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Enhancing stimulated Brillouin scattering in the wave-
guide grating* 
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We obtain the enhanced stimulated Brillouin scattering (SBS) by adding the optimized Bragg grating to an As2S3 
chalcogenide half suspended-core rectangle waveguide. The half suspended-core waveguide grating is characterized 
by the period of 344.67 nm and the refractive index modulation depth of 0.000 1. Through simulation experiments, the 
obtained Brillouin gain is 58.5 dB and the 3 dB bandwidth can reduce to 7.8 MHz. The half suspended-core waveguide 
structure can decrease the size of the chip while the periodic structure can enhance the slow light effect, so we have 
improved the integration of the waveguide and enhanced SBS by combining these two advantages. 
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Photonic structures that have periodic variation of refrac-
tive index are called photonic crystals (PCs) or photonic 
gratings[1]. The periodic variation gives rise to a photonic 
band gap (PBG) in the wavelength range from visible to 
near infrared (IR) region when the period is several hun-
dred nanometers. On the edge of the band gap in the pe-
riodic structure, narrow peaks of high transmission exist 
at frequencies where light interferes constructively in the 
forward direction. In the vicinity of these transmission 
peaks, light reflects back and forth numerous times 
across the periodic structure and experiences a large 
group delay[2]. From a macro perspective, the 
light-matter interaction will be enhanced as this group 
delay increases the interaction length or interaction time 
in the waveguide. Nonlinear interactions, such as stimu-
lated Brillouin scattering (SBS), usually appear when 
light power is strong enough or waveguide length is long 
enough, which will reduce energy utilization and wave-
guide integration. Due to slow-light propagation, the 
combination of strong field enhancement with prolonged 
light-matter interaction is a powerful technique for over-
coming material constraints and can lead to a significant 
reduction in the size of photonic structures[3-5]. Based on 
this idea, several milestone demonstrations[6,7] in pho-
tonic circuits have been reported, including slow-light 
enhanced third-harmonic generation[8], four-wave mix-
ing[9], slow-travelling solitons[10] and gain enhancement 
in lasers[11]. SBS, one of the strongest nonlinear interac-
tion, has been demonstrated in theory. It can be dramati-

cally enhanced at the Brillouin zone boundary where the 
decreased group velocity of light magnifies pho-
ton-phonon interaction[12]. This discovery provides a 
possibility to strengthen the SBS from an improved wa-
veguide structure. Recently, band-edge effects on SBS 
have been experimentally demonstrated using Bragg 
grating[13]. Based on the As2S3 platform, chalcogenide 
photonic integrated circuits are designed, wave-
length-scale waveguides are enabling novel on-chip 
functionalities, and integrated microwave photonic signal 
processing has attracted increasing research for applica-
tions[14-16]. The As2S3 ridge waveguide has previously 
exhibited a gain of up to 52 dB by using SBS effect in 
23 cm propagation length. It is necessary to reduce the 
length of the waveguide for integration[17]. The single 
microring waveguide has realized high gain SBS effect. 
Though the size has been smaller, there are strict re-
quirements for the fabrication[18]. 
  In this paper, we combine the As2S3 chalcogenide half 
suspended-core rectangle waveguide with Bragg grating. 
The half suspended-core waveguide structure can in-
crease waveguide integration while Bragg grating can 
enhance SBS by using the slow light effect. When we 
add the Bragg grating to an As2S3 chalcogenide half sus-
pended-core rectangle waveguide, and then we adjust the 
period of the Bragg grating to make the Stokes wave fall 
into the slow-light region at the band edge of the PBG. 
Meanwhile, to make the slow light effect more distinct, 
the optimum refractive index modulation coefficient is 
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obtained through simulation experiments. The final wa-
veguide grating is with the aid of an effective length of 
3.9 cm, a cross-section of 0.9 μm×0.9 μm, the grating 
period of 344.67 nm and the refractive index modulation 
depth of 10-4. Through simulation experiments, the final 
Brillouin gain obtained is 58.5 dB and the 3 dB band-
width can reduce to 7.8 MHz. Fig.1 shows the basic 
structure of the grating waveguide. The half sus-
pended-core structure stays the same as the initial ver-
sion. The refractive index of core As2S3 changes perio- 
dically along the direction of light propagation according 
to the law of sines, which can be seen as the waveguide 
Bragg grating structure. 
  Ideally, in the normal waveguide, the propagation 
mode and the radiation mode satisfy the orthogonality 
relation. But in the non-ideal situation, the waveguide 
structure is more or less incomplete, such as waveguide 
loss, waveguide boundary or geometric distortion, mate-
rial inhomogeneity, which will result in the energy ex-
change between the waveguide modes, and we call it 
mode coupling.  
 

