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Abstract:  Stimulated Brillouin scattering (SBS), originating from the coupling between
optical and acoustic waves, has been widely applied in many fields. Silicon is the most used
and important material in micro-electromechanical systems (MEMS) and integrated photonic
circuits. However, strong acoustic-optic interaction in silicon requires mechanical release of
the silicon core waveguide to avoid acoustic energy leakage into the substrate. This will not
only reduce the mechanical stability and thermal conduction, but also increase the difficulties
for fabrication and large-area device integration. In this paper, we propose a silicon-aluminium
nitride(AIN)-sapphire platform for realizing large SBS gain without suspending the waveguide.
AIN is used as a buffer layer to reduce the phonon leakage. This platform can be fabricated via
the wafer bonding between silicon and commercial AIN-sapphire wafer. We adopt a full-vectorial
model to simulate the SBS gain. Both the material loss and the anchor loss of the silicon are
considered. We also apply the genetic algorithm to optimize the waveguide structure. By limiting
the maximum etching step number to two, we obtain a simple structure to achieve the SBS gain
of 2462 W~ 'm™! for forward SBS, which is 8 times larger than the recently reported result
in unsuspended silicon waveguide. Our platform can enable Brillouin-related phenomena in
centimetre-scale waveguides. Our findings could pave the way toward large-area unreleased
opto-mechanics on silicon.

© 2023 Optica Publishing Group under the terms of the Optica Publishing Group Publishing Agreement

1. Introduction

Stimulated Brillouin scattering (SBS), arising from the coupling between optical and acoustic
waves, is a third-order nonlinear effect [1,2]. It is recently predicted that in nanoscale waveguide,
the increased radiation pressure due to the strong confinement of optical mode can lead to new
forms of SBS nonlinearity in short length [3]. Since then, many different materials have been
investigated to generate high SBS gain in integrated photonic circuits, such as chalcogenide
glass [4,5], silicon [6-8], silicon nitride [9, 10], AlGaAs [11] and GeSbS [12].

Among them, silicon has drawn the most attention due to its wide applications in MEMS and
integrated photonic circuits [13]. However, a strong SBS interaction needs the simultaneous
confinement of optical and acoustic waves [14], which requires a full or partial suspension of the
silicon core waveguide [15]. This will result in reduced mechanical robustness, limited thermal
conduction, complicated fabrication thus hindering the integration of large-area optomechanical
devices on a single chip. Therefore, a silicon-compatible platform displaying large Brillouin gain
while simultaneously not requiring the release of the silicon core, is desired.

Recently, a silicon-silicon nitride (Si3Ny)-silica platform has been proposed to realize SBS
without suspending the core waveguide [16]. However, this platform has several limitations: The
first problem is the difficulty in growing high quality SizNy4. Current deposition methods cannot
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grow single crystalline Si3Nson top og silica due to the lattice mismatch [17]. However, the
mechanical properties of Si3N4 depend on its crystal quality and orientation [18], leading to the
unpredictability in the final device performance.

The second issue is that the SBS gain coefficient in unsuspended structure is greatly reduced.
This results from the fact that the moving boundaries contribution is largely decreased due to the
fixed boundary. To the best of our knowledge, the best result in non-suspended design is only
around 300 W~!m~! [16], while in suspended Si waveguide, the result is 10 times larger [6].

Aluminium nitride (AIN) is another material that can be used for realizing sufficient SBS in
non-suspension silicon waveguide [19]. AIN has a lower refractive index and higher acoustic
velocities than these of silicon [20,21]. As a result, AIN can be used as a buffer layer to avoid the
phonon leakage, while strongly confining the optical wave at the same time [22]. In addition,
direct wafer bonding between silicon and AIN has recently been reported [23], which guaranteed
the crystal qualities of both silicon and AIN.

