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Abstract In photoacoustic (PA) spectroscopy, the signal is inversely proportional to
the resonant cell volume. This favorable scaling behavior has provoked in recent years
a growing interest in the miniaturization of PA cells. Due to dimension downscaling,
technological constraints, and preliminary design choices, the modeling hypotheses
used at the macro-scale are no longer valid. Here, a new model adapted to miniaturized
and integrated PA (ju-PA) sensors is presented. The coupled model takes advantage
of commercial software to address, respectively, (i) the electromagnetic mode prop-
agation in the waveguide, (ii) the mid-IR light illumination of the chamber and its
interaction with the molecules of interest, and (iii) the creation and propagation of
acoustic waves in the cell. The model has been used to confirm the validity of the
choice of the differential Helmholtz resonator principle and to provide a prototype
-PA cell geometry. It is shown that, in spite of the specific issues inherent to minia-
turization and integration, in particular, the strong divergence of the light beam and
the crucial influence of viscothermal dissipation processes, the p-PA sensor produces
a pressure signal compatible with the next generation of resonant microphone tech-
nology. The model will be further improved when measurements performed on the
prototype currently in fabrication are available.
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1 Introduction

Among optical gas sensing methods, photoacoustic (PA) spectroscopy combined with
a laser source has proven to be a very robust and sensitive method for trace gas detec-
tion [1,2]. In PA spectroscopy, the light source is modulated at an acoustic frequency.
This modulation creates a periodic variation of temperature in the absorption cell due
to non-radiative relaxation of excited molecules, and thus an acoustic wave [3,4]. This
method has the advantages of high sensitivity, high dynamic range, and ease of use.
Moreover, the device sensitivity can be improved by the use of a resonant absorption
cell. PA sensors work at atmospheric pressure as well as at reduced pressure [4]. The
laser wavelength is chosen to correspond to a strong absorption line of the molecule to
detect. Mid-infrared (mid-IR) lasers have commonly been used for gas measurement in
the rotational—vibrational transition range, which is the spectral range of fundamen-
tal absorption bands of most atmospheric constituents [3]. Quantum cascade lasers
(QCL) [5] are very suitable for such applications because they are at present the only
semiconductor laser sources operating in the mid-IR wavelength range at room tem-
perature. Compact, robust, and low-cost distributed feedback QCL are available for
continuous wave operation [2,6].

For trace gas measurements, the PA signal is directly proportional to the absorption
coefficient of the molecules, to the radiation power, and to the cell response. The latter
is inversely proportional to the cell volume [4]. This favorable scaling behavior has
provoked in recent years a growing interest in the miniaturization of PA cells for gas
sensing.

A first technique developed to reduce the size of the PA sensors is called quartz-
enhanced photoacoustic spectroscopy (QEPAS) [7]. It consists in replacing the
acoustic transducer by a tiny quartz tuning fork, such as that commonly used in
electronic wristwatches, with a resonant frequency around 33 kHz in vacuum and
an extremely high quality factor (~10* at atmospheric pressure). In QEPAS, the PA
energy is accumulated in the sharply resonant tuning fork, instead of in the cell as
in traditional PA spectroscopy, as oscillations which generate a current signal by the
piezoelectric effect. The piezoelectric current signal is then transformed to a voltage
signal by a transimpedance amplifier and further demodulated by a lock-in amplifier.

An alternative technique consists in the miniaturization of a standard macro-scale
PA cell. One can particularly cite the work of Firebaugh [8], later carried on by Pel-
legrino and Holthoff [9]. Addressing the detection of chemical agents, they designed
and characterized a differential cell of ~15 mm? internal volume and a detection limit
of ~20 ppb for dimethyl methylphosphonate (DMMP). Other notable progress in the
size reduction direction has also been performed by Gorelik et al. [10] with inclined
geometry cells, as small as ~500 mm?> internal volume, with a detection limit of
~10 ppm for ammonia or by Karioja et al. [11] with a differential PA cell made with
low-temperature co-fired ceramics technology.

