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Abstract: Stimulated Brillouin scattering (SBS) has been widely applied in narrow line-width9

laser, microwave filters, optical gyroscopes and other fields. However, most research is limited10

within near-infrared to mid-infrared range. This is due to the limited transparent window in most11

materials, such as silicon and germanium. Aluminium Nitride (AlN) is a novel III-V material12

with a wide transparent window from 200 nm and an appropriate refractive index to confine the13

light. In this paper, we first validate the full-vectorial formalism to calculate SBS gain based14

on the measured results from a silicon platform. Compared to previous researches, our model15

achieves higher accuracy in terms of frequency, Q factor as well as Brillouin gain coefficient16

without modifying the waveguide width. It also reveals the importance of matching rotation17

matrix and crystalline coordinate system. Then, we investigate the SBS in a partially suspended18

AlN waveguide at 450 nm based on the validated method. It shows a wide tunability in frequency19

from 16 GHz to 32 GHz for forward SBS and a range from 42 GHz to 49 GHz for backward SBS.20

We numerically obtain the value of Brillouin gain of 1311 𝑊−1𝑚−1 when Q factor is dominated21

by anchor loss for forward SBS of TE mode. We also find out that in the case for forward22

SBS of TM mode, anchor loss could be greatly suppressed when the node point of the selected23

acoustic mode matches with the position of pillar anchor. Our findings pave a new way to obtain24

Brillouin-related applications in integrated photonic circuit within the visible range.25

© 2022 Optica Publishing Group under the terms of the Optica Publishing Group Publishing Agreement26

1. Introduction27

Stimulated Brillouin scattering (SBS) is a third-order nonlinear effect originating from the28

coupling between optical and acoustic waves [1,2]. Although SBS has initially been considered as29

a detrimental effect in optical fibre systems, there are more and more applications of SBS in narrow30

line-width laser [3–5], microwave photonics filters [6–8], non-reciprocal component [9,10], light31

storage [11,12], and optical gyroscopes [13]. Recently it is predicted that in nanoscale waveguide32

the increased radiation pressure due to the strong confinement of optical mode can lead to new33

forms of SBS nonlinearity in short length [14].34

Since then, many different materials have been investigated to generate high SBS gain35

in integrated photonic circuits, such as chalcogenide glass [15, 16], silicon [17–19], silicon36

nitride [20,21], AlGaAs [22] and GeSbS [23]. But most researchers have focused on the near-37

infrared range (NIR, ie.1.31-1.55 𝜇𝑚) due to the limitation of materials’ transparent windows.38

Some materials, such as germanium, are extended for the SBS application at mid-infrared (MIR,39

ie 3.8 𝜇𝑚 and above) due to its strong two photon absorption (TPA) and free-carrier absorption40

(FCA) induced by TPA at shorter wavelength [24, 25].41

However, there is a growing interest in investigating SBS at shorter wavelength. AlGaN-42

sapphire platform has been proposed as a potential candidate for achieving SBS in the visible43

range [26]. However, the difficulty of growing high crystal quality AlGaN has hindered this44
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proposal [27].45

Aluminium nitride (AlN) is another promising material for the application of SBS in the46

visible range. AlN has several distinct advantages. First, AlN has the largest energy gap of 6.247

eV among all the III-Nitride compounds [28]. This wide energy gap gives a transparent window48

from 200 nm and enables AlN to be free of TPA and FCA induced by TPA from 400 nm.49

In addition, AlN has an appropriate refractive index of around 2 to confine the light and fairly50

big photoelastic constants (1.2 larger than that in GaN and 1.1 larger than that in Si) [28], which51

will be beneficial to enhance the Brillouin gain.52

Besides, as a traditional material used in micro electrical-mechanical systems (MEMS), the53

deposition and fabrication of AlN is mature, and the roughness induced by fabrication can be54

well controlled [29,30]. This decreases the propagation loss as well as the intrinsic loss of the55

mechanical energy.56

Moreover, unlike silicon nitride, AlN can be deposited with low residual stress, permitting57

high confinement waveguides in both transverse electric (TE) and transverse-magnetic (TM)58

modes [31].59

In this paper we propose a partially suspended AlN waveguide operating at 450nm to achieve60

high SBS gain. First we validate the accuracy of the full-vectorial method to calculate the Brillouin61

gain by matching the simulation results with the measured results of a silicon platform [17]. Then,62

based on our validated model, we simulate the forward SBS process (FSBS) and backward SBS63

process (BSBS) for TE mode and TM mode, separately. Our results indicate a strong coupling64

between optical and acoustic waves in our proposed platform. And it can reach a total gain of65

1311 𝑊−1𝑚−1 for TE FSBS when both anchor loss and material loss are considered. Moreover,66

the anchor loss could be greatly suppressed due to the match between acoustic mode node point67

and the pillar position for TM FSBS. Our proposed waveguide systems exhibit new possibilities68

to explore the application of SBS in visible wavelength range and have potential applications in69

narrow-width laser and high-performance signal processing within the visible range.70

2. Principle71

2.1. Theory of calculating SBS gain from photoelasticity and moving boundary72

In this section, we will present the formalism for calculating the SBS gain via photoelastic effect73

and moving boundary as proposed in [32]. In a translationally invariant waveguide system74

along the propagation axis (y-axis in this paper), the optical pump and Stokes waves can be75

approximately described as modulated optical eigenmode, with electric field distributions:76

