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In this paper a detailed modeling of enhancement of the Raman effect in a silicon 
photonic crystal slab cavity with a hexagonal lattice of air holes is presented. After 
investigating the cavity modes for various cavity geometries, we derive the generation 
of Stokes waves in the silicon inside the cavity mode, using a time domain model and 
assuming a Fabry-Perot type cavity. The analysis is performed as a function of cavity 
length, wavelength, hole radius, and cladding medium (air or water). An enhancement 
of 30 times in air and an output Stokes efficiency of 5% are so theoretically proven.  

1. Introduction 
Nonlinear optics is a broad field of research and technology that has proven to be 
versatile for different applications such as telecommunications and optical sensing, but 
until now only a few studies have associated nonlinear effects with photonic crystal 
structures. In this work, the generation of the Raman effect in a device based on 
photonic crystal structure is theoretically investigated. 

2. PhC Structure 
Starting from the cavity in a photonic crystal used for trapping of bacteria in water [1], 
the work has been developed to generate the Raman effect. The structure is shown in 
Fig. 1, where a number of numerical parameters used in mathematical model are 
evidenced. An hexagonal pattern of air holes is embedded on a silicon-on-insulator 
(SOI) platform with silicon slab thickness of 220 nm; the lattice constant is 푎 =
430	푛푚, the radius of holes is 푟 = 0.3푎. To make the cavity region, six holes have been 
removed at the center of the structure, as well as the inner holes have been shifted 
outward by an amount of 푠 = 0.2푎 to obtain a cavity length 퐿 = 2.9	μ푚.  
 

 
Fig.1. Cavity structure with main parameters of model: pump power (blue), Stokes power (green) and 
reflected power (red); input (ki) and output (ko) coupling coefficients, and cavity losses (aloss), used in 
the mathematical model. 
 
3. Model and Results 
The structure performance have been evaluated using two different cladding media, air 
and water. This choice is due to the possibility of using the device for sensing in 
aqueous environment, in addition to the gaseous one. The device has been studied by a 
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2D FDTD software (RSoft CAD), using the effective index method to mimic a 3D PhC 
structure. The resonance behavior has been found by launching a Gaussian pulse of a 
power of 1 W. Only for TE mode excitation the structure has shown significant results. 
Obviously, the resonant peak shows a red shift with changing the cover medium from 
air (n = 1) to water (n = 1.318 @ λ = 1550 nm). 
On the basis of a spectral analysis, both reflectance, transmittance and resonance have 
been investigated at the input, output and in cavity region, respectively. Changing 
homogeneously the radius of holes, it has been possible to collect complete information 
about the spectral behavior of device. All results have been later imported and processed 
by numerical software to implement the mathematical model. The mathematical model 
used to simulate the Raman effect [2] is based on two differential equations in the time 
domain for the nonlinear coupling between pump and Stokes wave, including two 
photon absorption (TPA) and free carrier absorption (FCA) effects. The model was 
originally applied only to a ring resonant cavity, but in this work it has been adapted to 
the photonic crystal sketched in Fig. 1, which is comparable to a Fabry - Perot cavity. 
Firstly, we have investigated the performance of a Raman laser in CW regime keeping 
to zero the Stokes probe at the waveguide input. Secondly, the potential of pulsed 
Raman amplification has been analysed when a Stokes probe is present. 
An appropriate set of coefficients has been evaluated by which it is possible to describe 
the portion of power transferred from the input guide to the cavity (ki) and from the 
cavity to the output (ko), as well as the amount of losses of the cavity (aloss in Fig. 1). 
These coefficients have been calculated by FDTD simulations. In particular, they have 
been derived from the spectral function evaluated at the output and inside the PhC 
cavity. The geometrical cavity characteristics have been derived by comparing the 
cavity to a Fabry-Perot structure, to match the resonance peaks in the same range of 
wavelengths, when pump and Stokes waves are launched into the cavity, with length: 
 