Our original approach aims at demonstrating the feasibility of a miniaturized and
fully integrated optical gas sensor including a mid-IR QCL and a Helmholtz resonant
PA sensor combined with microelectromechanical systems (MEMS) microphones and
their readout electronics [ 12]. The main objective of the integration on the silicon planar
substrate is to address the low-cost market and mass deployment, for example, for use

@ Springer



Int J Thermophys (2013) 34:2119-2135 2121

in greenhouse gas measurement networks, indoor air quality assessment, or industrial
process monitoring. Compatibility with integrated circuits and MEMS microfabrica-
tion technologies must be ensured from the very beginning of the device design.
This paper presents a new coupled optics—acoustic model for the simulation of
future miniaturized and integrated PA gas detectors. It places a particular emphasis on
the coupling efficiency between mid-IR radiation, gas, and acoustics. The microphone
influence on the acoustic behavior of the cell is not considered at this stage.

2 Miniaturized and Integrated Differential Helmholtz Resonator

A Helmholtz resonator consists of a closed volume associated with a capillary. It is
the acoustic equivalent of a simple mechanical oscillator composed of a mass and
a spring. The air in the closed volume plays the role of the spring, while the air in
the capillary corresponds to the moving mass. It is possible to enhance significantly
the Helmholtz resonator sensitivity and signal-to-noise ratio by using the differential
scheme, consisting of two identical chambers connected by two capillaries [13]. At
the resonant frequency, the gas in the capillaries moves like a piston compressing the
gas in one chamber of the PA cell while expanding it in the other. Although only one
chamber of the PA detector is illuminated by a laser beam, acoustic waves, opposite
in phase at the Helmholtz resonance frequency, are generated in both chambers of the
detector. The signals from microphones measuring the pressure in each chamber may
be subtracted by a differential amplifier, thus doubling the valid signal and, corre-
spondingly, the sensitivity of the PA Helmholtz resonator. Furthermore, the resulting
differential Helmholtz resonator (DHR) (i) allows significant suppression of the in-
phase external acoustic noise, which is an important part of the noise of PA detectors
at atmospheric pressure and (ii) is relatively insensitive to the shape of the laser illu-
mination because the overlap integral of the fundamental mode is quite constant in
the illuminated chamber [14,15]. Of course a few drawbacks, such as the low value
of the quality factor, smaller than 10, are expected.

PA spectroscopy behaves favorably when the cell size is decreased and the indi-
vidual components of the PA sensor, such as QCL sources [6], mid-IR waveguides
[16], and MEMS microphones [17], are becoming available in CMOS compatible
technologies. Therefore, time comes for engaging a DHR-based sensor in the process
of dramatically miniaturizing and fully integrating in silicon technologies. From now
on, this sensor is referred to as the |L-PA sensor. As compatibility between MEMS and
CMOS integrated circuits processes is ensured, the sensor readout electronic circuit
can also be integrated on the chip.

Of course, using the CMOS compatible MEMS technologies places numerous con-
straints on the device design, which must be devised together with the microfabrication
flow. This co-design process is not discussed here but some of its consequences, rele-
vant for the model, are listed. First, the deep reactive ion etching process, typically used
to dig high aspect ratio structures, such as the PA cell, produces flat faces. Therefore,
the cylindrically shaped cavities and capillaries usually employed in a macro-sized PA
cell must be replaced by parallelepipeds. Second, the chamber should fit in a wafer
thickness. Third, from the technological point of view, the fabrication of structures
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having comparable size but different depth, as required to form the cavities and the
capillaries, is extremely difficult, if not impossible. To ensure dimensional control and
process reproducibility, the fabrication of the cavities and the capillaries should be split
on two separate wafers, one of them being used to seal the entire structure. Fourth, for
technological reasons, the mid-IR waveguide is typically buried under a relatively thin
layer of silicon (~10 pm) so that the laser beam enters the cavity close to its bottom.
Finally, in order to improve the process robustness, the MEMS microphones are built
in a separate wafer. This third wafer constitutes the cell floor. A schematic view of the
w-PA cell is presented on Fig. 1.