Ep (𝑟, 𝑡) = 𝑎𝑝 (𝑦, 𝑡) · ẽp (𝑥, 𝑧) · 𝑒𝑖 (kp ·𝑦−𝜔𝑝 ·𝑡 ) + 𝑐.𝑐. (1)
77

Es (𝑟, 𝑡) = 𝑎𝑠 (𝑦, 𝑡) · ẽs (𝑥, 𝑧) · 𝑒𝑖 (ks ·𝑦−𝜔𝑠 ·𝑡 ) + 𝑐.𝑐. (2)

where 𝑎𝑖 (𝑦, 𝑡) (with i=p,s) is the slowly-varying envelope function of the pump and Stokes waves,78

respectively. And ẽi (𝑥, 𝑧) represent the spatial mode distribution, which are the solutions of the79

Helmholtz equations with wave vector ki and angular frequency 𝜔𝑖 .80

Similarly, the acoustic mode can also be written as :81

U = 𝑏(𝑦, 𝑡)ũ(𝑥, 𝑧)𝑒 𝑗 (q·𝑦−Ω𝐵 ·𝑡 ) + 𝑐.𝑐. (3)

Where 𝑏(𝑦, 𝑡), q and Ω𝐵 are the slowly varying envelope function, the wave vector and the82

angular frequency of the acoustic wave. The function ũ(𝑥, 𝑧) is the spatial distribution of the83

acoustic wave displacement, which is the solution of the following eigenvalue problem:84

𝜌Ω2
𝐵𝑢̃𝑖 +

∑︁
𝑖 𝑗𝑘𝑙

(▽𝑇 + 𝑖𝑞ŷ) 𝑗𝑐𝑖 𝑗𝑘𝑙 (▽𝑇 + 𝑖𝑞ŷ)𝑘 𝑢̃𝑙 = 0. (4)



Where i,j,k,l=(x,y,z), 𝜌 and 𝑐𝑖 𝑗𝑘𝑙 are the material density and the elastic tensor, respectively.85

There are two mechanisms of the coupling between optical and acoustic modes. One86

contribution is from the photoelastic interaction 𝑄𝑃𝐸 and the other is from the moving boundary87

𝑄𝑀𝐵:88

𝑄𝑃𝐸 = 𝜀0𝜀
2
𝑐𝑜𝑟𝑒

∫
𝑑𝑟2

∑︁
𝑖 𝑗𝑘𝑙

𝑒
(𝑠)∗
𝑖

𝑒
(𝑝)
𝑗

𝑝𝑖 𝑗𝑘𝑙𝜕𝑘 𝑢̃
∗
𝑙 . (5)

89

𝑄𝑀𝐵 =

∫
𝐶

𝑑𝑟 (n̂ · ũ∗) [𝜀0 (𝜀𝑐𝑜𝑟𝑒 − 𝜀𝑐𝑙𝑎𝑑) (̃e𝑠 × n̂)∗ · (̃e𝑝 × n̂)

−𝜀−1
0 (𝜀−1

𝑐𝑜𝑟𝑒 − 𝜀−1
𝑐𝑙𝑎𝑑) (d̃𝑠 · n̂)∗ · (d̃𝑝 · n̂)] . (6)

Where 𝜀𝑖 (i=0,core,clad) are the permittivity for vacuum, core material and cladding material,90

respectively, and d̃𝑖 is the induction field. Eq. (5) is integrated over the whole transversal plane of91

the waveguide, while Eq. (6) is a line integral to be carried out along the waveguide boundaries92

with normal vector n̂ pointing from the core material to the cladding material.93

Finally the total Brillouin gain can be calculated by means of:94

G0 = 𝑄𝑚 ·
2𝜔𝑝 |𝑄𝑃𝐸 +𝑄𝑀𝐵 |2

𝑃𝑝𝑃𝑠𝑃𝐵

. (7)

Where 𝑄𝑚, 𝑃𝑝, 𝑃𝑠 and 𝑃𝐵 are the mechanical quality factor, the pump, Stokes and acoustic95

modal power.96

An efficient coupling between the optical and acoustic modes will only occur when the97

simultaneous conservation of energy and momentum [14] is satisfied.98

Ω𝐵 = 𝜔p − 𝜔s. (8)
99

q = kp − ks. (9)

Based on the fact that Ω𝐵 ≪ 𝜔𝑝 , 𝜔𝑠 and 𝜔𝑝 ≈ 𝜔𝑠, 𝑞 is almost zero for FSBS while 𝑞 ≈ 2𝑘 𝑝100

for BSBS [33]. The selected acoustic mode distribution will also match with the optical mode101

distribution [34].102

The right part of Eq. (7) can be divided into two parts. 𝑄𝑚 reflects the mechanical energy loss.103

There are various sources leading to the decrease in 𝑄𝑚 [35]. The two main losses involved here104

are material loss and anchor loss [14].105

Material loss can be calculated via the viscosity tensor of the material [17]. However, this106

data is not available for AlN. One way to estimate the 𝑄𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 is via the Q×f product. The107

corresponding limit on 𝑄𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 is bounded by the imposed limit on the Q×f product, which108

may be calculated for a given material [36]. Various results show that for AlN Q×f product is109

around the order of 1013 to 1014 [37–39]. For this paper where the acoustic frequency is ∼ 10110

