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Nonlinear loss dynamics in a silicon slow-light
photonic crystal waveguide
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We directly investigate both experimentally and numerically the influence of optical nonlinear loss dynamics
on a silicon waveguide based all-optical device. The dynamics of these nonlinear losses are explored through
the analysis of optical limiting of an amplitude distorted 10 Gbit/s signal in a slow-light silicon photonic
crystal waveguide. As the frequency of the distortion approaches the free-carrier recombination rate, free-
carrier absorption reaches a steady state, leaving two-photon absorption the dominant dynamic nonlinear
loss. Our results highlight the importance of engineering the free-carrier lifetime in silicon waveguides for
high speed all-optical processing applications. © 2010 Optical Society of America
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As communication systems approach the speed limits
of electronics, all-optical processes present a way to
push signal manipulation past the boundary of giga-
hertz processes and into the terahertz regime. Sili-
con, the material of choice for the microelectronics in-
dustry, is gaining ground as a platform for all-optical
devices [1–3]. In this semiconductor material, all-
optical processes utilizing intensity dependent opti-
cal nonlinearities are generally accompanied by a sig-
nificant level of nonlinear loss, which in many cases
has a detrimental impact on the device operation
[4,5], but can be useful for some functions such as op-
tical limiting. As such, the operation of fast all-optical
devices on silicon will be affected by the dynamics of
nonlinear losses.

Nonlinear loss in silicon is comprised of two
mechanisms: the quasi-instantaneous effect of two-
photon absorption (TPA) and the longer lived effect of
absorption by free carriers [free-carrier absorption
(FCA)]—generated in silicon through TPA [6,7]. The
magnitude of FCA is determined by the amount of
free carriers in the waveguide, so the dynamics of
free carriers as dictated by their lifetime �c is ex-
pected to impact upon optical limiting. Planar photo-
nic crystal (PhC) waveguides provide a unique plat-
form for enhancing waveguide nonlinearity through
both tight modal confinement and slow light [7–11].
This has been demonstrated to increase the efficiency
per unit length of nonlinear processes [12–16], in-
cluding nonlinear loss [12–14]. Recently we demon-
strated the regeneration of a 10 Gbit/s signal through
a short �80 �m� dispersion engineered slow-light sili-
con PhC waveguide that acts as an efficient optical
limiter through nonlinear loss (concept represented
in Fig. 1) [17]. The influence of nonlinear loss dynam-
ics, however, was left as an open question in [17] and
is a key to understanding the impact of free-carrier
lifetime on all-optical processes in silicon.

In this work, we directly investigate the effect of
free-carrier dynamics on optical limiting of a 10
Gbit/s data stream in an 80-�m-long dispersion engi-
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neered silicon PhC waveguide by varying the speed of
the amplitude fluctuation imposed on the optical
data. We show that the dynamics of free carriers al-
low FCA to complement TPA in compensating for am-
plitude distortions below the gigahertz regime, but
degrade optical limiting for high distortion frequen-
cies, highlighting the need for control of the free-
carrier lifetime for high-speed all-optical devices in
silicon.

The experimental setup (Fig. 1), used to investi-
gate the effect of free-carrier dynamics on optical lim-
iting, is similar to [17]. The signal consists of a 10
Gbit/s data stream [return-to-zero, 2% duty cycle,
231-1 pattern length pseudo-random bit sequence
(PRBS)], the “1” level of which is distorted by apply-
ing an asynchronous radio-frequency modulation at a
frequency fd varied between 10 MHZ and 5 GHz. This
signal is coupled to a modified W1 waveguide (lattice
period of a=410 nm, hole radius of r=0.286a) with a

