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Stimulated Raman scattering in silicon photonic crystal waveguides under continuous excitation
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We experimentally show that doubly resonant cavities formed by very narrow silicon photonic crystal
waveguides lead to stimulated Raman scattering at room temperature under continuous excitation. The Raman
gain deduced from the measurements agrees with the calculated one. The model, which accounts for stimulated
scattering, two-photon absorption and free-carrier absorption, allows us to predict the onset of Raman lasing in

silicon photonic crystals.
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Recently, there has been an increasing interest for sponta-
neous and stimulated Raman scattering in semiconductor
photonic crystal (PhC) waveguides.!~* These structures are
good candidates to allow the realization of ultracompact sili-
con Raman light amplifiers and lasers since they increase
light-matter interactions. Indeed, stimulated Raman scatter-
ing can be effectively used to achieve a laser emission in
silicon devices,>” although the cavities used so far were
quite long (more than 1 cm). To date, most of the Raman-
scattering experiments in photonic crystal waveguides have
been done in so-called W1 waveguides made by omitting to
drill one row of holes in the 'K direction of an otherwise
perfect photonic crystal.!** These structures, that are reso-
nant at the Stokes frequency only, allow to observe stimu-
lated Raman scattering under pulsed excitation.” However,
no stimulated Raman scattering under continuous excitation
has been reported so far because the Raman-scattering effi-
ciency is not high enough in these waveguides as compared
to the efficiency of other detrimental nonlinear effects such
as two-photon absorption and photogenerated free-carrier ab-
sorption. One way to increase the spontaneous and stimu-
lated Raman-scattering efficiency is to reduce the modal vol-
ume of the pump and Stokes modes while maintaining a
good overlap as well as a long interaction time between the
Stokes and pump modes.® ' As a consequence, structures
resonating at both the pump and Stokes wavelengths should
be studied preferentially. In this work, we show that PhC
waveguides with reduced width can lead to such doubly
resonant structures. In particular, we investigate spontaneous
and stimulated Raman scattering in very narrow WO0.66
waveguides, the width of which is equal to two-third of the
W1 standard width. We show that these waveguides, that
have not been studied for Raman emission so far, lead to
stimulated Raman scattering under continuous pump excita-
tion.

We investigate spontaneous and stimulated Raman scat-
tering in very narrow W0.66 waveguides. These waveguides,
whose width is equal to 0.66v3a with a the PhC period, are
narrower than W1 ones whose width is equal to \3a. Figure
1 (continuous black curve) shows the calculated dispersion
diagram in TE polarization of a W0.66 slab waveguide made
in slab with a 0.46a thickness. As seen, the fundamental
mode has a small group velocity near the normalized fre-
quency of 0.26, i.e., near the low-frequency cutoff of the
waveguide. For a photonic crystal of period a=438 nm, as
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in the experiment, this small group velocity occurs at the
wavelength A=a/0.26=1685 nm. However, contrary to the
W1 waveguide, the W0.66 waveguides have a second low
group-velocity region near the normalized frequency 0.284
that can be used to increase the interaction of the pump with
the silicon. Indeed, in silicon, the Raman shift between the
pump and Stokes modes is equal to 15.6 THz, which corre-
spond to a normalized frequency shift of 0.0228 for a PhC
period of 438 nm. The frequency difference between the two
slow group-velocity modes is thus almost matched to the
Raman shift. To further reduce the group velocity of the
pump mode and better match this frequency difference to the
Raman shift, we have shifted the second row of holes away
from the waveguide core (Fig. 1 inset). The dashed curve
shows the dispersion of the fundamental mode in the case of
a 0.0613a shift (Fig. 1). As seen, the high-frequency cutoff is
lowered and the group index of the pump mode increases
from 5 to 25 showing the effectiveness of the method to tune
the frequency difference between the two low group-velocity
modes. Moreover, at the same time, the wave vector at which
the group velocity vanishes is increased and is shifted almost
below the light cone.

