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We experimentally show that the self-phase modulation of picosecond pump pulses, induced by both
the optical Kerr effect and free-carrier refraction, has a detrimental effect on the maximum on-off
Raman gain achievable in silicon on insulator nanowaveguides, causing it to saturate. A simple
calculation of the Raman gain coefficient from the measured broadened output pump spectra
perfectly matches the saturated behavior of the amplified Raman signal observed experimentally at
different input pump powers. © 2010 American Institute of Physics. [doi:10.1063/1.3451466]

Silicon-on-insulator (SOI) photonics has attracted a great
deal of attention due to its potential solutions for on-chip
optical data processing. The high refractive index combined
with the large third-order nonlinearity exhibited by silicon,’
enable tight optical confinement in submicron waveguides
and efficient nonlinear functionality, making SOI a promis-
ing platform for ultracompact devices with low-command
powers. >’

Stimulated Raman scattering (SRS) has been extensively
studied for its applications to optical amplification. Since
SRS was first observed in SOI Waveguides,4 Raman lasers
operating in the pulsed5 and continuous-wave® (cw) regimes
have been demonstrated. As it turns out, the two-photon ab-
sorption (TPA) and the free-carrier absorption (FCA) in-
duced by TPA constitute the two main limitations in achiev-
ing a high net Raman gain.z’3 Because the phonon lifetime is
close to 3 ps in crystalline silicon, pulses of several picosec-
onds can be amplified efficiently using SRS at low repetition
rates, corresponding to a regime in which sensitivity to FCA
is strongly reduced.”'® However, depending on the pulse
energy and modal confinement, both the optical Kerr effect
and the free carriers can induce significant self-phase modu-
lation (SPM) that leads to a considerable spectral broadening
of the pump pulse.11 When the broadening is of the order of
magnitude of the Raman-gain bandwidth (105 GHz), a re-
duction in the gain coefficient is expected, which has not
been reported in previous studies of the Raman amplification
of picosecond pulses in SOI waveguides.L10

In this letter, we report on the saturation of the Raman
amplification due to the nonlinear spectral broadening expe-
rienced by picosecond pulses propagating in a L=11 mm
long SOI nanowaveguide. The on-off Raman gain shows a
clear saturation that is attributed to the spectral broadening of
the pump pulse. We give a detailed experimental investiga-
tion of the interaction between SRS and nonlinear spectral
broadening of the pump pulse in silicon waveguides. Despite
the tremendous amount of studies conducted on silicon Ra-
man amplifiers and lasers, there is a large spread in the re-
ported values of the Raman gain coefficient g, which is
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quite remarkable.**™'" Our results enable a measurement of
yg. In addition, the relation between the Raman gain spec-
trum and the pump and signal spectral shapes is rarely taken
into account, even though the broadening of ps pump pulses
through SPM has been used to make a broadband Raman
amplifier in silicon.'? However, no comment is ever given on
the expected saturation of the Raman amplification for a
given signal wavelength.

Our experiments were carried out in ridge-type SOI
nanowaveguides with a A.=500X 340 nm? cross-section.
Guiding occurs along the crystallographic direction [110].
They were fabricated on SOI wafers with 2-um-thick oxide
layers.13 The Raman pump pulses are 7=15 ps in duration,
with a repetition rate of F=80 MHz and are delivered by an
optical parametric oscillator synchronously pumped by a
mode-locked Ti:sapphire laser." In order to investigate the
Raman gain, we produce a pulsed signal of 150 ps synchro-
nized with the pump pulse and tunable around 1550 nm. The
pulses are launched into the nanowaveguide using a micro-
scope objective. The output beams are collected and sent to
an optical spectrum analyzer (OSA). Experimentally, the
pump (respectively, signal) pulse is injected in the TE (re-
spectively, TM) mode, one of the configurations for which
the Raman susceptibility is maximum.*

Figure 1 shows the spectral behavior of both the outgo-
ing pump (a) and signal (b) pulses for increasing input pump
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FIG. 1. (Color) Output spectra of the pump pulses (a) and signal pulses (b)
measured at input average pump powers varying from 10 to 120 mW (the
signal spectra should be divided by 20) with resolution of 0.01 nm.
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average powers, measured before the microscope objective.
The input pump wavelength is set to 1441 nm whereas the
signal wavelength and time delay are adjusted so as to maxi-
mize the Raman amplification. Figure 1(a) shows the pump
spectrum broadened due to SPM induced by Kerr effect and
free-carrier refraction (FCR). The instantaneous Kerr effect
symmetrically broadens the spectrum, while the time-
dependent buildup of the carrier density creates a nonlinear
phase contribution, which produces a blueshift in the
spectrum.ll The spectral broadening induced by the Kerr ef-
fect and the FCR (Ref. 3) is expected to be on the order of
1-2 nm for input intensities on the order of a few gigawatts
per square centimeter, typically used in Raman amplification
experiments. This is consistent with our observations. Dis-
persion effects can be neglected. Indeed, with the typical
dispersion of ridge waveguides3 (B,=~-1 ps?>/m) we have a
dispersion length Lp=173/|8,/=100 m much larger than the
waveguide length L. The signal spectrum, shown in Fig. 1(b)
at low input pump power, consists in a narrow peak. As the
pump power increases, only the overlapping part of the 150
ps signal pulse with the 15 ps pump pulse is amplified and
the output signal spectra present a broad component, close to
the narrow peak, which is subsequently amplified and blue
shifted as the pump power increases. For an input pump
power of 120 mW and without any signal, the blue shifted
amplified spontaneous Raman spectrum showed a maximum
at 1557.3 nm. In presence of the input signal and for the
same pump power, the Raman amplification was maximized
by adjusting the input signal wavelength to 1558.2 nm for
which the blueshifted spectrum of the Raman amplified sig-
nal is also centered at 1557.3 nm [see the top spectrum in
Fig. 1(b)].

