
Journal Pre-proof

Design and optimization of an opto-acoustic sensor based on porous
silicon phoxonic crystals

L. Forzani, C.G. Mendez, R. Urteaga, A.E. Huespe

PII: S0924-4247(21)00380-0

DOI: https://doi.org/10.1016/j.sna.2021.112915

Reference: SNA 112915

To appear in: Sensors and Actuators: A. Physical

Received Date: 11 January 2021

Revised Date: 19 May 2021

Accepted Date: 10 June 2021

Please cite this article as: {doi: https://doi.org/

This is a PDF file of an article that has undergone enhancements after acceptance, such as
the addition of a cover page and metadata, and formatting for readability, but it is not yet the
definitive version of record. This version will undergo additional copyediting, typesetting and
review before it is published in its final form, but we are providing this version to give early
visibility of the article. Please note that, during the production process, errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal
pertain.

© 2020 Published by Elsevier.

https://doi.org/10.1016/j.sna.2021.112915
https://doi.org/


Design and optimization of an opto-acoustic
sensor based on porous silicon phoxonic

crystals

L. Forzani1,2*, C. G. Mendez1, R. Urteaga2,3, A. E. Huespe1,3

1CIMEC-UNL-CONICET, Predio Conicet Dr Alberto Cassano, CP 3000 Santa Fe, Argentina
2IFIS, UNL-CONICET, Güemes 3450, Santa Fe, CP, 3000, Argentina
3FIQ-UNL, Santiago del Estero 2800, Santa Fe, CP, 3000, Argentina

May 19, 2021

Abstract

We present the theoretical study of an opto-acoustic microdevice, a phox-
onic crystal, made of porous silicon with a specific acoustic response in the
range of tens of MHz and optical response in the visible and near-infrared
range. We propose to control the opto-acoustic response of this device by
spatially modulating the microstructure porosity. Based on this study, a
multilayer microcavity is designed to have a strong coupling between the
acoustic and optical response. The coupling mechanism is generated by ex-
ploiting the structural resonance due to the acoustic waves which produce
maximum mechanical strains at the center of the cavity. The associated me-
chanical deformations of the central cavity change the optical response of
the multilayer, allowing the mechanical response to be detected using op-
tical techniques. In a phoxonic crystal, the acoustic and optic central gap
frequencies are determined by the multilayer configuration which imposes
a fixed relation between both resonant frequencies. This feature establishes
a challenge for the microdevice design. To mitigate this problem, two mi-
crocavities, one inside the other in a Matryoshka-like configuration is here
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proposed, placing an optical microcavity into the spacer of an acoustic mi-
crocavity. Consequently, the localized acoustic field generates a high pertur-
bation of the optical microcavity structure. The optical microcavity is tuned
at near-infrared frequencies, while the larger acoustic microcavity resonates
at acoustic frequencies of the order of tens of MHz. The microdevice is de-
signed to display a high optical response induced by acoustic deformation.
Optical sensitivity to this effect is used to design a multiparametric sensor.
Thanks to the porous structure of the device, it is possible to build a trans-
ducer sensitive to the presence of analytes in the environment that affect both
its mechanical and optical response.

Keywords: Porous Silicon, opto-acoustic device, opto-acoustic metamaterial,
phoxonic crystal.

1 Introduction
Porous silicon (PS) is a very versatile material to construct photonic crystals
formed by a sequence of PS layers of adjustable thicknesses and porosities in a
wide range of values, with a highly tunable optical responses [1]. This characteris-
tic permits the construction of microdevices such as rugate filters [2], distributed
Bragg reflectors (DBR) [3], or optical microcavities [4] displaying sharp reso-
nances in the stopping bands. In a DBR, multiple alternating layers of different
porosities give a high reflectivity for certain optical wavelengths due to the net
effect of the multiple reflections at the interfaces between layers. By increasing
the porosity contrast or using a greater number of periods of alternating layers, a
greater reflectance will be obtained at the central wavelength. In particular, in this
work, we are interested to study PS multilayer microcavities, conformed by two
DBR, separated by one layer with a larger thickness (defect or central cavity).

The central resonance frequency in a photonic crystal depends on the opti-
cal characteristics of the microstructure [1]. Besides, the porous structure of PS
allows direct contact of the internal microstructure with the environmental vari-
ables. Both features can be utilized to build highly sensitive sensor devices based
on measuring the changes of the environmental dielectric constants in the porous
of the microstucture [5].

