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Abstract

The concept and design of LS photonic band gap nanocavities in two-dimensional (2D) photonic crystal (PhCs) slabs for enhancement of
stimulated Raman amplification and lasing in monolithic silicon is suggested for the first time. Specific high quality factor (Q) and small modal
volume nanocavities are designed which supports the required pump—Stokes modal spacing in silicon, with ultra-low lasing thresholds.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Photonic crystals (PhCs) are periodic dielectric structures that
have a band gap that forbids propagation of a certain frequency
range of light [1]. Silicon is increasingly being considered as
a dominant platform for photonic integrated circuits, which
can be integrated with CMOS-compatible silicon electronics
[2]. Two-dimensional (2D) PhC slabs are widely used for opti-
cal applications nowadays. With high-Q/V;,;, nanocavities [3-5]
designed by k-space engineering of the cavity modes [6], light
confinement and also light-matter interaction are enhanced so
that both the device size and the energy consumption can be sig-
nificantly reduced. These high-Q/Vy, nanocavities have critical
importance in fundamental studies and integrated nanophotonics
applications, such as channel add/drop filters [7], quantum well
lasers [8], cavity quantum electrodynamics [9], enhancement
of optical nonlinearities [10], and ultrasmall nonlinear bistable
devices [11].

For the enhancement of stimulated Raman scattering (SRS)
in high-Q microcavity, recent work in silica-based designs have
shown remarkable ultra-low threshold microcavity Raman lasers
in silica microspheres [12] and silica microdisks [13] with
excited whispering gallery modes. The bulk Raman gain coef-
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ficient gg in silicon is 103-10% times higher than in silica.
Light generation and amplification in planar silicon waveguides
with Raman effects are studied recently [14—18]. Raman las-
ing using a silicon waveguide as the gain medium was also
demonstrated [19-23]. Two-photon absorption (TPA) induced
free-carrier absorption (FCA) [24] is addressed using pulsed
operation or reversed biased p-i-n diodes. Here we suggest, for
the first time, the enhanced stimulated Raman amplification and
low-threshold Raman lasing that can be achieved with high-
Q/V iy, photonic band gap nanocavities in 2D PhC slabs [25]. This
permits applications such as wavelength-selectable signal ampli-
fication and lasing in monolithic silicon for photonic integrated
circuits, novel microlasers at new wavelengths, and facilitate
and further advance the study of nonlinear phenomena at small
lengthscales. As a specific example, we illustrate the concept and
the design of enhanced stimulated Raman amplification and las-
ing in a LS photonic band gap nanocavity, with which low lasing
thresholds on order of tens to hundreds of wW are predicted.

2. Design concept and theoretical background

Stimulated Raman scattering is a two-photon process related
to the optical phonons. The strongest Stokes peak arises from
single first-order Raman phonon (three-fold degenerate) at the
Brillouin zone center. Coupling between the pump and Stokes
waves in SRS can be understood classically with nonlinear polar-
izations P®, where P® is Xi(3) E, E; E, Xgir)nn the third-order
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fourth-rank Raman susceptibility, and E;, and E; are the electric
fields of the pump and Stokes waves, respectively. The dynamics
of SRS is governed through a set of time-dependent coupled non-
linear equations [26]. Here, we employ the usual slowly varying
envelope approximation for the forward and backward propa-
gation pump wave amplitudes Alﬂf and Stokes wave amplitudes
Af. The coupled nonlinear equations are described by [27-29]:
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Here, material dispersion is considered negligible compared to
the cavity dispersion, and only the first-order Stokes is con-
sidered. The first two terms on the right-hand side represent
SRS and Kerr nonlinearities, respectively, with g, s the Raman
gain coefficients (20-76 cm/GW in silicon have been reported
[28] in the 1550-nm range) for the pump and Stokes waves
and yps the Kerr nonlinear coefficients (=27nz/Aps). In the
Kerr term, the 2|A j|2Ak terms represent cross-phase modulation,
while the |A j|2Ak terms represent self-phase modulation. vy s are
group velocities. The «-terms account for linear loss, the k-terms
account for forward and backward coupling, and the §8-terms
account for signal detuning from Bragg resonance. The constant
B is the two-photon absorption coefficient of silicon, @ is related
to the efficiency of the free-carrier absorption process, and No
is the effective charge-carrier density. The above-coupled equa-
tions can be employed for cw or pulsed signals and pumps. The
effective Af)t,s can be calculated inside high-Q/V,, nanocavities
together with the Fabry—Perot model [30].

