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Strong acousto-optic interaction in high-index waveguides and cavities generally requires the releas-
ing of the high-index core to avoid mechanical leakage into the underlying low-index substrate. This
complicates fabrication, limits thermalization, reduces the mechanical robustness, and hinders large-
area optomechanical devices on a single chip. Here, we overcome this limitation by employing vertical
photonic-phononic engineering to drastically reduce mechanical leakage into the cladding by adding a
pedestal with specific properties between the core and the cladding. We apply this concept to a silicon-
based platform, due to the remarkable properties of silicon to enhance optomechanical interactions and
the technological relevance of silicon devices in multiple applications. Specifically, the insertion of a
thick silicon nitride layer between the silicon guiding core and the silica substrate contributes to reducing
gigahertz-frequency phonon leakage while enabling large values of the Brillouin gain in an unreleased
platform. We numerically obtain values of the Brillouin gain around 300 (Wm)~' for different config-
urations, which could be further increased by operation at cryogenic temperatures. These values should
enable Brillouin-related phenomena in centimeter-scale waveguides or in more compact ring resonators.
Our findings could pave the way toward large-area unreleased-cavity and waveguide optomechanics on
silicon and other high-index photonic technologies.

DOI: 10.1103/PhysRevApplied.15.034021

I. INTRODUCTION

Stimulated Brillouin scattering (SBS) is a nonlinear pro-
cess arising from photon-phonon interaction in material
systems supporting both optical and acoustic propagat-
ing waves [1,2]. For many years, optical fibers have been
the most extended platform to observe SBS and related
phenomena [3]. Indeed, many applications—mainly in
the context of microwave photonics [4]—have been
developed, spanning from tunable microwave filters [5]
to optical pulse storage [6]. The current trend toward
miniaturization and on-chip integration of optical devices
has also been followed in SBS-related phenomena and
applications [7]. Initial demonstrations of on-chip SBS
made use of a chalcogenide glass (Al,S3) as the guiding
core material for both light and sound [8]. As in opti-
cal fibers, acousto-optic (AO) interaction via electrostric-
tion and photoelasticity in the waveguide core is mainly
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responsible for the SBS [9]. Despite the fact that this
approach enables large Brillouin gain and multiple SBS-
based on-chip functionalities [10,11], it is not compatible
with CMOS technology, which prevents massive inte-
gration with mainstream silicon photonic and electronic
components.

Silicon was originally disregarded as an appropriate
material for integrated SBS, since when placed over sil-
ica—as in standard silicon-on-insulator wafers—it cannot
confine mechanical waves, which prevents strong AO cou-
pling [12]. SBS in silicon waveguides requires the waveg-
uide to be at least partly released so that phonon pathways
toward the silica substrate are strongly inhibited [13—15].
Notably, the strong field confinement in a high-index
wavelength-size silicon core not only results in enhanced
AO volumetric interaction due to the large photoelastic
effect in silicon but, in addition, the photon-phonon inter-
action is mediated by the radiation pressure exerted by the
optical field on the interfaces, which scales up with the
electric permittivity contrast at the boundary [9,16]. This
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has led to experiments reporting values of the Brillouin
gain (G3) well above 103 1/W m [14,15], which confirms
the appropriateness of silicon as a material for integrated
SBS. However, besides some recent exciting demonstra-
tions, such as the case of a silicon Brillouin laser [17], the
need for partial release of the silicon core complicates the
fabrication (as it requires HF baths), reduces thermal dissi-
pation, prevents the introduction of more sophisticated AO
elements (required for building chip-scale data processors
based on SBS [7]), and reduces the mechanical robustness
of the device. Therefore, a silicon-compatible platform dis-
playing mechanical robustness, large Brillouin gain, and
low propagation losses while simultaneously not requiring
the release of the silicon core is still lacking [7].