Following a similar strategy, phononic crystals have been designed with a spe-
cific acoustic response displaying a sharp resonance peak at some given target
characteristic frequency [6, 7]. The central resonance frequency of a phononic
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crystal depends on the mechanical characteristics of the microstructure. There-
fore, PS sensors can also be built that measure changes in acoustic impedances
when interacting with the environment. However, phononic crystals exploiting
the sharp peak at the resonance frequency jointly with the porous character of
the microstructure have not been widely employed yet. Probably, this situation is
due to the difficulties to measure the acoustic response at high frequencies, which
requires complex equipment [8]; or due to the necessity of placing detectors in
direct contact with the multilayers that hinders the interaction with the environ-
ment [7]. In this direction we mention the works of [9, 10, 11], where the authors
propose an opto-acoustic microcavity alternating layers of different materials. As
the layers are not porous, it disables the use of this device as a sensor due to the
interior of the device is not in contact with the environment. On the other hand,
in these works the use as a sensor is not exploited and the construction part is
different.

In this work, we design a multiparametric PS sensor that couples the optical
and acoustic responses. Consequently, changes of both responses due to variations
of environmental variables, either dielectric constants or mechanical impedances,
can be sensed by only assessing the optical response. This feature can be attained
by manufacturing a microdevice constituted by a phononic and photonic crystal
(phoxonic crystal) [12] based on a PS microcavity (figure 1). Phoxonic crystals
are dual phononic/photonic crystals simultaneously exhibiting band gaps for both
types of excitations. Additionally, phonons and photons can be confined in the
same cavity, which enhances their interactions. The confining ability of the mi-
crocavity is quantified through the quality factor Q, defined as Q = λ0/∆λ , where
λ0 is the central resonance frequency and ∆λ is the full width at half maximum
(FWHM) of the mode amplitude (figure 2) [13].

However, the design of a PS phoxonic crystal following this concept suffers
from several issues:

i The thicknesses of the PS layers in a DBR device have to be of the order
of λ0/4. Thus, in the range of the infrared light, where Si is transparent,
the thicknesses of the layers are of the order of 200-400 nm. These layer
thicknesses imply that the acoustic DBR would resonate at frequencies of
the order of 3-8 GHz. However, the acoustic attenuation in PS increases
strongly with frequency, which induces an appreciable loss of transmittance
in this frequency range.

ii The acoustic microcavity factor Q could be augmented by increasing the
number of DBR periodic layers. But, the increment of the number of peri-
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odic layers is limited by the total thickness of the silicon wafer. A decrease
in the resonant frequency reduces acoustic attenuation but also decreases
the number of periods in the DBR.

iii The factor Q can be increased by increasing the porosity contrast between
layers; however, the acoustic attenuation also increase with the Si porosity
[7], inducing again a decrease of Q.

These issues establish a challenge to build PS multilayers with similar acoustic
and optical thicknesses having sharp acoustic central resonance frequencies and
strong opto-acoustic coupling effect.

f f f f f f f f f f f f

f f f f f f f f f f f f f f f

1 2 1 12 2 2 1 2 1 12

x

Acoustic defect layers

Optical defect layer

Figure 1: One-dimensional phoxonic crystal scheme. An optical microcavity (a
PS multilayer with porosities φ3 and φ4) is placed inside an acoustic microcavity
(a PS multilayer with porosities φ1 and φ2) in a Matryoshka-like configuration.

We propose an alternative design consisting of two PS multilayer microcav-
ities coupled in a Matryoshka-like configuration, such as sketched in figure 1.
We incorporated an optical microcavity that resonates in the near infrared range
placed within a larger acoustic microcavity that resonates at acoustic frequencies
much lower than 1 GHz. The minimum acoustic frequency that can be attained
in this case is limited by the Si wafer thickness taken to build the PS multilayer
microdevice. Consequently, we search for the optimum number of periodic layers
and the porosity contrast between layers to obtain the maximum possible optic-
acoustic coupling. A further experimental advantage of adopting this configu-
ration is that the generation of acoustic waves in the MHz range can be carried
out without the need of complex equipment. In this sense, the excitation acous-
tic wave can be generated by constructing a piezoelectric layer on the multilayer
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structure [14], or coupling a thermophone that can be built directly on the porous
layer [15, 16, 17].

This matryoshka type configuration was reported by [18], but unlike our pro-
posal, the authors designed an optical microcavity that contains an acoustic mi-
crocavity within its defect.