 

Fig.1 (a) Structure of the waveguide grating; (b) Cross 
section of the waveguide grating 
 

The Bragg grating is characterized by the change of 
the refractive index along the direction of propagation, so 
we can analysis the Bragg grating by mode coupling 
theory. μ and v are any two modes in the waveguide, and 
the propagation constants are βμ and βv, respectively. The 
modal coupling equation can be expressed as 
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where 	 
1K��  and 	 
2K��  are modal coupling coefficients, 

ax and bx are the electric field modulus and the magnetic 
field modulus, respectively. The summation term on the 
right side of the equation represents the interaction 
between the modes. The coupling strength is determined 
by the modal coupling coefficient. Because the refractive 
index modulation depth of the Bragg grating is very 
small, we can think that the perturbation results in the 
coupling. According to the bidirectional mode coupling 
method and Eq.(1), bidirectional mode coupling equation 
can be given by 
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where c is the mode amplitude, and + and – represent 
forward direction and backward direction, respectively. 
In general, there is single mode transmission in the 
micro-nano waveguide, so we can get Eq.(3) from Eq.(2) 
as 
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The refractive index distribution of the Bragg grating 
can be expressed as 

  n=n0+Δncos(Ωz).           (4) 

The relationship between Bragg wavelength and 
grating period can be written by 

  λB=2Λneff,            (5) 

where n0 is the refractive index of the core, Δn is the 
refractive index modulation depth, Ω is the 
grating space frequency, Ω=2π/Λ, and Λ is grating period. 
The solution of Eq.(3) can be expressed as 
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where q is detuning index expressed as q=β−Ω/2,  

0ΔK K n�� , where K0 is wave vector in vacuum, and 
2 2 2/ 4K q� � �� . According to Eq.(5), the reflectivity of 

the grating can be expressed as 
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where ρ is the reflection coefficient and α=iα'. Because the 
grating has the characteristic of wavelength selectivity, the 
delays are different for the light at different wavelengths. 
According to the phase of the reflection coefficient ρ, the 
group delay can be expressed as 
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where θp is the phase of the reflection coefficient. From 
the macro view, light-matter interaction will be enhanced 
because this group delay increases interaction length or 
interaction time in the waveguide. In this paper, we 
enhance the SBS using the Bragg grating because there is 
a huge delay on the edge of the band gap in the Bragg 
grating. 
  In general, the Bragg grating gives rise to a PBG near 
the Bragg wavelength. Near the band edges, light signals 
propagate at a slower rate due to multiple coherent 
reflections, which leads to a stronger light field. The 
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sudden change of refractive index will form the structure 
of a reflection cavity at the edge of the reflection band, 
which expands the transmission time of light with a 
specific frequency. As shown in Fig.2, the delay in the 
waveguide is due to the strengthening or prolongation of 
the interaction between light and matter. The mode 
characteristic equation of three-dimensional waveguide 
is derived, and the smaller waveguide size can be 
obtained. The most fundamental principle is that we 
choose the largest group delay on the premise that the 
pump wave can transmit very well in the waveguide 
Bragg grating. Because the waveguide materials and 
dimensions stay the same as the half suspended-core 
structure, we adjust the grating period and the refractive 
index modulation depth to make sure that we can get the 
largest group delay at the Stokes wavelength. As a 
general rule, the gap position is determined by the 
grating period while the group delay is determined by the 
refractive index modulation depth. An appropriate 
grating period is set to make sure that the band gap is 
close to 1 550 nm, a general communication wavelength. 
For Bragg grating, the value of the modulation depth 
generally ranges from 10-5 to 10-3. According to Eq.(8), 
we can obtain the group delay as Fig.2. 
 

 

 
Fig.2 Delay versus wavelength for modulation depth 
ranging (a) from 10-5 to 10-4 and (b) from 10-4 to 10-3 
 
  It can be seen from the Fig.2 that there is the largest 
group delay when the refractive index modulation depth 
is 10-4, and the peak of the group delay is located at the 
band edges. For a homogeneous Bragg grating, it has a 

strong coupling effect for the light satisfying Bragg 
wavelength, but the coupling of light outside the PBG is 
relatively small. 
  The abrupt boundaries of the raster form a structure 
similar to Fabry-Perot cavity, and the zero point in the 
reflection spectrum resembles the resonant peak of the 
Fabry-Perot cavity. So the light at the edge of the band 
gap travels back and forth within the grating and 
therefore has a larger group delay. It’s shown that 10-4 is 
the most appropriate modulation depth for our 
waveguide grating. Since we need to ensure that pump 
light is transmitted normally within the waveguide, the 
grating reflection spectrum is shown in Fig.3. 
 