In this paper, we propose Si-AIN-Sapphire platform for realizing large SBS gain without
suspending the Si waveguide. A full-vectorial model is applied to calculate the SBS gain
coefficient. The material loss and anchor loss are calculated in the model. We leverage the genetic
algorithm to optimize the waveguide structure so that the SBS gain coefficient can be maximized.
Besides, by limiting the maximum etching step to two, a simple and fabricable non-suspended
structure is obtained. The best gain coefficient comes from the forward SBS of fundamental
TE-like mode with the value of 2462 W~'m~!. This gain value is 8 times larger than the recent
result [16]. Our platform can enable Brillouin-related phenomena in centimetre-scale waveguide.
Our findings could pave the way toward large-area unreleased opto-mechanics on silicon.

2. Principle
2.1.  Full-vectorial model for calculating SBS gain coefficient

In this work, we use the full-vectorial model from [24] to calculate the SBS gain via photoelastic
effect and moving boundary. Assuming the light is propagating along a translationally invariant
waveguide (y-axis in this paper), then the optical pump and Stokes waves can be approximately
described as modulated optical eigenmode, with electric field distributions:

Ep(r,1) = ap(y,1) - &(x,2) - "o er )y cc. @)

Es(r, t) = aS(y’ t) : éVS(-X’ Z) : ei(ks.yiwy[) +c.c. (2)

where a; (y, t) (with i=p,s) is the slowly-varying envelope function of the pump and Stokes waves,
respectively. And e;(x, z) represent the spatial mode distribution, which are the solutions of the
Helmholtz equations with wave vector Kk; and angular frequency w;. Note that following [24], the
energy in each mode is not normalized, instead the energy terms are carried through to the gain
calculation in Eq. (7).

Similarly, the acoustic mode can also be written as :

U = b(y, H)u(x, z)e/ @Y1 4 ¢ ¢, (3)

where b(y,t), q and Qp are the slowly varying envelope function, the wave vector and the
angular frequency of the acoustic wave. The function u(x, z) is the spatial distribution of the
acoustic wave displacement, which is the solution of the following eigenvalue problem:

pQp; + Z(VT +iq¥)jcijr(Vr +ig¥)ru; = 0. 4)
ikl

where 1,j,k,1=(x,y,z), p and c; jx; are the material density and the elastic tensor, respectively. The
acoustic wave decay can be determined by the dynamic viscosity i of the waveguide material [25],
this term will be considered as the material loss in this paper.
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In a nano-scale waveguide, two mechanisms will contribute to the final SBS gain, which are
the photoelastic interaction Q pg and the moving boundary Q /g (units: W- m! - s):

OPE = €080 pre / dr? Z e§S)*e§p)Pijklakﬁ?~ ®)
ikl

OmB = Ldr(ﬁ : ﬁ*) [80(5core - gclad)@s X ﬁ)* : (EP x ﬁ)
—5 (Ecare = Eaty) (ds - B) - (A, - A)]. ©

where g; (i=0,co;9,clad) are the permittivity for vacuum, core material and cladding material,
respectively, and d; is the induction field. Eq. (5) is integrated over the whole transversal plane of
the waveguide, while Eq. (6) is a line integral to be carried out along the waveguide boundaries
with normal vector fi pointing from the core material to the cladding material.

Finally, the total Brillouin gain can be calculated by means of:

2w, |0pE +Oml?
PpPsSB '

Go=0m- )

where Q,,,, P, Ps and ep are the mechanical quality factor, the pump, Stokes modal power
(units: W) and acoustic modal energy (units: J - m ~1).
An efficient SBS interaction will only occur when the simultaneous conservations of energy

and momentum [3] are satisfied.
Qp = wp — ws. (8)

q:kp_ks~ 9

According to the relative direction between pump and Stokes waves, SBS can be categorized
either as forward SBS (FSBS), where pump and Stokes waves travel co-directionally, or as
backward SBS (BSBS), where pump and Stokes waves travel counter-directionally.

Based on the fact that Qp < wp,ws and w, = w, [14], g is almost zero for FSBS while
q = 2k, for BSBS. In this paper, we focus on FSBS as it requires far fewer simulation steps than
backward SBS, where phase matching requires simulation of several mechanical propagation
vectors [26]. Apart from the above requirements, the field distribution of the selected acoustic
mode also needs to match the optical mode distribution [27].