2 Theory
We study the case of an acoustic wave impinging normally the layers of the PS
microdevice, and therefore, longitudinal acoustic waves travelling across the PS
layers are considered. Beside, we assume that the porous sizes are smaller than
the optical and acoustic wavelength, which allows to adopt optical and acoustic
properties resulting from an effective medium theory.

The porosities, φ , and the thicknesses, d, of the PS layers are created dur-
ing the anodizing process of a silicon wafer through an appropriate current pro-
file. With this technique, it is possible to produce PS one-dimensional (1D) pho-
tonic/phononic crystals by generating multilayers with alternated optical refrac-
tive indices n(φ) or acoustic impedances Z(φ), respectively.

The acoustic impedance in a medium is defined as Z = ρv, where ρ and v are
the density and the velocity of sound in this medium. In particular, for porous sil-
icon, ρ and v depend on the porosity φ as follows: ρ(φ) = ρSi(1−φ) and v(φ) =
vSi(1−φ)κ(1+0.16φ)−1/2, where the density of silicon, ρSi, is ρSi = 2329kg/m3,
and the sound of the longitudinal velocity in silicon for [100] direction, vSi, is
vSi = 8433m/s. The exponent κ depends on the porous silicon morphology and is
between 0.5 and 1 [6, 7].

A periodic system of alternating layers (DBR) gives a high reflectivity for
certain wavelengths due to the net effect of multiple partial reflections at the in-
terfaces between layers. If the thickness of each layer of the phononic DBR is

da(φ) =
Z(φ)

4 faρ(φ)
, (1)

the microstructure has a resonant frequency fa = cs/λa , where cs is the sound
velocity in air and λa is the central wavelength of the DBR.

If a central defect of thickness 2da is introduced in the DBR, a microcavity
with a sharp resonance at λa is obtained [1]. In complete analogy with phononic
DBR, it is possible to obtain a photonic DBR resonating at frequency fo if the
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thicknesses of the layers are taken as

do(φ) =
c

4 fon(φ)
, (2)

where c is the speed of light. The optical resonant wavelength can be calculated
as λo = c/ fo and the refractive index n(φ) of the PS layers can be estimated using
an effective medium mixing model. In this work we use the effective medium
approximation of Landau-Lifshitz/Looyenga. The refractive indices of PS are in
the range of 1.4-2.1 for porosities between 80% and 50% respectively [19].

Optical microcavities made of PS with resonance modes (λo) in infrared have
shown excellent performances due to the low extinction coefficient of porous sil-
icon mainly limited by scattering processes [20, 21]. For the calculation of the
refractive indices, we took into account the fundamental absorption of bulk sili-
con [22]. And also, in the IR range, we incorporated the optical absorption due to
the scattering effects (of 146cm−1) obtained experimentally by [21].

To calculate the optical transmittance at normal incidence of the PS multilay-
ers, we use the matrix transfer method [23]. Beside, when only pure longitudinal
waves exist, the same transfer matrix method can be used to calculate the acoustic
transmittance by replacing n(φ) with the acoustic admittance 1/Z(φ) [24, 25, 6].

2.1 Mechanical strains
The mechanical strains produced by the acoustic wave modify the geometry of
the optical cavity generating, in turn, a change of the device optical response. In
this way, the acoustic pressure in the microcavity modulates the optical response
of the device.

The mechanical strains, generated by the incident acoustic wave, are amplified
in the center of the cavity due to the multiple reflections between the layers. The
total displacements in each layer can be calculated as utot(x) =−i[v(x)+v′(x)]/ω

with ω , v(x) and v′(x) being the wave angular frequency, the velocities of the
incident and reflected waves respectively [24, 25]. The strain are the symmetric
gradient of utot , resulting ε = (∂utot(x))/∂x =−ρ j/Z j[v(x)− v′(x)].

Then, the mechanical strains can be evaluated using the transfer matrix method
through the displacements. According to this methodology, the transfer matrix of
the i−th layer can be calculated as follows

¯̄Ti =

[
cos(kidi) iZi sin(kidi)

i sin(kidi)
Zi

cos(kidi)

]
, (3)
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were ki, Zi and di are the complex wave number, the characteristic impedance and
the thickness of the i-th layer, respectively [24].

Thus, the normalized strain ε j at the j−th layer is computed with the following
expression:

ε j

p0
=−

ρ j

Z2
j

(
[T−1]11(1+ r)+ [T−1]12

1− r
Z0

)
, (4)

where p0 is the incident wave pressure, Z0 is the air impedance, r is the reflectance
coefficient. The transfer matrix [T ] is computed as the product of the transfer
matrices of the successive PS layers: T = ∏

i= j−1
i=1

¯̄Ti. The components (1,1) and
(1,2) of the inverse of the transfer matrix are denoted by [T−1]11 and [T−1]12,
respectively.