Recently, an approach for unreleased-silicon SBS
based on a geometric softening technique has been pro-
posed [18]. Here, two high-aspect-ratio silicon waveguides
placed on a silica substrate and spaced by a thin slot have
been shown to provide large Gy values for both back-
ward and forward configurations. However, fabrication of
this slotted structure becomes complicated because of the
thin slot and optical propagation losses may become quite
large because of the large area of the sidewall bound-
aries, so SBS has not been demonstrated in this system.
Silicon nitride waveguides have also been shown to be
good candidates for unreleased SBS-based devices, mainly
because they show extremely low linear losses and neg-
ligible two-photon absorption [19]. In this case, phonons
are not confined in the waveguide core, which results
in Gp values that are orders of magnitude smaller than
in released silicon waveguides [20] and, consequently, a
high operating optical power and ultralong waveguides are
required.

In this work, we introduce an unreleased silicon-based
waveguide that can be lithographically defined to confine
both optical and mechanical waves in the silicon core

and provide large G values. We engineer the waveguide
vertically by inserting a thick silicon nitride layer between
the top silicon waveguide and the silica substrate. This
reduces phonon leakage enormously and enables strong
localization of the mechanical field in the silicon core,
which leads to (G ~ 300 1/Wm) in both forward-
and backward-stimulated Brillouin scattering processes at
room temperature. Moreover, Gz can be enhanced up to
10° 1/W m at low temperature as a result of larger mechani-
cal Q factors. From the fabrication point of view, the whole
structure could be fabricated using standard fabrication
processes, such as chemical-vapor deposition, lithography
(either electronic or optical), and etching, not requiring
either partial or full releasing via HF baths.

I1. DESCRIPTION OF THE
PHOTONIC-PHONONIC WAVEGUIDING SYSTEM

The key idea of our AO waveguiding system is to place,
between the high-index guiding core (silicon) and the low-
index substrate (silica), an intermediate layer made of a
material having both a refractive index lower than that of
silicon (to ensure photon confinement in the silicon layer)
and a sound speed higher than that of silicon (to avoid
phonon leakage from silicon to silica). We choose silicon
nitride (Si3N4) to build this intermediate layer, which is
completely compatible with silicon photonics technology.
Notably, even though it depends on its state (crystalline
or amorphous) as well as the deposition method, both the
speed of sound and stiffness are higher in Si;N4 than in sili-
con [20—22], which is a basic requirement for the reduction
of mechanical leakage from the silicon core to the silica
substrate.

