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© We present Stimulated Brillouin Scattering (SBS) process in AlGaN integrated photonic waveguides. The

. wide bandgap of this lll-Nitride material platform allows operating at visible wavelengths enabling large
Stokes shifts. For this study, we employ a multiphysics approach that includes electric-photoelastic,

© magnetic-photoelastic, material interface displacement effects, and for optimal waveguide dimensions

. tofind the Brillouin-active acoustic modes involved in the SBS process. The SBS power gain and the

. Stokes frequency shift are investigated for both backward and forward scattering processes, and it
is shown that stokes shift larger than 50 GHz with high gain are achievable. Moreover, a parametric
analysis is presented in order to demonstrate the possibility of realizing Brillouin lasers operating at
blue wavelengths.

Stimulated Brillouin Scattering (SBS) is a third-order nonlinear process that produces efficient coupling between
a traveling pump wave and induced acoustic modes'?. This nonlinear effect has been widely studied for several
. applications such as frequency conversion®~, radio frequency signal processing®, slow light®?3, distributed tem-
: perature sensing'®, novel lasers sources'*-'%, and gyroscope sensors?. A recent article reviews the promises and
© challenges of SBS on chip-scale photonic integrated circuits®!. Currently, many such on-chip experiments are
. based on soft-glass waveguides with substantial SBS gains of the order of 13 dB/cm per Watt of pump power at
© 1.55 pm. These glasses remain very suitable for experiments at larger wavelengths. However, their total device
gain is reduced because of the greater effective mode area at longer wavelengths, thus resulting in lower Stokes
intensities for a given pump power. It is generally recognized that waveguide structures with higher confinement
and/or nano-scale sizes provide stronger photon-phonon coupling, and thereby larger power gain. For this rea-
son, the SBS effect in group IV semiconductors (Si, Ge and, more generally, the crystal alloy SiGeSn) are receiving
increased attention for practical applications, both in the near-infrared (NIR, i.e. 1.31-1.55 pm) and mid-infrared
(MIR, i.e. 1.8 to 5.0 pm), with a caveat that the Stokes shift is small due to the operation at longer wavelength.
The versatility of Brillouin processes depends on the ability to understand and engineer the photon-phonon
: coupling. Over the past several decades, various conceptually simple and useful methods have been employed
© to predict the strength of SBS coupling within guided-wave systems based on modal overlap integrals. Although
. these treatments have proven remarkably accurate for the prediction of SBS in optical fibers, they cannot be
. applied in nano-scale size waveguides where the vectorial nature of the optical and acoustic modes involved in the
scattering process induce significant electrostriction and boundary radiation- pressures effects. To better take into
account these effects, a general method of calculating SBS gain and Stokes shift has been recently proposed®>.
Armed with these advances in accurate SBS modelling for submicron waveguides, much attention has been
recently devoted to suspended silicon waveguides with very small cross sections as a technological solution to
induce extraordinarily high SBS gains, due to a combination of small modal area and high radiation pressure
© effects?. Although this approach could clearly provide extremely efficient SBS-devices, these waveguides typically
. have to be completely or nearly completely suspended over long distances to ensure optical and acoustic mode
© confinement, resulting in mechanically fragile devices and difficult fabrication. For these reasons, Ge waveguides
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Figure 1. (a) Wurtzite structure in the crystallographic coordinate system (Ox'y’z’); (b) Cross section of an
AlGaN Waveguide on a Sapphire substrate; AlGaN and sapphire are wurtizite crystals; (c) Waveguide frame of
reference (Oxyz) and crystallographic axes.

buried in silicon nitride have been recently proposed?* as an efficient candidate to realise high SBS power gain in
the MIR spectrum range.

III-Nitride materials including Al,Ga, N can be another promising integrated photonic platform that allow
operation at shorter wavelengths due to their wide bandgap properties, thereby, enabling SBS with much larger
Stokes shift. One outcome of such large Stokes shift can be the generation of low noise high frequency microwave
and millimetre wave signals, when beating the pump laser with the SBS signal at the photodetector.

The purpose of this paper is to study SBS process in an Al,Ga, N waveguide in the visible range for the
aforementioned promises. To the best of our knowledge, exploring the SBS effect in the visible spectral range has
not yet been developed in the literature. Thus, we address here the relevant physics in order to engineer on-chip
Brillouin power gain and Stokes shift based on the Al,Ga, N technological platform.

The paper is organized as follows. The fundamental equations governing the SBS gain and Stokes shift are pre-
sented in the Theory Section. Then in the Result Section we apply the presented theory to Al,Ga, N waveguide
to calculate their SBS effect for an operation in the visible spectrum. Detailed parametric simulations that include
changing the waveguide sizes and material distribution will be investigated. As an application study, the feasibility
of Brillouin laser in the blue wavelength on this waveguiding platform is investigated. Finally, the Conclusion
Section summarizes our findings with concluding remarks.

Theory

We present a parametric investigation to determine specific waveguided architectures able to realise a Brillouin
power gain comparable with the values obtained with the standard technological platforms operating in the NIR
and MIR spectrum regions, such as silicon, germanium, and As,S;.

The characteristic planes and axes of the wurtzite crystallographic structure (AIN, GaN, and AL Ga,_,N) are
shown in Fig. 1(a). We note that most of nitride devices are available only as bulk crystalline wafers cut in on-axis
or off-axis orientations. The on-axis-orientation cut results in a wafer with its c-axis perpendicular to its surface,
with the ordinary and extraordinary refractive indices in the plane of the wafer, and perpendicular to the plane of
the wafer, respectively. As evidenced clearly in?, this cut is ideal for photonic devices, since the TE polarization
is aligned with the crystal ordinary axis and the TM polarization is aligned with its extraordinary axis, thereby
preventing unwanted polarization rotation. Thus, we assume in general that the waveguide global system (Oxyz)
is rotated by an ¢ angle with respect to the crystallographic system (Ox’y’z/, local system). Then, the SBS power
gain is related to the overlap between the confined acoustic and optical modes involved in the Brillouin scattering
process. According to the theory proposed in?’, we can express the optical field as a superposition of two eigen-
modes (pump, and Stokes):

E = &,(x, 2)a,(y, e/t 4 B i(x, 2)ag(y, el 4 oc.¢ (1)

where c.c. and a,(y, t) (with i=p, S) indicate the complex conjugate terms, and the slowly varying envelope func-
tions, respectively. The functions €(x, z) represent the spatial mode distributions, solutions of the Helmholtz
equation with wave vector §3;, angular frequency w;, in the global frame of reference (Oxyz). Similarly, the acous-
tic modes can be written as:

U = ii(x, 2)b(y, e/ V=% 4 ¢.c )

where g, Q3p, and b(y, t) represent the acoustic wave vector, the angular eigenfrequency and the slowly varying
envelope function, respectively. The function #(x, z) is the spatial distribution of the mechanical displacement
vector and it is solution of the following eigenvalue problem:

Pt + > (Y + jap)ciu(Vr + japhil = 0 )
ikl
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Density, p kg/m? 3255 6150 3980 ~3980
Stiffness tensor element ¢’;;
EQ1-v)/
Iy GPa 410 390 497.35 [(1+0)
(1-2v)]
i GPa | 149 145 163.97 ﬁ”/_[(zl;)’] Y)
iy GPa |99 106 112.20 ﬁ"/_[(zly)*] v)
duy=ds=—C" GPa 0 0 —23.58 0
E(1—v)/
Iy GPa 389 398 499.11 [(1+0)
(1-2v)]
Cu=Css GPa 125 105 147.39 E/(1+v)
Cee=05(c'y — 1) GPa 125 1225 166.69 E/(1+7)
Photoelastic tensor element p’;;
P — —10x 1072 —8.6x 1072 —-0.23 -0.23
P — —2.7%x1072 —2.3x1072 —0.03 —0.03
P — —1.9%x 1072 —1.7x1072 0.02 —0.03
Pu=p'ss=—p'n - 0 0 0 0
P — ~107x1072 | —9.1x 107 —02 —0.23
Pu=p'ss — —32x10°? —27 %1072 —0.1 —0.1
Ps6=05("11—p'1z) — —37x10°? —32x102 —0.1 —0.1

Table 1. Values of material parameters. (*) The stiffness tensor elements for amorphous alumina can be
evaluated as a function of the Young’s modulus, E= 345 GPa and Poisson ratio v=10.29.

here i, j, k, I=(x, y, 2), p, and € are the material density and the stiffness tensor, respectively.
Finally, the Brillouin power gain can be calculated by means of:

2w,y QI

5 aP Fp, (4)

where P, s and P, are the pump (Stokes) and acoustic modal power?, respectively. Moreover, the term o denotes
the acoustic decay parameter, depending on the dynamic viscosity tensor 77%. The acoustic-optic overlap Q can be
calculated as = QUPE) + QUPB) 4 QWMB), where the first, second and third term represent the contributions induced
by the electric-photoelastic, magnetic-photoelastic, and material interface displacement effects, respectively®:

QP = gpe/ f dTZZ[gs,i]*Ep,}pijklakﬁz*
ijkl (5)

QP = jOu eole, — 1) f dri(e, x [hs]") - & ©

QWP — fc dr(ii - #)[eg(e, — £,)(@ x i) - (8, x A) —¢; (g, ' — &, Nd - A)*(d, - #)] )
where d,, and h;, (with i = p, S) are the electric induction field and the magnetic field distributions, respectively. In
Eqs (5) and (6) the integrals are carried out over the whole transversal plane of the waveguide. On the contrary,
the integral in Eq. (7) is a line integral to be carried out along all boundaries with normal vector 7i between differ-
ent materials with relative permittivities ¢, and &, respectively.

Results

In this section and using the theoretical approach presented above, we evaluate both the Brillouin power gain and
the Stokes shift in optical waveguides in wurtzite-Al Ga, N waveguides. In our analysis the waveguide sits either
on a sapphire substrate or suspended. We consider two pump wavelengths of 450 nm and 780 nm for our analysis
due to the maturity of coherent semiconductor lasers at these wavelengths, and will specify for each waveguide
structure the wavelength that is used. Using the Voigt notation in the crystallographic frame of reference system
(Ox'y'7'), the wurtzite structure admits only five independent stiffness coefficients and twelve non-zero ¢’; ele-
ments. The same form holds for the photoelastic (p;) and dynamic viscosity (77';) tensors, respectively. Moreover,
it is worth outlining that sapphire material, used as substrate in our investigations, generally crystallizes in a trigo-
nal system, having six independent stiffness coefficients and eighteen non-zero zero ¢; elements. The physical
parameters used in our simulations are listed in Table 1.
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‘Waveguide structure Brillouin Active | Comments

Sapphire/AIN No (Eq. 11) No SBS process

Sapphire/ALGa, N Yes High BSBS.gain Stokes shift ~50 GHz; negligible TPA for x>0.65, Defective AlGaN
(due to lattice mismatch)

AIN/AL,Ga, (N Yes Weakly defective AlGaN, Very low BSBS gain

Sapphire /AIN/AlL,Ga, N Yes Weakly defective AlGaN for AIN thickness ~1 um; Very low BSBS gain

Sapphire/GaN Yes High BSBS gain, TPA effect at 450 nm No TPA effect at 780 nm

Suspended Al"Gal"‘N (with air Yes High BSBS gain and moderate FSBS gain; Not suitable for long interaction length

pocket on SiO,)

Table 2. Qualitative performances for different waveguiding strcuctures.

Moreover, according to?, the generic physical parameter R of the A, Ga, N alloy can be estimated by means
of a linear interpolation as:

R(ALGa, N) = x - R(AIN) + (1 — x) - R(GaN) 8)

In case of bulk material and under the plane wave approximation, the Stokes shift and the Brillouin scattering
depend on the elastic tensor elements. In particular, the frequency shift is given by 2, = +2w nvsin(9/2)/c,»
where 1 is the angle between the incident pump wave and the scattered radiation from the acoustic wave and n is
the bulk Al,Ga, _,N refractive index evaluated at the pump angular frequency w,. The speed v, of the longitudinal
(transverse) acoustic phonon can be determined as v, = /¢/,(4)/p- The values listed in Table 1 and Eq. (8) give a
Stokes shift ranging from 80 to 100 GHz, depending on the pump wavelength, for backward Brillouin scattering
at visible wavelengths. However, we expect significant deviations in shift frequency in the case of nanoscale wave-
guides due to the vectorial nature of optical and acoustic modes. In the waveguide structures, we assume that the
local coordinate system (Ox'y’z’) is correlated with the substrate crystalline axes, whereas the waveguide global
system (Oxyz) is rotated by an 6 angle with respect to (Ox’y’z’). In this sense, the fourth-rank stiffness tensors
¢y (listed in Table 1) is transformed into ¢;y, (frame of reference (Oxyz)) on the basis of the direction matrix a,,,:

— /
cijkl - aitajuakvalwc tuvw 9)
where:

cos(0) —sin(0) 0
mn = |sin(0) cos() 0
0 0 1 (10)

a

Backward SBS. Depending on the launching conditions, SBS can be categorized as forward SBS (FSBS) or
backward SBS (BSBS). In BSBS, pump and Stokes waves propagate along opposite directions, generating
axially-varying optical forces that excite traveling-wave acoustic modes. Considering both pump and Stokes
waves with the same polarization and spatial distribution, we can approximate the Stokes mode as the
time-reversed pump mode: & ~ [ép]*; Bere —ﬂp; q=2 ﬁp; Py —PP. Moreover, as outlined in?*, the ideal material
for the BSBS-active waveguide must be soft, dense and with high refractive index. Good acoustic confinement and
consequently high power gain can be achieved if the sound velocity of the BSBS- active acoustic mode is smaller
than the phase velocity of any other acoustic wave coupled into the structure:

Jcll(core)/p < max{JcM(substmte)/p, Jcll(cover)/p} (11)

Our preliminary investigations is in Table 2 wherein a qualitative SBS performances of different waveguide
structures has been summarized. The comparison in Table 2 shows that the Al,Ga,_,N on sapphire and the sus-
pended Al,Ga, N waveguide platforms are good candidates to induce Brillouin effect at shorter wavelengths in
the visible range (450 nm in our study), while GaN on Sapphire is more suitable for 780 nm.