GHz, Q factor can be estimated to have the upper bound ∼ 103. Hence, we assume 𝑄𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙111

to be 1000. This value might be overestimated, but it gives us a starting point to research the112

potential of AlN for the application of SBS at shorter wavelength.113

As for the anchor loss 𝑄𝑎𝑛𝑐ℎ𝑜𝑟 , this can be numerically simulated by applying a perfectly114

matched layer (PML) [40] around the substrate. In the following section, the 𝑄𝑚 is the summation115

of these two sources (𝑄−1
𝑚 = 𝑄−1

𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
+𝑄−1

𝑎𝑛𝑐ℎ𝑜𝑟
).116

For the remaining part (𝐺0/𝑄𝑚), this is defined as normalized gain coefficient 𝑔0 [41]. This117

parameter indicates the intrinsic strength of the coupling between optical mode and acoustic118

mode, and is decided by material properties and waveguide shape [21]. The author will analyse119

normalized gain 𝑔0 and 𝑄𝑚 separately to eliminate the uncertainty of the 𝑄𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 in the120

following section.121



2.2. Description of the material properties and the partially suspended system122

To be able to simulate the optical mode and acoustic mode, the optical and mechanical123

properties of AlN and silica are required. AlN has a hexagonal wurtzite crystal structure, as124

shown in Fig. 1(a) [42], while silica is an amorphous material. This causes them to have125

different independent components for elastic constant tensor (a fourth-rank tensor), as shown126

in Table 1(a) [43]. Table 1(b) summarizes the optical and mechanical properties of AlN and127

silica [44–47]. The photoelastic constants (also a fourth-rank tensor) are also summarized within128

the table [28, 47]. It can be seen that AlN has a higher refractive index than silica at 450 nm, so129

the optical mode can be well confined in AlN via internal reflection. Meanwhile the acoustic130

velocity of AlN is higher than that of silica, so the acoustic mode inside AlN waveguide will131

naturally leak into the silica substrate. The realization of efficient Brillouin interactions requires132

the simultaneous confinements of the optical and acoustic waves. By partially etching the silica133

into a pillar anchor, the acoustic leakage could be greatly reduced. Such a design has also been134

adopted by the research in silicon [17] and lithium niobate [48] waveguides.135

An illustration of our partially suspended AlN waveguide system is shown in Fig. 1(b). A total136

thickness ℎ of 150nm AlN layer is developed on the silica substrate. The silica substrate is then137

partially etched to form a pillar anchor to decrease the acoustic wave leakage. 𝑑 is the etching138

depth of the silica and 𝑔 is the width of the pillar. In the following sections, 𝑔 is fixed at 15nm.139

The width of waveguide 𝑤 will be varied in the following study. The light propagates along the140

y-axis and the c-axis of the AlN coincides with the z-axis of the waveguide. While the a-axis of141

the AlN will have random rotation angle from the x-axis of the waveguide [31].142

The reason for it is due to the mismatch of the crystal structure. It is difficult to grow pure single143

hexagonal crystal AlN on the top of amorphous silica. Instead, it will form “a thin polycrystalline144

film, consisting of columnar micrograins with c-axis oriented out-of-plane and random in-plane145

orientations" [31].146

Fig. 1. (a) The hexagonal crystal structure of AlN [42]. (b) Schematic of the suspended
systems; 𝑔=15nm, ℎ=150nm, 𝑤 is varied in the following section. The waveguide is
aligned along the y-axis and the c-axis of the AlN coincides with the z-axis of the
waveguide. Due to the mismatch of crystal structure, the a-axis of AlN has a random
angle 𝜃 rotation from x-axis [31]. But such defect will not affect the whole performance
of the system due to an unique characteristic called ‘transverse isotropy’ [49].

However, the hexagonal crystal structure of AlN has another unique characteristic called147

“transverse isotropy" [49]. For silicon and germanium with cubic crystal structure, different148

crystal orientation would alter the values of their fourth-rank tensors, thus leading to different149

SBS performance [24,43]. But for hexagonal AlN, any rotation of the crystal structure around150

c-axis will not affect the value of any component in the fourth-rank tensor due to “transverse151

isotropy" [49] (More information see Supplementary 1). Thus, such a defect in the crystal152



orientation will not affect the whole performance of the system. This unique feature has relaxed153

the requirement for growing perfect single crystal AlN on amorphous silica.154

Table 1. This table contains the structure of fourth-rank tensor for hexagonal AlN
and amorphous silica (Voigt notation) [43]. The material parameters used for the
investigation of Brillouin gain are also summarized in this Table: the refractive index 𝑛,
density 𝜌 and elastic tensor values 𝑐𝑖 𝑗 are taken from [44–47]. The values for transverse
and longitudinal velocities are calculated based on the density 𝜌 and elastic tensor 𝑐𝑖 𝑗 .
The photoelastic tensor values are taken from [28,47].

