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Influence of nonlinear loss competition on pulse compression
and nonlinear optics in silicon
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Aggregate nonlinear response of silicon is determined by the competition between the free carrier
absorption �FCA� and two-photon absorption �TPA�. We show that the front end of optical pulses is
always exposed to TPA dominated nonlinear regime, whereas the trailing edge can be seen at FCA
dominated regime at high intensities. These two losses can be used for pulse compression if the
center of the pulse is in FCA dominated nonlinear regime. To reach this operation regime, energy
of 50 ps wide pulses has to be larger than 50 nJ �40 GW/cm2�. Competition phenomenon is
observed experimentally in a mode locked laser setup to generate 60 ps pulse of 60 nJ. © 2007
American Institute of Physics. �DOI: 10.1063/1.2807273�

Nonlinear optics appears to be the enabling technology
for complementry metal-oxide semiconductor compatible ac-
tive photonic devices in silicon. In particular, the Raman
effect1,2 and two-photon absorption3,4 �TPA� have been in-
vestigated extensively to provide low cost solutions to pho-
tonic industry. Recently, chip scale Raman lasers pumped by
commercial diode lasers5 and fast electro-optic modulators
operating up to 30 Gbits/ s have been demonstrated.6,7 Simi-
larly, Kerr nonlinearity and TPA have been utilized for ul-
trafast applications such as parametric wavelength
converters,8,9 supercontinuum generators,10,11 and
autocorrelators.12 Although most of the nonlinear devices are
designed for steady state response, in ultrafast applications,
the transient behaviors of TPA and TPA induced free carrier
concentration have prominent effect on the final
outcome.9,10,13–15 In particular, pulse shaping and pulse
chirping due to free carrier plasma effect are predominantly
determined by the competition between TPA and TPA in-
duced free carriers in nonlinear devices.

Recently, we proposed and demonstrated an approach
for pulse compression and laser modelocking using free car-
rier transient effects.13 Here, we present theoretical and ex-
perimental studies of free carrier absorption �FCA� transients
and TPA with special emphasis on their effects on self-pulse
compression. To assess this competition and its effects on the
pulse compression, we calculate the temporal behavior of
TPA and FCA generated by 10–1000 ps wide optical pulses
with peak intensities up to 40 GW/cm2. We show that the
TPA produced at the peak intensity by pulses shorter than
50 ps surpasses the free carrier losses at the trailing edge
and, hence, produces net pulse broadening even at 50 nJ
pulse energy values �40 GW/cm2 peak intensity�. As the
pulse energy increases to 500 nJ by increasing the pulse
width, the losses at the trailing edge dominate and produce
40% pulse compression ��out /�in�0.6�. We observe this
competition in a mode locked laser setup.13 We demonstrate
that mode locking by silicon can produce 60 ps optical
pulses with 60 nJ pulse energy inside the laser cavity. With-
out the aid of self-phase modulation and dispersive pulse
shaping, the shortest pulse to be generated will be limited by
the TPA dominated pulse broadening.

The pulse envelope evolution in the presence of optical
nonlinearities is conventionally estimated by solving the
nonlinear Schrödinger equation,10,16

�E�t,z�
�z

= −
1

2
�� + �FCA�t,z� + �TPA�t,z��E�t,z�

− i��E�t,z��2E�t,z� + i
2�

�
�n�t,z�E�t,z� , �1�

where E, �, �, and �n represent the electric field, attenuation
constants, the effective nonlinearity, and the free carrier in-
duced index change, respectively. The pulse shaping is deter-
mined by the nonlinear losses on the right hand side of Eq.
�1�. Among two nonlinear loss terms, the TPA,

�TPA =
1

z
ln�1 + �I0z� , �2�

is an intensity dependent and memoryless attenuation follow-
ing the pulse shape. Here, � is the TPA coefficient
�0.45 cm/GW at 1550 nm �Ref. 12��, Aeff is the effective
area of the waveguide, and I0 is the intensity. However, the
FCA,