Figure 1(b) shows a fully-etched waveguide cross-section with a width, W, and an height, H, used in the inves-
tigation of the SBS effect based on the Al,Ga, (N strip waveguides. The substrate has been considered as crystal-
line Sapphire, while the cover material has been assumed as amorphous alumina or air. The Al,Ga,_,N platform
sketched in Fig. 1(b) suffers from some limitations on the available alloy composition (x), as given by Eq. (11).
Using the values listed in Table 1 and Eqs (8-11), we find that the strip Al,Ga, N waveguide can be BSBS-active
for alloy concentration satisfying the condition x < 0.84. Thus, in the Al,Ga, ,N-on-Sapphire architecture con-
sidered in the following, an x = 0.65 provides a sufficiently high index contrast, transparency down to 260 nm,
SBS-activity, negligible TPA effect (cut-off at 486 nm) and fabrication relaxed dimensions.

Moreover, considering that the growth of AIN on sapphire includes a # = 30° rotation of AIN a-axis around
the growth direction (c-axis, see Fig. 1(c)), it results a lattice mismatch of 13.3%%. Thus, similar rotation in case
of an Al,Ga,_,N waveguide on sapphire substrate can be assumed. Furthermore, Sellmeier’s index equations for
AIN and Al,Ga,_,N?, sapphire and alumina®® have been used in the following simulations to take into account
the index dispersion of the material.

By referring to Eq. (4), knowledge of the acoustic decay parameter « is required to obtain numerical values to
be compared with experimental results. Generally speaking, this parameter can be derived from the dynamic
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viscosity tensor 2. It this context, we have tested our software code using the Ge platform proposed in*!. We
found that our « estimation presents a relative change <3% if compared with the numerical results obtained in*.
We guess that this weak difference depends exclusively on the mesh used to perform the calculations, confirming
the robustness of our implementations. Since at the best of our knowledge 77 is not available in the literature for
both AIN and GaN, we cannot use Eq. (8) to estimate the alloy phonon viscosity tensor. At this step since the goal
of this work is to demonstrate the feasibility of SBS effect in the Al,Ga, N platform, we briefly discuss the differ-
ent way to estimate the acoustic decay parameter. In absence of the viscosity tensor elements, a possible approach
could be to consider the Al,Ga,_,N alloy as an isotropic material and then estimate the phonon viscosity coeffi-
cient by means of approaches based on the fluctuation dissipation theorem, phonon hydrodynamics and kinetic
theory. However, we believe that the isotropic assumption is too strong for wurtzite crystals. Moreover, the
above-mentioned approaches applied to the silicon gave results which differ from each other for order of magni-
tude, and very far from the experimental values®. In this context, we can conclude that these approaches are not
suitable to obtain a consistent estimation of the o parameter for Al,Ga,_,N platform. In this sense, we believe that
the use of the acoustic quality factor can represent an efficient choice to demonstrate the range of feasibility of the
SBS effect in Al,Ga, ,N. Therefore, in the following, we have estimated the decay parameter as o = Q3E,/
(2QpuctorPac)> Where Qp,q,, represents the acoustic quality factor, considered as a numerical parameter in the follow-
ing investigations. The terms E,. and P, represent the acoustic mode energy and power, respectively®.
Additionally, experimental measurements of 77 could be used to better set the values of « in order to improve the
model predictions of the BSBS effect in the Al,Ga, N platform operating in the visible and UV-vis ranges.

Note that in our simulations the outer boundary of the calculation domain is set to be significantly larger
than the waveguide core to avoid any influence on the modal properties of the acoustic waves. Consequently, the
solution of the problem in Eq. (3) leads to an evaluation of all possible acoustic modes with both real and non-real
values of Q3. The latter corresponds to leaky modes, which are strongly confined due to the strong reflection of the
acoustic wave at the core-substrate (cover) interfaces, but which are capable of dissipating energy away from the
waveguides. As well detailed in®, the use of the eigenvalue problem of Eq. (3) represents an efficient tool to study
the SBS interaction. Indeed, the imaginary part of 0 leads to an estimation of the rate (1/7) of acoustic energy
lost by the core into the substrate (cover) due to mode leakage as: 1/7=Im(Q5)*. It is evident, thus, that the
acoustic mode lifetime is strongly dependent on both the material distribution and the waveguide cross section.
However, Eq. (11) represents an efficient method to select the material distribution for the existence of guided
acoustic modes.

Although the SBS effect has been demonstrated also for radiative and leaky acoustic modes, in the following
we will analyze only the technological platforms for which Eq. (11) is satisfied. In this context for example, both
Sapphire/Al ¢sGa, 35N/Air and Sapphire/GaN/Air platforms operating at 450 nm and 780 nm, respectively, record
the parameter Im((p) in the range [107° to 10~°] (numerical zero). As result, the only SBS-active acoustic modes
are guided modes, and then the limiting effect on the mechanical quality factor is represented by the dynamic
viscosity of the materials. Therefore as a starting point for our investigation, we assume a total mechanical quality
factor Qe = 3000, driven by the fact that this value has been demonstrated to be consistent with the dynamic
viscosity effects in non-suspended waveguides?. On the other hand, the mechanical quality factor does not influ-
ence the above-discussed acoustic mode behaviour but only the BSBS power gain, whose changes are shown in
the following Table 3 for different AlGaN-based technology platforms and quality factors in the range from 1500
to 3000.

It is interesting to compare the Sapphire/Alj 4;Ga,3sN/Air and Sapphire/GaN/Air platforms, given the
non-ideality effects such as two photon absorption (TPA) and free carrier absorption. To avoid TPA, the pump
wavelength should be chosen to be close to the TPA cut-off wavelength. Figure 2 (a) and (b) show the BSBS power
gain and the Stokes shift (Af, = Q,/27) versus the waveguide width for both Sapphire/Al, ¢sGa, 3sN/Air and
Sapphire/GaN/Air platforms operating at 450 nm and 780 nm, respectively. The numerical calculations have been
carried out as described in the Method section, assuming H =300 nm, and the acoustic quality factor,
Q factor — 3000.

g Our best results are relevant to the case Sapphire/Al; ¢sGa, 35N/Air, where we have recorded a maximum (and
especially high) power gain of 1647 W~!m™! and a Stokes shift of 49.86 GHz, for H=300nm, W~236 nm.
Likewise, the maximum power gain obtained for the Sapphire/GaN/Air platforms operating at 780 nm is 1280
W'm~! with H=300nm, W= 306 nm. Although the BSBS power gain for Sapphire/GaN/Air platform is com-
parable with that of the Sapphire/Al, 4;Ga,3sN/Air structure, the Stokes shift suffers from 46.7% reduction, as
shown in Fig. 2(b). In the plot of Fig. 2(a) it is possible to find characteristic values for the waveguide width,
named as W, andW,, for Sapphire/Al ¢;Ga, 3sN/Air and W; for Sapphire/GaN/Air. These values correspond to
different mechanical deformations induced by the acoustic mode generating the Brillouin gain. In particular in
the case of Sapphire/Al, ¢;Ga, ;5N/Air platform, we record that for W < W/, the in-plane acoustic displacement

(up = y|u, ? + |u,) is dominant in the vertical direction with the peak of the longitudinal component of the
mechanical displacement close to the superior waveguide edge. This peak shift toward the middle of the wave-
guide cross section, for W= W,. Increasing the W value, 1 remains exclusively oriented in the vertical directions
until the condition W= W, is reached. For W > W,, the in-plane displacement is mainly characterized by a hori-
zontal expansion close to the lateral waveguide sidewalls. Finally, in the case of Sapphire/GaN/Air platform, the
waveguide width W separates the region in which u is mainly oriented in the vertical (W > W) or horizontal
direction (W > Wj3). The previous discussion is clearly shown in the panels of Fig. (3), where the color-maps for
the longitudinal component of the mechanical displacement is plotted for different values of the waveguide width
(W), assuming H = 300 nm, and including the arrows for the in-plane acoustic displacement 1.