To better analyse the factors affecting the final gain coefficient, one can divide the right part of
Eq. (7) into two parts. The first part is the mechanical quality factor Q,,,. This parameter reflects
the mechanical energy loss. The more phonon energy leaks into the substrate, the smaller the
QO will be. There are various sources leading to the decrease in Q,, [28,29]. The two main
losses concerned here are material 10ss Qj,areriar @and anchor loss Q uncnor [3,30].

Material loss is the loss related to the acoustic wave frequency. Normally the higher the
frequency, the more significant the material loss [31]. For silicon, in the frequency range of
gigahertz, material loss is believed to be the main factor limiting mechanical Q factor to around
1000 [3, 16]. Material loss can also be calculated via the viscosity tensor of the material [6].
Table 1 summarizes the optical and mechanical properties of all the materials used in our
model [20,21,32-39]. The crystal structure of silicon is cubic, while AIN and sapphire have the
wurtzite crystal structure.

The working wavelength used for simulation in this paper is 1550 nm. At this wavelength
Si has a higher refractive index than that of AIN, so the optical mode can be well confined in
Si via internal reflection. Meanwhile the acoustic velocity of Si is smaller than that of AIN, so
AIN can work as a buffer layer to prevent acoustic leakage into the substrate. The authors added
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the viscosity tensor of silicon into the simulation model so that the actual material loss can be
simulated [39].

It also needs to be highlighted that the waveguide in this paper is designed to be along the
<110> crystal orientation of the silicon, which is rotated by /4 from the <100> direction (the
direction that the data is measured in [39]). This is because the SBS gain is predicted to be higher
in this direction [25]. The detailed transformation of the tensor can be found in [19, 40].

Table 1. The material parameters used for the investigation of Brillouin gain: the
refractive index n, density p and elastic tensor values c;; are taken from [20,21,32-35].
The values for transverse and longitudinal velocities are calculated based on the density
p and elastic tensor c;j. The photoelastic tensor values are taken from [36-38]. The
viscosity tensor values are taken from [39].

quantity | unit | Si[110](cubic) | AIN[001](Wurtzite) | Sapphire[001](Wurtzite)
n - 3.47 2.02 1.74
P kg/m3 2329 3230 3980
c11 GPa 194 410 497.6
c12 GPa 352 149 162.6
c13 GPa 63.9 99 117.2
€33 GPa 166 389 501.8
Ca4 GPa 79.6 125 147.2
C66 GPa 51.05 130.5 167.5
Ve m/s 9128 11270 11181
Vi m/s 5846 6220 6082
P11 - -0.0895 -0.1 -0.23
P12 - 0.0125 -0.027 -0.03
P13 - 0.017 -0.019 0.02
D33 - -0.094 -0.107 -0.2
Daa - -0.051 -0.032 -0.1
D66 - -0.0555 -0.037 -0.1
ni1 mPa-s 6.15 - -
1712 mPa-s 491 - -
713 mPa-s 5.16 - -
133 mPa-s 5.90 - -
44 mPa-s 0.62 - -
166 mPa-s 0.37 - -

As for the anchor 10ss Q 4uchors this can be numerically simulated by applying a perfectly
matched layer (PML) [41] around the substrate. In the following section, the Q,, is the summation



131

132

133

134

135

136

137

138

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

of these two sources (0! =Q;! . +071 ).

The accuracy of this full-vectorial method is validated by matching the simulation results with
the measured results from [6]. The details concerning the validation of the model can be found
in the authors’ previously published paper [19].

One critical limitation of the unsuspended structure is the reduced Brillouin gain coefficient
due to the sacrifice of the contribution from the moving boundary effect. Genetic algorithm (GA)
has been used to develop novel structures for giant SBS gain coefficient [26]. However, most
designs require complex fabrication processes, making them almost impossible to be fabricated.