Classical field accumulation of both |A|* and |Ap|? inten-
sities (seen in Eqgs. (1) and (2)) within a cavity enhances the
spontaneous and stimulated Raman scattering process, since the
Raman gain coefficient is intensity-dependent. For laser oscilla-
tion, the gain condition requires the round-trip gain GR to exceed
the round-trip loss « for initiation of oscillation: (Gg — ®)>0. The
power build up in a cavity has a Q/Vy, dependence, while the
cavity round-trip loss has a 1/Q dependence from the definition
of Q. Equating Gr with «, the lasing threshold Piyeshold can be
described by:

nznsnp Vin
gss)hs)hp Os Qp

where Vp, is the effective modal volume, £ the modal overlap,
Op,s the cavity quality factors, n,, s the refractive indices at the
pump and Stokes wavelengths A, and As, respectively. Both the
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pump and Stokes in the nanocavity are designed to have the same
(e.g. even) symmetry to maximize the overlap & between the
modes. The character of this threshold is similar to that derived
for whispering gallery modes in microspheres and microcavities
[12,13]. Note that the bulk Raman gain gs = gy, above is still in the
classical formulation, without considerations of possible cavity
quantum electro-dynamics (QED) enhancements.

The lasing threshold scales with Vi,/QsQ,, as illustrated in
Eq. (3). This, therefore, suggests the motivation for small Vi,
cavities with high-Q factors. In fact, for microscopic spherical
cavities (with ~70 pwm radius) where Vi, has an approximate
quadratic dependence on the lengthscale L, a L?> dependence
for the Raman lasing threshold has been observed experimen-
tally [12]. For even smaller spherical microdroplets, with 4 pm
radius, a stronger L* dependence has been observed experimen-
tally on the Raman lasing threshold [31]. This additional L?
dependence in the microdroplets is attributed to cavity QED
enhancements, particularly when the cavity linewidths are sig-
nificantly smaller than the homogenous linewidth of the scatter-
ing process (when Fermi’s golden rule breaks down). Here, the
Raman gain in the cavity g5 =g is approximated by the den-
sity of states with the cavity compared to the free space density
[32,33] and the transition rate per mode, although there are also
counter opinions that cavity QED enhancement is not significant
[34]. Even without the cavity QED enhancements and consid-
ering only classical local field enhancement, the Raman lasing
threshold in silicon photonic band gap nanocavities is estimated
on order tens to hundreds of ©W. This estimate is based on the
high-Q/V, nanocavities designed in following section.

Analysis of the possible cavity enhancement of the Raman
gain coefficient g. is explored by several groups [12,31,35,36].
For example, Wu et al. [36] and Lin et al. [31] have discussed
cavity enhancement, either through a three-level atom-cavity
A configuration or an estimate directly from the density of
states in the cavity, respectively. The resulting enhancements
have a 1/L? or 1/L dependence [37]. For the designed nanocav-
ities (discussed in following section), the cavity-enhanced gain
coefficient is estimated on order 10% larger than the bulk gain
coefficient. An alternative approach would be to use an effective
SRS path length interaction method, such asin Linetal. [31] and
Matsko et al. [34], as a first-order approximation to the Raman
gain of the Stokes signal (~exp(gcl.Lc)), where I is the intensity
of pump light stored in the cavity, and the effective interaction
length L. is described as: L. = QA/2wn. For example, the high-Q
subwavelength nanocavity described in the next section has an
effective interaction length on order 3 mm, a factor of 1.2 x 103
larger than the physical cavity length (~2.5 pm) for a cavity Q
of 4.2 x 10%.

The next section focuses on the numerical design of specific
photonic band gap nanocavities to support Raman amplification
and lasing in monolithic silicon.

3. Design and analysis
We consider here a specific photonic band gap nanocav-

ity with linearly aligned missing air holes. The nanocavity is
designed numerically with MIT Photonic Bands (MPB) package
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Table 1

Design summary of photonic crystal L5 nanocavity for Raman lasing in silicon
S1 (xa) a (nm) Apump (nm) qump AStokes (nm) OStokes
0 456 1592 560 1735.6 20693
0.05 414 1456.4 739 1575.8 19036
0.07 395 1395.7 863 1505 20843
0.10 376 1333.1 1030 14324 24642
0.15 342 1215.2 1550 1297.1 42445

[38] and 3D FDTD method [39]. Using MPB, the photonic band
structure and the resonant frequencies can be obtained. With 3D
FDTD method, the resonant wavelength, field profiles and Q can
be calculated. The goal of the design is to tune the frequencies
of pump mode (foump) and Stokes mode (fstokes) With spacing
15.6 THz, corresponding to the optical phonon frequency in
monolithic silicon. The wavelengths are also tuned to operate
around 1550 nm, with high Qg (on order 10,000 or more) for at
least the Stokes mode. The numerical design process is as follow-
ing: (1) fine-tune the cavity geometry; (2) calculate resonant fre-
quencies fpump and fsiokes With MPB; (3) calculate the lattice con-
stant a based on the frequencies (fpump — fstokes)(¢/a) = 15.6 THz
and calculate the wavelength Apump = @/fpump» Astokes = a/fStokes;
(4) Calculate Qpump and Qstokes With 3D FDTD method. The
same process can be used to design nanocavities for anti-Stokes
cavity-enhancement, where anti-Stokes generation typically has
appreciably lower scattering magnitudes.