Since experimental investigations have not been presented in literature for the BSBS effect in Al,Ga, N wave-
guides, we propose in Fig. 4 a comparison between waveguide structures with different Substrate/ Al ;sGaN, ;5/Cover
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Air Suspended Si; ref.” 1550 890 ~13.5
Ge [100] embedded in Si;N,; ref.>* 4000 500 ~6.5
Ge [110] embedded in Si;N,; ref.?* 4000 ~1000 ~6.5
As,S; on silica; ref. 1544.77 321.74 ~7.6
Sapphire/Al, ¢sGa, 35N/Alumina (this work) .

Qﬁmw [1500-3000] 450 275556 52.56
Sapphire/Al, ¢5Ga, 35N/Air (this work) .

Quctor [1500-3000] 450 8231647 49.86
Sapphire/ AlGaN/Air (this work) 780 640 1280 233

Quctor [1500-3000]

Table 3. BSBS parameters for different materials.

2000 : — — z 60 : , .
——Sapphire/Al, 5 Ga, ,N/Air; A = 450 nmm Sapphire/Al, ; Ga, , NIAIr; ) =450 nm
— ——Sapphire/GaN/Air; ’\p= 780 nmm 55 Sapphire/GaN/Air A =780 nm
D i — : P
E 1500 i T osob—
T ! ] i
= ! X i
! 45 i
£ ! W0 i
= I
1000 < 40 i
5} £ i
3 ; @ i
2 : 0 39 i
%) GaN waveguide | ¢ GaN waveguide :
% 500 optical cut-off ! £ 30 optical cut-off |
) i @ i
i 25 !
(a) i (b) :
n ! I I 1 i
0 20 : - : :
250 300 350 400 250 300 350 400
Waveguide width, W [nm] Waveguide width, W [nm]

Figure 2. (a) BSBS power gain for an AlGaN waveguide as a function of waveguide width, for both Sapphire/
Al 65Gag 3sN/Air (at \,= 450 nm) and Sapphire/GaN/Air (at A, =780 nm) platforms; (b) Stokes shift as a
function of waveguide width, for both Sapphire/Al, ¢;Gay 3sN/Air (at A, =450 nm) and Sapphire/GaN/Air (at
A, =780nm) platforms. The waveguide height is H= 300.

compositions. In particular, in Fig. 4(a) the BSBS power gain and the relevant Stokes shift are shown as a bar plot
for three different material compositions: Sapphire/Al, ¢;GaNj 35/ Alumina (red bar), AIN/Alj ¢sGaNj 35/ Alumina
(green bar), and Sapphire/Al, sGaNj 35/ Air (blue bar), assuming A\, =450 nm and Qj,,,, = 3000. For each case,
the waveguide cross sections have been selected in order to maximize the power gain. The color-map panels
(Fig. 4(b-d)) show the longitudinal component of the mechanical displacement, the arrows representing the
in-plane acoustic displacement u.

The data of Fig. (4) indicate that the sapphire substrate leads to higher power gain than the AIN substrate
material, although it suffers from a larger lattice mismatch with the AlGaN layer. To the best of our knowledge,
theoretical or experimental values have not been proposed in the literature for the dynamic tensor 7. Thus, in a
first approximation, it seems reasonable to assume the Qfactor Tanging from 1500 to 3000. In this context, we can
suppose that the BSBS power gain in the Sapphire/AlGaN/Air platform operating in the visible could change
from 823 W'm™' to 1647 W~'m™.

We believe that the Sapphire/ AlGaN/Air platform could be considered the best trade-off between high power
gain and fabrication constraints. Indeed, this waveguide cross section removes the difficult fabrication conditions
needed for the suspended waveguides. It is important to compare our results with those obtained with different
technological platforms. An immediate comparison can be made with the silicon waveguide operating in the
near-infrared region®”. Recently, waveguides based on germanium embedded in Si;N, have been proposed in
order to induce the BSBS effect in photonic integrated circuits operating in the mid-IR spectrum?®. At the same
time, the chalcogenide As,S;’ has attracted a lot of attention as a platform to induce the BSBS effect in an inte-
grated structure, mainly because it has a high acousto-optic overlap, does not suffer from any parasitic losses such
as two photon absorption (typical in the silicon platform), and can support waveguides with losses below 0.5 dB/
cm. In Table 3 the BSBS parameters are summarized for the platforms above mentioned.

Although the numerical results for the case of a perfect crystal indicate that the platform Al,Ga, N on
Sapphire should be a good candidate to realise high backward Brillouin effect in the visible range, the lattice
mismatch-induced defects could represent a significant detrimental effect for BSBS effects, increasing the optical
propagation loss of the strip waveguide and influencing the BSBS power gain.
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Sapphire Sapphire " Sapphire
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GaN

Sapphire ~ Sapphire

Figure 3. Color-maps of the longitudinal component of the mechanical displacement. Arrows indicate the
in-plane acoustic displacement, assuming H =300 nm; (a) Sapphire/Al ;sGa, 35N/ Air, W=220nm < Wy; (b)
Sapphire/Aly ¢;Gay 3sN/Air, W, < W=320nm < Wy; (c) Sapphire/Al, ¢;:Ga, 35N/ Air, W =400 nm > W; (d)
Sapphire/GaN/Air, W =280 nm < W5; (e) Sapphire/GaN/Air, W =400 nm > W;. The pump laser wavelengths
are 450 nm and 780 nm for Sapphire/Al, ¢;Ga, 3sN/Air and Sapphire/GaN/Air, respectively.