Because of crystal symmetry in silicon, selection rules
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FIG. 1. (Color online) Projected band diagram of the W0.66
silicon PhC waveguide calculated by a 3D plane-wave method. The
slab thickness is 0.46a and the hole radius 0.25a. The light cone is
represented by a dotted line. The fundamental mode of the unmodi-
fied W0.66 waveguide is represented in black. The dashed curve
represents the dispersion curve of the fundamental mode when the
second row of holes is shifted by 0.0613a. Inset: schematic view of
the W0.66 waveguide. The arrows indicate the holes that are shifted
and the direction of the shift.
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FIG. 2. (Color online) Top: pattern of the pump E-field squared
magnitude |E1,|2 (left) and of the longitudinal component | [,X|2
along the waveguide direction (x direction) (right). Middle: field
pattern of the Stokes mode |E,>. Bottom: pattern of the Raman-
induced polarization for a waveguide oriented in [100] (left) and
[110] (right) crystallographic directions of silicon. The fields are
represented at the center of the membrane (z direction) and they are
calculated using a 3D plane-wave method.

impose the Raman-scattering geometries that are allowed.'!
In particular, plane waves propagating in the [110] crystallo-

graphic directions of silicon and polarized along the [110]
directions, produce a strong Raman scattering propagating
with the same direction and polarization as the pump, con-
trary to plane waves propagating in the [100] directions and
polarized along the [010] that do not. As a consequence, in
the previous studies on silicon W1 PhC waveguides>*!° o
on narrow ridge waveguides,”-'>"1* the waveguides were ori-
ented in the [110] direction because in these waveguides the
E field is almost perpendicular to the waveguide axis. How-
ever, W0.66 waveguides are much narrower than W1
waveguides. The magnitudes of the longitudinal and trans-
verse components of the E field have been calculated using a
three-dimensional (3D) plane-wave method and are almost
identical as seen in Fig. 2 (top) where the calculated pattern
2, and the longitudinal compo-
|> of the pump E field are
represented. As seen, the longitudinal component is respon-
sible for almost one-third of the squared magnitude of the E
field. This indicates that the E field nearly forms a 55° angle
with the waveguide axis, contrary to W1 waveguides. The
presence of this strong longitudinal electric field is similar to
the one encountered in silicon nanowire waveguides.'> To
maximize Raman scattering, we calculated the Raman-
induced polarization for the W0.66 oriented along the orien-
tations [100] and [110] of the silicon crystal in the case
where the Stokes field E; corresponds to the slow mode at
the low-frequency cutoff of the W0.66 (Fig. 2, middle). Fig-
ure 2 (bottom) shows the squared modulus of the Raman-
induced polarization for the two crystallographic orienta-
tions. The maximum amplitude of the Raman polarization is
higher in the [100] orientation as compared to the [110] ori-
entation. To be more specific, we have calculated the associ-
ated Raman volume since the gain and the spontaneous emis-
sion rate in the PhC are inversely proportional to this
volume.®-1° The Raman volume, that represents a measure of
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FIG. 3. Left: schematic view of the whole structure. Right: scan-
ning electron microscope view of the PhC waveguide entrance with
its access waveguide.

the Stokes and pump field overlap, is given by

f &,(r)[Ey(r)*d’r - f e,(0)[E,(r)[’d’r
Vi= s
f E!(r)&)E,(r)E,(rE,(r)d’r

where g, is the relative permittivity, ny, is the refractive
index of silicon at Stokes (pump) wavelength, and the inte-
gral of the denominator is on the silicon volume only. Be-
cause all the nonzero components of the Raman susceptibil-
ity tensor st) have the same magnitude in silicon, we have
noted §( ikl the tensor the components of which equal 0, if the
correspondlng components of X ,d are zero, and 1 otherw1se
The calculated Raman volume is equal to 1 X 107! m? for
one period of PhC waveguide oriented along the [100] direc-
tion and to 1.6X 107" m? for the [110] orientation. This
shows that the Raman scattering will be 1.6 times higher in
the [100] orientation than in the [110] for the same design of
the PhC WO0.66 waveguide.