(a) Structure of fourth rank material tensors(Vogit notation)

AlN[0001](Wurtzite) Silica(amorphous)©­­­­­­­­­­­­­«

𝑎11 𝑎12 𝑎13 0 0 0

𝑎12 𝑎11 𝑎13 0 0 0

𝑎13 𝑎13 𝑎33 0 0 0

0 0 0 𝑎44 0 0

0 0 0 0 𝑎44 0

0 0 0 0 0 𝑎66

ª®®®®®®®®®®®®®¬

©­­­­­­­­­­­­­«

𝑎11 𝑎12 𝑎12 0 0 0

𝑎12 𝑎11 𝑎12 0 0 0

𝑎12 𝑎12 𝑎11 0 0 0

0 0 0 𝑎44 0 0

0 0 0 0 𝑎44 0

0 0 0 0 0 𝑎44

ª®®®®®®®®®®®®®¬
(b) Values of material parameters used for calculating Brillouin gain

quantity unit AlN[0001](Wurtzite) Silica(amorphous)

n − 2.15 1.45

𝜌 𝑘𝑔/𝑚3 3230 2203

𝑐11 𝐺𝑃𝑎 410 78.5

𝑐12 𝐺𝑃𝑎 149 16.1

𝑐13 𝐺𝑃𝑎 99 −

𝑐33 𝐺𝑃𝑎 389 −

𝑐44 𝐺𝑃𝑎 125 31.2

𝑐66 𝐺𝑃𝑎 130.5 −

𝜈𝑡 𝑚/𝑠 11270 5969

𝜈𝑙 𝑚/𝑠 6220 3763

𝑝11 − -0.1 0.121

𝑝12 − -0.027 0.27

𝑝13 − -0.019 −

𝑝33 − -0.107 −

𝑝44 − -0.032 -0.075

𝑝66 − -0.037 −



3. Validation of the full-vectorial formalism for the calculation of Brillouin gain155

To validate the accuracy of the equations and the model for calculating the Brillouin gain, the156

author first simulates a model based on a similar design in silicon platform [17]. Other researchers157

have also used [17] as a benchmark to test the accuracy of their models [50, 51].158

In [17], the waveguide is also partially suspended with a silica pillar support. The waveguide159

width is 450 nm and the height is 230 nm, the top of the pillar is 15 nm. And the waveguide is160

aligned along [110] axis of the silicon, all the fourth-rank tensor [elastic tensor (𝑐11, 𝑐12, 𝑐44)161

= (166, 63.9, 79.6) GPa, photoelastic tensor (𝑝11, 𝑝12, 𝑝44) = (−0.094, 0.017,−0.051), and162

viscosity tensor (𝜂11, 𝜂12, 𝜂44) = (5.90, 5.16, 0.62) mPa·s] are rotated by 𝜋/4 from [100].163

One aspect that can be easily overlooked here is that one has to match the rotation matrix with164

the crystal coordinate system. The failure to do so will lead to erroneous values in the elements of165

elastic tensor, photoelastic tensor, and viscosity tensor [24,43]. And the errors will be reflected in166

acoustic frequency (decided by elastic tensor), Brillouin gain coefficient (decided by photoelastic167

tensor), and most importantly 𝑄𝑚 (affected by viscosity tensor). Here, the author carefully sets168

the crystal coordinate system to match with the rotation matrix along z-axis. (More information169

see Supplementary 1). The results are summarized in Table 2.

Table 2. Summary of measured results from [17], author’s simulated results when
rotation matrix matches with crystal coordinate system and when they are unmatched, as
well as the simulated results from [50, 51]. In the author’s model, the waveguide width
is 450 nm as reported, and Q factor is calculated based on the material loss decided by
viscosity tensor and anchor loss simulated via PML. In [50,51], the waveguide width is
adjusted to 485 nm and the measured Q factor of 306 is directly applied. The author’s
results under matched condition achieve higher accuracy in terms of frequency, Q factor
as well as normalized gain coefficient 𝑔0, validating the accuracy of the author’s model.
It is also noticed that although 𝑔0 under unmatched condition is similar to the matched
condition, the frequency and the Q factor under unmatched condition is far away from
the reported results.

Resource Ω𝑎𝑐 Q factor Normalized 𝑔0

(𝐺𝐻𝑧) (𝑊−1𝑚−1)

Measured results from [17] 9.2 306 10.52

Simulated results (matched condition) 9.285 339 10.18

Simulated results (unmatched condition) 9.92 585 10.14

Simulated results from [50] 9.2 306 9.5

Simulated results from [51] 9.212 306 9.53

170

It can be seen that the simulated results under matched condition are in good agreement with171

reported results in frequency, Q factor as well as the normalized gain coefficient 𝑔0. Especially172

for 𝑔0, the author’s result only has 3% deviation compared to 9% of the reported results from173

previous model [50, 51]. This validates the accuracy of the author’s model.174

It is also noticed that although the simulated results under unmatched condition are in good175

agreement with reported results in the normalized gain coefficient 𝑔0, the frequency and Q factor176

are far away from the measured results.177

Especially for Q factor, Fig. 2 shows the Q factor versus the ratio between pillar and waveguide178

width. It can be seen that the results under matched condition (blue line) can fit well with179

measured results (black dots) from [17], while the results under unmatched condition (red line)180



show big deviation from the measure results. This reveals the importance of the match between181

rotation matrix and crystal coordinate system.182

Fig. 2. Q factor versus the ratio between pillar and waveguide width: Measured results
from [17] (black dot); Simulated results when rotation matrix and crystal coordinate
unmatched (red line); Simulated results when rotation matrix and crystal coordinate
matched (blue line). It can be seen that the results under matched condition can fit well
with measured results from [17], showing the importance of the match between rotation
matrix and crystal coordinate system.