The main objective of this work is to optimize the opto-acoustic coupling by
searching for the maximum value of the normalized mechanical strain at the cavity
center for different structural configurations.

2.2 Acoustic attenuation
Besides of the optical losses, a determinant factor of the opto-acoustic coupling in
the microcavity is the acoustic attenuation. Therefore, this effect must be assessed
in detail for the designed phoxonic device. The acoustic losses are taken into
account by including the imaginary term of the wave number k in the transfer
matrix T . Then, the wave number in the j-th layer is defined as: k j = ω/v j + iα j,
being α j the acoustic attenuation coefficient of the respective layer.

The dominant acoustic attenuation mechanism in semiconductors and insula-
tors is Akhiezer damping, but there are also other mechanisms such as thermoe-
lastic [26, 27, 28]. The longitudinal attenuation coeficient of the silicon bulk for
[100] direction is αSi ≈ 9.32dB/(cmGHz2) at 300 K and fa = 1GHz [29, 28, 7].

Additionally, we consider the attenuation coefficient of porous silicon as:

α(φ)[
N p
m

] = αSi(1−φ)(β−κ)(1+0.16φ)
5
2
(1+(ωτSi)

2)

(1+(ωτ)2)
, (5)

where κ = 0.53 and β are parameters associated to the PS morphology [30, 7].
The parameter β can vary between 1.3 and 2.05, depending on the doping of the
silicon wafer. It is closer to 1.3 for Si type p and closer to 2.05 for Si type n. the
relaxation time of the porous silicon layer, τ , is τ ≈ τSi(1−φ)β (vSi/v)2 [7].
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Given that ωτ � 1 in the working range of frequencies, the attenuation αSi,
and therefore α , shows a quadratic dependence on frequency. This response
strongly penalizes the maximum acoustic strains that could be attained at the cen-
tral resonance frequency in the device. Furthermore, the attenuation coefficient is
affected by the porosity and the morphological parameter β . When the porosity
increases, as well as, when the parameter β decreases, the coefficient α increases.
In the calculations, we use β = 1.7 and a sensitivity analysis of this parameter is
performed in section 3.

2.3 Microcavity design
We propose to incorporate an optical microcavity inside of an acoustic cavity to
generate a strong coupling between the mechanical and optical responses.

As it is explained in section 1, a trade-off arises between the number of periods
in the DBR and the attenuation due to the limitation of a maximum thickness of
the silicon wafer used to construct the device. At high frequencies, it is possible to
design a multilayer structure with a larger number of periods (and therefore thin-
ner layers) that increases the number of constructive reflections in the microcavity.
However, the acoustic attenuation has a greater negative effect on the capacity of
the microcavity to maximize the acoustic strain in the cavity. Therefore, we search
the optimal central acoustic frequency, fa, minimizing the attenuation effect while
keeping, as high as possible, the number of periods of the DBR.

Additionally, certain experimental limitations have to be consider when de-
signing the PS multilayer. For example, the range of porosities that can be ob-
tained in a laboratory depends on the silicon doping and is typically between
50%≤ φ ≤ 80% [1].

Let us consider, for example, a 12-period DBR constructed on a typical silicon
wafer of thickness 625µm. Then, the maximum possible value for the individual
layers is about da = 25µm (equation (1)), which imposes a minimum value for
fa ≈ 60MHz. If the microcavity itself is intended to be acoustically resonant,
(do = da), the optical resonance occurs at λo = 210µm. Otherwise, if the layer
thicknesses are chosen to obtain λo in the near-infrared spectrum, where the sili-
con is transparent, the do values results of about 200nm (for λo ≈ 1.5µm) and fa
will be in the order of 8GHz. Therefore, it is not possible to construct a simple
microcavity that optically is in the range of near-infrared and, at the same time,
acoustically is in the range of tens of MHz for the first order gap. The idea to
use a Matryoshka-like configuration, as shown in figure 1, solves this problem
since it allows to build an acoustic microcavity working at low frequencies with
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an internal optical microcavity working in the near-infrared range.
Furthermore, the Matryoshka-like architecture enables the acoustic response

to be determined by optical measurements. The coupling between both responses
occurs because a mechanical deformation of the optical microcavity modifies the
optical thickness of the structure and therefore shifts the optical resonance wave-
length. The optical transmission spectrum varies periodically in time with the
period of the acoustic wave.