Figure 1(a) shows a transverse cross section of the
proposed waveguiding system: a silicon (Si) core (width
w, thickness b) lies upon a Si;Ny4 layer (width w, total
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FIG. 1. The Si-Si3N, photonic-phononic waveguide. (a) The material cross section of the waveguiding structure. (b) The calculated
dispersion relation of the TE-like and TM-like optical guided modes with the optical wave vectors involved for each mode. The insets
show the computed £, and E. components of the optical TE-like and TM-like waveguide modes, respectively. (c) The calculated
dispersion relation for the mechanical modes. The interfaces between Si/Si3N, and air are treated as free boundaries and perfectly
matched layer conditions are imposed at the substrate-limit interfaces. Here, the color scale shows the acoustic localization factor
of the mechanical mode within the silicon core (this factor is 1 for a mechanical mode completely confined in the silicon core).
The optical and mechanical wave vectors involved in some of the calculations in the text are also depicted in (b) and (c), respectively.
The dimensions of the waveguide in (b) and (c) are w = 325 nm, b = 0.9w, ¢ = 450 nm, and ¢ = 600 nm.
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thickness ¢, etched thickness e) that is placed over a sil-
ica substrate, which we assume to be semi-infinite. For
the numerical simulations, we consider that the refrac-
tive indices of the involved materials at telecom wave-
lengths are ns; = 3.48, ngjo, = 1.44, and ns;;n, = 2. By
choosing the dimensions properly, the waveguiding sys-
tem can support a set of optical guided modes (namely,
the TE-like and TM-like modes) in the relevant telecom
band, as depicted in Fig. 1(b). To perform mechanical
simulations, we choose the following parameters. The
photoelastic constants in contracted notation are [p;; =
—0.09, p12 = 0.017, pgg = —0.051] for silicon [23], which
is also assumed to be an anisotropic material with a den-
sity p = 2329 (kg/m’) and stiffness constants in Voigt
notation of [c;; = 2.17 x 10"}, ¢, = 4.83 x 10'°, ¢4y =
6.71 x 10'°] (Pa) [24,25]. For the silica substrate, we
consider [p1; = 0.121, p1; = 0.27, pss = —0.075] as pho-
toelastic constants [26] while to define the mechanical
properties we use a Young’s modulus of 73.1 (Pa), a Pois-
son’s ratio of v = 0.17, and a density p = 2203 (kg/m?).
Finally, Si;Ny is also considered to be an anisotropic mate-
rial with p = 3100 (kg/m’) and stiffness constants of
[c11 =433 x 10!, ¢33 = 5.74 x 10!, ¢4y = 5.74 x 101,
Co6 = 1.19 x 10”, Clp = 1.95 x 10”, Cc13 = 1.25 x 10”]
(Pa) [27]. Note that the photoelastic coefficients of the
Si3N4 are assumed to be equal to those of silica, as
they are largely unknown in the literature [28], though
a recent experiment has reported an experimental value
p12 = 0.047 [20]. With these mechanical parameters and
the previous dimensions of the waveguide, we obtain a set
of mechanical modes as shown in Fig. 1(c), where ¢ is the
wave vector along the axis of the waveguide. More details
of the mechanical simulations, including the effect of the
area of the substrate considered in the calculations, can be
found in the Supplemental Material [29].

Note that the mechanical dispersion relation shows all
the modes that we can find in the structure and the color
scale represents the acoustic localization factor in the sili-
con core, calculated as (fS1 alSIulz)/(fS2 dS|u|?), where u
is the total mechanical mode displacement and S1 and
S2 denote the silicon core and the full cross section
under consideration, respectively. The darker lines repre-
sent a localization close to unity, which means that the
mechanical mode is well located in the silicon region.
In contrast, the lighter lines show less localized modes.
In Fig. 1(c), the mechanical modes with the highest
Brillouin gain (see below) for different intramodal and
intermodal configurations are highlighted. The mechani-
cal modes termed A and C give the highest Gp values
in the case of forward intramodal TE and TM cou-
pling, respectively. The mechanical mode B is involved
in both backward intramodal TE-TE and TM-TM inter-
actions, while the mechanical mode D is the one that
gives a higher Gp value in backward intermodal TE-TM
SBS.

III. AO INTERACTION AND BRILLOUIN GAIN

Propagating optical and mechanical modes interact via
volumetric and surface processes as long as energy and
momentum are conserved [7,9,12]. In an AO waveguid-
ing system such as the one presented here, G for a certain
mechanical mode can be obtained as follows [23]:

200, I(f, um>|2
Gp=—; ,
2, (Pp)(Ps)(up, puy)

(M

where m is the mechanical mode number (omitted in
what follows for the sake of simplicity), (i, pty) 1S
the mechanical mode effective mass, (P) = %vg(E,eE)
is the averaged Poynting vector for guided pump
(“p”) and Stokes (“s”) waves, E = (E,e/fp¥terd 4
E e/ "k tesdy 12 4 cc. is the electric field, D = €E is the
displacement field, € is the material permittivity, v, is the
group velocity, f is the optical force, u = u, X + u,y + u.z
is the elastic displacement caused by the total optical
power created by the pump and Stokes waves, and €2,, and
0,, are the frequency and the mechanical quality factor of
the involved mechanical mode at g = &, — k.