Fig. 1. (Color online) Optical limiting schematic. A nonlin-
ear power transfer function with transmission decreasing
for high input powers (in this case provided by nonlinear
loss in the PhC waveguide) allows for the reduction in am-
plitude fluctuation. Pulses from a 10 GHz mode-locked fi-
ber laser (MLFL) are imprinted with a 10 Gbit/s PRBS, am-
plitude distorted at a frequency fd by a local oscillator (LO),
amplified (30 dBm maximum erbium-doped fiber ampli-
fier), passed through a polarization controller (PC), vari-
able optical attenuator (VOA), and a 5 nm bandpass filter

(BPF), then butt-coupled to the PhC waveguide chip.
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low group velocity �c /40� and reduced dispersion, pro-
viding an increased amount of nonlinear loss per unit
length [11,12,16]. The statistical distribution of the
“1” level of the eye diagram at the output of the wave-
guide [Figs. 2(a) and 2(b), measured by an Agilent In-
finium DCA, 65 GHz photodetector bandwidth] gives
a measure of the signal amplitude distortion for each
fd. By comparing results for the operation in both
low-power (linear, 20 mW coupled peak power) and
high-power (nonlinear, 1 W coupled peak power) re-
gimes, we infer a relative figure of the distortion re-
duction (DR) afforded by the power limiting action of
the device.

Practically, we define the distortion � of the “1”
level of the optical data as the ratio of the standard
deviation to the mean �� / �P�� of the “1” level. The
standard deviation we use ��� has dark noise (�dark
measured with no input to the oscilloscope) sub-
tracted from the measured deviation of the “1” level
[�1 as per Fig. 2(a)], i.e., �= ��1

2−�dark
2�0.5. Note that

although a relative decrease in � will indicate a rela-
tive increase in the quality factor of the eye Q
= ��P1�− �P0�� / ��1+�0�, the changes in � due to optical
limiting will be more dramatic than changes in Q
since the device action only improves the “1” level
statistic distribution—and not the “0” level. While
the metric � does not measure system improvement
(i.e., bit-error rate), it directly reflects the effect of op-
tical limiting functionality of our device. We define
the DR afforded by the waveguide on the “1” level as
the ratio of the associated signal distortion measured
at low and high powers, i.e., DR= �1−�high/�low�
�100. Measurements [Fig. 2(c)] show that the DR
drops as the frequency of applied distortion fd in-
creases and exhibits three distinct regimes. For fd be-
low 50 MHz [region (a)], we achieve a maximum level
of DR of �35% (i.e., fluctuation of the “1” level is re-
duced by �35%), near invariant with fd. Between 50
and 500 MHz [region (b)], the DR rolls off with in-
creasing fd. Above 500 MHz, the DR reaches a lower
bound (of �15%) and changes little with further in-
creasing fd [region (c)].

In order to understand this behavior, the PhC
waveguide is modeled using the nonlinear Schro-
dinger equation given by Eq. (1) [12],

Fig. 2. (Color online) (a) Sample eye diagram for high inp
from �1 and �P�. (b) Corresponding low input power eye diag
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This model approximates the propagation of optical
pulses with a slowly varying electric field envelope A
in the three-dimensional PhC waveguide structure to
a one-dimensional problem and accounts for the slow-
light enhancement of the various terms by including
the slow-down factor S=vg�fast� /vg�slow�. This equation
is coupled with a rate equation for photogeneration of
free carriers through TPA [6] to calculate the free-
carrier density Nc in the waveguide. Material param-
eters (kC, �, �TPA, and n2) are as in [6,12], while the
PhC waveguide parameters, i.e., the second-order
dispersion coefficient �2, the effective area Aeff, the
linear loss �, and the slow-down factor S are, respec-
tively, equal to 1�10−21 s2/m, 0.57 �m2, 20 dB/cm,
and 11. Equation (1) is evaluated numerically using
the split-step Fourier method (SSFM), for a train of 2
ps pulses at a 10 GHz repetition rate, with amplitude
sinusoidally varying at a frequency fd. The compari-
son of the peak to peak amplitude of the envelope of
the modulated pulse train at output and input pro-
vides an analogous measure to the DR of the “1” level
studied experimentally. The simulated frequency de-
pendence of the DR using this model is shown in Fig.
2(c) (red squares) for a free-carrier lifetime �c of 1 ns
and matches well with the measured DR.