It is not economically viable to build and test a large number of different DHR cells
and then compare their detection capabilities since the technologies required for their
fabrication are expensive and time consuming. Resorting to modeling and numerical
simulation is a way to get over some of these limitations. A new coupled model adapted
to miniaturized and integrated PA sensors has thus been developed. It addresses (i) the
electromagnetic mode propagation in the waveguide, (ii) the light illumination of
the chamber, (iii) the interaction of mid-IR light with the molecules of interest, and

Sealing wafer

&~ Chamber wafer

Waveguide.

y A Microphone wafer

>
z

Waveguide

Fig. 1 Schematic view of the u.-PA DHR cell constituted by a stack of three wafers (fop) and CAD model
with reference axes (bottom). The illuminated chamber is referred to as chamber A while the non-illuminated
chamber is referred to as chamber B
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(iv) the creation and propagation of acoustic waves in the cell. The microphone influ-
ence and response are not considered at this stage.

3 Optical Model

A basic optical model is generally used at the macro-scale to calculate the photon
energy flux. Namely, the laser illumination geometry is assimilated to a straight beam
for which the flux has a Gaussian distribution within a cross section [18-20].

However, several specific problems arise when miniaturizing PA cells and integrat-
ing them in a planar substrate by MEMS technologies. First, the mid-IR radiation is
injected in the chamber by means of a waveguide, whose height and width are of the
order of the radiation wavelength. The beam is diffracted and is thus strongly diver-
gent. Second, silicon is transparent to mid-IR radiation and the natural confinement
of energy, which is obtained by reflexion on the metallic walls of macro-size devices,
is not present. Finally, in the DHR configuration, a portion of the light emitted by
the laser source can be refracted toward the non-illuminated chamber and interacts
there with the gas. This crosstalk between chambers can adversely affect the detector
performance.

Due to the abovementioned problems, the basic optical model obviously collapses
when the device is miniaturized and integrated in silicon. A more sophisticated model,
made up of two parts, respectively, accounting for the propagation of the electromag-
netic field in the waveguide and in the chamber, must be devised.

3.1 Waveguide Model

The SiGe/Si waveguide [16] is designed to be monomodal at the wavelength of interest.
The fundamental mode propagating in the waveguide is calculated in TM polarization
using the beam propagation method (BPM) [21], implemented in the BeamPROP
commercial software (Rsoft Design Group, Ossining, NY, USA). The choice for this
polarization is due to the fact that the waveguide is meant to be coupled to a QCL, the
latter operating in TM polarization. The map of the y component of the mode electric
field is presented on Fig. 2 (left).

3.2 Propagation and Absorption of the Mid-IR Light in the Chamber

Due to the very large length scale ratio between the size of the device (the chamber
is several millimeters long) and the mid-IR wavelength (e.g., 4.2 pm for CO, detec-
tion), the computation of the propagation of the electromagnetic field in the chamber
by an exact solution of Maxwell’s equations cannot be solved on easily available
workstations and is thus not practical. The exact solution methods, whether they are
based on volume discretization, such as the finite difference time domain method or
the finite element method, or surface discretization, such as the boundary element
method, would lead to huge algebraic systems because the mesh size must be much
smaller than the radiation wavelength.
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Fig. 2 TM-polarized fundamental mode propagating in the waveguide (4.2 pm wavelength). Map of the
y component of the electric field (left) and Gaussian fit (right). Mode profile (solid line) and Gaussian fit
along x and y axes (dashed line)

However, in this case, the propagation of light can be simply modeled by geometric
optic tools (raytracing method), which are less computationally demanding than full-
wave electromagnetic simulations, while providing almost as accurate results. Using
the raytracing method implies that no sub-wavelength features, able to diffract light,
are present in the system. Only reflection and refraction at locally plane interfaces are
taken into account. The method of choice is the combination of raytracing with the
Monte Carlo method [22,23]: a large number of rays are followed individually from
their random generation at the light source to their exit of the domain.

