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Abstract: We study the spontaneous Raman scattering in a W1 photonic
crystal waveguide on silicon-on-insulator where the lower silica cladding
remains. Despite the vertical asymmetry that exists in such a waveguide,
we numerically and experimentally show that the propagation losses at the
pump and the Stokes wavelengths remain low enough to allow a significant
exaltation of the spontaneous Raman scattering. In particular, we observe
areshaping of the Raman spectrum and a more than ten-fold enhancement
of the Raman scattering efficiency in a W1 photonic crystal waveguide as
compared to a single-mode ridge waveguide.
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1. Introduction

Silicon photonics offers the promise of low-cost and high frequency devices due to its poten-
tially high degree of integration as well as to its large optical bandwidth. Despite the recent
advances in the field of silicon photonics, the fabrication of active optical functions and, in
particular, the fabrication of lasers remains one of the most difficult task. Until now, except
for the approaches that use 111-V materials, only the use of a nonlinear effect, the stimulated
Raman scattering, has allowed to obtain a laser effect in arib waveguide etched on a silicon-
on-insulator (SOI) substrate [1, 2]. One of the limitations of these reported Raman scattering
studies is that it requires long cavities (> 1 cm) or high Q factor ring cavities with large area
(=~ 1 cm?) to achieve the gain required by the laser effect [2, 3]. To overcome this limitation,
that isincompatible with the on-chip integration of these components, photonic crystals (PhCs)
appear as compact alternatives. Photonic crystal waveguidesin SOI can strongly confine light
due to their reduced width and height in a manner similar to photonic wires in which spon-
taneous and stimulated Raman scattering has already been observed in SOI [4, 5]. Moreover,
the existence of slow modes in PhCs, the group velocity of which can be 100 times smaller
than thelight in vacuum [6], can theoretically enhance further the spontaneous scattering [ 7, 8].
Recently, some results have been reported in 1-mm long PhCs made in suspended AlGaAs
membranes[8, 9, 10] and in Si membranes[11]. In thiswork, we demonstrate the enhancement
of the spontaneous Raman scattering in PhC waveguides on SOl compared to photonic wires
of similar dimension. Contrary to refs. [8, 9, 10, 11], the present waveguides are short (50 um
long) and made in SOI where the oxide below the PhC has not been removed. Doing so, we
do not rely on the fragile membrane structures that are incompatible with a good thermal dis-
sipation and with the on-chip integration. We show a more than ten-fold enhancement of the
Raman scattering efficiency in aW1 photonic crystal waveguide as compared to a single mode
ridge waveguide.

2. Simulation

Figure 1 shows the calculated band diagram of a W1 waveguide made by omitting one row of
holes in the TK direction. The hole radius r and the Si layer thickness d are 0.25a and 0.45a
respectively where a is the lattice constant. The buried oxide (BOx) layer has a thickness of
4.5a (i.e. 2 um for alattice constant of 440 nm). 3D-FDTD with Bloch boundary conditionsin
the direction of the waveguide and with perfectly matched layers (PML) on the other directions
has been used for the computation [12, 13]. The normalized frequencies that are used in the
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experimental setup for the pump and the signal (i.e. Stokes) frequencies are 0.28 and 0.258
respectively. Their differenceis 15.6 THz, i.e. the energy of the zone center optical phononin
silicon. We use the slow group velocity mode of the W1, near the cut-off frequency of 0.26 to
enhance the spontaneous Raman scattering since the scattering efficiency is inversely propor-
tional to the group velocity of the Stokes mode[7, 8].

Quality Factor
1.0e3 1.0e4 1.0e5 1.0e6 1.0e7 1.0e8 1.0e9

0.31

Normalized frequency a/A

o o o e e

N N nN n n o
o U'!l ~J 0) w ) [¥5]

o
n
o

0 0.1 0.2 0.3 0.4 0.5
Wave vector ka/(2m)

Fig. 1. Band diagram of the W1 PhC silicon-on-insulator waveguide calculated by 3D-
FDTD. The pump and Stokes normalized frequencies are indicated as well as the quality
factor of the mode Q = w1 where w isthe pulsation and 7 isthe life-time of the mode. The
silicalight lineis represented in violet.

