peak input powers, the peak output power from the rela-
tively large core area (6.2 μm2) silicon waveguide was lim-
ited to about 25 W, corresponding to a peak output intensity
of about 4 × 1012 W/m2.

When continuous-wave (CW) light of 100’s mW of
power is used the free carriers produced from TPA also con-
tribute to optical limiting. Figure 10(b) shows that for a SOI
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wire waveguide measuring 450 nm × 200 nm, the combined
effects of TPA and FCA can significantly limit the power in
the waveguide [28].

For femtosecond pulses, FCA is less important but
even here the presence of TPA can introduce optical lim-
iting. Recent experimental work in silicon wire waveguides
reported that TPA limited the average output power to less
than 1 μW at peak input powers above 50 mW [29].

5. Nonlinear Figure of Merit for Silicon

The suitability of a semiconductor for nonlinear optical de-
vices may be assessed by a nonlinear figure of merit, T =
β2λ/n2 [30]. For devices which rely on an optically induced
phase shift, it is desirable to have small values of T in or-
der to have low nonlinear loss. The actual requirement for T
depends on the nonlinear phase changes needed for the spe-
cific device. For devices that need nonlinear phase changes
of 4π to π/2, requirements for T are typically stated as being
less than some value between 0.5 to 4 [30].

The first experimental measurements of the optical
Kerr coefficient n2 at telecom wavelengths were performed
in Hong Kong in 2001 and yielded a value of 6×10−18 m2/W
[24]. These simple measurements relied on monitoring the
spectral changes (Fig. 11) from 40-ps-wide diode laser gen-
erated chirped pulses which underwent self-phase modula-
tion in a 6.2 μm2 effective area silicon waveguide and com-
paring these spectral changes with those obtained from an
optical fiber with a known nonlinearity [24].

Other groups later reported various values ranging
from 4.5 × 10−18 m2/W [27] through 9 × 10−18 m2/W [31]
to values as high as 14.5 × 10−18 m2/W [32]. The most
recent theoretical calculations and experimental measure-
ments [27] of n2 using the z-scan technique over a wide
range of wavelengths reported a value for n2 at 1550 nm
that was in good agreement with our early results for n2 of
6 × 10−18 m2/W. Using this value, the nonlinear figure of
merit for silicon is calculated to be 1.8 at a wavelength of
1550 nm. This is also in good agreement with other inde-
pendent measurements [33] of T.

Fig. 11 (a) Measured nonlinear phase changes as a function of input
peak power in a 17-mm-long waveguide. (b) Input spectrum of a chirped
pulse; (c) Output spectrum of the chirped pulse after SPM in the waveguide.

Despite T > 1, which suggests that it is impossible to
achieve nonlinear phase changes exceeding 2π in an absorp-
tion length, recent experimental and theoretical work have
shown that it is indeed possible to achieve nonlinear phase
changes of about 2.5π in both silicon wire waveguides [29]
and large-core-area waveguides [34]. The commonly ac-
cepted criteria for T < 1 for devices which need 2π phase
change [33] should thus be treated only as an indicative
“soft” criteria on the suitability of a material for nonlinear
devices, since it is evidently possible to attain 2.5π non-
linear phase change even when T = 1.8. For larger values
of T, there is more nonlinear absorption associated with the
nonlinear phase change. For devices which rely on nonlin-
ear cross phase modulation, the factor of two increments in
cross phase modulation versus self-phase modulation (SPM)
further improve the prospects of using silicon in devices
which rely on nonlinear phase modulation.

Although TPA in silicon waveguides is detrimental to
the performance of devices which rely on nonlinear phase
modulation, TPA can be useful for other types of nonlinear
devices. One example that has been pursued in Hong Kong
is the use of TPA for square-law photodetectors for optical
autocorrelators [34], [35]. Another example is the use of
TPA for cross absorption modulation in ultrafast all-optical
switches [36] and logic gates [37].

6. Carrier Dynamics in Nonlinear Devices

The nonlinear figure of merit discussed above only consid-
ers the nonlinear loss from TPA itself, but does not include
the optical loss from free carriers generated by TPA. Free
carriers generated by TPA may remain in the waveguide for
a long time since the carrier lifetime of bulk silicon is of the
order of microseconds and, even when interface recombina-
tion is taken into account, the effective carrier lifetime may
be of the order of tens of nanoseconds for micrometer sized
silicon rib waveguides [38]. The build-up of a population of
free carriers from TPA will introduce additional optical loss
in the waveguides even when the peak intensities are low
enough to ensure that the actual losses from TPA itself are
negligible [39]. Thus the first attempt at making silicon op-
tical amplifiers based on stimulated Raman scattering (SRS)
did not attain the high net optical gains predicted theoreti-
cally [40]. In early 2004, we employed pulsed pumping to
avoid the accumulation of a large density of free carriers and
were amongst the first to demonstrate useful gain from SRS
in silicon, achieving a net fiber-to-fiber gain of 6.8 dB in a
17-mm-long silicon waveguide [41]. This was followed by
demonstrations of the first silicon Raman laser using pulsed
pumping [42] and the use of a reverse-bias to remove the
TPA-generated free carriers in the first CW silicon Raman
laser [43]. These early works on silicon Raman amplifiers
and lasers illustrate the importance of understanding the free
carrier dynamics and reducing the population of free carriers
in a nonlinear silicon waveguide device.