To make the connection between light inside the waveguide and the light source in
the chamber, one needs to convert the single mode exiting the waveguide to plane waves
(i.e., rays) by a two-dimensional Fourier transform of the electric field repartition at the
waveguide exit section [24]. For this purpose, the guided mode is fitted to a Gaussian
mode, the agreement being very good due to the mode confinement chosen (Fig. 2,
right). The Fourier transform of the spatial mode distribution can then be performed
analytically and provides a two-dimensional Gaussian representing the angular and
amplitude dispersion of rays illuminating the chamber:

2.2 2,2
Ky 2 +k Yy 2)

N wox WO 7( g P g 4
1(p,q) = 10—; Ye : (1
TT

where p and g are the direction cosines of the ray, & is its wavenumber, and wo, and
woy are the Gaussian beam waists along x and y axes. Gaussian widths in the Fourier
domain are inversely proportional to Gaussian widths in the spatial domain, as shown
in the above equation. From a practical point of view, a large number of rays are
randomly sent from the exit section of the waveguide, with directions and amplitudes
corresponding to the Gaussian distribution in Fourier space. It is worth noting that, if
the mode is not well confined, the profile might notably differ from a Gaussian and
the Fourier transform has thus to be performed numerically.
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The polarization state of each ray is derived from its wavevector k and the fact that
the electric field is oriented along the y vector at the waveguide exit (TM polarization).
The electric field is oriented along the p vector defined by

s=yxk
p=kxs 2)
When a ray hits an air-silicon interface, it is randomly reflected or refracted, following
the polarization-dependent Fresnel equations.

Due to interaction with gas molecules, the ray energy is partially absorbed along its
path. The physics of interaction between the IR radiation and the gaseous compound
of interest has been presented by several authors in the PA detection context [25] and
can be summarized as follows:

— The absorption of a photon by a molecule leads to the excitation of rotational or
vibrational energy levels. The energy of mid-IR photons is not sufficient to excite
electronic energy levels.

— Rotational and vibrational states lose their energy by collisional relaxation, and heat
(translational energy) is released.

— In the mid-IR range, other relaxation processes, such as radiative emission, photo-
chemistry, etc., are either impossible or unlikely and can thus be neglected.

The complex cascade of physical phenomena is thus considerably simplified, and
it is assumed that the whole energy of the absorbed photons is released locally as heat
[4]. Moreover, in the context of mid-IR PA gas detection, it is reasonable to suppose
that the absorption transition is not saturated by a strong photon flux and that the light
source modulation is slow in comparison with the collisional relaxation processes
[18]. Finally, the local heat source is directly proportional to the photon energy
flux 1, the absorption cross section ¢, and the concentration n of the molecules of
interest:

d7
x Ino 3)
The local energy deposition along the ray path is computed by the Beer—Lambert law,
which is the integral version of the above equation, and recorded for later use as a heat
source in the acoustic model.

The raytracing model is implemented using the non-sequential mode of the com-
mercial software Zemax (Radiant Zemax, Redmond, WA, USA). Two chambers are
immersed in a bounding silicon volume whose external boundary is absorbing (Fig. 3).
A rectangular source is positioned at the edge of the illuminated chamber, 10 pm
above the chamber bottom. The wavelength of the TM-polarized source is 4.2 pm.
The Gaussian mode has 1.79 pm and 1.69 pm waists, respectively, along the x and
y axes. The optical index of silicon is excerpted from the software materials data-
base. The absorption coefficient due to CO; in air at atmospheric pressure is set to
0.1 cm~!. The energy deposition is recorded in 5 x 5 x 5 um?> voxels. A conver-
gence study shows that emitting 108 rays results in a good accuracy versus CPU time
trade-off.
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Fig. 3 Raytracing in the j.-PA DHR cell. Crosstalk appears when light emitted by the laser source is
refracted toward the non-illuminated chamber, where it can interact with the gas