�FCA�z,t� = 1.45 � 10−17� �

1.55
�2

N�z,t� �cm−1� , �3�

has memory and is accumulative.13 For cw signals or signals
wider than free carrier recombination time �0, free carrier
densities will be stabilized at a local N�z� value of N�z�
=�0�I2�z� /2h	 after ��0. On the other hand, time varying
optical signals with pulse width smaller than �0 will result to
different time dependent local free carrier densities and FCA
along the waveguide governed by the equation,

dN�t,z�
dt

= −
N�t,z�

�0
+ �

I2�t,z�
2h	

. �4�

To estimate pulse shaping, time and space dependent
free carrier density, N�z , t�, and the nonlinear losses are the
utmost important parameters to be determined. Based on the
peak intensity and the pulse energy, the nonlinear response of
silicon can be divided into two separate regimes in time and
in space: the TPA dominated regime and the FCA dominated
regime.9 Figure 1 illustrates the calculated outcome of two
different regimes for 20 and 500 ps optical pulses with 1 kW
peak power �i.e., 20 and 500 nJ pulse energies�. The wave-
guide is 1 cm long with 5 
m2 effective area and 16 ns free
carrier lifetime. The fixed 1 kW peak power facilitates thea�Electronic mail: etien@uci.edu
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same level of TPA �90%� at the center for comparison �Fig.
1�a��. However, FCA generated by 500 nJ pulse is 40 times
stronger than the FCA generated by 20 ps pulses at the same
peak intensity due to difference in number of absrobed pho-
tons. We estimate that while 20 nJ pulses are being broad-
ened due to the TPA dominance, 500 nJ pulses are being
compressed to 350 ps by FCA dominance �Fig. 1�b��. Here,
results are presented in normalized time unit t /�FWHM, where
�FWHM is the pulse width at the input, to have better com-
parisons of output pulses for different input conditions and to
have a better visualization. The free carrier plasma effect is
always present and, unlike FCA and TPA competitions, pro-
duces a steady linear phase change across the pulse. How-
ever, due to the larger free carrier density, high energy pulses
experience approximately four times larger phase change
across the pulse �Fig. 1�b��. A blueshifted spectral broaden-
ing has been attributed to this phase change when it is com-
bined with self-phase modulation, as reported previously.10

The losses presented here represent aggregate attenua-
tion at the end of the waveguide. We expect that the total
waveguide length, the input pulse width, and the pulse en-
ergy will have prominent influence on the final outcome.
Figure 2�a� illustrates the compression behavior of
10–1000 ps optical pulses in a 1 cm long silicon waveguide.
At low peak powers, �1016 cm−3 carriers are generated to
facilitate attenuation of the trailing edge and to provide
self-compression.13 However, stronger TPA at the center of
the pulse dominates at these intensities and induces net pulse
broadening at 3 dB point. Free carrier dominance is expected
at higher intensities. For example, 1 ns pulses with
2 GW/cm2 intensities generate 4�1018 cm−3 free carriers
which dominate over TPA at the center of the pulse and

facilitate net self-compression. For 500 and 100 ps wide op-
tical pulses, it requires 3 GW/cm2 �75 nJ� and 32 GW/cm2

�160 nJ�, respectively, to initiate the same type of compres-
sion. For input pulses shorter than 50 ps, the TPA induced
pulse broadening surpasses the self-compression even at
40 GW/cm2 and, hence, net pulse broadening is expected.
However, we should note that, simple free carrier density
calculations may not be reliable at such a high intensity due
to Auger recombination.17 For instance, as the free carrier
density increases from 1018 to 1019 cm−3, the free carrier
lifetime due to Auger effect will reduce from �1.3 to
�20 ns, which is comparable to the free carrier lifetime of
our waveguides.

Figure 2�b� demonstrates the effect of waveguide length
on the pulse compression. For longer waveguides, the front
end facilitates FCA dominated behavior with �1018 cm−3

free carriers. On the other hand, the back end operates in
TPA dominated regime and contributes on pulse broadening
and loss. Specifically, the free carrier density at the trailing
edge of 100 ps pulse is estimated to be �1019 cm−3 at the
input facet. The same density drops to 1018 and to
2�1017 cm−3 at L=2 mm and at L=10 mm, respectively. As
a result, the largest compression occurs within the first
�2 mm due to FCA dominance, and then TPA induced pulse
broadening dominates in the following �8 mm waveguide
segment. Hence, for 100 ps input pulses, the waveguides as
short as 2 mm can provide more effective pulse compression
with only 50% of the peak power values used in 1 cm. These
results indicate that effective utilization of TPA and FCA
requires optimization of the waveguide geometry for desired
pulse parameters.