However, it has been rarely studied how the point defect changes the mechanical properties. Only recently it
was found that defects such as uniformly distributed vacancies or vacancy clusters induce, in hexagonal systems,
an increase in ¢/, }, ¢33, and ¢, and a decrease of ¢’;,, and ¢/,5°!. Due to the lack of experimental data for the alloy
Al,Ga, N, we guess, as hypothesis of the worst case, that all five independent stiffness tensor elements suffer
from the same change, £Ac. In this context, according to the conclusions presented in?, we assume
Fh=dn+ Aty =05+ A iy =y + Ac, &, =, — Ac,and @ = /13 — Ac, where Ac s the
defect-induced stiffness change, and ¢'; is the stiffness tensor element for the perfect crystal (listed in Table 1). In
Fig. 5(a), the BSBS power gain is shown as a function of the defect-induced stiffness change, Ac, assuming air
cover, H=300nm, W=236nm, \,= 450 nm and Qy,,, = 3000. Our investigations indicate that with the increase
of Ac from 0 to 30 GPa, the bulk modulus (defined as in®!) decreases monotonically, inducing the reduction of
Al Ga, N resistance to uniform compression. At the same time, shear modulus, and Young’s modulus (defined
as in™') increase monotonically, while the Poisson’s ratio decreases. This means that the presence of defects could
enhance the resistance to shear and uniaxial stresses. Thus, the curve shape of Fig. 5(a) can be justified by arguing
that the defect-induced Ac does not produce any material degeneration but rather induces a reduction in the
acoustic mode confinement (see Fig. 5(b,c)) or a change in the mechanical displacement spatial distribution (see
Fig. 5(d)). Indeed, for Ac > 20 GPa, the platform Al,Ga,_,N on Sapphire become weakly Brillouin active, show-
ing a BSBS power gain less than 46 W m~!. However, a BSBS power gain reduction of about 4% can be obtained
if the defect-induced Ac is kept below 17 GPa. In this condition, the maximum changes in the bulk, shear, Young’s
moduli and Poisson’s ratio are 4.7%, 14%, 10.4%, and 15.2%, respectively. Experimental measurements could be
used to realise a relationship between the defect-induced Ac and the density of the defects. Thus, the epitaxial
growing of Al ¢;Ga,3;N on the sapphire can be used if the mechanical properties of the defective Al ¢;Gag 35N
changes in the limits above mentioned. However, considering that Al 4Ga, 35N has a thermal coefficient of
expansion close to that of silicon and silicon has been successfully bonded to sapphire, we could speculate that
low-defect Al ¢;Ga 35N can be bond directly on Sapphire. Alternatively, the bonding could be performed using
an ultrathin inter-layer of SiO, on the sapphire.

In conclusion, we believe that the numerical results presented here show that the technological platform
based on AL, Ga,_,N, with its very high gain and very high microwave-frequency shift, could be suitable to realise
on chip devices based on the Brillouin scattering effect and operating in the visible wavelength range, such as
Brillouin ring lasers and photonic microwave sources.

Forward SBS. Forward SBS (FSBS) is generally weaker that the BSBS in large core size waveguides. On the
contrary, integrated waveguides with nanoscale sizes can have large FSBS gain due to their strong acoustic mode
confinement. The unique feature of the FSBS process is that the pump-Stokes coupling can involve optical modes
with different symmetry and polarization®. In the following, we investigate the possibility of inducing
inter-modal FSBS power gain in the Al Ga, _,N platform operating in the visible spectrum range. We assume that
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Figure 4. (a) Calculated BSBS features (Stokes shift and power gain), assuming Qj,,, = 3000, and A, =450 nm.
Red, green, and blue bars represent BSBS gain for three different waveguide compositions: Sapphire/ AlGaN/
Alumina, AIN/AlGaN/Alumina, and Sapphire/AlGaN/Air. (b) Longitudinal component of the mechanical
displacement for Sapphire/AlGaN/Alumina; (c) same for AIN/AIGaN/Alumina. (d) same for Sapphire/AlGaN/
Air.

the pump light, (EP, By(w,)), guided in the symmetric TEy, mode, scatters to a red-shifted wave (&, Fs(w, — Q))
that is guided in the anti-symmetric Stokes TE,, or TE,; mode. Our preliminary investigations indicate that elas-
tic waves are FSBS-active only for the suspended waveguide, as sketched in the inset of Fig. 6(a). Moreover, sus-
pended waveguides can induce high BSBS power gain with the advantage to avoid the detrimental effect of the
acoustic decay contribution inside the substrate. In this sense, we have considered two Brillouin-active wave-
guides: H=150nm; h=50nm; W=300nm, d =450 nm for the energy transfer between TE;, — TE;; and
H=250nm; h=50nm; W=200nm, d=400nm for the energy transfer between TE;,— TE,.

It is worth noting that the considered waveguides support numerous guided elastic waves, but only a small
number of them are Brillouin-active. Figure 6(a) shows the FSBS inter-modal power gain and the Stokes shift for
two FSBS-active acoustic waves (Acl and Ac2). In the simulations, we have assumed q = 3,(TEq) — B,(TE (1))
A, =450nm and Qy,.,,, = 3000. The data indicate that it is possible to obtain a FSBS inter-modal power gain of
about 282 W~!m~! and 328.56 W 'm™! for the coupling Acl- (TEy,— TE,,) and Ac1-(TE,,— TE,,), respec-
tively. In the same condition, the Stokes shift changes from 10 GHz to 9.3 GHz. Moreover, the acoustic wave Ac2
induces a weak power gain of 6.45 W !m~! and 23.2 W~'m™! for the (TEy, — TE,;) and (TEy, — TE,,) mecha-
nism, respectively. For comparison, we have reported in Fig. 6(a) the maximum BSBS power gain for both the
considered waveguides. The simulations show a BSBS power gain of 1424.5 W~!m™! at Af;=49.55 GHz and
679.4 W 'm™' at Af;=48.63 GHz for W=200nm, H=250nm, and W=300nm, H= 150 nm, respectively.

It is worth noting that the character of the Brillouin-active acoustic waves changes significantly, depending on
the spatial distribution of the Stokes mode (see Fig. 6(b), and Fig. 6(e)) involved in the scattering process. In par-
ticular, the coupling condition Acl- (TE,, — TE,,) induces a weak flexural character with a transverse mechan-
ical displacement (see Fig. 6(c)). Differently, a flexural character with vertical in plane mechanical displacement
(see Fig. 6(f)) is induced by Acl- (TE,,— TE,,). Similarly, we have considered two Brillouin-active GaN sus-
pended waveguides at 780 nm wavelength: H=200nm; h =50 nm; W= 450nm, d =675 nm for the energy trans-
fer between TEy, — TE,(; and H=470 nm; h =50 nm; W= 346 nm, d =692 nm for the energy transfer between
TEy — TE,,. The simulations, not shown here, indicate the FSBS inter-modal power gain and Stokes shift are as
low as 88.68 W 'm™! and 5.99 GHz, 72.92 W'm™, and 4.53 GHz for the coupling Acl- (TE,, — TE,,) and for
Acl-(TE,— TE,,), respectively.
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Figure 5. (a) BSBS power gain as a function of the defect-induced Ac, assuming: H=300nm, W=236nm,
Ap=4501nm, Qj,cror = 3000 and air cover; (b) Longitudinal component of the mechanical displacement for
Sapphire/ Al ¢sGa, 35N/air with Ac=0 GPa (c) same for Ac= 18 GPa; (d) same for Ac=22 GPa.
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Figure 6. (a) Calculated inter-modal FSBS and BSBS features (Stokes shift and power gain) at 450 nm
wavelength. Red and black circles represent the FSBS (TEy, — TE;; H=250nm; h=50nm; W=200nm,
d=400nm) power gain for the acoustic waves Acl, and Ac2, respectively. Blue and green squares represent the
FSBS (TEy,— TE,; H=150nm; h=50nm; W=300nm, d =450 nm) power gain for the acoustic waves Acl,
and Ac2, respectively. The asterisk and triangle represent the maximum BSBS power gain for the considered
waveguides. (b-e) x-component Electric field of the TE,, — TE,, Stokes mode distributions. (¢,d) Longitudinal
component of the mechanical displacement induced by (TEy, — TE,,), and for Ac1-Ac2. (f,g) Longitudinal
component of the mechanical displacement induced by (TEy, — TE,,), and for Ac1-Ac2.
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Figure 7. (a) Threshold power as a function of the pump resonance mismatch and pump coupling factor; (b)
Intra-cavity Stokes power as a function of the input pump power for different values of the pump coupling.
Waveguide cross-section: H=300nm, W =236 nm, pump wavelength around 450 nm, and acoustic quality
factor Queror ~3000.

