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Abstract: We present new results on ultrafast all-
optical wavelength conversion in Silicon-on-
Insulator waveguides through cross phase modula-
tion. We demonstrate sub-picosecond all-optical 
switching with 13dB on/off ratio by combining the 
nonlinear wavelength conversion in the port 
waveguide with passive filtering using an integrated 
SOI microring resonator. 
 
Introduction 
Because of its potential for integration with 
microelectronics silicon photonics is receiving 
increasingly attention.  Figure 1 shows the results of 
a literature search on the Web of Science, where a 
search was conducted on article titles with the words 
‘silicon AND waveguide’, or ‘silicon AND 
resonator’, or ‘silicon AND photonic’ in the period 
from 1988 till October 2006. The bottom bars 
indicate the number of papers per year that turned out 
to be relevant with respect to silicon integrated 
optics. Although this graph does not represent all 
papers on silicon photonics, it is clear to see that 
there is an exponential trend in the number of 
publications on this topic. Furthermore, the shaded 
areas above the bar chart give an indication about the 
main contents of the papers.  

Fig. 1: Web of Science literature search on SOI. Only part of the 
total  search results yielded topics that were relevant with respect 
to integrated optics. The data for 2006 only includes the months 
January through October. 
 
It can be seen that in the period 1996 till 2000 there 
were several groups working on doping silicon with 
erbium for light emission purposes. In the period 
from 2000 till 2004 a shift from porous silicon to 
single crystalline SOI took place. From that moment, 
Raman gain was studied by many groups and 

nonlinear processes like self phase modulation and 
harmonic generation became a topic of particular 
interest. It can be concluded that there is a clear shift 
towards active optical nonlinear processing in SOI. 
Substantial progress has been achieved, e.g., in the 
field of Raman amplification, in both continuous-
wave [1] and pulsed pump-probe [2, 3] experiments. 
Further, nonlinear effects like two-photon absorption 
(TPA) [4], self phase modulation (SPM) [5-7], cross 
phase modulation (XPM) [8], continuum generation 
[9], four wave mixing (FWM) [10] and the optical 
Kerr effect [11] have also been successfully 
demonstrated and thoroughly investigated. This 
paper will discuss our recent achievements on ul-
trafast sub-picosecond all-optical wavelength conver-
sion in Silicon-on-Insulator waveguides through 
cross phase modulation and explains how we exploit 
this to achieve modulation with 13dB on/off using  
an integrated passive microring resonator. 
 
Experimental setup 
Figure 2 shows a schematic representation of the 
pump-probe setup. Both pump and probe pulses with 
a FWHM pulse duration of ~220fs have some degree 
of tunability with respect to wavelength and are 
delivered by an optical parametric oscillator (OPO) 
with a repetition rate of 80MHz. The time delay 
between pump and probe pulses is controlled with a 
free-space optical delay line (ODL) with 6.6 
femtosecond accuracy. Both beams are combined 
using a beam splitter (BS) and coupled into a 10cm 
piece of a lensed and tapered polarization 
maintaining fiber (PMF) using a microscope 
objective (MO) with a magnification of 10X in order 
to match the numerical aperture of the PMF fiber. 
The beam shapes are being modified by optical beam 
formers (OBF) in order to optimize the fiber coupling 
efficiency. The PMF is used to facilitate the 
simultaneous coupling of the TM polarized pulses 
into the waveguide samples. No spectral broadening 
due to the fiber nonlinearities has been observed at 
the output of the fiber, prior to entering the 
waveguide under investigation. After propagation 
through the planar optical waveguides the transmitted 
pulses are coupled out using a single mode fiber, 
which is attached to an optical spectrum analyzer 
(OSA). By this means, both intensity and spectral 
characteristics of the transmitted pump and probe 
pulses can be detected simultaneously. Folding  
mirrors (FM) are used to tap the pump and probe 
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signals in front of the waveguide for power level 
detection using an optical detector (OD). The pump 
intensity can be controlled using a neutral density 
filter (NDF). A nonlinear crystal (BBO) is used to 
determine the zero time delay by detecting the sum 
frequency of pump and probe with the OSA. 
 