Note that in the calculations performed in Secs. IV
and V, we assume a mechanical Q factor O,, = 10°, mean-
ing that the mechanical damping is limited by material
losses [30]. This is a typical convention followed in cav-
ity and waveguide optomechanics at gigahertz frequencies
when operated at room temperature. However, in our cal-
culations below, we retain the original mechanical quality
factor for modes showing Q,, < 10° in simulations, in
order to not overestimate leaky modes. In Sec. VI, we
include a discussion on the situation when operating at
cryogenic temperatures where much higher mechanical O
factors can be expected.

As a result of the continuous translational symmetry
along the propagation axis, the overlap between the opti-
cal and mechanical fields in Eq. (1) is defined by the inner
product between two vector fields with integration over the
whole waveguide cross section, S:

(A,B) = / dS(A - B*). 2)
S

We consider the total optical force f exerted by pump and
Stokes waves and originating from electrostriction bulk
and interface forces as well as radiative pressure [23].
The elastodynamics equation, including the electrostrictive
stress induced by the optical field, reads as follows [31]:

Bzui es
P~ lemttntl = =0y 3)
where ¢ is the rank-4 tensor of elastic constants, 05“' =
—%eo xuij ExE; is the electrostrictive stress tensor, with
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the rank-4 susceptibility tensor xuw; = €um€mPmnij (0"53 =

—%eoekmelnpmngEkEl), DPmnij 1s the photoelastic tensor, and
€o 1s the permittivity of vacuum.
Finally, the overlap between the optical and mechanical

fields in Eq. (1) is defined as

(f,u) = / f dS(®S - u*) + f dI(F®S - u*)
S EN
+ yﬁ dIER" - u*), @)
EN

where fFS = —V& is the electrostriction (bulk) force,

FB = @M —5@).n is the electrostriction interface
force, and FRP = (T) — T@) . n is the radiative pressure,
n being the normal to the boundary between contacting
media. Here, the index (1) describes the internal medium
and (2) describes the outward medium of the interface. The
radiative pressure is defined by the Maxwell stress ten-
sor, Tj; = eoe(EiE; — %8,-,-E2), and can be reduced to the
expression

RP_l . o=l —1 __ _—1 *
F = 2[80(81 e En Ly, — &) (& &y, )Dp, D3] - M.
(5)
IV. FORWARD-STIMULATED BRILLOUIN
SCATTERING

In the case of released silicon waveguides, mechanical
modes are completely guided even when g = 0 because
phonons cannot escape from the silicon core. Therefore,
large values of Gy in forward-stimulated Brillouin scat-
tering (FSBS) processes are obtained by simulations [23]
and confirmed experimentally [14]. When the silicon—or
Si;N4——core is on top of a silica substrate, there is no way
to confine the phonons in that location since the sound
velocity in silica substrate is lower than in the core. In
our system, even though the mechanical modes at ¢ =~ 0
(required for FSBS) are leaky (or, in other words, ideally
they do not have an infinite mechanical Q factor), they can
still be largely confined inside the silicon core, as shown
in Fig. 1(c) (see also the results below). This is because
the intermediate SizNy4 layer partially prevents the leakage
of phonons into the silica substrate. Therefore, we perform
numerical calculations to evaluate G for the FSBS process
in two situations: intramodal interaction between either TE
or TM optical modes.

The results for intramodal TE FSBS are summarized
in Fig. 2. Here, we can observe the profiles of the opti-
cal forces obtained from bulk and interface electrostrictive
(red) and radiation (blue) pressure effects [Fig. 2(a)]. For
these force profiles, the mechanical mode termed A in
Fig. 1(c) gives the highest gain. The displacement of this
mechanical mode, which has an acoustic localization fac-
tor of 0.989 and a theoretical Q factor—that is, neglecting