Figure 2 schematizes a snapshot of the optical transmittance shift due to acous-
tic strains of the optical microcavity.
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Figure 2: The optical transmittance shift due to the acoustical wave in the optical
microcavity central layer.

The optical transmittance resonance is very sensitive to the contrast of layer
porosities and the number of periods that forms the lateral DBR’s. The quality
factor (Qo = λo/∆λ ) of the opto-acoustic microcavity is determined by contrast
of the the refractive index profile and by the number of layers.

Furthermore, a deformation of the structure due to the acoustic wave produces
a peak shift amplitude ∆λ

′
= λ

′
o−λo. Due to this shift, the optical transmittance

on one side of the peak shows a change of amplitude ∆T , such as depicted in fig-
ure 2, which can be used to measure the acoustic deformation of the microcavity.
In consequence, the coupling in the microcavity may be determined by the rela-
tive change of the optical transmittance produced by the acoustic input pressure
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∆T/p0. From definition of the optical quality factor Qo, and considering small

variations of the peak position, we have that ∆T ∝
∆λ
′

∆λ
= ∆λ

′ Qo
λo

. Since the strain
in the microcavity is equal to the relative shift of the microcavity resonance, i.e.
ε = ∆λ

′

λo
[9], then ∆T ∝ Qoε .

Considering this relationships, we introduce a parameter that measures the
coupling between optical an acoustical responses. This coupling factor parameter
is defined as follows

S =
Qoε

p0
. (6)

Note that for the central cavity layer, the ratio ε

p0
can be calculated using equa-

tion (4).
Considering a transmittance peak with a Lorentzian profile and unit amplitude,

the maximum change in transmittance produced by the acoustic wave of amplitude
p0 can be calculated as

∆T = Sp0 . (7)

2.3.1 The opto-acoustic device as an environmental sensor

Given the porous structure of the device, a change in the environment due to the
presence of a analyte that enters the device produces a refractive index variation
of the multilayer. This change produce a constant shift of the transmittance peak
that can be used as a transductor to measure the analyte concentration [5]. Alterna-
tively, the presence of an analyte can also modify the effective acoustic impedance
of the multilayer, causing the resonant frequency of the device to change [11].
Given the acoustic-optical coupling of the device, the resonance frequency can be
monitored by measuring the optical transmittance oscillation at the acoustic wave
frequency (Eq. 7). In this way the device can also be used as a transducer sensi-
tive to the acoustic properties of the analyte. Finally, both determinations (acous-
tic and optical) can be performed simultaneously in this device, so the proposed
scheme could be used to obtain complementary information for the determination
of a single analyte. Another possibility that opens up for this multiple sensor is to
discriminate a mixture of different analytes from the modification they produce in
the optical and acoustic response of the sensor.
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2.3.2 Smooth porosity transition between acoustic layers

Taking advantage of the fact that the optical and acoustic microcavities have sig-
nificant different sizes, it is possible to minimize the interference produced by the
optical reflections on the interfaces of the acoustic microcavity by introducing a
smooth porosity transition between layers of the acoustic microcavity. This ar-
rangement is adopted to avoid interference in the optical performances caused by
the optical reflections produced by the abrupt changes of the refraction indices in
the layer interfaces. We use a transition layer similar to an Epstein profile [31] of
width δ , schematized in figure 3.

Figure 3: Schematic spatial distribution of porosities in the acoustic microcav-
ity with and without smoothing. In the insert: porosity smoothing detail of two
successive acoustic layers with the Epstein-like profile.

The transition zone is subdivided in 40 uniform sub-layers with a spatial dis-
tribution of porosities given by:

φ(x) =

√
1
2

(
φ 2

1 +φ 2
2 +(φ 2

2 −φ 2
1 ) tanh

[
2(x− x0)

δ

])
, (8)

where φ1 and φ2 are the porosities at both sides of the interface located at position
x0. With this porosity distribution, and assuming that δ � λo is satisfied, a negli-
gible optical reflection is produced in the acoustic layer interfaces. Furthermore,
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the condition λa � δ must be verified to allow acoustic reflection in the layers
that form the acoustic microcavity. In the first layer, an Epstein-like profile with
porosity from 100% to the porosity of the first acoustic layer is added to smooth
the difference between the air impedance and the first PS layer impedance.

Considering the acoustic wave propagation direction, the last layer of the de-
vice, on the side where the wave exits from the phoxonic crystal, is formed by
the remaining crystalline silicon of the wafer (Sic). The thickness of this layer is
also chosen to be equivalent to 1/4 of the resonance wavelength of the acoustic
microcavity.