The studied cavities are made by a 50-um-long PhC
WO0.66 waveguide oriented along the [100] direction of a
silicon-on-insulator wafer with a 200-nm-thick Si layer on a
2-um-thick oxide layer which was removed after the pro-
cessing of the structures. The suspended W0.66 waveguides
were fabricated in a triangular lattice pattern along the 'K
direction. The designed photonic crystals have a lattice pe-
riod a of 438 nm and an air hole radius equal to 0.25a as in
the simulations (Fig. 3). To improve light injection and col-
lection through lensed fibers and to reduce optical reflec-
tions, light was injected into the W0.66 through two sus-
pended access waveguides that are terminated by inverted
tapers.'® Figure 4 shows the transmission spectra of the
WO0.66 waveguide measured with a broad spontaneous emis-
sion source and with an optical spectrum analyzer (OSA)
near the high- (left) and low- (right) frequency cutoff of the
waveguide. Because of the mode mismatch between the
WO0.66 and the access waveguide at the low-frequency cut-
off, the W0.66 waveguide behaves like a Fabry-Perot cavity
whose resonant modes are clearly seen. The resonance at
1692.5 nm is used for the Stokes mode and its Q factor is
Q,=1.8X10* The group velocity at the pump wavelength
(i.e., at 1555.5 nm) is equal to 12 and the Q factor of the
pump mode is equal to Q,=2400. The inset of Fig. 4 shows
an enlarged view of the transmission spectrum.

To observe the Raman scattering, a tunable laser source
and an erbium-doped fiber amplifier are used. Band-pass fil-
ters allow to remove the spontaneous emission from the in-
put pump signal as well as to remove the pump wavelength
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FIG. 4. Transmission spectrum of the W0.66 waveguide with its
access waveguides near the high- (left) and low- (right) frequency
cutoff (OSA resolution 0.1 nm). The pump (left) and Stokes (right)
wavelengths are indicated by an arrow. Inset: whole transmission
spectrum (OSA resolution 2 nm).

from the output signal. As expected and contrary to our pre-
vious measurements on ridge waveguides oriented along the
[110] crystallographic directions of silicon,*!* we do not ob-
serve any Raman scattering in the access waveguides for
input pump power up to 25 mW. A strong Raman scattering
was measured in the W0.66 waveguide for a pump wave-
length of 1555.5 nm. Figure 5 (left) shows the dependence of
the Raman power generated inside the W0.66 waveguide as a
function of the pump power at the cavity exit. The collected
power is measured in a 1 nm bandwidth and is corrected by
taking into account the propagation losses and the coupling
losses at the inverted taper tip measured to be equal to 7 dB
per side for both the pump and the Stokes wavelengths. The
measurement of the pump power is made at the exit of the
waveguide because this power is proportional to the pump
power circulating inside the cavity and because the Stokes
and the pump wavelength have the same coupling losses at
the output. The Stokes power linearly depends on the pump
power at low excitation as indicated by the dashed line that is
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FIG. 5. (Color online) left: measured Stokes power as a function
of pump power at the exit of the cavity. Right: pump power at the
exit of the cavity as a function of pump power at the entrance of the
cavity. The crosses are the measurements while the dashed lines are
a linear fit on the five first measurement points at low power. The
continuous black curves are nonlinear fits. The gray thick curve is a
nonlinear fit that does not take into account the FCA effects.
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a linear fit to the five first measurement points. At higher
power, the dependence is clearly superlinear indicating that
stimulated Raman scattering occurs. At the same time, two
photon absorption and photogenerated free-carrier absorption
(FCA) start to appear as seen in Fig. 5 (right), that shows a
sublinear dependence of the output pump power with the
input power.