Besides, the author did another simulation to investigate the potential reason for the difference183

between author’s results and results from [50,51]. A potential explanation is due to the different184

choice of rotation matrix and crystal coordinate system used in our method. Detailed analysis are185

not presented here for the sake of simplicity but it can be found in Supplementary 1 section 2.186

In summary, the author validates the accuracy of the model and equations for calculating the187

Brillouin gain: our simulated results matches well with measured results from [17] in terms188

of the acoustic frequency, Q factor as well as the normalized gain coefficient 𝑔0. It is realized189

without modifying the waveguide width and fixing the Q factor as what previous researchers190

do [50,51]. In the following section, the author will investigate the SBS in our proposed partially191

suspended AlN waveguide based on this validated model.192

4. Forward and backward stimulated Brillouin scattering for TE mode193

First, the FSBS process for the TE mode is investigated. Fig. 3(a) shows the normalized electric194

field for TE mode, and the direction of 𝐸𝑥 is parallel to the waveguide surface. According to the195

matching requirements of optical and acoustic mode distributions, the selected acoustic mode196

will also have a mode distribution with vibration along the 𝑥 direction [34], as shown in Fig. 3(b).197

Then waveguide width 𝑤 is scanned from 160 nm to 320 nm. The change of refractive index198

𝑛0 and acoustic frequency 𝜈𝐹𝑆𝐵𝑆
𝑇𝐸

versus the waveguide width 𝑤 is plotted in Fig. 3(c). With 𝑤199

increasing, 𝑛0 is getting bigger, indicating a better confinement of the optical mode. For acoustic200

frequency, the acoustic mode can be interpreted as the fundamental mode of a Fabry-Pérot cavity201

formed by the AlN/air boundary [17]. Its frequency can therefore be estimated as 𝜈𝐹𝑆𝐵𝑆
𝑇𝐸

≈ 𝑉𝑡/2𝑤,202

where 𝑉𝑡 =
√︁
𝐶11/𝜌 is the transverse acoustic velocity. From Fig. 3(c) it can be seen that 𝜈𝐹𝑆𝐵𝑆

𝑇𝐸
203

decreases reciprocally to the increasing 𝑤 as predicted.204

Fig. 3(d) summarizes the normalized gain coefficient 𝑔0 (black), moving boundary contribution205

𝐺𝑀𝐵 (blue), photoelastic contribution 𝐺𝑃𝐸 (red) and the 𝑄𝑚 (green). On one hand, with the206



increase of 𝑤, 𝐺𝑀𝐵 first slightly increases and then dramatically decreases to near zero. While207

𝐺𝑃𝐸 will first increase and then gradually decreases to a stable level. This is because, with208

the waveguide getting wider, the optical mode is better confined within the AlN waveguide.209

This leads to more optical energy restrained within the waveguide and weaker intensity at the210

boundary, thus smaller 𝐺𝑀𝐵. As for 𝐺𝑃𝐸 , it will initially benefit from the better confinement211

of the optical mode. But as 𝑤 continues to increase, it will suffer from the decrease in optical212

intensity, and if the waveguide becomes wide enough, it will converge into the bulk condition.213

On the other hand, 𝑄𝑚 increases almost linearly as 𝑤 increases. A simplified explanation is214

via the relation between acoustic wavelength and anchor width 𝑔. With fixed 𝑔, as 𝑤 increases,215

the acoustic frequency gets smaller, thus the wavelength gets larger. This increased wavelength216

will make it more difficult for the phonon to leak into the substrate via the anchor.217

Fig. 3. The results of intramodal TE FSBS: (a) The normalized electric field of the TE
mode, with 𝐸𝑥 directed parallel to the waveguide surface. (b) The horizontal component
of the selected acoustic mode u (blue,-; red,+) aligned with photoelastic (black arrows)
and moving boundary (grey arrows). (c) The refractive index 𝑛0 and acoustic mode
frequency 𝜈𝐹𝑆𝐵𝑆

𝑇𝐸
as a function of waveguide width 𝑤. As 𝑤 increases, 𝑛0 increases,

indicating a better confinement of the the optical mode within AlN waveguide. While
𝜈𝐹𝑆𝐵𝑆
𝑇𝐸

decreases reciprocally as predicted by Fabry-Pérot cavity condition. (d) The
normalized Brillouin gain coefficient 𝑔0 (black), moving boundary contribution 𝐺𝑀𝐵

(blue), photoelastic contribution 𝐺𝑃𝐸 (red) and 𝑄𝑚 (green) as a function of 𝑤. The
biggest gain appears at 280nm width with 𝐺0 of 1311 𝑊−1𝑚−1 and 𝑄𝑚 of 469.73.
𝑄𝑚 is below our pre-set value for 𝑄𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 , indicating that the anchor loss is the
dominant loss in this case.



In summary, a narrower waveguide could lead to a stronger coupling between optical and218

acoustic modes, but this will also enhance the leakage of the acoustic wave and decrease the 𝑄𝑚.219

Therefore, there would be a trade-off between stronger opto-acoustical interaction and 𝑄𝑚. The220

biggest gain coefficient we obtain is 1311 𝑊−1𝑚−1 with 𝑄𝑚 of 469.73 at 280nm width. 𝑄𝑚 is221

below our pre-set value for 𝑄𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 , which means that the anchor loss is the dominant loss in222

this case.223

Then we investigate in the BSBS of TE mode, and the results are summarized in Fig. 4. The224

main difference between FSBS and BSBS is that for FSBS, the propagation constant for acoustic225

mode is almost zero, while that for BSBS the propagation constant is almost 2 times the 𝑘 𝑝 [33].226

This means that the selected acoustic mode for FSBS only has transverse vibration as shown in227

Fig. 3(b), while the acoustic mode for BSBS will have longitudinal vibration [52].228