In this paper, we apply the GA to optimize the core silicon waveguide structure to maximize
the SBS gain coefficient. We limit the maximum etching step number to two so that the optimal
structure is not too complicated to be fabricated. In the next section, the fundamental theory and
the implementation of the GA will be introduced.

2.2. Genetic Algorithm

A typical GA can be divided into five stages: initial population, fitness function, selection,
crossover and mutation [26,42,43]. Our initial population consists of 100 random samples. The
optimization area is limited within the silicon layer with an area of 1 ym x 1 pum to reduce the
computational time. The maximum etching step number is limited to two.

Next, we discretize each sample into a series of 50 nm x 50 nm squares with the properties
corresponding to the material of that part. There are two reasons for this rasterized method: first,
50 nm is possible to the lithographically pattern; second this method allows us to keep the same
mesh for all mutated samples [26]. Via this method, we are able to change the structure design
without affecting boundary conditions for both optical and acoustical waves [26].

Each sample is decided by an array with eight parameters. These parameters are: waveguide
width W, waveguide height H, number of first etching #E P1, number of second etching #E P2,
the first etching position E P1, the second etching position E P2, etch depth for first etching ED]1,
and etch depth for second etching ED2,. Fig. 1 illustrates the process of generating one random
initial population. The detailed parameters used for GA in this paper are summarized in Table 2.

W: Sample width
H : Sample height

. Si layer First etching area Second etching area

D 50 nm x 50 nm element

W ED1: Firsting etching depth ED2: Second etching depth
ED1 EP1: Firsting etching postion EP2: Second etching postion
ED2 In this illustration
H #EP1=4, #EP2=3

—

random
initial sample

Fig. 1. The schematic illustration of generating an initial random sample: a total
simulation area of 1 um x 1 um is discretized into a series of 50 nm x 50 nm squares.
The simulation area is limited within silicon layer. Each sample is decided by eight
parameters: waveguide width W, waveguide height H, first etching position EP1,
second etching position E P2, etch depth for first etching ED1, etch depth for second
etching £ D2, number of first etching #£ P1 and number of second etching #E P2.



Table 2. The parameters used for genetic algorithm in this paper

Optimization space 1 umx 1 pum
Element area 50 nm x 50 nm
FEM mesh Triangular
FEM mesh resolution 15 nodes per element
Number of EP1 #EP1 Randomly select from (1:N), N=W/50 nm
Number of EP2 #E P2 N-#EP1
First etching position EP1 Randomly select number of #E P1 positions from (1:N)
Second etching position E P2 The rest positions after EP1
First etching depth ED1 Randomly select from (50 nm:50 nm: H)
Second etching depth ED?2 Randomly select from (50 nm:50 nm: H)
Initial size of population 100
Size of selection 50
Probability of mirror mutation (%) 20
Probability of reassign mutation (%) 20

158 A set of optical and mechanical modes is first calculated by COMSOL and these data are
1ss  exported to calculate the SBS gain for each mode pair via Eq. (7) in Matlab. Q,, used in
1o Eq. (7) are based on the material loss calculated with the viscosity from Table. 1 and anchor loss
161 simulated via PML in COMSOL.The gain coefficient is used as the fitness score. The selection
12 method is elitist, which means the samples with the highest gain (top 50) are selected for the next
s iteration [26]. However, all results are saved no matter whether they are selected or not.

164 After the selection, the crossover phase will happen where new samples are generated until the
s population is as large as the initial population. As shown in Fig. 2, to generate a new pair of
16 samples (children « and ), two parent samples (Parent A and B) with their individual unique
17 parameters are randomly chosen from the selected samples. During the crossover, the width and
s height of the parents will be swapped, generating two new combinations (W1 H2 and W2 H1).
1 However, the remaining parameters will automatically follow the change of width and height.
170 For example, the etching depth £D1 and E D2 will follow the swap of H1 and H2, the etching
171 position and etching number will follow the swap of the width. As shown in Fig. 2, Children &
172 is generated with Parent A’s width and Parent B’s height. Therefore, the etching position and
173 etching numbers are taken from parent A and etching depth is taken from Parent B.