We now compare these results with calculated Raman
gain accounting for FCA. To do so, we introduce the mean
number of Stokes photon N generated in a cavity by the
Raman scattering of N, pump photons. The number of
Stokes photons is related to the collected Stokes power P
by PM=kN,=1/2VT N o,/ 7,, where T is the transmis-
sion at low power of the cavity at the Stokes wavelength A,
w,=c/\, is the pulsation and 7,=0Q,/ w, is the Stokes photon
lifetime in the resonator. Similar definitions hold for the
pump mode. The pump and Stokes photon numbers are re-
lated by the following equation:%!%-17

ANy, Ny reasn
e - BANIN,+ GN,(N, + 1), (1)

where G=ﬁwpggcz/(npnxVR) is the stimulated Raman-
scattering gain with g§=57 cm GW~! the bulk gain
coefficient. 12 A= 30 (fw,)?]/[2n*hw,(VEEM?] is
the absorption rate of the Stokes mode due to pump-
generated free-carrier absorption with 7#¢=1 ns the free-
carrier lifetime, 0=1.45X1072' m? the material-dependent
free-carrier absorption cross-section and 8=0.84 cm GW™!
the two photon absorption coefficient in silicon.!” The free-
carrier absorption volume of the Stokes mode is given by’

2
|:f Ss(r)|Es(r)|2d3r] |:f 81;(I‘)|Ep(l‘)|2d3r:|

o NI

(VFCh? =

Since we are below laser threshold (i.e., N,<1), we
have neglected the two photon absorption involving
Stokes photons in Eq. (1). In steady state, we have N;
=G7,N,/(1-G7,N,+ yea TSNIZ)) or equivalently

—1 pout
out _ Kk,GTK, P,

s —1 pout CA -2 pout2y *
(1-Gr, P, +yf 7,6, PYY)

From a nonlinear fit (Fig. 5, left), we get GTXK;II71 w-!
and, from the measured values, Q,=18000,
QP=2400, and TP=O.46, we get G=9.5X 10* s! and
yI:CA=O.l s~!. This gain corresponds to a Purcell factor F
=G equal to 1.3, a value higher than the one we have
obtained in 25-um-long W1 waveguides where T,}l is the
Raman-scattering rate in bulk silicon.'”

The values of the Raman and FCA volumes have been
estimated to be V,=1.3X 107" m? and VECA=5 X 10718 m?
with 2D and 3D finite difference in time domain simulations
using an homemade code.'® The calculated Raman gain G
and FCA rate /* are equal to 4.5x 10* s™" and 0.015 57!,
respectively. These values are in good agreement with the
ones extracted from the fit although they are smaller than the
experimental one. These differences can be explained by the
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fact that, at low group velocity, localization effects may ap-
pear due to disorder in the fabricated structure.!” This phe-
nomenon can affect both the slow group-velocity pump and
Stokes modes and results in effective Raman and FCA vol-
umes smaller than the simulated one. Moreover, we did not
try to adjust the value of the free-carrier lifetime 7C. An
other explanation is that for the power range corresponding
to the measurements, the free-carrier effect remains rela-
tively low and the fit is not extremely accurate. If the non-
linear fit is done without taking into account the FCA (Fig. 5,
left thick gray line), i.e., assuming the following dependence
of the Stokes and pump photon numbers, N;=G7,N,/(1
-G7,N,), the measured Raman gain is lower and equal to
G=3.5x%10% which represents a lower limit. Moreover, if
the FCA would remain negligible, we can predict a moderate
laser threshold equal to Pg”t’thr“:KPG‘lT;l:C%l mW. This
shows that a silicon PhC Raman laser can be achieved in the
same way as PhC waveguides lasers have already been
achieved in III-V materials.”?! One way to reach the laser
threshold in presence of FCA will consist in increasing the
currently relatively modest quality factor of the Stokes mode
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from 1.8 X 10* to 2 X 10° to get a threshold around 3 mW.
This can be achieved by fabricating an heterostructure cavity
based on such a narrow waveguide.

In conclusion, we have shown that stimulated Raman
scattering occurs in narrow silicon photonic crystal
waveguides. These waveguides are oriented along the [100]
crystallographic direction of silicon and lead to a 60% de-
crease in the Raman volume as compared to W1 waveguides
oriented along the [110] direction. These waveguides also
allow a decrease in both the pump and Stokes modes group
velocities. For such a structure, stimulated Raman scattering
has been observed at room temperature for a continuous in-
cident power as low as 20 mW. This result, in good agree-
ment with the simulations, allows us to predict a laser thresh-
old below 100 mW if the free-carrier absorption could be
made negligible.
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