Fig. 4. The results of intramodal TE BSBS: (a) The horizontal component of the
acoustic mode u. This mode has longitudinal vibration along the propagation direction
and also has two nodes point on both front face and side face. (b) The refractive index
𝑛0 and acoustic frequency 𝜈𝐵𝑆𝐵𝑆

𝑇𝐸
as a function of waveguide width 𝑤. 𝜈𝐵𝑆𝐵𝑆

𝑇𝐸
could

be estimated by 2𝑛0𝑉𝑙/𝜆 [53]. It can be seen that 𝜈𝐵𝑆𝐵𝑆
𝑇𝐸

does not decrease inversely
to 𝑤, but increases linearly with 𝑛0. (c) The normalized Brillouin gain coefficient 𝑔0
(black), moving boundary contribution 𝐺𝑀𝐵 (blue), photoelastic contribution 𝐺𝑃𝐸

(red) and 𝑄𝑚 (green) as a function of 𝑤. Both 𝐺𝑀𝐵 and 𝐺𝑃𝐸 tend to decline with
the increase of 𝑤. 𝑔0 is generally smaller compared to that in TE FSBS. While 𝑄𝑚

increases and converges into a value of 1000, which is limited by 𝑄𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 . This
means that for TE BSBS, the dominant loss is material loss instead of anchor loss in
TE FSBS. For the same structure, the BSBS process will have much longer acoustic
decay length than that of the FSBS process [54].



Fig. 4(a) shows the nature of longitudinal vibration of the acoustic mode for BSBS. It can be229

seen that at the transverse direction, this mode has similar distribution with FSBS selected mode,230

which satisfies the mode distribution matching requirements [34]. And on the side surface, the231

longitudinal wave propagating through the waveguide can be observed clearly. Its frequency232

𝜈𝐵𝑆𝐵𝑆
𝑇𝐸

can be estimated by 2𝑛0𝑉𝑙/𝜆 [53], where 𝑛0 is the effective refractive index, 𝑉𝑙=
√︁
𝐶44/𝜌 is233

the longitudinal acoustic velocity and 𝜆 is the wavelength of the optical wave. It can be seen that234

𝜈𝐵𝑆𝐵𝑆
𝑇𝐸

is no longer related with waveguide width anymore, but has direct relation with 𝑛0. The235

change of 𝑛0 and 𝜈𝐵𝑆𝐵𝑆
𝑇𝐸

versus 𝑤 is summarized in Fig. 4(b). Same with FSBS, the increased236

width will result in higher 𝑛0, but 𝜈𝐵𝑆𝐵𝑆
𝑇𝐸

increases with 𝑤, and it has linear relation with 𝑛0 as237

we expect.238

Fig. 4(c) shows normalized gain coefficient 𝑔0 (black), moving boundary contribution 𝐺𝑀𝐵239

(blue), photoelastic contribution 𝐺𝑃𝐸 (red) as well as the 𝑄𝑚 (green) again. First we notice that240

both 𝐺𝑀𝐵 and 𝐺𝑃𝐸 decline with the increase of 𝑤. Also 𝑔0 is generally smaller compared to241

that in TE FSBS.242

However, as 𝑤 keeps increasing, 𝑄𝑚 increases rapidly and it converges to a value of 1000,243

which is limited by 𝑄𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 . This means that for TE BSBS, the dominant loss is material244

loss instead of anchor loss. This indicates that for the same structure, the BSBS process will245

have much longer acoustic decay length than that of the FSBS process [54]. Also it is worth246

mentioning that it does not conflict with the results of FSBS that the 𝑄𝑚 increases with higher247

frequency. The explanation for this is the node theory [55]. From Fig. 4(a), it can be seen that248

there are two node points for the acoustic mode of BSBS: 𝑁𝑜𝑑𝑒 1 at the front face where the249

anchor is placed, and 𝑁𝑜𝑑𝑒 2 at the side face. When 𝜈𝐵𝑆𝐵𝑆
𝑇𝐸

gets bigger, the area of 𝑁𝑜𝑑𝑒 2 will250

be squeezed and gets narrower. But the area of 𝑁𝑜𝑑𝑒 1 where the anchor is placed gets wider,251

leading to less energy leakage and higher 𝑄𝑚. Details of the analysis are not shown here for the252

sake of simplicity but it could be found in supplementary 1 section 3.253

5. Forward and backward stimulated Brillouin scattering for TM mode254

Having analysed the FSBS and BSBS for TE mode, the author will analyse the FSBS and BSBS255

for TM mode in this section. Previously it is believed that TM mode would be unsuitable for256

such a design due to the fact that the selected acoustic mode will have vertical vibration and it257

would directly leak out via the anchor [48]. However, our findings show that for TM FSBS, there258

will be a case where the anchor loss could be greatly suppressed and results in a big Brillouin259

gain coefficient.260

Fig. 5 summarizes the results for TM FSBS. The normalized electric field of TM mode is261

shown in Fig. 5(a), and 𝐸𝑥 is oriented perpendicular to the waveguide surface. Due to this262

difference, the selected acoustic mode will have a vertical distribution, as shown in Fig. 5(b).263

Fig. 5(c) shows 𝑛0 and 𝜈𝐹𝑆𝐵𝑆
𝑇𝑀

as the function of 𝑤. Same with previous cases, with 𝑤 increases,264

𝑛0 increases. While 𝜈𝐹𝑆𝐵𝑆
𝑇𝑀

, predicted by Fabry-Pérot cavity condition (𝜈𝐹𝑆𝐵𝑆
𝑇𝑀

≈ 𝑉𝑡/2ℎ) [17],265

slightly decreases from 37.5 GHz to 35 GHz. Fig. 5(d) summarizes the change of 𝑔0 (black),266