Racetrack Brillouin Laser. Recently, the on-chip Brillouin lasers have been the subject of numerous
research efforts!®1*2-%, In this context we investigate the BSBS lasing as it occurs in racetrack resonators based
on Sapphire/Al, sGaNj 35/ Air waveguides at the visible wavelength of 450 nm. In particular, we consider the
architecture sketched in'® where the input pump signal, S, (P,, = |S p|2), is injected into the racetrack resonator by
means of the evanescent coupling between the resonant microcavity and the input external bus. According to the
mathematical model proposed in our previous work'®, the calculations at A, =450 nm give a nonlinear Kerr effec-
tive modal area (defined as in*) A¥""=5.4 x 1072 pm? and the group effective index, n Mgp= Mg =2.7130. The
conventional approach for designing a Brillouin laser based on optical resonators consists in satisfying the condi-
tion Afpsr = Afp, whereAfpgr is the free spectral range (FSR) of the racetrack resonator. Consequently, by impos-
ing that the pump and Stokes frequencies coincide with two adjacent cavity resonances, we obtain that the
first-order estimation for the cavity length (L2, ) is 2.2177 mm. In this context'®, the Brillouin laser threshold
(P(th) |S ‘h)| ) is shown in Fig. 7(a) as a function of the pump and Stokes coupling factors (/1 = Kg 2), and the
pump resonance mismatch, (A, — )\0) = —2mcp(w, — w 9 /w?, where w? is the pump resonance angular fre-
quency. In the simulations, we have assumed the linear loss coefficient, oy, = 5dB/cm, and the Kerr nonlinear
refractive index,n, =3 x 107> m*W?’. The curves in Fig. 7(a) show that locking the pump to the cavity reso-
nance, a minimum threshold power P,(nthrzlm of about 70 mW can be reached when setting the pump coupling fac-
tor to k2 = 0.21. Moreover, similar investigations show that P{)  ranges from 25 mW (x2 = 0.07) to 250 mW

in,min
(k2 = 0.17), when changing c,, from 3 dB/cm to 10 dB/cm. It is worth pointing out that the minimum Brillouin
laser thresholds obtained in these simulations are lower than those shown in'8, as a result of the higher Stokes shift
produced by the Sapphire/Al ¢;GaN, 35/ Air platform. This results in a reduced cavity length (~5 times less) and,
then, an increase of the resonator enhancement.

As detailed in'®, the use of L2 | does not allow any pushing and pulling effects occurring in the Brillouin lasing
process to be compensated. A better approach consists in particularizing the cavity length L, to realize a resona-
tor FSR that is able to fully compensate the pushing effect induced by the pump-Stokes cross-phase modulation.
Thus, our simulations indicate that the difference (L, — L_,) increases by increasing the coupling factor with
slope 0.69 um/%. In this context, Fig. 7(b) shows the intra-cavity Stokes power as a function of the input pump
power (P;,), for different values of the pump coupling factor ; . Although the Brillouin lasers with /@; = 0.035
and 1@; = 0.12 are characterized by the same threshold powers (see Fig. 7(a)), they also exhibit different Stokes
emission powers as a result of a different external efficiency. Moreover, the three different Brillouin lasers consid-
ered Fig. 7(b) are characterized by a coupling factor k*=0.035, 0.12 and 0.24, a cavity length L ,,=2.228,2.234,
and 2.242 mm, w = 4.1887 x 10'°, 4.1888 x 10'° and 4.1888 x 10'° rad/s, and w’ = 4.1883 x 10",
4.1885 x 10" and 4.1885 x 10'° rad/s. Under these conditions, the Stokes lasing frequency is shown in Fig. 8, in
which the Stokes-SPM pushing effect manifests itself as a decreasing of the emission frequency by increasing the
input pump power.

Moreover, we estimate the influence of thermal effects on the laser operation. A temperature change
(AT=T— T,) with respect to the reference (T, i.e. room temperature), induces a shift of resonance angular fre-
quencies as in(T) - wio(To) = wio(l}))(atherm + (1/n)(dn/dT)) where @y, = 4.535 x 107 K~ and (dn/dT) =
7.94 x 10-5 K~ are the Al ;Ga, 35N thermal expansion and thermo-optic coefficients, respectively, and estimated
by means of Eq. (8), assuming «.,m(AIN) =5.26 x 107® K~! ay,,,n(GaN) =3.17 x 107¢ K71,
dn/dT(AIN)=3.6 x 107> K™!, and dn/dT(GaN) =1.6 x 10~* K%, Thus, assuming the temperature change of the
Stokes frequency shift as a function of (1/0Q;)(dQ/dT), and the locking of the pump laser to the cavity resonance,
we obtain the following quadratic law:
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Figure 8. Mismatch between the lasing frequency and the resonance cavity frequency as a function of the
input pump power for different values of the pump coupling factor. Waveguide cross-section: H=300nm,
W=236nm, pump wavelength around 450 nm, and acoustic quality factor Q. ~3000.

wy(T) — w(T) = apAT* + by AT + ¢ (12)

where ap, by, and cqare fitting coefficients, namely 5.6 x 10* rad K™%/s, 1.8 x 10° rad K™/, and —8.863 x 10° rad/s,
for k?=0.12.

It is worth to outling that, the results of this sub-section should not be considered as a rigorous design of the
Brillouin laser on the AlGaN platform. Indeed, due to the lack of values on the phonon viscosity tensor, we have
uncertainity on the BSBS power gain values. On the contrary, the results above proposed should be seen a case of
study in order to demonstrate the feasibility of the Brullouin laser on the AIGaN platform and operating in the
visible range, in which the main physical effects and the design rules have been evidenced.