Sectionwise energy deposition, mW

i i

0 0.5 1 1.5 2 2.5 3

Distance along cavity axis, mm

Fig. 4 Sectionwise energy deposition profile along the illuminated (dashed line) and the non-illuminated
chamber (solid line). The plotted data represent the absorbed energy integrated on s sections (i.e., voxel
layers) in the x — y plane. The emitted power is 1 mW, and the computation is performed with 108 rays

As can be seen in Fig. 4, where energy profiles, integrated on cross sections perpen-
dicular to the z axis, are presented, the energy absorbed in the illuminated chamber is
mostly located close to the waveguide exit and a small, but still significant, part of the
energy is deposited in the non-illuminated chamber.

4 Viscothermal Acoustic Model
The pressure acoustic model is commonly used to simulate the PA device behavior

[18,20,26]. It is derived from the first principles governing equations, namely, the
mass, momentum, and energy conservation laws supplemented with a thermodynamic
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equation of state. Assuming adiabatic propagation in an ideal lossless gas and after
some manipulation, a single inhomogeneous Helmholtz equation for the unknown
pressure is obtained [27].

However, various volume and surface dissipation processes are at work in the gas,
respectively, in the bulk of the propagation medium and close to the cell walls [4,
27]. The latter are of utmost importance in miniaturized PA devices. They occur
by viscous dissipation and heat conduction in thin boundary layers located near the
cell walls. In the interior of the cell, the gas acoustic velocity is proportional to the
pressure gradient whereas at the wall, the no-slip boundary condition imposes a null
tangential component. Thus, viscous dissipation occurs in a transition region, the
viscous boundary layer. Similarly, the thermal boundary layer is the transition region
where the adiabatic expansion and contraction of gas occurring in the interior of the
cell, turns to isothermal, due to the high thermal conductivity of the cell walls relative
to that of the gas. The values of the thicknesses d,, and d,. of the viscous and thermal
boundary layers are roughly equal in air. They are given by

dy = 2u/pw “4)
de = /2 /pCpo, )

where 1, p, «, and C, are, respectively, the shear dynamic viscosity, mass density,
thermal diffusivity, and heat capacity at constant pressure of the gas and w is the
angular frequency of the sound wave. As shown by Eqgs. 4 and 5, the thickness of
the boundary layers is inversely proportional to the square root of the sound wave
frequency. In air, the values of d, and d,. are similar.

The pressure acoustic model can be adapted as follows to approximately take
into account the volume and surface dissipation effects [18,28]: the pressure field is
expressed as a series expansion in the eigenmodes of the PA cell, and quality factors,
corresponding to the various volume and surface loss mechanisms, are introduced
in the amplitude of the eigenmodes. It has recently been shown that this improved
pressure acoustic model can accurately predict quality factors and resonance frequen-
cies of a DHR at the macro-scale [20]. Obviously however, this method cannot help
assess the resonance frequency shift due to losses. Since the boundary layers are thin
in comparison with macro-size cell dimensions, an alternative approach, consisting
of incorporating the effect of dissipation processes in especially designed boundary
conditions, has been devised [19].

Inaminiaturized DHR device such as the one studied here, with a working frequency
around 20 kHz and in air at atmospheric pressure, the boundary layer thicknesses are in
the 15 pmto 20 wmrange, which is of the same order of magnitude as the capillary side
length. Consequently, the viscous and thermal dissipation phenomena occurring close
to the walls become essential and the pressure acoustic model must be abandoned in
favor of a more sophisticated one. It is worth noting that, in their study of two MEMS
scale PA devices, Holthoff et al. [26] compared simulation results, obtained with the
pressure acoustic model, to measurements of the resonance frequency and emphasized
that the discrepancies found were unacceptable. The dimension of their resonators was
nevertheless quite larger than the one currently under consideration.
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In the last decade, a lot of effort has been devoted in computational acoustics to
the creation of computationally efficient models that are either approximate [29,30]
or limited to certain classes of geometries [31].