We numerically investigate the separate contribu-
tions of the FCA and TPA to optical limiting. Without
the FCA, instantaneous TPA provides a DR that is in-
variant with the applied distortion frequency as ex-
pected [blue triangles in Fig. 3(a)], so the changing
behavior between regions (a) and (b) in Fig. 2(c) must
be a consequence of the dynamics of FCA. By artifi-
cially decoupling FCA and TPA through removing the
TPA loss term in Eq. (1), we find that the DR due to
FCA continuously decreases [green dots in Fig. 3(a)],
with increasing distortion frequency, and becomes
negligible for fd�1 GHz. By varying �c between 0.2
and 1 ns in the simulations (including both TPA and
FCA), Fig. 3(b) shows that short recombination times
allow the FCA to be an effective optical limiting
mechanism for faster optical distortions. The DR roll-

ower. Box indicates sampled “1” level, distortion measured
to (a). (c) Change in DR in the “1” level data when varying

es are from the SSFM model (with both TPA and FCA,
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off frequency increases from �50 MHz for �c=1 ns to
�200 MHz for �c=0.2 ns, i.e., close to 0.05/�c. The
free-carrier density must change at the same speed
as the distortion for FCA to suppress amplitude fluc-
tuations; otherwise FCA will form a steady-state loss.
Therefore, FCA only plays an effective role in optical
limiting as long as their recombination is signifi-
cantly faster (here by 1 order of magnitude) than the
amplitude fluctuations. In section (a) [Fig. 2(c)], the
distortion frequency is slow enough that FCA can
contribute to optical limiting. The DR reduces in re-
gion (b) along with the FCA contribution. In region
(c), the DR reaches a lower bound where instanta-
neous TPA alone affords some DR, which is less than
what is expected from TPA alone [blue triangles in
Fig. 3(a)] due to the steady-state FCA loss at high fd.

The free-carrier lifetime in PhC waveguides varies
significantly—between 400 ps and 2 ns [18,19]—due
to factors like waveguide processing and geometry. In
this work, we infer the free-carrier lifetime ��c� by fit-
ting theory to experiment. The inferred value of �c
=1 ns lies within the expected range. Various
schemes can reduce �c in waveguides [4,20], which
should let FCA remain a dynamic nonlinear loss for
faster optical intensity variations, in this case allow-
ing for optical limiting of faster amplitude fluctua-
tions. Note however that, as illustrated in Fig. 3(b), a
lower �c reduces the maximum DR afforded by the
device due to the associated decrease in the average
FCA; this suggests that for optical limiting applica-
tions, there is a trade-off value for �c.

In conclusion, we have experimentally and numeri-
cally investigated the effect of nonlinear loss dynam-
ics on optical limiting in a short slow-light PhC wave-
guide. We find that for slowly varying optical
intensity fluctuations (at frequencies below

Fig. 3. (Color online) Simulated DR using SSFM. For com-
parison: red square traces here are the same as the simu-
lated trace in Fig. 2. (a) Different traces simulated by
removing terms from Eq. (1), as indicated in the legend.
(b) Different traces simulated with both TPA and FCA for
different values of �c between 0.2 and 1 ns.
�0.05/�c), slow-light enhanced nonlinear loss due to
free carriers works together with TPA. However, as
fluctuation speeds approach the free-carrier lifetime
in the waveguide, the free-carrier contribution to op-
tical limiting strongly decreases until vanishing com-
pletely (at a frequency on order of 1/�c). Modeling al-
lows us to describe the transition of the FCA from a
dynamic to steady-state loss, which restricts high
speed performance of all-optical devices like optical
limiters unless steps are taken in the fabrication to
accelerate free-carrier recombination.
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