Conclusions

In this paper, mathematical modeling based on a multiphysics physical approach has been implemented to
investigate the BSBS and FSBS scattering in the visible spectrum range. The simulations have been performed
including the electric-photoelastic, magnetic-photoelastic and material interface displacement effects in order
to obtain a consistent estimation of the Brillouin-active acoustic modes, Brillouin power gain and Stokes fre-
quency shift. Through the study of Sapphire/Al, ;sGaN, ;5/Alumina, and Sapphire/Al ;sGaN 35/ Air waveguides,
we have demonstrated that the BSBS effect can be significantly induced in nanoscale structures at 450 nm pump-
ing. The predicted power gains for backward SBS ranged from roughly 556 W'm™! for a waveguide of Sapphire/
Al 6sGaNy 35/ Alumina to roughly 1647 W—'m™! for Sapphire/Al, ;sGaN, 35/ Air, with Stokes shifts changing from
52.56 GHz to 49.86 GHz. The BSBS power gain could suffer from a reduction of 4% if the defect-induced stiffness
change is kept below 17 GPa. Moreover, our investigations have been applied to the case of Al ;sGaN 35 rib wave-
guide with air pocket in SiO,, demonstrating that Al ;GaN, ;5 suspended waveguides are suitable to induce both
inter-modal coupling FSBS and BSBS power. Our analysis and simulations have recorded a FSBS inter-modal
power gain of about 271.94 W !m~! and 328.56 W 'm™! for the coupling (TEy, — TE,,) and (TEy, — TE,,),
respectively. In the same coupling condition, the Stokes shift changed from 10 GHz to 9.3 GHz. Moreover, our
simulations have shown a BSBS power gain and a Stokes shift of 1421.5 W'm™!, and 49.55 GHz, respectively.
From these results, the AlGaN technological platform can be considered as a very good candidate for nonlinear
Brillouin applications since it can simultaneously guarantee both large power gains and large Stokes frequency
shifts. Among different applications, we have theoretically demonstrated the possibility of realizing a practical
on-chip waveguided visible Brillouin-laser source based on the BSBS effect induced inside an integrated racetrack
resonator.

Methods

Our procedure for the calculations of both power gain and Stokes frequency shift is based on the model presented
in the Theory Section and is described in more details below: With the aim of realizing self-consistent simulations,
we have implemented an integrated algorithmic procedure based on home-made code and commercial software
using the full-vectorial Finite Element Method (FEM)*. In particular, for a given waveguide cross-section, the
FEM approach is also used to solve the Maxwell’s equations and calculate the optical mode distributions and
effective refractive index for both quasi-TE and quasi-TM polarizations at both pump operative wavelengths. It
is worth outlining that the procedure is based on a multiphysics approach, i.e. the FEM electromagnetic module
used in this step works together with the FEM mechanical module in order to perform the overlap integrals given
in Eqs (5-7). Moreover, the FEM mechanical solver looks for solutions to the weak form of the partial differential
equation (PDE) Eq. (3), which is an integral form of the original PDE. It is obtained by multiplying the original
PDE with a test function and then integrating over the entire structural domain. Generally, the FEM mechanical
module yields numerous solutions to Eq. (3), many of which do not contribute significantly to the acousto-optic
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scattering process. Thus, the selected Brillouin-active acoustic modes are those responsible for various significant
peaks in the overall acoustic-optic overlap Q. However, for many applications, it is opportune to focus attention
on the Brillouin-active acoustic mode responsible for the maximum peak. Finally, the home-made code, is used
for data processing.

Our approach for calculating the acoustic modes of the waveguide is as follows: The mechanical eigenvalue
problem has been implemented using the COMSOL package in 2-D space in the general Partial Differential
Equations (PDE) Modes, wherein the solver looks for solutions to the weak form of the PDE, which is an integral
form of the original PDE. The standard boundary conditions are then applied: continuity across all the interfaces
of the three components of the displacement vector, normal compressional stress, and shear stress. In addition,
the natural or stress-free conditions have been assumed on the outer interfaces, meaning that the total normal
stress vanishes on the outer boundary of the structures®!.

References
1. Chiao, R. Y., Townes, C. H. & Stoicheff, B. P. Stimulated Brillouin scattering and coherent generation of intense hypersonic waves.
Phys. Rev. Lett. 12, 592-595 (1964).
2. Dainese, P. et al. Stimulated Brillouin scattering from multi-GHz-guided acoustic phonons in nanostructured photonic crystal
fibres. Nature Phys. 2, 388-392 (2006).
3. Kobyakov, A., Sauer, M. & Chowdhury, D. Stimulated Brillouin scattering in optical fibers. Adv. Opt. Photonics 2, 1-59 (2010).
4. Kang, M. S., Nazarkin, A., Brenn, A. & Russell, P. S. J. Tightly trapped acoustic phonons in photonic crystal fibres as highly nonlinear
artificial Raman oscillators. Nature Phys. 5, 276-280 (2009).
5. Pant, R. et al. On-chip stimulated Brillouin scattering. Opt. Express 19, 8285-8290 (2011).
6. Tomes, M. & Carmon, T. Photonic micro-electromechanical systems vibrating at x-band (11-GHz) rates. Phys. Rev. Lett. 102, 113601
(2009).
7. Byrnes, A. et al. Photonic chip based tunable and reconfigurable narrowband microwave photonic filter using stimulated Brillouin
scattering. Opt. Express 20, 18845-18854 (2012).
8. Choudhary, A. et al. Advanced Integrated Microwave Signal Processing with Giant on-Chip Brillouin Gain. J. Lightwave Technol. 35,
846-854 (2017).
9. Okawachi, Y. et al. Tunable all-optical delays via Brillouin slow light in an optical fiber. Phys. Rev. Lett. 94, 153902 (2005).
10. Song, K. Y., Herraez, M. & Thevenaz, L. Observation of pulse delaying and advancement in optical fibers using stimulated Brillouin
scattering. Opt. Express 13, 82-88 (2005).
11. Song, K. Y., Abedin, K. S., Hotate, K., Herraez, M. G. & Thevenaz, L. Highly efficient Brillouin slow and fast light using As2Se3
chalcogenide fiber. Opt. Express 14, 5860-5865 (2006).
12. Pant, R, Stenner, M. D., Neifeld, M. A. & Gauthier, D. ]. Optimal pump profile designs for broadband SBS slow-light systems. Opt.
Express 16, 2764-2777 (2008).
13. Pant, R. et al. Photonic chip-based tunable slow and fast light via stimulated Brillouin scattering. Opt. Lett. 37, 969-971 (2012).
14. Kurashima, T., Horiguchi, T. & Tateda, M. Distributed-temperature sensing using stimulated Brillouin scattering in optical silica
fibers. Opt. Lett. 15, 1038-1040 (1990).
15. Hill, H. O., Kawasaki, B. S. & Johnson, D. C. CW Brillouin laser. Appl. Phys. Lett. 28, 608-609 (1976).
16. Kabakova, I. V. et al. Narrow linewidth Brillouin laser based on chalcogenide photonic chip. Opt. Lett. 38, 3208-3211 (2013).
17. 14, ]., Lee, H., Chen, T. & Vahala, K. J. Characterization of a high coherence Brillouin microcavity laser on silicon. Opt. Express 20,
20170-20180 (2012).
18. De Leonardis, F, Troia, B., Soref, R. A. & Passaro, V. M. N. Theoretical demonstration of Brillouin lasing effect in racetrack
resonators based on germanium waveguides in the mid-infrared. Opt. Lett. 41, 416-419 (2016).
19. Otterstrom, N. T., Behunin, R. O,, Kittlaus, E. A., Wang, Z. & Rakich, P. T. A Silicon Brillouin laser. arXiv 1705.05813v1, [Physics-
Optics] (2017).
20. Li, J., Suh, M. & Vahala, K. Microresonator Brillouin Gyroscope. Optica 4, 346-348 (2017).
21. Eggleton, B. ], Poulton, C. G. & Pant, R. Inducing and harnessing stimulated Brillouin scattering in photonic integrated circuits.
Adv. Opt. Photon. 5, 536-587 (2013).
22. Qiu, W. et al. Stimulated Brillouin scattering in nanoscale silicon step-index waveguides: a general framework of selection rules and
calculating SBS gain. Opt. Express 21, 31402-31419 (2013).
23. Wolff, C.,, Steel, M. J., Eggleton, B. J. & Poulton, C. G. Stimulated Brillouin scattering in integrated photonic waveguides: forces,
scattering mechanisms and coupled mode analysis. Phys. Review A 92, 013836 (2015).
24. Wolff, C., Soref, R. A., Poulton, C. G. & Eggleton, B. ]. Germanium as a material for stimulated Brillouin scattering in the mid-
infrared. Opt. Express 22, 30735-30747 (2014).
25. Guo, X., Zou, C. L. & Tang, H. X. Second-harmonic generation in aluminum nitride microrings with 2500%/W conversion
efficiency. Optica 3, 1126-1131 (2016).
26. Weber, M. J. Handbook of Optical Materials, CRC PRESS 2003, ISBN 0-8493-3512-4, 1-200.
27. Piprek, J. Nitride Semiconductor Devices: Principles and Simulation, Wiley.
28. Soltani, M., Soref, R. A, Palacios, T. & Englund, D. AlGaN/AIN integrated photonics platform for the ultraviolet and visible spectral
range. Opt. Express 24, 25415-25423 (2016).
29. Ye, Z. Q., Dong, Y., Cao, B. & Guo, Z. Y. Study of viscosity of phonon gas. Journal of Engineering Thermophysics 35, 1637-1641
(2014).
30. Poulton, C. G., Pant, R. & Eggleton, B. J. Acoustic confinement and stimulated Brillouin scattering in integrated optical waveguides.
J. of the Optical Society of America B 30, 2657-2664 (2013).
31. Zhu, X,, Gao, X., Song, H., Han, G. & Lin, D. Y. Effects of vacancies on the mechanical properties of zirconium: An ab initio
investigation. Materials & Design 119, 30-37 (2017).
32. Lin, G. et al. Cascaded Brillouin lasing in monolithic barium fluoride whispering gallery mode resonators. Appl. Phys. Lett. 105,
231103 (2014).
33. Li, ], Lee, H. & Vahala, K. J. Low-noise Brillouin laser on a chip at 1064 nm. Opt. Lett. 39, 287-290 (2014).
34. Mirnaziry, S. R. et al. Lasing in ring resonators by stimulated Brillouin scattering in the presence of nonlinear loss. Opt. Express 25,
23619-23633 (2017).
35. Morrison, B. et al. Compact Brillouin devices through hybrid integration on silicon. Optica 4, 847-854 (2017).
36. De Leonardis, F, Troia, B., Soref, R. A. & Passaro, V. M. N. Investigation of germanium Raman lasers for the mid-infrared. Opt.
Express 23, 17237-17254 (2015).
37. De Leonardis, E, Soref, R. A, Soltani, M. & Passaro, V. M. N. Broadband biphoton generation and statistics of quantum light in the
UV-visible range in an AlGaN microring resonator. Scientific Reports 7, 11387 (2017).
38. Watanabe, N., Kimoto, T. & Suda, J. Thermo-Optic Coefficients of 4H-SiC, GaN, and AIN for Ultraviolet to Infrared Regions up to
500°C. Japanese Journal of Appl. Phys. 51 (2012).