In this work, in order to avoid restrictive assumptions when addressing miniaturized
devices, but in exchange for more important computational cost, the full set of mass,
momentum, and energy conservation equations is dealt with [32,33]. Of course, it
should be kept in mind that the continuum physics framework used in our reasoning
would collapse if the mean free path of gas molecules and molecular relaxation time
are no longer small compared to other length and time scales of the system. This would
occur in rarefied gas or if dimension downscaling were carried further.

Small harmonic variations of the variable density p, velocity u, pressure p, and
temperature 7 fields, are assumed:

p=po+p (6)
u=uy+u @)
p=po+p (8
T=Ty+T, 9)

where pg, po, g, and Ty are the mean values of the fields and the tilde capped variables
are the corresponding unknown acoustic variables. From this point, it is assumed that
the fluid is at rest, that is, ug = 0.

Using the ideal gas equation of state,

p=pRuT, (10)

where Ry is the specific gas constant, the following set of harmonic linearized partial
differential equations (PDEs) can be derived:

iw(p%—TiO)+V-ﬁ=O (11)
iwpoli = =V p+V - (Vi + Vil ) + (h —2u/3)(V - ) (12)
iwpoC,T = =V - (—kVT) +iw p + Q, (13)

where A and p are the bulk viscosity and shear dynamic viscosity and Q is the heat
source. In fact, it is possible to further simplify the problem and eliminate the pressure
variable but this may lead to numerically unstable numerical schemes [33].

To close the definition of the problem, a set of boundary conditions must be applied.
Due to the choice of the formulation, general boundary conditions could be used but
it is assumed in this work that the cell walls are sound hard, subjected to a no-slip
condition and isothermal.

The set of PDEs (Egs. 11-13) and associated boundary conditions are solved by the
finite element method (FEM), using the commercial software Comsol Multiphysics
(Comsol AB, Stockholm, Sweden). One of the benefits of the FEM is its ability to
handle any cell geometry. The studied domain is the DHR interior composed of two
chambers linked by two capillaries (Fig. 1). It is assumed that the microphone does
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not affect the acoustic behavior of the cell. The physical properties of air at standard
ambient temperature and pressure are taken from the software material database. The
bulk viscosity is set to 0.6 [31]. Depending on the wanted results, either a harmonic
solution combined with a frequency sweep or an eigenfrequency solution is performed.

Designing the FEM mesh is the object of special care as the rapid variation of the
unknown variables in the thermal and viscous boundary layers must be accounted for
[32]. Several layers of triangular prismatic elements are placed on the cell walls, and
the cell interior is meshed with a tetrahedron. A mesh convergence study has shown
that (i) it is sufficient to place two layers of elements in the boundary layer and that
(ii) it is necessary to finely mesh the whole cell walls, not only the capillary walls.

The coupling with the optical model described in the previous section occurs
through the heat source term of the energy conservation equation (Eq. 13). For this
purpose, (i) the total emitted power is scaled linearly and (ii) the deposited energy den-
sity, recorded on voxels located on a regular three-dimensional grid, is interpolated on
the unstructured FEM mesh.

5 Results

The model described in the previous sections has first been used to design a prototype
of the ju-PA cell. Then, motivated by the specific features of the |L-PA cell, the analyses
of the effect of the localization of the energy deposition and of the crosstalk between
chambers have been carried out.

5.1 Design of a Prototype -PA Cell

A macro-size DHR cell has been designed, characterized, and used in the last decade
for trace gas monitoring at GSMA laboratory [13,34]. The approach used to design a
miniaturized version of this device, in compliance with the technological constraints
listed in Sect. 2, is presented here. In a first step, the homothetic scaling down of the
macro-size DHR by a factor of roughly 40 has been assessed. In a second step, the
design has been improved. An arbitrary limit has been set at 20 kHz on the resonance
frequency because the light source modulation must be kept much slower than the
collisional relaxation process in order to preserve signal linearity. The characteristic
dimensions of the macro-size DHR, the homothetic cell, and the improved -PA cell
are summarized in Table 1. The chambers and capillaries of the macro-size DHR are
cylinders defined by their length and diameter. The chambers and capillaries of the