The structure investigated is an air-bridge triangular lattice
photonic crystal slab with thickness of 0.6a and the radius of
air holes is 0.29a, where a is the lattice period. The photonic
band gap in this slab for TE-like modes is around 0.25-0.32
[c/a] in frequency. Two even modes supported in L3, L4, LS
cavities with linearly aligned missing air holes are studied, with
which the modal overlap will be maximized. For small cavities
such as L3 and L4, calculated a and X are large, which will
not match the telecommunication applications (around 1550 nm
wavelength). For example, in L3 cavity, S| =0.15a, a =685 nm,
Apump = 2266 nm and Asokes = 2568 nm. Finally, two even modes
in single L5 cavity are used as pump mode and Stokes mode for
Raman lasing, respectively. Fig. 1(a) shows the two modal res-
onant peaks when a Gaussian impulse is launched in the center
of LS cavity.

Table 1 gives the design summary of fine-tuning the shift
S1 of two air-holes at cavity edge. When increasing Si, the
calculated lattice period a decreases and the resonant wave-
length A also decreases due to the constant optical phonon
frequency. The quality factors increase because the electric field
profile is close to Gaussian function and has less leakage. The
bold values in Table 1 highlight the desired design parameters.
Fig. 1(b) compares the quality factor of pump mode and Stokes
mode for different shift of two air holes S1 =0-0.15a. Q values
are obtained by calculating modal transient energy decay with
3D FDTD method: Q = woU/P = —woU/(dU/dt), where U is the
stored energy, wq the resonant frequency, and P=—(dU/d?) is
the power dissipated. Qpump and QOsokes are in the order of 103
and 10°, respectively. Higher-Q nanocavities can be achieved
by fine-tuning the shift of additional air-holes at cavity edge
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Fig. 1. (a) Resonant peak of pump and Stokes modes within photonic band gap
and (b) Qpump and Osiokes as a function of shift Sy.

such as S> and S3 without changing the effective modal vol-
ume [3]. Using the ultra-high-Q photonic double-heterostructure
nanocavities is also possible [5]. The designed wavelength
of Stokes mode is around 1550nm and the L5 cavity with
S1=0.05a and a=414nm is considered in the following cal-
culation.

Figs. 2 and 3 show the electric field profile (Ey) and 2D
Fourier transform (FT) spectrum of Ey at the middle of the slab
for pump mode and Stokes mode, respectively, where the shift S}
of air holes is 0.05a. Both modes are of even symmetry to max-
imize the modal overlap. Currently, the modal overlap is around
0.1 between pump mode and Stokes mode due to the small cav-
ity size and the discrete distribution of air holes in PhC slabs.
The white circle is the boundary of the light cone. There is a
trade-off between the wavelength A and the quality factor Q. For
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Fig. 2. The electric field profile (Ey) (a) and 2D FT spectrum (b) of pump mode.
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Fig. 3. The electric field profile (£y) (a) and 2D FT spectrum (b) of Stokes mode.

Fig. 4. SEM picture of the PhC L5 nanocavity for Raman lasing in silicon.

example, Q is highest for 1 =0.15a, but the wavelengths are far
from 1550 nm. In Fig. 2(b), the FT spectrum of the pump mode
contains large components inside the light cone, which indicates
the lower O, whereas the FT spectrum of Stokes mode contains
much smaller components inside it and corresponds to high Q,
which is shown in Fig. 3(b). The higher order mode (pump mode
here) has the more serious edge effect, then decreasing Q. Fig. 4
shows the scanning electron microscopy (SEM) of the fabri-
cated L5 nanocavity in 2D PhC slab for Raman amplification
and lasing in silicon.

The estimated modal volume for L5 cavity is around
10.56(A/2n)> from ref. [40], which is Vp~0.12 um3. The
Raman lasing threshold Pureshold in L5 nanocavity esti-
mated from Eq. (3) is around 130 wW based on parame-
ters gs=70cm/GW, &£=1, Asp=1550nm, Qpump=1550 and
Ostokes =4.2 x 10*. With higher-Q nanocavities, the threshold
can go down on order several to tens of wW. In comparison with
silica-based ultra-high-Q microspheres, the lower Q in photonic
band gap nanocavities is compensated by the 10°~10* larger
bulk Raman gain in silicon compared to silica, and the signif-
icantly smaller modal volume of the silicon nanocavities. This
motivates the approach towards employing ultrasmall photonic
band gap nanocavities with high-Q factors for ultralow threshold
Raman lasers in monolithic silicon.

4. Conclusion

The concept and design of L5 photonic band gap nanocavi-
ties in two-dimensional photonic crystal slabs for enhancement
of stimulated Raman amplification and lasing in monolithic sil-
icon is presented for the first time. Specifically, we describe the
numerical design of a high quality factor and small modal vol-
ume nanocavity that supports the required pump—Stokes modal
spacing in silicon, with ultralow lasing thresholds, which sup-
ports the ultimate push towards all-optical signal amplification
and lasing in on-chip monolithic silicon.
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