(a) (b)
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FIG. 2. The intramodal TE FSBS interaction at ¢ = 0. (a) The
optical-force distributions arising from the interaction of two
copropagating TE-like modes (Stokes and pump waves). The
left panel shows the bulk electrostrictive force (red) and the
right panel shows the electrostrictive (red) and radiation-pressure
(blue) interface forces. (b) The total displacement of the mechan-
ical mode with the highest G [termed A in Fig. 1(c)]. (c) The
normalized confinement distribution of the total accumulated dis-
placement (blue) and the maximum displacement (red). (d) The
total Brillouin gain G (green) and its electrostrictive (red) and
radiation-pressure (blue) contributions as a function of the etch-
ing depth e of the Si3N4 layer for a structure with dimensions
w = 325 nm, b = 0.9w, and ¢ = 600 nm. (e) The total Brillouin
gain Gp (green) and its electrostrictive (red) and radiation-
pressure (blue) contributions as a function of the waveguide
width w for e = 450 nm and 7 = 600 nm. In (d) and (e), the
mechanical frequency is depicted in yellow.

material losses—of 2 x 10°, is depicted in Fig. 2(b), where
it can be appreciated that the displacement field is mainly
located at the top interface of the silicon core. The strong
localization in the silicon core is confirmed by calculat-
ing the accumulated mechanical displacement, obtained as

Uyt = ff‘i i2 |u|*dy, and the maximum displacement as a
function of the height, as depicted in Fig. 2(c). This leads
to relatively large Gp values (G g ~ 300 1/W m) for the
mechanical mode A as long as the etching e is deeper
than 250 nm [Fig. 2(d)]. Indeed, the general trend is that
the Brillouin gain grows with e and finally saturates when
there is full etching of the silicon nitride layer (e = ?).
When calculating the Brillouin gain as a function of w,
we can see that there is a waveguide width that maximizes
the gain, as shown in Fig. 2(e). Importantly, changing the
waveguide width also allows us to tune the mechanical fre-
quency f,,. As shown in Fig. 2(e), changing the waveguide
width from 290 to 450 nm tunes f,, between approximately
8 GHz and approximately 12 GHz. This is an important
feature because it may allow us to tune the Brillouin fre-
quency across the whole X band, which is very important
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in many microwave applications. As the mechanical mode
is mainly confined on the edges of the upper surface of
the silicon region, as can be appreciated in Fig. 2(b), the
main contribution to the total Brillouin gain is given by
the radiation-pressure force at that interface. Regarding the
electrostrictive contribution, it has to be noted that the field
profiles of the bulk and interface contributions have oppo-
site directions, resulting in a destructive interference of the
total contribution. Nevertheless, the radiation pressure and
the total electrostrictive contributions interfere construc-
tively for this configuration, leading to the relatively large
calculated values of the Brillouin gain.

The results for intramodal TM FSBS are summarized
in Fig. 3. Again, we obtain relatively large values of Gy
[Fig. 3(d)], peaking close to 300 1/W m. As in the previous
case, we also observe that changing the waveguide width
w allows us to tune the mechanical frequency and opti-
mize the AO coupling. Indeed, the best configuration can
be found for e ~ 400 nm and w ~ 360 nm, with a mechan-
ical frequency f,, &~ 13 GHz. Here, the main contribution
to the total gain comes from the electrostrictive effect, for
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FIG. 3. The intramodal TM FSBS interaction at ¢ = 0. (a) The
optical-force distributions arising from the interaction of two
copropagating TM-like modes (Stokes and pump waves) for
FSBS. The left panel shows (in red) the bulk electrostrictive
force and the right panel shows the electrostrictive (red) and
radiation-pressure (blue) interface forces. (b) The calculated dis-
placement of the mechanical mode with the highest G [termed
C in Fig. 1(c)]. (c) The normalized distribution of the total accu-
mulated displacement (blue) and maximum displacement (red)
as a function of the height of the structure. (d) The total G gain
(green) and its electrostrictive (red) and radiation-pressure (blue)
contributions as a function of the etching depth of the SizNy4
layer for a structure with dimensions w = 325 nm, » = 0.9w, and
t = 600 nm. (e) The total Gy (green) and its electrostrictive (red)
and radiation-pressure (blue) contributions as a function of the
waveguide width w for e = 450 nm and ¢ = 600 nm. In (d) and
(e), the mechanical frequency is depicted in yellow.