Table 1 Dimensions of the macro-size DHR, the homothetic cell, and the improved p-PA cell

Dimension (mm) Macro-size DHR Homothetic cell 1L-PA cell
Chamber length 102 2.6 2.6
Chamber cross section 10.8 0.3 0.3
Capillary length 84 2.1 2.1
Capillary cross section 2.06 0.05 0.15
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Fig. 5 Fundamental resonance mode in the p-PA cell. High pressure in the illuminated chamber A (red)
and low pressure in the non-illuminated chamber B (blue). Ideally, the pressure in chambers A and B should
be in opposite phases (Color figure online)
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Fig. 6 Phase difference between pressure signals in chambers A and B for 50 pm (dashed line), 80 pm
(dashed—dotted line), and 150 wm (solid line) capillary side length

miniaturized cells are square cross section parallelepipeds, defined by their length and
the square side length.

A 1 mW laser source is uniformly spread in chamber A, and the gas absorption
coefficient is set to 0.1 cm™!. It is assumed that the pressure is measured at the center
of the bottom face of the chambers. This hypothesis does not affect the value of the
pressure signal as the pressure field is almost constant in each chamber (Fig. 5). The
signal of interest is the amplitude of the difference between the pressures measured in
both chambers.

Ideally, for the DHR principle to function properly, the pressure in the illuminated
chamber A and the non-illuminated chamber B should be in opposite phases but the
phase opposition in the homothetically scaled version of the DHR cell is not satisfac-
tory (Fig. 6, dashed line). The phase opposition has been improved by increasing the
capillary side length from 50 pm to 80 wm and finally to 150 wm (solid line). The
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Fig.7 Amplitude of the pressure signals for 80 wm (dashed—dotted line) and 150 wm (solid line) capillary
side length. Signals in chambers A and B (thin lines) and difference signal (thick lines)

side length was not increased further because the peak signal frequency increases in
parallel.

The improved p-PA design, with a 150 pm side length delivers a 1.04 Pa difference
pressure signal at 19.9 kHz, with a quality factor value of 1.99 (Fig. 7, solid line). Its
dimensions are summarized in the third column of Table 1.

5.2 Localization of the Energy Absorption

As can be seen in Fig. 4, most of the interaction of mid-IR radiation with the gas of
interest happens close to the waveguide exit. This motivates a study of the influence of
the localization of the energy absorption on the behavior of the jL-PA cell. In addition
to the energy repartition obtained by raytracing, two ideal cases are studied: a uniform
and a Gaussian repartition. In the uniform repartition case, the absorbed energy is
constant in space. In the Gaussian repartition case, the absorbed energy follows a two-
dimensional Gaussian profile in the x — y plane and is constant along the z axis. As
noted previously, 1 mW laser source is injected and the absorption coefficient is set to
0.1cm™!.

The results are presented in Fig. 8. Due to its divergence at the waveguide exit,
the beam energy is clearly not used at its best: 4.6 LW only are absorbed, and the
corresponding signal is 0.176 Pa (A). If a uniform illumination (M) or a Gaussian
beam (e) is considered, the absorbed energy is 26 W and the signal is, respectively,
1.04 Pa and 1.18 Pa. The superior yield of the Gaussian beam is probably due to
the fact that the interaction occurs away from the walls, where the major part of the
dissipation is located. The sensor would clearly benefit from an improved coupling
of light with gas in the chamber: it is necessary to inject 5.6 mW from the waveguide
(A), corresponding to the same energy deposited in the chamber, to obtain a signal
similar to the ones obtained for uniform or Gaussian illuminations.
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Signal amplitude, Pa

Absorbed energy, pW

Fig. 8 Study of the absorbed energy localization on the pressure difference signal. Uniform illumination
(), Gaussian beam (o) and waveguide (A) for a 1 mW source. Waveguide source computed with the same
absorbed energy as the uniform and Gaussian sources (A)

5.3 Crosstalk Between Chambers

As can be seen in Figs. 3 and 4, due to the transparency of silicon to mid-IR radiation,
a small part of the light emitted by the laser source is refracted toward the non-
illuminated chamber, where it can interact with the gas. This is what we refer to as
crosstalk. In fact, when 1 mW enters the illuminated chamber, 4.7 W are deposited
there and 0.29 wW are deposited in the other chamber. The ratio of energy deposited
in chambers A and B is thus ~6 %.