The modelocking method demonstrated earlier also re-
lies on the self-compression of optical pulses in silicon.13 In

FIG. 1. �Color online� �a� TPA and free carrier loss profiles of 20 ps and
500 ps wide input pulses. �b� Estimated output pulses and chirp induced by
free carrier plasma effect. The front end of both pulses are under TPA
dominant nonlinear regime. However, due to excess free carriers, the trailing
edge of 500 ps pulse is under FCA dominant nonlinear regime. The time
axis is normalized with input pulse width for comparison purposes.

FIG. 2. �Color online� Predicted pulse compression ratio in �a� 10 mm long
silicon waveguide for different initial pulse widths and �b� silicon
waveguides with different lengths.
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this approach, time varying losses are created via electro-
optic modulation driven by �1 ns rf pulses. The final pulse
width is a result of self-compression after multiple passes
through the waveguide and the reamplification.13 In order to
get a short pulse at the output, the power levels and modu-
lation signal should be set to provide �out /�in�1. Experimen-
tally, due to self-compression effect in the silicon waveguide
inside the laser cavity, �60 ps optical pulses are generated at
the steady state. Since, the final pulse width is ultimately
determined by the compressibility of the pulses in the laser
cavity and it is an excellent manifestation of the interaction
between the TPA and the FCA in a laser setup.

Experimentally, we study how peak power and pulse en-
ergy affect the final pulse width. We use the same laser
configuration13 formed by an erbium doped fiber amplifier
gain medium and a 1.7 cm long silicon waveguide pulse
compressor with �5 
m2 effective area. The total fiber-to-
fiber loss of the waveguide is measured to be �2 dB. The
output of the waveguide is connected to a 3/97 tap coupler
where 3% is used as an output and 97% is fed into the
electro-optic �EO� modulator. To initiate pulse formation and
pulse compression by transient effects, 1.5 ns wide rectangu-
lar rf pulses with 1 MHz repetition rate are applied to an EO
modulator. A 10 GHz photodetector and a 20 GHz sampling
oscilloscope are used as diagnostics.13 Since the pulse com-
pression is intensity square dependent, at constant pulse
width, the variation of rise and fall times can be used to tune
the pulse energy and, hence, the number of free carriers gen-
erated by an optical pulse at fixed peak power. We use low
pass rf filters with cutoff frequencies of 800 and 500 MHz to
tune rise and fall times of 1.5 ns electrical signals from 140
�without filter� to 450 and 650 ps, respectively �Fig. 3�.

Figure 3�a� illustrates the pulse widths measured at the
laser output for different peak powers and different rise/fall
times. The shortest pulse width is measured to be 60 ps by

using rf signals with 140 ps rise/fall time �Fig. 3�a� inset�.
Figure 3�b� shows the tendency of the pulse compression
with respect to different peak powers and different rise/fall
times. At fixed pulse energy, slower rise time results in a
fewer free carrier generations. As a result, the pulse width
increases to 85 ps if the rise time is tuned to 650 ps for the
same pulse energy. These measurements indicate that the free
carrier concentration increases more rapidly for modulation
signals with sharper rise times. To compensate the slope ef-
fect, we need to increase the pulse energy to achieve the
same compression �Fig. 3�b��. This tendency agrees with the
theoretical results presented in Fig. 2�a�, which shows the
higher power requirement for low energy pulses. For in-
stance, to achieve 80 ps output pulses, the average power
entering the silicon waveguide has to be 9, 13, and 16 dBm
levels for 140, 450, and 650 ps rise and fall times, respec-
tively. The peak power corresponding to 80 ps pulse with
9 dBm average power is �120 W �2.4G W/cm2�. The total
loss at this setting is measured to be �6 dB, of which 2 dB
is the linear loss and the rest originate from the nonlinear
effects.

In conclusion, the transient behavior of free carrier con-
centration has prominent effect on silicon based ultrafast ap-
plications. For free carrier plasma effect, this manifests itself
just as a scaling of index change. However, for FCA and TPA
based pulse shaping devices, aggregate responses will differ
based on their operation in TPA dominant regime and FCA
dominant regime. For pulse compression and modelocking,
we need TPA dominant regime at the front end of the pulse
and FCA dominance at the trailing edge. These two regimes
come in competition. Experimental limit on 60 ps mode
locked pulse generation illustrates energy dependence of this
competition. Additionally, the length of the waveguide can
be used to change the operation regime.
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