which the bulk and interface field profiles now have the
same direction in the region where the mode is localized.
The main difference with respect to the TE case is that the
mechanical mode that couples with the force distributions
[Fig. 3(b)] in this configuration is not so well confined in
the silicon core as before. This relatively poor confinement
can also be observed in Fig. 3(c), where it is seen that part
of the mechanical displacement is in the pedestal region,
as well as from the calculation of the acoustic localization
factor, which is now approximately 0.5, and the calculated
mechanical quality factor, which is 10%. In this case, as
the calculated Q,, is lower than 10%, the upper limit due
to material losses at room temperature, we use Q,, = 10?
in the calculations of the Brillouin gain.

V. BACKWARD-STIMULATED BRILLOUIN
SCATTERING

The process of backward-stimulated Brillouin scatter-
ing (BSBS) involves large-¢ mechanical modes that should
ideally be placed below the sound line of the silica sub-
strate in order to completely suppress mechanical leakage.
Additionally, mechanical modes over the sound line could
be well confined in the silicon core and give rise to strong
AO interaction and a large Brillouin gain, as above in the
case of FSBS. In our study, we first consider intramodal
BSBS resulting from the interaction of two counterpropa-
gating TE-like optical modes and again select the mechan-
ical mode providing a larger G [in the case, the mode B
in Fig. 1(c)]. We obtain Gz ~ 340 1/Wm at frequencies
fm ~ 12.4 GHz for the dimensions specified in Fig. 4(d).
In this configuration, the electrostrictive contribution in the
total gain is nearly zero. This results from the destructive
interference between both the bulk and the interface forces
that, as seen in Fig. 4(b), are opposing. Besides that, we
obtain a mechanical mode that is highly localized in the
silicon core [Figs. 4(b) and 4(c)]. In this case, the calcu-
lated mechanical quality factor is 2.8 x 107, much larger
than in the forward configuration. This could be explained
as being due to the fact that, unlike the modes at ¢ & 0, this
mechanical mode is placed below the longitudinal speed
of sound in silica, as observed in Fig. 1(c). Regarding the
acoustic localization factor, we obtain a value of 0.9993, in
accordance with a high localized mechanical mode.

In the case of the backward intramodal TM configu-
ration (Fig. 5), we observe that unlike in the intramodal
TE BSBS case, the electrostriction contribution gain
now reaches values around 600 1/W m. However, the
radiation-pressure and electrostriction contributions inter-
fere destructively, thus resulting in G =~ 220 1/Wm for
the mode termed B in Fig. 1(c) [see the displacement pro-
file in Fig. 5(b)]. Nevertheless, as the mechanical mode
has a large acoustic localization factor (0.9995) as well as
an ultrahigh mechanical quality factor (Q,, = 2.3 x 107)
there is a slight improvement in the total gain when
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FIG. 4. The intramodal TE BSBS interaction at ¢ = 2krg. (a)
The optical-force distributions arisen from the interaction of two
counterpropagating TE-like modes. The left panel shows the
bulk electrostrictive force while the right panel shows the elec-
trostrictive (red) and radiation-pressure (blue) interface forces.
(b) The total mechanical displacement of the mode with the
highest Gp [termed B in Fig. 1(c)]. (c¢) The normalized dis-
tribution of the total accumulated displacement (blue) and the
maximum displacement (red). (d) The total Brillouin gain (green)
and its electrostrictive (red) and radiation-pressure (blue) contri-
butions as a function of e for waveguide dimensions w = 325
nm, b = 0.9w, and ¢ = 600 nm. In (d), the mechanical frequency
is depicted in yellow.

the etching depth increases. Still, these values could be
sufficient for practical applications.