174 After the crossover stage, there is a certain mutation possibility for new generated samplers.
175 The mutation phase in this work includes two mechanisms. one mechanism is called mirrored
176 mutation, as shown in Fig. 3 (a). The original sample is mirrored across a randomly located axis.
177 Then two new mutated samples are generated. One is mirrored from the right side of the axis
178 and the other one from the left side of the axis. This mutation benefits symmetric waveguides.
179 The other mechanism is parameter re-assignation, as shown in Fig. 3 (b), one of the eight
180 parameters will have the probability of being randomly re-assigned. If the re-assigned parameter
11 is one of the etching-related parameters, no other parameter will be changed. However, if the
1.2 mutated parameter is the waveguide height or width, similar to the crossover stage, the parameters
13 related with W or H will also mutate. For example, if the waveguide width is changed, then the
18« etching numbers and positions will also be modified accordingly.
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Afterwards, the new population is then re-evaluated to calculate the SBS gain, the best samples
are selected for the next generation, and the loop continues. When there is no further change in
the sample with the highest gain coefficient, the algorithm will stop. Details of the GA code are
not shown here for the sake of simplicity but it could be found in Supplement 1 section 1.

Wa Ws
7 / 7 ‘A Ha Hs
// // #EPA1 #EPB1
'/ /| #EPA2 #EPB2
EPa1 >< EPs1
L 1 | EPa EPs2 ‘N A /7
EDa1 EDs1
EDa2 EDs2
Parent A Cross-over Parent B
Child a Child B
Wa V Ws
Hs Ha 1
H#EPA1 H#EPs1 79
#EPA #EPs2 7 /) »=
EPa1 = | EPst P
// / EPa2 EPs2 11
EDg1 EDa1
EDs2 EDa2

Fig. 2. The schematic illustration of the crossover stage: the width and height of the
parents will be swapped, generating two new children. However, the etching depth
ED1 and E D2 will follow the swap of H1 and H2, the etching position £P1 E P2 and
etching number #EP1 #E P2 will follow the swap of the width.

Mirror mutation

(a) [ 1 [ s O N
- 1 - - 1 - 1 -
Left Mirror Right Mirror
Parameter
u [ re-assignation [ 1 [] H
(b) [ | — ] 1 °" [ ]
Single etch W or H change

change (etch parameter also mutate)

Fig. 3. The illustration of two mutation mechanisms: (a) is the mirror mutation. where
the original sample is mirrored across a randomly located axis. Two new mutated
samples are generated. (b) is the parameter re-assignation, where one parameter will
be randomly reassigned. However, if the mutated parameter is the waveguide height or
width, similar to the crossover stage, the related parameters will also mutate.
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3. Results and discussions
3.1.  Optimized waveguide structure for realizing large gain coefficient

Fig. 4 (a) shows the structure of the final optimized silicon waveguide. It is a thin and tall silicon
waveguide with a shallow trench etched in the middle. The total thickness T of the waveguide
is 620 nm, and the width W is 300 nm. The width a and height b of the trench is 100 nm and
105 nm, respectively. In this model, the thickness of AIN and sapphire are 600 nm and 700 nm,
respectively. These values are the typical values from the commercial AIN wafer [44]. PML is
designed to be 600 nm, which is thick enough to absorb the evanescent acoustic wave [45].
The fundamental TE-like and TM-like modes are shown in Fig. 4 (b) and (c). It can be seen
that TM-like mode is better confined within the silicon waveguide, while TE-like mode has a
stronger intensity on the boundary, which can be beneficial for increasing the SBS gain. Fig. 4
(d) shows the horizontal component of the selected acoustic mode. There is little energy leaking
into the substrate, indicating strong confinement of the acoustic wave. In addition, the acoustic
wave distribution matches with the TE-like mode optical mode distribution. Thus, it is expected
that there is a strong coupling between the TE-like mode and the selected acoustic mode [27].