In order to discuss the influence of the SPM-broadened
pump pulse on SRS, we simply consider a cw signal at fre-
quency wg amplified by a pump pulse. The spatial evolution
of the pump and signal intensities, under the undepleted
pump approximation for SRS follows:

dlp/dz = _f?’ﬂTPAI%’ — aplp,

dls/dz = ffsl r(ws) = Bxrpallpls — asls. (1)

where ap g accounts for linear losses for the pump and the
signal, yg(wg) is the value of the Raman coefficient at wg,
and Bxrpa is the cross-TPA coefficient. In our experiment,
typical input pump intensities are on the order of a few gi-
gawatts per square centimeter, with 15 ps pulses and a rep-
etition rate of 80 MHz, so following the arguments provided
by Yin et al.,'"! FCA can reasonably be neglected. We have
introduced in Eq. (1) a local field factor correction fp, and f5,
respectively for the pump and signal amplitude fields, in or-
der to take into account the local field enhancement induced
by the group velocity reduction in the guided modes.'>'° The
solution of Eq. (1) gives:

Ip(0)/Ip(L) = (1 + X)et, (2)

fé[ Yr(ws) — BXTPA]]
5 n
SpBrpa

where the parameter X=fpBrpaLelp(0) is defined in terms
of the effective length of the waveguide L.g=(1—e L)/ ap.
The solution in Eq. (3) shows that the on-off Raman gain,
defined as Gq,.o=I5(L)/I5(0)esE, depends linearly on the

ln[Gon-off] = (1 + X) s (3)
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FIG. 2. Plot of the ratio between the incident and output pump powers vs
the incident pump power with a linear fit.

1+X parameter on a log-log scale. However, the Raman gain
coefficient yg(ws) directly depends on the broadened pump
spectrum. Consequently, as the pump intensity increases, we
expect that the experimental curve will deviate from the lin-
ear regime and exhibit a saturation of the on-off Raman gain.
In order to emphasize this effect, we extract the experi-
mental values of X from the input Pp;, and output Pp,, av-
erage pump powers that are measured outside the nano-
waveguide. The total output pump powers Pp,, are
calculated using the spectra from Fig. 1(a). They are related
to the internal pump intensity Ip(L) by Ppoy/ (AesF'7)
= Koudp(L), With k., the output coupling efficiency, which
includes the whole efficiency from the waveguide output to
the OSA. A similar expression exists for the input pump
power measured before injection; Ppi,/(AeieF'7)=1p(0)/ ki,
with «;, the input coupling efficiency. We plotted in Fig. 2
the ratio Pp;,/ Ppy, Versus the average incident pump power
Pp;,. The linear dependence confirms that TPA only governs
the pump depletion. In particular, the pump depletion
caused by SRS and FCA is negligible. Expressing
Eq. (2) as Ppj/Ppoy=a+bPp;,, the linear fit gives
a=3846*53 mW! and 5=103.97£0.93 mW~!. These
two parameters enable us to extrapolate an experimental
value for X by means of the relation; X=bPyp;,/a.
Concerning the on-off Raman gain behavior, we extract
from the signal spectra in Fig. 1(b) the power of the ampli-
fied output signal Pg(L)= k., (AF7)Ig(L). The amplified
components of the signal pulse are filtered out from the op-
tical spectra by integrating the power spectrum from 1556.5
up to 1558.1 nm, below the wavelength of the tunable laser
considering that the amplified signal spectrum is blue shifted.
Pg 1s then plotted on Fig. 3 as a function of 1+X, using the
previously determined values of X. For low input pump
power, corresponding to 1+X<<2 dB, the amplified signal
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FIG. 3. Plot of the average power of the Raman amplified output signal with
the corresponding on-off Raman gain (right axis) vs the 1+X parameter
(filled circles). The values directly calculated from the measured line shape
of the pump spectra are plotted with open squares. The solid line corre-
sponds to the unbroadened pump case given by Eq. (3).
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power linearly increases in a log-log scale as expected from
Eq. (3). For higher input pump powers the experimental
curve clearly deviates from the linear evolution and shows a
saturation of the amplified signal. This saturation is not due
to pump depletion caused by either TPA, which is included
in Eq. (3), or SRS that is negligible. The solid line on Fig. 3
shows the linear fit of the experimental points below 2 dB,
from which we get a slope s=8.19*0.43 and a y-intercept
Py=-62.63+0.66 dBm. The latter gives the power of the
output signal without pump that is temporally overlapping
the pump pulse as follows: Pgyy= Kou(AerF 7)15(0)e L, Us-
ing this value, we can now calculate the on-off Raman gain
Gn-ofr that is given on the right axis in Fig. 3. A maximum
value of 28 dB for the on-off Raman gain is achieved in this
experiment, far below the ideal case of an unbroadened
pump spectrum given by the solid line in Fig. 3.