We also calculate the Brillouin gain for the intermodal
TE-TM interaction. Even though the results are not shown
here for the sake of simplicity, the calculated values are
lower than in the case of intramodal interactions. This is
probably due to the fact that the mode that gives the high-
est gain for this configuration at ¢ = krty — krg 1s the mode
termed D in Fig. 1(c), which has a localization that is
poorer than for the other mechanical modes even at high
wave vectors. Still, further design of the waveguide may
result in large Gp values for intermodal interaction.

VI. ENHANCEMENT OF THE BRILLOUIN GAIN
AT LOW TEMPERATURE

As we note in previous sections, the mechanical Q factor
is assumed to be 0,, = 103 because the mechanical damp-
ing is limited by the material loss at room temperature.
However, this is not the case if we work at low temper-
atures, where the Q,, factor can be enhanced up to much
higher values [30]. If we study the evolution of the ideal
mechanical quality factor (that is, as obtained from the
simulations and neglecting material losses) of the mechani-
cal modes involved in our configurations, we can see that it
grows as the etching of the Si3N4 layer e is increased up to
its maximum (which is the maximum thickness of the sil-
icon nitride layer, # = 600 nm). This effect is clearly seen
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FIG. 5. The intramodal TM BSBS interaction at ¢ = 2kry.
(a) The optical-force distributions arising from the interaction of
two counterpropagating TM-like modes. The left panel shows
the bulk electrostrictive force (red) and the right panel shows
both the electrostrictive (red) and radiation-pressure (blue) inter-
face forces. (b) The total mechanical displacement of the mode
with the highest gain [termed B in Fig. 1(c)]. (¢) The normal-
ized distribution of the total accumulated displacement (blue)
and the maximum displacement (red). (d) The Brillouin gain
(green) and its electrostrictive (red) and radiation-pressure (blue)
contributions as a function of e for w = 325 nm, b = 0.9w, and
t = 600 nm. The mechanical frequency is depicted in yellow.

in Fig. 6(a) for the case of the intramodal TE FSBS inter-
action. Here, we can also see the evolution of the acoustic
localization factor (in yellow) in the silicon core as a func-
tion of e. It can be appreciated that the mechanical mode
is almost totally confined (the localization factor is almost
1) regardless of the etching depth e and it is only reduced
in the case in which there is no pedestal and the silicon
waveguide lies on a SizNy substrate. The modified low-
temperature Brillouin gain, taking into account the ideal
0O, and introducing it in Eq. (1), is shown in Fig. 6(b).
This means that for the same situation as the one described
in Fig. 2(d), the total Brillouin gain is increased from 300
1/Wm up to 1.5 x 10° 1/W m, which should be attainable
when operating at cryogenic temperatures.

VII. PRACTICAL IMPLEMENTATION

Although the focus is on the theoretical treatment of
unreleased silicon waveguides, here we introduce a poten-
tial route for implementation of the optomechanical system
that we propose. The AO performance of the waveguid-
ing structure under study and, in particular, its ability to
confine mechanical waves in the silicon core, depend on
the mechanical behavior of the intermediate layer. In our
calculations, we model the Siz;Ny4 layer assuming that it is
crystalline and using the parameters reported in Ref. [27].
The mechanical properties of stoichiometric Si3N4 depend
only slightly on the crystal lattice orientation [32] and on
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FIG. 6. The intramodal TE FSBS interaction at
g = 0 at low temperature (assuming that mechan-