(c) (d)

Fig. 4. The schematic illustration of Si-AIN-Sapphire platform: (a) The cross-section
of the optimized waveguide structure, the total thickness of silicon waveguide T is 620
nm, width W is 300 nm. The trench is located at the centre of the silicon waveguide.
The dimensions of the trench is that width @ = 100 nm, and etch depth ¥ = 105 nm. (b)
and (c) show the computed normalized Ex and E,; components of the optical TE-like
and TM-like modes. (d) is the horizontal component of the selected acoustic mode.

The best result we obtained is for the TE-like mode, when the total Brillouin gain coefficient
is 2462 W~'m~! with Q,,, of 323. This quality factor has reached the measured quality factor
limited by the material loss [6]. For TM-like mode, the highest gain is only around 200 W~'m™!
due to the mismatch of field distributions. Our result is 8 times larger than the recently reported
result in unsuspended silicon waveguide [16].
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3.2

Although the structure is found by the algorithm, the authors investigated the influences of trench
depth and width to see how the additional trench improves the gain coefficient.

First, we study the influence of the trench depth. From Eq. (7), it can be seen that the final
gain coefficient is decided by mechanical quality factor Q,, and normalized gain coefficient go.
As shown in Fig. 5 (a) and (b), with the change of etch depth, the normalized gain coefficient gg
does not change dramatically for TE-like mode. While for TM-like mode, although go has the
tendency to grow, it remains under 1 W Im~! due to the field distributions mismatch. Besides,
the moving boundary term is the main contribution for TE-like mode because of the higher
optical intensity on the boundary. While for the TM-like mode, photoelastic effect becomes more
dominant due to better confinement of the optical mode.

Influence of trench depth and width

TE-like mode —il— Go/Qm
—A—Gve/Qm —@— GPe/Qm

Trench depth(nm)
(a)

TM-like mode - & - Go/Qm
- & -Gme/Qm - @ - GPE/Qm

_§ 10 g 1.0
ke ] I .
E 8_ ﬁq:.) 08 ,,,’

— o —~ ’
2§6" © E06]
8§ §3 04 e
e] \;4~ 'g) o ) "“_ r’.
S| § S0~ T T
Ak DD N I
= 0 . N N N L L L L = " N N N N ' N N )
> 0 20 40 60 80100120140160 2 0 20 40 60 80100120140 160

Trench depth(nm)
(b)

—il— Acoustic frequency (GHz)
—@—Mechanical Q factor Qm

’5:714.2 350
01400 " - 1300
213.8] \ o
5 13.6] A\ 10F
S13.4; 1200 8
=132t {150 2
%13.0f ]
8128 o

Q o 50

< 0 20 40 60 80 100120140160

Trench depth(nm)
(c)

Fig. 5. The results of intramodal FSBS for TE-like and TM-like modes: (a) shows the
variation of the normalized gain coefficient g for TE-like mode against the trench depth.
there is no obvious boost for gg. (b) shows the g for TM-like mode. Although it has the
tendency to grow with deeper trench depth, overall go remains under 1 W~ 'm~! due
to the field distributions mismatch. (c) The acoustic frequency and Q,, as a function
of trench depth. It can be seen that the main improvement that the trench brings in is
to improve Q,,. A peak value of 323 is reached at the etch depth of 105 nm. This
phenomenon can be explained by the node point theory [46]

What makes a difference here is the Q,,,. As shown in Fig. 5 (c), compared to a typical slot
waveguide (b=0), the additional etch depth improves the confinement of the acoustic mode. The
mechanical Q factor of the selected acoustic mode reaches a peak value of 323 at the etch depth
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of 105 nm. This phenomenon can be explained by the node point theory [46].

Fig. 6 (a), (b) and (c) show the mode distributions of selected modes at different etch depth.
The acoustic wave distribution is slightly modified with the change of etch depth. As shown
in Fig. 6 (d), a measured arc is placed on the side wall of the waveguide, the acoustic wave
displacement on the arc is extracted. The collected data is shown in Fig. 6 (e). It can be seen that
when the etch depth changes from O to 105 nm, the displacement at the interface between Si and
AIN gradually decreases to zero (a node point), corresponding to the increase of the Q,,. After
105 nm, the displacement at the interface quickly goes to the opposite direction, leading to the
leakage of the acoustic wave.