2.3.3 Optimal multilayer configuration

The factor S is taken as the objective function to optimize the microcavity design.
Thus, we look for the best combination of parameters providing an optimal value
of S, with the highest possible Qo factor and the maximum acoustic deformation
at the center of the optical defect. According to this design criterion, the system
would have the maximum sensitivity to detect small changes produced by acoustic
vibrations.

The space of parameters of this optimization problem, which characterize the
optical and acoustic microcavities, are φ1, φ2, φ3, φ4, δ and the number of periods
of the DBRs in both microcavities.

Based on the previous analysis, we discuss two particular multilayer configu-
rations:

Configuration A:

(φ1 φ2)n︸ ︷︷ ︸
leftacousticDBR

(φ3 φ4)m (φ4 φ3)m︸ ︷︷ ︸
Opticalmicrocavity

(φ2 φ1)n︸ ︷︷ ︸
rightacousticDBR

Sic︸︷︷︸
substrate

Configuration B:

φ2 (φ1 φ2)n︸ ︷︷ ︸
leftacousticDBR

(φ3 φ4)m(φ4 φ3)m︸ ︷︷ ︸
Opticalmicrocavity

(φ2 φ1)n︸ ︷︷ ︸
rightacousticDBR

Sic︸︷︷︸
substrate

The terms in parentheses represent a periodic sequence of two layers with the
indicated porosities. The subscripts n and m indicate the number of sequence
repetitions in the acoustic and optical microcavities respectively. The structures
of both configurations are supported by the silicon substrate.

Note the symmetric arrangement of both DBRs in Configuration A, while the
left DBR in Configuration B has one additional layer with porosity φ2 respect
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to the right DBR. The right layer of Sic has the thickness: vSi/(4 fa) and plays
the role of increasing the acoustic resonance inside the cavity. Also, note that
in both configurations, the central layer of the optical microcavity is constructed
with porosity φ4, while the central layer of the acoustic microcavity, containing
the optical microcavity, is constructed with porosity φ2.

Additionally, because the minimum attenuation is achieved at lower frequen-
cies, both Configurations A and B are constrained to occupy the full Si wafer
thickness dSi. Therefore, the frequency fa results from imposing the parameters
n, φ1, φ2 and the thickness of the Si wafer.

3 Results and discussions
As mentioned in the previous section, the design objective is to optimize the func-
tion S, defined in equation (6), which implies maximizing the product Qoε . The
optical response of the system (Qo) is mainly determined by the parameters of
the central microcavity (φ3, φ4 and m). The use of a transition region at the in-
terfaces between the layers that form the acoustic microcavity (porosities φ1 and
φ2), eliminates the influence of this interface on the optical response. The adopted
value δ = 4µm satisfies the conditions: λa � δ � λo for several tested config-
urations of the acoustic central gap frequency: from fa 5MHz (λa = 68µm) to
60MHz (λa = 6µm) , and optically are used λo = 1.5µm. We corroborate that the
factor Qo becomes independent of the acoustic microcavity configuration without
producing noticeable changes in the acoustic response of the system. Further-
more, Qo increases with the number of periods m, however, the roughness of the
layers limits the maximum value that can be experimentally obtained [32]. The
highest values of Qo that have been obtained using porous silicon are 2000-3400
[20, 21], which can be reached using a value of m∼ 18−20 respectively. Taking
into account these limitations, we choose as design parameter m = 18, and φ3 and
φ4 with the higher contrast (50% and 80% respectively). The maximum strain in
the defect layer is reached when the softer layer is placed in this position and is
built with the maximum admissible porosity φ4 = 80% (the manufacturing upper
limit of the porosity). Further, the maximum Q-factor is attained with the max-
imum porosity contrast between two successive optical layers. This means that
the lower admissible porosity φ3 = 50% is the optimum one for the stiffer layer.
Finally, we use a resonance wavelength in the infrared, where porous silicon is
transparent. Throughout this work, we use λo = 1.5µm.

Also, the strain ε is expected to increase with the number of periods n and with
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the porosity contrast increment (φ1 and φ2). However, this effect is not evident be-
cause, as previously mentioned in sub-Section 2.3, an increment of n implies a
thinner layers, and therefore an increment of the acoustic frequency as well as an
increment of the acoustic attenuation at the resonant frequencies. To assess the
contradictory effect on S due to a change of the parameter n, we test the config-
urations A and B using the admitted extreme values of porosity, 50% and 80%.
These extreme values are assigned to φ1 and φ2 in all the possible combinations.