 
 

 

Fig.3 (a) The grating spectral response; (b) Regional 
enlarged view for (a) 

 
According to Fig.3, the grating has a band gap width 

of about 10 GHz while the Brillouin frequency shift is 
7.9 GHz. Because the wavelength of the pump light is 
less than the Stokes wavelength, if we make Stokes wave 
fall on the right band gap edge, the pump wave will fall 
into the PBG and cannot be normally transmitted.  
  Therefore, according to Eq.(5) and Eq.(8), we can 
obtain the group delay of the left band gap edge as Fig.4. 
  We can see that the wavelength corresponding to the 
largest group delay is 1 550 nm, which is the wavelength 
of Stokes wave, and the grating period is 344.67 nm 
according to Eq.(5). Because the wavelength of Stokes 
wave is 1 550 nm, we can obtain the wavelength of 
pump light ~1 549.938 nm based on Brillouin shift. From 
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Fig.3 we can see that the reflectivity of the pump light is 
0.05, which almost does not affect the normal transmission 
of pump wave. So it is appropriate for our work when the 
refractive index modulation depth is 10-4 and the grating 
period is 344.67 nm. The group delay and dispersion are 
shown in Fig.5(a) when the refractive index modulation 
depth is 10-4. As a comparison, the group delay and 
dispersion are shown in Fig.5(b) when there is no Bragg 
grating. The enhancement of the nonlinear interactions at 
the band edge of the PBG can be attributed to an amplified 
light-matter interaction in the slow-light regime by a factor 
S=τa/τb. This slow-down factor S determines how much 
slower a light signal travels in the PBG structure 
compared with the bare waveguide.  
 

 

Fig.4 Group delay of the left band gap 
 

 

 
Fig.5 Group delay and dispersion versus wavelength 
(a) when the refractive index modulation depth is 10-4 
and (b) when there is no Bragg grating 

According to Fig.5, at 1 550 nm, τa=1 700 ps and 
τb=292 ps, so S=5.8. The SBS gain G increases 
exponentially with the Brillouin gain coefficient g0 and 
the input pump power Ppump

[19]. In a similar approach as 
used to describe the gain enhancement of band-edge 
lasers, G is expected to increase in the slow-light region 
due to a build-up of the local energy density proportional 
to S[20]. The energy build-up is a result of the coherent 
coupling of forward-travelling and backward-travelling 
waves through the grating. According to the SBS theory, 
when the As2S3 chalcogenide half suspended-core 
rectangle waveguide with Bragg grating is combined, the 
SBS gain G and 3 dB bandwidth are shown in Fig.6 and 
Fig.7, respectively. 

 

 
Fig.6 Gain characteristics of SBS 

 

 
Fig.7 3 dB bandwidth of the SBS 

 
  From the perspective of practical application, this 
study selects the minimum waveguide size and 
maximizes the SBS gain as much as possible, and finally 
determines the semi-suspended waveguide structure 
based on As2S3 platform. The optimal size is verified by 
theoretical calculation and simulation experiment of the 
structural model. According to Fig.6, an enormous gain 
of 61 dB and tiny 3 dB bandwidth of 7.8 MHz are 
achieved in the ideal situation. Taking the practical 
application into account, waveguide loss is unavoidable. 
In addition to the theoretical waveguide loss of 
0.25 dB/cm in the bare waveguide, the reflection loss of 
grating is also very important. Fig.3 indicates that the 
reflectivity of the pump light is 0.05, which means that 
the effective pump power is only 235 mW. According to 
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the SBS theory, we can finally obtain the gain of 58.5 dB 
as Fig.6, which has some improvement compared to the 
gain of 54 dB obtained by using the bare waveguide. 
Meanwhile, the linewidth is narrower than the former 
work, which means that the selectivity of SBS is further 
enhanced.  
  We obtain the enhanced SBS with gain of ~58.5 dB 
and 3 dB bandwidth of ~7.8 MHz by adding the 
optimized Bragg grating to an As2S3 chalcogenide half 
suspended-core rectangle waveguide. Firstly, we use a 
series of theoretical analysis and simulation experiments 
to determine the most appropriate refractive index 
modulation depth of ~10-4 in order to achieve the 
maximum slow light effect. Then, the SBS features and 
the Bragg grating properties are combined to make 
Stokes light fall on the left band gap edge, and the 
corresponding grating period is 344.67 nm. Finally, 
based on the slow-light factor, the gain and linewidth 
characteristics of SBS are obtained and their losses are 
analyzed briefly. Both Bragg gratings and the As2S3 
chalcogenide half suspended-core rectangle waveguide 
can enhance SBS, and our biggest breakthrough is the 
combination of these two structures and we give the 
optimal structural parameters. In fact, any kind of 
nonlinear effect that requires high pump power can 
reduce its threshold power using slow light. The 
introduction of the slow light effect is also a good choice 
for those Si-based materials which have good 
compatibility with CMOS but low nonlinearity. 
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