𝐺𝑀𝐵 (blue), 𝐺𝑃𝐸 (red) and the 𝑄𝑚 (green) for TM FSBS. Similar to the previous cases, both267

𝐺𝑀𝐵 and 𝐺𝑃𝐸 will decline with the increase of the waveguide width. It also brings to our268

attention that the 𝑄𝑚 of TM FSBS is generally smaller compared to the results of TE FSBS,269

indicating a stronger energy leakage via anchor as expected [48].270

However, there is a peak of 𝑄𝑚 when the 𝑤 is 330nm. The value at this point is almost 1000,271

indicating that the material loss is dominant and anchor loss has been suppressed greatly. This is272

because with width increasing, the acoustic mode is shifting from lower order mode to a higher273

one, as it is shown in Fig. 6. During the transition, there will be one mode where the node point274

coincides with the pillar anchor position, leading to the reduction of the anchor loss. From left275

to right in Fig. 6, each sub-figure is the vertical displacement of the selected acoustic modes at276

width of (a)280 nm, (b)330 nm, (c)360 nm. It can be seen that there is little energy leaking into277



the substrate at 330 nm while clear energy leakage can be observed in other cases. This finding278

proves that the partially suspended system could also be suitable for sufficient SBS gain for TM279

mode and provides a new way to enhance the Brillouin gain.280

Fig. 5. The results of intramodal TM FSBS: (a) The normalized electric field of
the TM mode, with 𝐸𝑥 directed perpendicular to the waveguide surface. (b) The
vertical component of the acoustic mode u. The node point of this mode is on the side
surface, and it is expected that the energy will leak via anchor greatly [48] (c) The
refractive index 𝑛0 and acoustic mode frequency 𝜈𝐹𝑆𝐵𝑆

𝑇𝑀
as a function of waveguide

width 𝑤. 𝜈𝐹𝑆𝐵𝑆
𝑇𝑀

slightly decreases from 37.5 GHz to 35 GHz with 𝑤 increasing. (d)
The normalized Brillouin gain coefficient 𝑔0 (black), moving boundary contribution
𝐺𝑀𝐵 (blue), photoelastic contribution 𝐺𝑃𝐸 (red) and 𝑄𝑚 (green) as a function of 𝑤.
There is a peak at 330 nm due to the change in mode distributions as shown in Fig. 6.

Fig. 6. The mode distributions of selected acoustic modes for TM FSBS at different 𝑤:
(a)280 nm; (b)330 nm; (c)360 nm. With 𝑤 increasing, the acoustic mode is transferring
from lower mode to a higher one. During the transition, there will be a mode of which
the node point coincides with the anchor and suppresses the energy leakage greatly.



We also investigate the BSBS process for TM mode and all the results are summarized in Fig. 7.281

Same with TE BSBS process, the selected mode for TM BSBS has a longitudinal vibration as282

shown in Fig. 7(a). 𝑛0 and 𝜈𝐵𝑆𝐵𝑆
𝑇𝑀

as the function of 𝑤 is summarized in Fig. 7(b). And 𝜈𝐵𝑆𝐵𝑆
𝑇𝑀

283

can also be estimated by 2𝑛0𝑉𝑙/𝜆 [53]. But TM mode generally has smaller 𝑛0 compared to that284

of TE mode, therefore the Brillouin shifted frequency is also smaller compared to that of TE285

BSBS.286

Fig. 7(c) shows 𝑔0 (black), 𝐺𝑀𝐵 (blue), 𝐺𝑃𝐸 (red) as well as the 𝑄𝑚 (green). Same with the287

findings for TE mode, it can be seen that for TM mode, FSBS process has stronger coupling288

between optical mode and acoustic mode than BSBS process. As for 𝑄𝑚, although it increases289

with bigger 𝑤, it is still below 400, showing that the anchor loss is the main loss in this case. And290

from the Fig. 7(a), it can be seen that for TM BSBS, the position of the pillar does not match291

with the node point, which is on the middle of the side surface. A low-loss performance could be292

expected if the anchor is placed on the middle of the side wall.

Fig. 7. The results of intramodal TM BSBS: (a) The vertical component of the selected
acoustic mode u. It also has longitudinal vibration along the propagation direction.
There is no node point at the place where the anchor is. A higher acoustic dissipation
can be expected. (b) 𝑛0 and 𝜈𝐵𝑆𝐵𝑆

𝑇𝑀
as a function of 𝑤. Same with TE BSBS, 𝜈𝐵𝑆𝐵𝑆

𝑇𝑀
increases linearly with 𝑛0 [53]. (c) The normalized Brillouin gain coefficient 𝑔0 (black),
moving boundary contribution 𝐺𝑀𝐵 (blue), photoelastic contribution 𝐺𝑃𝐸 (red) and
𝑄𝑚 (green) as a function of 𝑤. 𝑄𝑚 is the smallest among all the four processes,
showing that TM BSBS is the one that suffers most from the anchor loss.