Figure 4 shows the results attained with this assessment. It shows the function
S in terms of the number of periods n. As n increases and simultaneously the
thickness of the layers decreases, the acoustic transmittance peak shifts at higher
resonance frequencies. That is, each analyzed configuration has a different fa.
Note that configurations with the lower porosity in the acoustic central cavity
(φ2 = 50%) gives the higher coupling factor. Furthermore, configuration B with
φ2 = 50% and n= 1 has the highest coupling factor. Anyway, configuration A with
n= 2 gives a close value of S. The lowest possible frequency is obtained for n= 0,
reaching a value of about 5MHz for configuration B. An increase in n increases the
number of reflections in the microcavity and amplify the deformation, but a higher
frequency also increases the attenuation, reducing the coupling efficiency. For this
reason there is an optimal n value, which depends on the chosen configuration.

A similar effect on S, such as discussed in the previous paragraph, is produced
by increasing the contrast of porosities between two successive layers. By in-
creasing the contrast of porosities, Q and the acoustic attenuation increment in the
acoustic cavity, as shown in equation (5). This contradictory effect of porosities
contrast on S may lead to an optimal value of porosity φ1, which might not be
the maximum possible one. For this reason, the factor S is assessed for the best
configurations obtained in figure 4, by fixing the porosity φ2 = 50% and testing
different values of φ1. The results obtained with this analysis are shown in fig-
ure 5. Figure 5 shows the function S in terms of the porosity φ1 ranging between
φ1 = φ2 = 50% and the maximum admissible value φ1 = 80%.

According to figure 4, the optimum value of S for Configuration B is found
with n = 1. For this Configuration, the maximum S value is obtained when
φ1 = 73%, as shown in figure 5. A similar analysis for Configuration A, with
n = 2, gives an optimum for the highest possible porosity contrast: φ1 = 80%.
Furthermore, this analysis shows that Configuration B, with n = 1, provides a
slightly better outcome, S = 1.2 ·10−2, if compared with the optimum Configura-
tion A.

The porosity φ1 = 73% in Configuration B, with n = 1, gives an amplification
of the acoustic deformation due to the multiple reflections in the structure whereas
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Figure 4: Coupling factor S as a function of the number of acoustic periods n for
different porosity order in the layers . Each case is designed to its corresponding
central resonance frequency. The notation n = 0 for Configuration B corresponds
to a simple layer with porosity φ2 on the left of the optical microcavity.
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50%.
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this effect does not occur for n = 0. In this case the acoustic central resonance
frequency is about 13.2MHz. The thicknesses of the layers are approximately
d1 = 74µm, d2 = 101µm and dSi = 165µm. While for configuration A with n = 2,
the acoustic microcavity is resonant at 17.7MHz and the thicknesses are d1 =
47µm, d2 = 80µm and dSi = 117µm.

Considering the obtained results, the acoustic attenuation is identified as a
decisive parameter to attain an adequate coupling. The above calculations were
performed by setting the morphological parameter β = 1.7 for the attenuation
calculation in equation (5). To analyze the sensitivity of the result to changes in
the acoustic attenuation, we calculate the variation of S in the range of reported
values of β [30]. Figure 6 shows the results for three different configurations.
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Figure 6: Sensitivity of the coupling factor S with the morphological parameter β

that defines attenuation for the optimal Configurations A and B, and for the simple
layer case (Configuration B with n = 0 and φ2 = 50%). For configuration B with
n = 1, we use φ1 = 73% and φ2 = 50%; and for Configuration A with n = 2,
φ1 = 80% and φ2 = 50%.

We find that as β is increased, both Configurations, A with n = 2 and B with
n = 1, attain higher values of S. This is because increasing the parameter β re-
duces the attenuation, which favors an amplification of the deformation. On the
other hand, for the configuration B with n = 0 that works at the lowest frequency,
where attenuation plays a smaller role, the value of S is almost constant. The in-
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crease in the central resonance frequency obtained for higher values of n leads to
an increase in the attenuation coefficient, and therefore it is more convenient to
work with a reduced number of periods n.

3.1 Acoustic and optical performance of the optimal configu-
ration

After attaining the optimal configuration (Configuration B, with n = 1), we ana-
lyze its uncoupled acoustic and optical response. Figure 7(a) shows the acoustic
transmittance as a function of frequency and figure 7(b) shows the acoustic strains
across the structure. The largest deformation in the optical cavity center occurs at
the central acoustic frequency fa = 12.33MHz.