The comparison between the cases with (solid line) and without (dashed lines)
crosstalk is presented in Fig. 9. The influence of crosstalk is moderate: peak signal
frequency and quality factor remain unchanged while the peak signal amplitude is
decreased by ~7 %.

In order to assess the influence of the localization of energy deposition on crosstalk,
the case where energy deposition is uniform in both chambers has also been studied
(Fig. 10). As noted previously, the ratio of energy deposited in the illuminated and the
non-illuminated chambers is ~6 %. The same conclusion can be drawn regarding the
resonance frequency, quality factor, and maximum signal amplitude.

At this point, the microphone resolution necessary to meet the sensor specification
can be assessed. Typically, the sensor should detect 1 ppm variation of concentration
in air at standard ambient temperature and pressure, where around 400 ppm of CO; are
present. Assuming a value of 0.1 cm™! for the absorption coefficient, the value of the
peak signal, with crosstalk taken into account, is 0.163 Pa. The microphone resolution
should then be lower than 23 dB (ref. 20 wPa RMS). This is a challenging objective as,
with ~30 dB resolution, MEMS microphones commonly used in mobile phones do
not meet this requirement. However, a new generation of resonant microphones, using
piezo-resistive silicon nanogauges [35] has the capability to match this resolution.
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Fig. 9 Influence of crosstalk on the amplitude of the pressure signal. Computations with (solid line) and
without (dashed lines) crosstalk. The thick lines correspond to the difference signal whereas the thin lines
correspond to the signal in the A and B chambers
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Fig. 10 Influence of crosstalk with uniform energy deposition on the amplitude of the pressure signal.
Computations with (solid line) and without (dashed lines) crosstalk. The thick lines correspond to the
difference signal whereas the thin lines correspond to the signal in A and B chambers

It is also worth noting that a 1 mW power waveguide output is a very conservative
assumption.

6 Conclusion

When compared to macro-size ones, miniaturized and integrated PA (-PA) sensors
have distinctive features that have a strong impact on the models used for their design.
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On the optical model side (i) the mid-IR radiation, injected in the chamber by means
of a waveguide is strongly divergent, (ii) silicon is transparent to mid-IR radiation, and
(iii) crosstalk between chambers can adversely affect the detector performances. On the
acoustic model side, the viscous and thermal dissipation phenomena occurring close
to the -PA cell walls become essential. Therefore, models valid at the macro-scale
are not adapted to p-PA sensors and a dedicated coupled model has been developed.
This model addresses (i) the electromagnetic mode propagation in the waveguide,
(i) the light illumination of the chamber, (iii) the interaction of mid-IR light with the
molecules of interest, and (iv) the creation and propagation of acoustic waves in the
cell.

Using the coupled model, the validity of the choice of the DHR principle, adapted
to the integrated circuits and MEMS technological constraints, is confirmed. In spite
of the strong divergence of the light beam, the simulations show that the j.-PA sen-
sor produces a pressure signal strong enough to match the next generation MEMS
microphones resolution. This study also shows that the energy deposition localization
does not have a major effect but that improving the coupling of light with gas in the
chamber should be looked for. The detrimental influence of crosstalk, due to silicon
transparency in the mid-IR, is moderate and is offset by the effortless suppression of
the windows background.

The coupled model has already demonstrated its usefulness and will be further
improved by taking into account the effect of the MEMS microphones in the vis-
cothermal acoustic computation, as well as the microphone response and resolution.
A crucial feedback will be provided by the characterizations and measurements per-
formed on the prototype p-PA cell currently in fabrication at CEA-LETI facilities.
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