The slope value s provides the Raman gain coefficient
vr(wg) assuming that the coefficients fs, fp, Bxtpa, and Brpa
are known [see Eq. (3)]. In the case of our nanowaveguide
geometry, we can reasonably assume that fg= fp, because the
variation between the pump and signal group velocities is
expected to be less than 2%.? The value of Brpa in silicon
around 1.5 um is taken equal to 0.8 £0.12 ¢cm/GW (Ref. 1)
and neglecting its dispersion one gets SByxtpa=2Btpa. The
Raman gain coefficient is then estimated to yr(wg)
=8.1*1.6 cm/GW. Lastly, we calculated the on-off Raman
gain that can be expected from the measured spectral line
shapes of the pump. Assuming the signal to be cw at wg and
vr(wg) is given by the convolution product between the Ra-
man gain spectrum Hy({)) and the spectral density Sp(w) of
the pump. The Raman gain spectrum is described by a
Lorentzian line shape with a full width at half maximum
equal to 105 GHz.* For low input pump powers, for which
no significant broadening is observable, the convolution
product shows a reduction in the maximum Raman gain co-
efficient of 10% compared to the steady-state value yg. This
means that the duration of the pump (15 ps) corresponds to a
slightly transient regime. So, we set yOR to 8.9 cm/GW and
calculate for each pump power the value of yg(wg) from the
convolution product. The calculated values of G, . are then
plotted with open squares in Fig. 3. Despite its simplicity, the
model fits the experimental data remarkably well and dem-
onstrates that the nonlinear spectral broadening of the pump
is responsible for the saturation observed in Fig. 3. This re-
sult is obtained by considering a fixed pump line width (mea-
sured at the output of the waveguide) without taking into
account the spatial dependence of the pump broadening
along the waveguide. A detailed numerical analysis of the
Raman gain saturation that takes into account TPA, optical
Kerr and free-carrier effects, including FCA, is required and
is presently under progress. Preliminary results show that
most of the spectral broadening of the pump occurs on a
typical propagation length of 2 mm. This length contributes
to 1% only of the total Raman amplification.

For information, we give hereafter a correspondence be-
tween the values taken by the parameter X and the injected
pump intensity. Assuming a value for Brps, one needs to
determine the linear attenuation and the group velocity of the
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waveguide. We performed a linear transmission spectroscopy
of the nanowaveguide. The analysis of the modulation depth
and the period of the Fabry—Perot fringes gives ag
=1 cm™! and a group velocity equal to c/5.1, which gives a
local field factor fg=1.2. In the case of our experiment, and
neglecting the variation in these values for the pump, we
have Ip(0)=0.95X GW/cm?. So, the experimental injected
pump intensities reported on the bottom axis of Figs. 3 and
1(b) vary from 0.25 to 3 GW/cm? and the saturation occurs
for injected pump intensities higher than 0.65 GW/cm?. No-
tice that above 3 GW/cm?, FCA is no longer negligible.11

In conclusion, we have experimentally shown a satura-
tion of the Raman gain in a SOI nanowaveguide in the pico-
second regime, which is caused by nonlinear spectral broad-
ening of the pump, governed by both the optical Kerr and
free-carrier effects. With a simple model, using the line
shapes of the outgoing pump spectra, we reproduce the satu-
rated behavior of the on-off Raman gain along with its maxi-
mum value (28 dB). Although this experiment was per-
formed with a 15 ps pulse duration, corresponding to a
slightly transient regime for SRS, this model enables the
measurement of the steady-state Raman gain coefficient 7%
=8.9 ¢cm/GW for silicon, which is in accordance with the
values found in the literature. Beyond the measurement
method proposed, this work provides insight in the study of
slow-mode Raman devices. Indeed, increasing the group in-
dex of both pump and signal beams, for the purpose of com-
pactness and low-command power, will be detrimental to
SRS because of the simultaneous enhancement of the spec-
tral broadening of the pulses, in particular, through the phase
modulation effects.'” Accurate understanding of the interac-
tion between SRS and phase modulation is crucial in the
study of Raman functionality.
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