퐿 =
휋푐푚

푛 휔 − 푛 휔 + 푛 훺 = 2.9	μ푚 (1) 

where 휔  is the pump resonant frequency, 푛  and 푛  are the refractive indices of 
medium seen by pump and Stokes wave, respectively, 훺 = 15.6	푇퐻푧 is the Raman 
shift for silicon and m is the resonance order. This condition is needed to minimize the 
off-resonance effects and improve the device performance. 
Resonant wavelenghts have been calculated for Stokes and pump signals, initially. The 
PhC cavity described above exhibits the operative wavelength 휆	 = 	1.484	휇푚 (pump 
wave) and a third order resonance. On the contrary, when the Stokes wave at 휆	 ≅
	1.634	휇푚 is generated into the cavity, the sensor exhibits only two resonant peaks, one 
of them being in the same spectral range as previously obtained in case of input pump 
wave, around 휆	 ≅ 	1.63	휇푚. The parametric analysis has been executed by considering 
homogeneous variation of holes radii, in order to explore the sensor operation as a 
function of different geometrical arrangements, thus to identify the optimal cavity 
design. Simulation results for output transmittance are plotted in case of air and water 
cladding for pump and Stokes waves in Fig. 2 and Fig. 3, respectively.  
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Fig. 2. Transmittance output in case of air cover for pump (left) and Stokes wave (right). 

 
Fig. 3. Transmittance output in case of water cover for pump (left) and Stokes wave (right). 
 
In Tables 1 and 2, coupling coefficients are listed only for pump and Stokes wave for air 
cladding, but similarly the coefficients for water cover have been obtained, giving an 
high input coupling and low output coupling, as well as a good optical field 
confinement in the PhC cavity. In addition, propagation losses inside the cavity are 
quite high, influencing the signal output power. In fact, propagation losses have been 
estimated in different simulations, allowing to eliminate the propagation loss contribute 
from the parameter aloss. 
 

Radius[μm] Wavelength [μm] ki (%) ko (%) aloss[dB/cm] 
r = 0.126  1.491 11.2 0.84 18 
r = 0.127 1.489 10.5 0.82 18 
r = 0.128 1.486 9.7 0.78 18 
r = 0.129 1.483 8.5 0.71 18 
r = 0.130 1.481 8.35 0.71 18 
r = 0.131 1.478 7.95 0.69 18 
r = 0.132 1.475 7.3 0.67 18 
r = 0.133 1.473 7 0.66 18 

Table 1. Coupling coefficients and loss factors evaluated by FDTD simulations for pump wave in case of 
air cladding. 
 
By simulating the PhC sensor with two different cladding media (i.e., air or water), it is 
possible to affirm that the common effect consists in the shift of resonant wavelength 
peaks for pump and Stokes waves, but that shift is different. 
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Radius[μm] Wavelength[μm] ki (%) ko (%) aloss[dB/cm] 
r = 0.126  1.614 3.58 0.08 18 
r = 0.127 1.611 2.09 0.06 18 
r = 0.128 1.608 2.46 0.079 18 
r = 0.129 1.606 3.05 0.077 18 
r = 0.130 1.602 2.91 0.08 18 
r = 0.131 1.599 1.98 0.078 18 
r = 0.132 1.595 3.8 0.1 18 
r = 0.133 1.592 2.1 0.082 18 

Table 2. Coupling coefficients and loss factors evaluated by FDTD simulations for Stokes wave in case of 
air cladding. 
 
Finally, another device with a cavity length of several hundreds of microns, 
corresponding to a very large resonant order from Eq. (1), has been studied and the 
amount of Stokes power collected at the device output has been accurately estimated. 
The results obtained by this type of cavity have shown that an amount of Stokes power 
could be guided from the PhC structure output with an efficiency around 5%. 

4. Conclusions 
In conclusion, the investigated device evidences intriguing potentialities for sensing 
performance as a new class of PhC sensors based on nonlinear effect (i.e., the Raman 
effect). In particular, future developments could demonstrate the utility of this device 
for detecting single particle in aqueous solutions, with very small dimensions 
comparable to that of viruses or proteins. Further research efforts are oriented to 
investigate the sensor operation as a function of different cavity lengths and different 
resonant orders of the PhC cavity. 
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