293



6. Influence of waveguide height294

In this section, we explore the influence of the waveguide height. TE FSBS is taken as an example295

here, other processes are also studied and similar results can be observed.296

Fig. 8 shows the results for different ℎ: With the decrease of waveguide height, the normalized297

gain coefficient 𝑔0 gets larger, indicating a stronger interaction between optical and acoustic298

modes. This is due to the fact that the intensity of the optical mode will be increased inside a299

smaller area and lead to a larger gain. But this will also lead to a higher propagation loss of the300

optical mode. For example, smaller waveguide size will result in a stronger interaction between301

the evanescent field near the AlN/air boundary and roughness on the side wall. Therefore there is302

a trade-off between the increase of the interaction and propagation loss to find the optimized303

height and width for this design.

Fig. 8. The influences of the waveguide height ℎ on the Brillouin gain of TE FSBS:
From top left to the bottom right are: (a)-(b) results of ℎ 130nm; (c)-(d) results of ℎ
150nm; (e)-(f) results of ℎ 170nm.



7. Fabrication feasibility and tolerance analysis304

Although the focus is on the theoretical analysis of partially suspended AlN supported by silica305

anchor, here we introduce a potential route for realizing the opto-mechanical system that we306

propose.307

In this paper, we model the AlN layer assuming it is polycrystalline with c-axis aligned with308

the z-axis of the waveguide system and random in-plane axis orientation. A straightforward309

route for the development of polycrystalline AlN on silica substrate is via sputtering. Pure310

aluminium (99.999%) targets are sputtered in an argon and nitrogen gas mixture [56]. By311

carefully controlling the flow rates of argon and nitrogen gas, the best stoichiometry and crystal312

orientation could be obtained [57]. Besides, the stress in the AlN film can be tailored to be around313

±75 MPa by adjusting the RF bias power, which will permit the fabrication of high confinement314

waveguides in both TE and TM mode [31]. Once the stack with low stress is available, the315

patterning of the waveguides is straightforward by optical or e-beam lithography [58] and dry316

etching [59]. A total propagation loss down to 0.6 dB/cm could be obtained [31].317

To form the silica pillar structure, an additional oxide etch with hydrofluoric (HF) acid is318

required. By controlling the concentration of HF acid, a narrow pillar could be left underneath319

the waveguide [17]. This step will lead to the fabrication tolerance of the pillar width. We assume320

that the fixed size of ℎ=150 nm, 𝑤=280 nm, and the tolerance of the pillar width 𝑔 is within ±8321

nm [60]. The results are summarized in Table 3. It can be seen that the fabrication tolerance on322

the pillar width will lead to the total gain coefficient varying from 1965 to 931. Although the323

variation of pillar width will affect the values of 𝐺𝑀𝐵 and 𝐺𝑃𝐸 , the main influence is on the324

𝑄𝑚. The narrower the pillar width it is, the higher the 𝑄𝑚 is, and it will lead to a higher gain325

coefficient.326

Table 3. The effect of pillar width 𝑔’s variation on TE FSBS gain coefficient

Pillar width (nm) 𝐺𝑀𝐵 (𝑊−1𝑚−1) 𝐺𝑃𝐸 (𝑊−1𝑚−1) 𝑄𝑚 Total gain (𝑊−1𝑚−1)

7 0.119 1.802 690.15 1965.09

11 0.120 1.778 564.36 1591.86

19 0.121 1.724 397.68 1096.91

23 0.122 1.695 341.88 931.26

There is also a fabrication tolerance to the waveguide width. From previous sections, we327

already know that the both Q factor and shifted Brillouin frequency are related with waveguide328

width and height. But different coupling mechanisms will suffer from the fabrication tolerance329

differently.330

TM FSBS would suffer the most from the deviation in the waveguide width. From Fig. 5, if331

the targeted waveguide width is at 330 nm, where the peak of Q factor is. A variation of 3%332

in the waveguide width could lead to the total gain coefficient dropping from 3400 𝑊−1𝑚−1 to333

3100 𝑊−1𝑚−1 with 9% variation. While for TE FSBS, a variation of 3% in the waveguide width334

will only introduce 2% variation in the final gain coefficient. For TE and TM BSBS, the effect of335

the fabrication tolerance is mainly decided by the influence of the width on the Q factor.336



8. Conclusion337

In this paper, we propose a novel III-V material AlN to achieve a strong Brillouin scattering338

interaction in the visible wavelength range. AlN has several advantages for the applications of339

stimulated Brillouin scattering, including wide transparent window, free of nonlinear loss, big340

photoelastic coefficient, mature fabrication technology as well as the compatibility with CMOS.341

A sufficient Brillouin gain can only be obtained by the simultaneous confinement of optical mode342

and acoustic mode. Therefore, a partially suspended AlN waveguide supported with a silica343

pillar anchor is used to reduced the phonon leakage.344

We apply a full-vectorial formalism to calculate the Brillouin gain including the photoelastic345

effect as well as the moving boundary contribution. The accuracy of the method is validated by346

matching the simulated results with reported results from [17]. Our model reveals the importance347

of matching rotation matrix with crystal coordinate system. Based on the validated model, our348

results show a total gain value of 1311 𝑊−1𝑚−1 for the TE FSBS process when both anchor349

loss and material loss are considered in the proposed system. Our study also finds out that the350

anchor loss is strongly related with the relevant position between pillar anchor and the node351

point of the selected acoustic mode. Especially for the TM FSBS process, anchor loss could be352

greatly suppressed under certain waveguide size when the selected acoustic mode’s node point353

matches with the pillar anchor’s position. We envisage that this system would be very useful for354

the application in growing on-chip laser [61] and ultra-fast communication [62] in the visible355

wavelength range.356
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