This is because at 105 nm, the acoustic mode distribution resembles the in-plane, out-of-phase
fundamental mechanical mode of a tuning fork structure [47]. This form would enable the total
force and moment at the outer end of the clamps to be zero, resulting in a lower anchor loss [48].

(a) (b) (©)

—l—Etch depth =0 nm
—@—Etch depth =105 nm
—aA—Etch depth =150 nm

Measured
Arc 104
03
02
;o1
Interface between AT 00
Siand AIN I X
| 580 590 600 610 620

Normalized acoustic
displacement |u|

0 80 160 240 320 400 480 560 640
Arc length (nm)
(e)

Fig. 6. The influence of etching depth on acoustic wave: (a)-(c) shows the acoustic
displacement at etch depth b of 0 nm, 105 nm and 150 nm, respectively. The energy
leaking into the substrate at 105 nm is minimum, corresponding to the peak of Q.
(d) illustrates the set-up for analysing the node point at the interface between Si and
AIN. A measured arc is placed on the side-wall of the waveguide. The displacement
is collected along the measured arc. (e) shows the normalized acoustic displacement
along the measured arc at different . From the zoom-in inset figure, it can be seen that
when b changes from 0 to 105, the displacement at the interface gradually decreases to
zero, corresponding to the increase of the Q,,. After 105 nm, the displacement at the
interface quickly goes to the other direction, leading to the leakage of the acoustic wave.

To provide a better understanding of what happens in the substrate, the authors also plot an
absolute mechanical field on a logarithmic scale (log|u|), which is shown in Fig. 7. It can be seen
that at the optimized etch depth, the acoustic field leaked into the substrate is almost negligible,
indicating the strong confinement of the acoustic mode. Meanwhile, the leakage at 150 nm etch
depth is stronger than that of O nm etch depth. This matches with the results from Fig. 5 (c) that
the Q,,, at 150 nm is smaller than that at 0 nm.
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Fig. 7. The absolute mechanical mode distribution on on a logarithmic scale (log|u|)
at different etch depth: (a) to (c) corresponds to etch depth of O nm, 105 nm, 150 nm,
respectively. At optimized etch depth, the acoustic field leaked into the substrate is
almost negligible, indicating the strong confinement of the acoustic mode. Meanwhile,
the leakage at 150 nm etch depth is stronger than that of O nm etch depth.

To conclude, at the optimized etch depth, the acoustic displacement at the interface of Si
and AIN can be zero (a node point), leading to a reduced anchor loss and enhanced Q,,, thus
enhanced total Brillouin gain coefficient.

The influence of the trench width on the final gain coefficient is also studied. The results are
summarized in Fig. 8. Similar to the etch depth, there is a optimized Q,,, with the change of
trench width. However, the normalized gain coefficient g( is more sensitive to the change of
trench width. go will initially increase slightly and then rapidly decline after approximately 100
nm. This is because with the trench getting wider, the confinement of the optical mode is also
getting weaker, leading to a decrease in both the photoelastic effect and moving boundary. A
detailed analysis of the variation in the acoustic mode distribution when etch width changes is
not shown here for the sake of simplicity but can be found in supplement 1 section 2.
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Fig. 8. The influence of etching width on the Brillouin gain coefficient: (a) is the
acoustic frequency and Q,, as a function of trench width. With fixed trench depth,
there is a matched trench width to achieve the maximum of Q. (b) shows the variation
of normalized gain coefficient gy with the change of trench width. g is more sensitive
to the change of trench width than depth. It will first slightly increase and after around
100 nm it will quickly drop due to a weaker confinement of the optical mode.
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3.3. Convergence progress of the GA for Optimized structure

In this project, the GA was run five times. Each time the initial population consists of different
seeds. All the seeds are generated randomly, with the constraints that the structure is limited
within the silicon layer and the maximum etching steps are two.We also focus on the fundamental
optical modes of each generated structure.