Because the Raman linewidth in silicon is only 105 GHz at room temperature [14], we do
not try to slow down the pump mode despite the fact that a slow group velocity of the pump
mode al so enhances the scattering efficiency. In doing so, we avoid the difficult fabrication of a
PhC waveguide where the frequency separation of the pump and Stokes modes would be con-
trolled with an accuracy better than one percent which is the ratio of the Raman linewidth to
the separation of the pump and Stokes frequencies. Instead, we used the ordinary fundamental
mode of aW1 waveguideto easily tune the pump and as a consequence the Stokes wavel ength.
As seen, the chosen pump frequency resides above the silica light cone while the Stokes mode
is below. Despite the fact that the pump mode is not a truly guided mode, the losses remain
moderate if we use short PhC waveguide. Indeed, using the calculated quality factor Q = @t
of these modes, where o is the pulsation and 7 is the power decay time of the mode com-
puted by 3D-FDTD, losses of the pump mode can be estimated to be | = 1/(vgaCt) that is
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| = (2rn)/(Qavng) cm™ where Vg = gka is the normalized group velocity of the mode, wn,
its normalized frequency, c is the speed of light and a is the lattice constant expressed in cm.
According to the 3D-FDTD, the propagation loss for the pump mode can be estimated to be
around 150 cm™ that represents a 3.5 dB loss for a 50 um long waveguide. The calculation of
the losses below the silica light line does not make sense since losses are mainly induced by
the disorder in the fabricated structure and they are not taken into account in the simulation of
a perfectly periodic waveguide.

3. Experiment

The investigated structures were fabricated from a silicon-on-insulator substrate with a buried
oxidethickness of 2 m. The PhC waveguide were fabricated in the 110 direction of a SOl wafer.
The thickness of the Si layer above the buried oxide is 200 nm. The sample was coated with
aresist mask and photonic crystal patterns were designed by e-beam lithography using a 30
kV Raith Elphy writer [15, 16, 17]. The designed photonic crystal waveguide has a length of
50 um, alattice period of 452 nm and an air hole radius equal to 0.25a. W1 waveguides were
classically fabricated in triangular lattice patterns by omitting to drill one row of holes along
the 'K direction. In order to measure this short PhC waveguide, two access ridge waveguides
are butt coupled. They are 220 um long and comprise two sections. Thefirst one, the length of
which is 160 um, is a straight section of a 450-nm wide single mode waveguide. The second
oneisa60 um long tapered waveguide with a width varying from 450 nm to 780 nm to match
the 780-nm width of the W1 waveguidein amanner similar to the reference[18] (seeinset Fig.
2). The holes as well as the ridge waveguides were etched through the silicon matrix by induc-
tively coupled reactive ion etching. The buried oxide was not removed to allow a good thermal
dissipation under high power excitation as well as mechanical stability. Polarization maintain-
ing lensed optical fibers with spot diameter of ~2.5 um are used to collect and inject light. To
observe the Raman scattering, a tunable laser source and an erbium doped fiber amplifier are
used. Band-pass filters allow to remove the spontaneous emission from the pump as well asto
remove the pump wavelength from the output signal .

Figure 2 represents the transmission spectra of the W1 waveguide measured with a sponta-
neous emission source and an optical spectrum analyzer (OSA). Thelight and dark gray areas
indicate the frequency range swept for the pump and the Stokes signal respectively. The inser-
tion loss for the pump signal is around 7.5 dB. The propagation |osses have been measured to
be 4 dB using similar W1 waveguides of different lengths. This value, in good agreement with
the simulations, allows to deduce the coupling losses that are equal to 1.5 dB at each end of
the W1 waveguide. The dip around 1610 nm is due to the coupling of the fundamental mode
of the W1 with a higher-order slow mode at the computed normalized frequency of 0.274. The
crossings of the W1 slow-modewith the silicalight line and with the first-guided TM-like mode
occur at 1647 nm and at 1656 nm respectively. They are responsible for the two dips observed
in the transmission spectra at these wavelengths.