 
Fig. 2: Schematical representation of the pump-probe 
setup. 
 
Two photon and free carrier absorption 
The pump wavelength was tuned at 1700nm and the 
probe wavelength at 1550nm. The 220fs pulses were 
coupled to a 400×300nm SOI waveguide with a 
length of 7mm using a lensed tapered fiber in order 
to improve the coupling efficiency. The effect of 
TPA and FCA on both the pump and probe pulses are 
shown in Fig. 3 and Fig. 4, respectively. Figure 3 
shows the saturation effect of the pump pulses, 
whereas Figure 4 shows the cross absorption 
modulation (XAM) of the probe pulses.  
 

 
Fig. 3: Pump saturation as function of average coupled 
input power. 
 
The effect of the free carrier absorption becomes 
more prominent as the pump power is increased. The 
saturation in Figure 3 is mainly caused by TPA. In 
Fig. 4 this TPA is observed at zero time delay. At 
powers larger than 0.4 mW the resulting free carrier 
density is large enough to induce FCA for positive 
time delays. 
 

 
Fig. 4: Cross Absorption Modulation of the probe pulses as 
function of pump power and delay time. 
 
Cross phase modulation 
The probe pulses not only experience losses induced 
by the pump pulses, but also refractive index changes 
caused by the Kerr nonlinearity and the generated 
free carriers. The Kerr induced refractive index 
change is described by: 

                      ),(.),( 2 ztInztnKerr =Δ                  (1) 

where n2 is the intensity dependent refractive index 
and I is the intensity of the pulses. The free carrier 
induced refractive index change has an opposite sign 
and can be described by the well-known accurate 
empirical relation presented by Soref et al. [12]: 
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where N is the free carrier density in units of cm-3. 
Consider a pump-probe experiment where the delay 
time between the pulses is such that the probe signal 
has a temporal overlap with the pump signal on either 
the rising or trailing edge. In this case, the probe sig-
nal will experience a time dependent phase shift 
Δφ(t,z) which is caused by the temporal change I(t,z) 
of the pump pulse induced index changes [3]: 
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where ΔnKerr and ΔnFC are the positive and negative 
Kerr and free carrier induced refractive index 
changes,  Lint is the interaction length, i.e. the length 
over which the pump and probe pulses feel each oth-
ers presence. This temporal variation in phase will 
result in a frequency shift of the probe pulses: 
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resulting in a shifted center wavelength of the probe 
pulses [8]: 
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where λs is the center wavelength of the frequency 
converted probe pulse, λ0 the center wavelength of 
the original probe spectrum and c is the speed of light 
in vacuum.  
 

 
 

(a) (b) (c) (d) 
 

Fig. 5: Schematic representation of pump-probe pulses that 
overlap in time (a pulse on the right means lagging behind 
in time). The dashed curve represents the high intensity 
pump pulse, whereas the solid line represents the much 
weaker probe pulse. 
 
Figure 5 shows a schematical representation of the 
time delay. In the case of Fig. 5(a), the probe pulse 
does not feel any influence of the probe pulse and 
therefore nothing happens to the spectral distribution 
of the probe pulse. However, in case (b), when the 
probe is overlapping with the leading edge of the 
pump pulse, it is influenced by the positive change in 
the refractive index as function of time d(Δn)/dt, 
which in turn generates a positive phase change 
d(Δφ)/dt. This positive change of the phase induces a 
decreased carrier frequency, which results in an 
increase of the center wavelength of the probe. In 
other words, the probe spectrum gets redshifted. In 
configuration (c) the probe pulse is exactly centered 
with the pump pulse and the induced phase changes 
will more or less compensate each other (depending 
on the dispersion properties of the waveguide) and 
the shift of the wavelength will be negligible. In Fig. 
5(d) the probe does overlap with the trailing edge of 
the pump, experiencing a negative refractive index 
change, resulting in a blue shift of the probe carrier 
wavelength. 
The experimentally determined wavelength shifts as 
function of delay time and pump power are plotted in 
Fig. 6. At increasing pump powers the redshift 
practically remains constant, while the blueshift 
increases up to 26nm as a result of the contribution of 
the increasing free carrier density, resulting in a 
refractive index decrease. The total tunability of the 
probe pulses that have been obtained in the 
experiments was 36nm. The asymmetry in the 
wavelength shift with respect to the shape of the 
pump pulses can be explained by the refractive index 
change caused by the free carriers. The negative 
slope of dΔn/dt becomes more dominant as the free 
carrier concentration increases, i.e. when the peak 
intensity increases or when the pulse lengths increase 
[8]. The more the probe pulse interacts with this 
negative change in the refractive index the larger the 
blueshift will be, which is in agreement with 
Equation (5).  
 