ical damping is not limited by material losses).
(a) O (purple) and the acoustic localization factor
(yellow) as a function of e. (b) The Brillouin gain
as a function of e for w = 325 nm, b = 0.9w, and
t = 600 nm calculated using the ideal Q,, factor
in (a).
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whether the material is single crystalline or polycrystalline.
A straightforward route for fabrication is to use single-
crystalline Si3Ny4 substrates with an epitaxial nitride layer,
on top of which a thin layer of silicon is deposited and
patterned to form the waveguides. The drawback here is
the very high cost of the substrates and the limited integra-
bility with the standard silicon technology. Low-pressure
chemical-vapor deposition (LPCVD) is a common method
for the deposition of SizNy films on silicon or silicon diox-
ide. The challenge with LPCVD is the very high tensile
stress built into stoichiometric nitride films. The solution
is to grow silicon-rich low-stress silicon nitride (SiN,) and
the most plausible method for fabrication is to follow the
design shown in Fig. 1, with a thick thermal oxide on
a silicon substrate and replacement of the stoichiomet-
ric Si3zN4 by SiN,. The tensile stress of SiN, is of the
order of a few hundreds of MPa, which can be matched
with the tensile stress of nanocrystalline silicon, form-
ing the waveguide. The tensile stress of nanocrystalline
silicon can be tuned from a few tens of MPa to a few hun-
dreds of MPa by thermal treatment [33,34]. Furthermore,
nanocrystalline silicon has optical and mechanical prop-
erties that are very similar to those of crystalline silicon,
making it suitable for the waveguides. The excess of Si
in low-stress SiN, increases the refractive index slightly,
which has to be taken into account when designing the
devices [35], though the index will be always lower than
in the silicon (either crystalline or nanocrystalline) core.
Importantly, the speed of sound in amorphous SiN, lay-
ers deposited using LPCVD is quite similar to the value
we use in our calculations [36], so mechanical leakage
will be extremely suppressed. Once the stack with matched
stress is available, the patterning of the waveguides is
straightforward by optical or e-beam lithography and dry
etching.

One might think that removing the silica substrate would
completely solve the problem of mechanical leakage. This
could be done by assuming a semi-infinite silicon nitride
substrate, on top of which the silicon core is defined.
However, this solution is quite unrealistic because it is
technologically challenging to build thick (> 1 um) SizNy
layers that do not break due to tensile stress. Another

choice might consist of replacing the silica substrate by
silicon. However, the optical waves would not be fully
confined in the upper silicon core due to the high index
of the silicon substrate unless the Si3N4 layer was very
thick, which would lead to the same fabrication issues as
mentioned previously.

VIII. CONCLUSIONS

In summary, we show an approach toward unreleased-
cavity and waveguide optomechanics in silicon technol-
ogy. The presented structure relies on vertical engineering:
a thick layer of silicon nitride separates the silicon core
from the silica substrate, thus reducing the mechanical
leakage into the substrate while enabling lossless pho-
tonic guidance in the silicon core. Values of the Bril-
louin gain around 300 1/Wm can be achieved in sev-
eral configurations for mechanical modes with frequen-
cies above 10 GHz when a mechanical Q factor equal
to 10° is considered, which is usually the case in room-
temperature optomechanics in silicon. Much higher val-
ues of the Brillouin gain are attainable assuming oper-
ation at low temperature, because of the decrease of
the acoustic material losses and the subsequent increase
of the mechanical Q factor. Indeed, our approach is
highly appropriate for quantum optomechanics at cryo-
genic temperatures since, besides obtaining very large
mechanical factors, the intermediate layer provides a path
for heat dissipation. Optomechanical structures based on
this multilayer system could be fabricated using stan-
dard silicon technology. Our findings could pave the way
toward unreleased silicon optomechanical circuits, which
would overcome the limitations arising from the need to
release the silicon core in standard optomechanical cir-
cuitry. Moreover, the concept of vertical engineering can
be extended to other high-index optomechanical technolo-
gies as long as an adequate material for the intermedi-
ate layer is employed. We envisage that this unreleased
approach may be particularly suitable for application in
harsh environments, for example, to employ ultracompact
optomechanical microwave oscillators [37] in satellites
and spacecraft [38].
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