The dynamic change in carrier density in a silicon
waveguide excited by intense optical pulses is important
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Fig. 12 Calculated carrier density after excitation of the waveguide by a
30-ps FWHM pulse for the case when diffusion is neglected (D = 0) and
when diffusion is included in the model (D = 18 cm2/s).

in determining the effective interaction length available for
nonlinear effects. When nonlinear losses are present from
TPA and FCA, we may define an effective interaction length
Leff [44]:

Leff =

∫ L

0
I(z)dz

I(0)
(1)

The generalized definition of effective length is intensity de-
pendent, and reduces to the conventional effective length
when only linear losses are present. Numerical calculation
of the intensity dependent effective lengths requires calcula-
tion of the optical intensity distribution along the waveguide
under the influence of both TPA and FCA [44]. At peak
input optical intensities of 4 × 1013 W/m2, the presence of
TPA and FCA can reduce the effective length of a silicon
waveguide from 17 mm long to less than 6 mm [44].

Calculation of the optical intensity along the wave-
guide requires knowledge of the carrier dynamics in the
waveguide. The recombination of carriers depends on both
the density of defects (recombination centers) in the silicon
and the geometry of the waveguide. The dense and highly
non-uniform population of excess free electrons and holes
generated by TPA can initially be rapidly depleted by diffu-
sion of carriers. The effective carrier lifetimes can thus be
much shorter than the recombination lifetime. We recently
developed a three-dimensional model which explicitly in-
cluded diffusion in calculating the time dependence of the
effective carrier density produced by TPA [44].

The importance of including carrier diffusion in the cal-
culation of the time-dependent density of free carriers gen-
erated by TPA is illustrated in Fig. 12, which plots the nor-
malized carrier density at the center of the waveguide mode
for the cases when diffusion is neglected (D = 0) and when
the effective diffusion coefficient for electrons and holes is
D = 18 cm2/s assuming a carrier recombination lifetime of
100 ns. Thus, in waveguides which have regions of sili-
con for the carriers to diffuse to, carrier diffusion dramati-
cally reduce the duration over which the optical mode over-
laps with the carriers produced by TPA, and hence reduce
the effective carrier lifetime seen by the optical mode from
∼100 ns recombination lifetime to ∼ 400 ps. An essential
pre-condition before diffusion can help reduce the effective

carrier lifetime is that there must be a volume of silicon with
a low carrier density for the carriers to diffuse to. How-
ever, diffusion does not help in cases where waveguides are
excited by a high repetition rate pulse train, with a period
less than the recombination lifetime of the carriers, because
eventually a dense population of carriers build up in the sil-
icon adjacent to the optical mode and reduce the diffusion
current driving the reduction in carrier density at the optical
mode center.

Reduction of the carrier recombination lifetime by ion
implantation can thus help reduce the nonlinear loss for
high-repetition-rate pulses or CW excitation. We showed
experimentally that the reduction in carrier lifetime by he-
lium ion implantation can reduce the population of free car-
riers and thus allow net optical Raman gain to be attained
under CW pumping without any external bias to remove car-
riers [45]. In the case of picosecond pulse excitation of non-
linear devices, the carrier lifetime reduction from ion im-
plantation was found to give measurable increases in self
phase modulation even for a modest 20-MHz repetition rate
pulse train applied to a micrometer sized silicon waveguide
because of the increased effective lengths available after ion
implantation [44]. Argon ion implantation was also found to
help fast optical switching in photonic crystal nanocavities
[46].

7. Conclusions and Future Work

We reviewed recent contributions from Hong Kong on the
demonstration of various silicon microresonator devices and
on the understanding of nonlinear optics in silicon.

We showed that our passive and electro-optic active sil-
icon microresonator devices including two-dimensional ar-
ray cross-connect filters, all-optical NRZ-to-PRZ data for-
mat converters, GHz-speed carrier-injection-based modula-
tors, electrically reconfigurable add-drop filters, and electro-
optic logic switches together offer a rather complete set of
building blocks toward realistic optoelectronic signal pro-
cessing systems on a silicon chip. The next step ahead is
to integrate our various microresonator devices and demon-
strate functional silicon photonic integrated circuits. One
example we are making progress on is a silicon microring
resonator-based clock recovery circuit for NRZ data for-
mat. Another interesting avenue under investigation is on ar-
ray cross-connects for multiple-input multiple-output WDM
networks-on-chip with channel modulators and fast electro-
optic logic-based channel routing, which we envision will
find niche applications in both optical access networks and
optical interconnects on computer chips.

Regarding optical nonlinearities, there is now reason-
ably good agreement in the literature on the key nonlinear
parameters of silicon and on the nonlinear figure of merit for
silicon. As waveguides dimensions shrink, TPA and nonlin-
ear phase modulation in silicon become more important and
will need to be carefully considered in the design of both
linear and nonlinear devices which operate at fairly modest
peak optical intensities of ∼1013 W/m2.
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Looking into the not-so-distant future, we regard
the main challenges and applications for silicon photon-
ics will lie in developing low-cost, high-bandwidth, and
wavelength-selective optical components suitable for opti-
cal interconnects that can deliver high-data-rate with mini-
mum heat load on computer chips [10], and for optical ac-
cess networks that can deliver the expected demands on high
bandwidths in the next two decades [47]. As demonstrated
in this review, we are optimistic that Hong Kong will con-
tinue to play a key role in silicon photonics technologies and
their applications.
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