 
Fig. 6: Cross phase modulation induced wavelength shift 
exerted on the probe spectrum. 
 
All-optical modulation or switching can be obtained 
in case the XPM shifted probe pulses are filtered 
using a passive microring resonator filter, as has been 
recently proposed [8, 13]. A typical SEM image of 
the microring resonator filters used for this purpose is 
shown in Fig. 7. The insets at the left and right of the 
SEM picture show the filtered probe spectra that 
have been captured using a spectrum analyzer at the 
drop and through port, respectively. 
 

 
(a) (b) (c) 

Fig. 7: (b) Scanning Electron Microscope image of a ring 
resonator in SOI, fabricated via direct e-beam writing. The 
insets,(a) and (c), show the filtered probe spectra at the 
drop and through port as function of pump-probe delay 
time, respectively. 
 
Figure 8 shows the probe spectra at the drop port in 
more detail. The resonance peaks are shown 
schematically and reveal a FSR of about 16nm. The 
center wavelength of the probe spectrum was tuned 
in between two resonance wavelengths. Part of the 
wavelength components in the tail of the transform 
limited pulses are leaking to the drop port. However, 
when the probe spectrum is all-optically shifted to a 
larger wavelengths, more power is coupled  to the 
1564nm resonance and less to the 1548nm resonance 
peak. 
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Fig. 8: Filtered probe spectra detected at the drop port of a 
SOI microring resonator as function of delay time. The 
resonance peaks of the resonator are schematically drawn 
at the right side of the plot. 
 
The power of the filtered wavelength components 
have been integrated for both resonance peaks and 
are plotted in Figure 9. It can be seen that the signal 
at the 1564nm resonance is enhanced by 5dB while 
the power around the 1548nm resonance is decreased 
by 13dB. 

 
Fig. 9: Normalized integrated power detected at the drop 
port. Circles represent the power around the resonance 
wavelength of 1548nm, squares show the power at the 
wavelength of 1564nm. 
 
The modulation depth is limited by the combination 
of the width of the probe spectrum and the FSR. The 
larger the ratio between these two quantities 
(FSRring/FWHMprobe) the higher the modulation depth 
that can be obtained. The shorter the pulse lengths, 
the broader the probe spectrum. However, the 
wavelength shifts are directly related to the pulse 
intensities, which in turn scale with the pulse lengths. 
Therefore, it is not a logical choice to increase the 
pulse duration, since the wavelength shift strongly 
depends on this parameter. A better choice would be 
to increase the FSR of the microring resonator. In 
case a microring with a smaller radius is used the free 
spectral range can be increased to about 28nm (in 

case neff~2.7 and R=5μm), which further enhances the 
modulation depth. 
 
Conclusions 
We have shown that 26nm blue- and 10nm red shifts 
of probe light are feasible in SOI waveguides by 
exploiting the ultrafast Kerr-induced and free carrier 
induced refractive index changes by high intensity 
220fs laser pulses. The XPM induced wavelength up- 
and down-conversion takes place in a sub-picosecond 
timeframe. We have demonstrated ultrafast all-
optical modulation of a probe signal with a 
modulation depth of 13dB, which can be further 
improved by employing SOI microring resonators 
with smaller radii. These results open the way to sub-
picosecond all-optical switching and modulation us-
ing SOI microring resonators or, alternatively, 
waveguide gratings. 
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