As expected, a small window between 1656 nm and 1666 nm exists where the propagation
losses as well as the group velocity are low. The insertion losses in this range are above 13 dB.
In this frequency range, we were not able to measure significant propagation losses even with
100 pm long W1 waveguide, the maximum length allowed by our e-beam lithography without
introducing stitching errors. However, this result is in agremment with reported measurements
on W1 waveguides in SOI for which propagation losses are around 100 dB/cm [19]. Because
the waveguide considered here is only 50-um long, the propagation losses can be estimated to
be below 0.5 dB and the insertion losses are due to the weak coupling between the ridge and
W1 waveguides at moderate (= ¢/30) low-group velocities in the PhC.

A closed view of this areais represented in Fig. 3 (black curve) on alinear scale. From the
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Fig. 2. Transmission spectrum of the W1 waveguide measured with aspontaneous emission
source and an optical spectrum analyzer (OSA) with aresolution of 0.5 nm. The light and
dark gray areas represent the frequency range swept for the pump and the Stokes signal re-
spectively. Inset: scanning electron microscope view of the termination of aPhC waveguide

Fabry-Pérot interference fringes, the group velocity can be deduced to be between ¢/25, near
1658 nm, and c¢/40, near 1666 nm. The gray curve represents the measured spectra when the
PhC waveguide is pumped with a tunable laser at A = 1530.7 nm and an erbium amplifier
without any band-pass filter to remove the source spontaneous emission. The coupled pump
power inthe PhC waveguideis estimated to be 24 mW. As seen, aRaman signal clearly emerges
above the spontaneous emission of the source at A = 1663, i.e. at 15.6 THz below the pump
frequency. Despite the 100 times higher power coupled into the waveguide, the Fabry-Pérot
fringesare shifted by only 0.2 nm towardslong wavel engths. Note al so that the measured power
at the pump wavelength at the output of the waveguides varies linearly with the incident power.
These two facts indicate that thermal effects as well as the losses induced by photo-generated
free-carriersremain negligible.

Since the spontaneous emission from the source can easily befiltered, we need to distinguish
between the Raman signal generated in the ridge access waveguides and the one generated in
the PhC alone. Figure 4 shows the spectra measured for various pump wavelengths when a
band-pass filter removes the spontaneous emission from the pump source. With the filter, the
coupled power into the PhC waveguideis 12.5 mW. For a pump wavelength of 1535.8 nm, the
Stokes wavelength is inside the W1 band gap at 1669.2 nm. The spectra of the spontaneous
Raman generated inside the waveguide is represented in black in Fig. 4. The Raman scattering
generated in the input ridge waveguide is blocked by the W1 and no scattering occurs in the
PhC waveguide since no guided modeis allowed. As a conseguence, only the Raman scattering
generated in the output ridge waveguideis collected. The full width at half maximum (FWHM)
of this Raman spectrum is roughly equal to 1 nm, the expected Raman linewidth in silicon. For
wavel engths between 1655 nm and 1666 nm, because the W1 insertion losses are higher than 13
dB (fig. 2), the collected spontaneous Raman scattering power is the sum of the one generated
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Fig. 3. Output power on alinear scale measured with an optical spectrum analyzer (resolu-
tion of 0.5 nm). The source is awide band low power noise source for the black curve. In
the case of the gray curve, apower of 24 mW at 1530.6 nmis coupled in the W1 waveguide
from an amplified laser source to generate spontaneous Raman scattering at 1663.1 nm.

in the photonic crystal and in the output ridge waveguide only. Note also that because the 13
dB insertion losses of the W1 waveguide are coupling losses, as mentionned above, the Raman
scattering power generated inside the PhC waveguideis 6 dB higher than the actually measured
power. The spectra of fig. 4 show how the PhCs strongly modify the scattering emission. In
particular, for pump wavelengths of 1530.6 nm and 1531.7 nm, the FWHM are smaller than
0.5 nm, the OSA resolution. Note also that the pump wavelengths are chosen to maximize
the Raman scattering at a given frequency, in other words they are chosen so that the Stokes
wavel ength coincides with a Fabry-Pérot maximum of the W1 waveguide.