Additionally, in figure 8, we show the optical transmittance (T ), reflectance
(R) and absorbance (A) spectrum of the double microcavity of Configuration B,
with the optimum parameters and with the highest porosity contrast φ3 = 50%,
φ4 = 80% and using m = 18. A very sharp optical transmittance peak at the res-
onance wavelength (λo = 1500nm) is obtained. The quality factor of the optical
microcavity is Qo = 2200. The inset figure shows the transmittance peak at the
resonance wavelength with (purple) and without (gray) the smooth porosity tran-
sition through the layers of the acoustic microcavity. Furthermore, by analyzing
the optical transmittance peak of the isolated optical microcavity and comparing
this result with transmittance peak attained with the Matryoshka-type Configura-
tion B, we conclude that the factor Qo is not affected by the acoustic multilayer
structure.

For both studied Configurations A and B, it is possible to reach a good quality
factor Qo, of the order of 2000. However, optimized Configuration B, with a less
porous layer compared with the optimized Configuration A, attains a higher factor
S.

4 Conclusions
A porous silicon multilayer microdevice with a Matryoshka-type geometrical con-
figuration is proposed in this work. It consists of two microcavities of different
sizes coupling the optic and acoustic responses. The optic response is in the near-
infrared range and is interacting with the acoustic response with a resonant fre-
quency in the order of ten MHz. Following this concept and according to exper-
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Figure 7: Acoustic response of the optimal Configuration B, with n = 1, ∆φ1−2 =
73− 50%, d1 = 74µm, d2 = 101µm , ∆φ3−4 = 50− 80%, d3 = 177nm, and
d4 = 265nm. (a) Acoustic transmittance. (b) Acoustic deformation along the
multilayer. The inset shows a detail of the optical microcavity deformation.

imental and technical limitations, a microdevice is optimally designed and simu-
lated.

The coupling capacity of the device S depends on both variables: the opti-
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Figure 8: Optical response (reflectance (R), transmittance (T ), and absorbance
(A)) of the optimal opto-acoustic microcavity in terms of the wavelength (Sam-
ple with Configuration B, n = 1, ∆φ1−2 = 73− 50%, d1 = 74µm, d2 = 101µm,
∆φ3−4 = 50−80%, d3 = 177nm, and d4 = 265nm). The optical quality factor of
the sample is Qo = 2200, and it is the same value obtained for the optical mi-
crocavity outside of the acoustic microcavity. The inset shows the transmittance
peak at the resonance wavelength with (purple) and without (gray) smooth poros-
ity transition δ .

cal quality factor Qo and the mechanical deformation generated by the acoustic
wave. The Q-factor is limited by constructive aspects, typically the roughness of
the layer interfaces. Additionally, the mechanical deformation is limited by the
acoustic attenuation. Since attenuation increases with acoustic frequency and the
thickness of the silicon wafer imposes a constructive constraint, optimal configu-
rations are obtained using a small number of layers in acoustic DBRs.

The assessed optimal multilayer configuration corresponds to the Configu-
ration B, with n = 1, m = 18 and porosities φ1 = 73%, φ2 = 50%, φ3 = 50%,
φ4 = 80%, and δ = 4µm. For this optimal configuration, the value of S is ap-
proximately 0.012. This means that for acoustic pressure values that can be ex-
perimentally obtained (p0 ≈ 1Pa), the variation in optical transmittance is high
enough to be detected with a simple optic system (a variation of ∼ 1%, which
means an expected wavelenght shift of ∆λ ′ ≈ 0.01nm, see figure 2, and Eq. (6)
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and (7)). Experimentally, a configuration similar to that described by Acquaroli
et al. [5] could also be used to detect this small shift of the optical peak. For
the operation of the device as a sensor, it is important to note the relevance of the
strain magnitude at the central layer containing the optical microcavity. For this
reason, the strain magnitude at that site is important to define the performance
of the sensor. Additionally, it is interesting to note that the strain phase could be
studied as an extra element providing more information about the analyte to be
sensed.

Finally, the sensitivity of the PS to different analytes, due to variations in the
ultrasonic signal transduction, is an important characteristic of this microdevice
that has to be highlighted. This characteristic can be exploited to build an efficient
optic-acoustic deformation transducer, sensitive to changes in the environment.
Thus, it opens new possibilities to attain sensors combining optical and acoustic
responses and allowing for the design of new opto-acoustic sensors.
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