SCIENTIFICREPORTS| (2018) 8:14849 | DOI:10.1038/s41598-018-33183-7 12



www.nature.com/scientificreports/

39. Comsol Multiphysics, ver. 3.2, single license (COMSOL Inc., Stockholm, Sweden), (2005).

40. Dasgupta, S. et al. Modeling Brillouin Gain Spectrum of Solid and Microstructured Optical Fibers Using a Finite Element Method.
J. Lightwave Technol. 29, 22-30 (2011).

41. Laudea, V. & Beugnot, J.-C. Generation of phonons from electrostriction in small-core optical waveguides. AIP Advances 3(042109),
1-12 (2013).

Acknowledgements

The authors wish to thank Richard Mildren for helpful discussions on the AlGaN bulk Stokes shift. RAS
acknowledges support from the Air Force Office of Scientific Research on grant FA9550-17-1-0354. MS
acknowledges the support from Office of the Director of National Intelligence (ODNI), Intelligence Advanced
Research Projects Activity (IARPA), via Raytheon BBN Technologies Corp. Contract number 2017-17063000002.
The views and conclusions contained herein are those of the authors and should not be interpreted as necessarily
representing the official policies, either expressed or implied, of ODNI, IARPA, or the U.S. Government. The U.S.
Government is authorized to reproduce and distribute reprints for governmental purposes notwithstanding any
copyright annotation therein.

Author Contributions

ED.L. investigated the physical model and carried out calculations, while R.A.S., M.S. and V.M.N.P. supervised
the work and gave critical reading and adjustments to the paper. All the authors discussed the main achievements
of the work.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

G | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:14849 | DOI:10.1038/s41598-018-33183-7 13


http://creativecommons.org/licenses/by/4.0/

	Stimulated Brillouin Scattering in an AlGaN Photonics Platform Operating in the Visible Spectral Range

	Theory

	Results

	Backward SBS. 
	Forward SBS. 
	Racetrack Brillouin Laser. 

	Conclusions

	Methods

	Acknowledgements

	Figure 1 (a) Wurtzite structure in the crystallographic coordinate system (Ox′y′z′) (b) Cross section of an AlGaN Waveguide on a Sapphire substrate AlGaN and sapphire are wurtizite crystals (c) Waveguide frame of reference (Oxyz) and crystallographic axes
	Figure 2 (a) BSBS power gain for an AlGaN waveguide as a function of waveguide width, for both Sapphire/Al0.
	Figure 3 Color-maps of the longitudinal component of the mechanical displacement.
	Figure 4 (a) Calculated BSBS features (Stokes shift and power gain), assuming Qfactor = 3000, and λp = 450 nm.
	Figure 5 (a) BSBS power gain as a function of the defect-induced Δc, assuming: H = 300 nm, W = 236 nm, λp = 450 nm, Qfactor = 3000 and air cover (b) Longitudinal component of the mechanical displacement for Sapphire/Al0.
	Figure 6 (a) Calculated inter-modal FSBS and BSBS features (Stokes shift and power gain) at 450 nm wavelength.
	Figure 7 (a) Threshold power as a function of the pump resonance mismatch and pump coupling factor (b) Intra-cavity Stokes power as a function of the input pump power for different values of the pump coupling.
	Figure 8 Mismatch between the lasing frequency and the resonance cavity frequency as a function of the input pump power for different values of the pump coupling factor.
	Table 1 Values of material parameters.
	Table 2 Qualitative performances for different waveguiding strcuctures.
	Table 3 BSBS parameters for different materials.