For each run, the GA would arrive at slightly different results. This is due to the variation
of the initial population and the uncontrolled crossover and mutation process during the
optimization [49, 50]. However, each run would converge into a final SBS gain around 2000. The
best result is what we reported in the Fig. 4 (a). Fig. 9 shows the convergence progress for the
optimized structure. It converges into the optimized structure after 32 iterations.
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Fig. 9. The convergence progress for the optimized structure. It converges into the
SBS gain around 2500 after 32 iterations.

4. Fabrication feasibility and tolerance analysis

Although the focus is on the theoretical analysis of Si-AIN-sapphire platform, here we introduce
a promising fabrication route for realizing the opto-mechanical system that we propose.

To obtain the Si-AIN-Sapphire wafer, one can either deposit a silicon layer on the top of
AIN [51] or direct wafer bond a device silicon layer with a commercial AIN-Sapphire wafer [52].
The deposition method benefits from higher efficiency and easier process [51], while direct wafer
bonding has the advantages of better surface roughness and crystal quality [52], which will
greatly affect the performance of SBS device [25]. Therefore, direct wafer bonding is preferred
for this specific application.

Recently, a hydrophilic wafer bonding process is reported to further enhance the bonding
quality between silicon and AIN layers [23]. The core procedure of the process is to activate the
AIN layer with a plasma etching. This specific plasma, including O;, Ar, SFg, can change the
chemical properties and topography of the AIN layer. After the plasma activation, AIN layer will
have enhanced hydrophilicity, reduced surface roughness and low nanotopography. All of these
changes lead to a strong and solid bonding between silicon and AIN layers [23]. Via this method,
a strong bonding can be formed between the silicon and AIN layers, and both silicon and AIN
can retain the crystalline quality of the pre-bonded wafers.

In this model, the silicon waveguide is aligned the <110> direction. In this way, higher
photoelastic constants can be obtained to increase the final SBS gain coefficient [53]. During the
mask design, the waveguide should be placed to align with the crystal orientation <110>.
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To fabricate the structure, mature silicon photonic etching recipes can be applied [54].
Alignment between the two etching steps is important. Similar etching procedure has been
demonstrated in a micro ring resonator with shallow-etched periodic grating on the top of the
waveguide [55]. Fig. 10 shows the tolerance for the misalignment of the trench, it can be seen
that if the trench is off centre by roughly 15 nm, the total gain coefficient will drop by half.
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Fig. 10. The tolerance analysis of the offset of the trench: (a) shows the acoustic
frequency and Q,, versus the offset of the trench. (b) shows the changes of the total
Brillouin gain coefficient and two contributions when the trench shifts away from the
centre. it can be seen that if the trench is off the centre by roughly 15 nm, the total gain
coefficient will drop by half.

5. Conclusion

In this paper, we propose a novel Si-AIN-Sapphire platform for realizing a strong Brillouin
scattering interaction without suspending the silicon core waveguide. This platform cannot only
improve the mechanical and thermal stability, but can also simplify the fabrication difficulty
without sacrificing the crystal quality of the platform.

We apply a full-vectorial formalism to calculate the Brillouin gain, including the photoelastic
effect as well as the moving boundary contribution. To compensate for the reduction in the total
gain coefficient in unsuspended structure due to the decreased moving boundary contribution,
genetic algorithm is applied to optimize the waveguide structure and total gain coefficient. During
the optimization, the maximum etching step is limited to two so that the final structure can
be fabricable. A final structure with a shallow trench on the top of the silicon waveguide is
found. This design can realize a total gain value of 2462 W~ 'm~!, which is 8 times larger than
the recently reported result in unsuspended silicon waveguide. Further analysis found that the
additional trench can create a node point at the interface between Si and AIN interface. This
phenomenon will greatly suppress the anchor loss and can improve the Q,, to a level that limited
by the fundamental material loss. We envisage that this system would be useful for the application
in growing massive integrated photonic circuit [56] and on-chip signal processing [57].
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