Subtracting the spontaneous Raman scattering generated inside the output ridge waveguide
from the spectra at 1658 nm and at 1664.4 nm, we respectively get a collected Stokes power
of 1.45 pW and of 4 pW. From 1658 nm to 1665 nm, the group velocity varies from ¢/25 to
¢/40 while the Raman scattering efficiency is roughly multiplied by 2.7. This results seems to
indicate a dependence of the Raman power with v§2 rather than with vgl. Thereasonisthat the
collected power depends on two effectsrelated to valz the enhancement of the Raman scattering
inside the photonic crystal due to the slow-wave effect and the enhancement of the reflectivity
due to the mismatch of the group velocities at the interface between the PhC waveguide and the
ridge waveguide. Note also that the propagation |osses in the photonic crystal increase when v g
decreases and can attenuate the enhancement of the Raman spontaneous emission.

To compare the spontaneous Raman scattering generated in the W1 waveguide and the one
generated in the output ridge waveguide, we consider the differential equation obeyed by the
spontaneous Raman power Ps (ref. [4]):

dP.
d_ZS = —(Xsps+ Kppexp(—apZ)
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Fig. 4. Spontaneous Raman scattering spectra for various wavelengths of the pump with a
coupled power of 12.5 mW in the PhC waveguide. The OSA resolution is 0.5 nm.

where o), is the loss coefficient of the Stokes (pump) signa, k is the spontaneous Rar
man coefficient and Py, is the pump power at the input of the waveguide. Neglecting the loss
of the Stokes signal in the photonic crystal, the spontaneous Raman coefficient is given by
K = Ps/ (PoLest) With Lest = (1—exp(—apl)) /opwhere L is the waveguide length. From the
measurement at A, =1531.7 nm, we get P, = 12.5 mW and L =32 pm. Taking into account
that the coupling loss to the PhC waveguide is 6 dB at A5 =1664.4 nm, we get Ps =16 pW for
the spontaneous Raman power inside the PhC waveguide from the measurement and a value
of k equal to 4 x 10~7 cmL. For the ridge waveguide, we get P, = 2.7 mW, Ps = 1.7 pW,
Let =220 pm and k equal to 2.9 x 10~8 ecm? for the ridge waveguide. This value of « in the
ridge waveguide is smaller than the one reported in the reference [4] because of the enlarge-
ment of our ridge waveguide before the photonic crystal that decreases the field intensity of the
pump in the guide. Despite the larger modal area of the PhC waveguide than the one of aridge
waveguide, the scattering efficiency in the photonic crystal is thirteen times higher than in the
ridge waveguide due to small group velocity effects.

4. Conclusion

We have presented an experimental study of the spontaneous Raman scattering in asilicon pho-
tonic crystal W1 waveguide on insulator. We have shown that the Raman scattering spectrum
is strongly modified by a 50 um-long photonic crystal waveguide. For some particular wave-
lengths of the pump, the FWHM of the Stokes signal can be less than 0.5 nm instead of the
1 nm achieved in a standard ridge waveguide. More importantly, the efficiency of the Raman
scattering isincreased by more than one order of magnitude due to the small group vel ocity that
increases the light-matter interaction. These results are encouraging for the realization of asili-
con photonic crystal laser on insulator where the stimulated Raman scattering may be achieved
in alonger W1 waveguide with decreased losses of coupling and propagation.

#103331 - $15.00 USD  Received 27 Oct 2008; revised 12 Dec 2008; accepted 15 Dec 2008; published 23 Feb 2009
(C) 2009 OSA 2 March 2009/ Vol. 17, No. 5/ OPTICS EXPRESS 3506



Acknowledgments

We thank the Région and C’'nano Ile de France for financial support of Zheng Han. We thank
B. Ghyselen from Soitec for providing SOI wafers.

#103331 - $15.00 USD  Received 27 Oct 2008; revised 12 Dec 2008; accepted 15 Dec 2008; published 23 Feb 2009
(C) 2009 OSA 2 March 2009/ Vol. 17, No. 5/ OPTICS EXPRESS 3507



