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Abstract
Acoustical particle velocity sensors for applicagan the ultrasonic frequency range are investjat
by means of finite element simulations. The opagafirinciple of these devices is modulation of the
heat transfer between pairs of parallel microwicasised by the propagation of the acoustic wave. Th
sensing structure has been designed to be congaiithl a commercial CMOS process followed by a
simple post-processing procedure. An efficient eckd-2D model has been used for the simulation of
three different sensing structures. The dependehite frequency response on geometrical parameters
is investigated, demonstrating that one of theetlaralyzed structures can be actually optimized to

obtain usable performances up to ultrasound fregasn

Keywords: Acoustic particle velocity sensor; CMO@&@wpatible; FEM simulations; Ultrasound

applications.

Corresponding Author:

Massimo Piotto,

Dipartimento di Ingegneria dell’Informazione,
University of Pisa,

via G. Caruso 16,

[-56122, Pisa, Italy

Tel +39 050 2217657,

Fax +39 050 2217522,

e-mail: massimo.piotto@unipi.it



1. Introduction

The propagation of a sound wave in a medium isacharized by a scalar quantity, the pressure, and a
vector quantity, the acoustic particle velocity H1]. The knowledge of both quantities allows a
complete description of the acoustic field and aidetermination of the acoustic impedance and the
acoustic intensity. Pressure measurement is peefbrg means of standard microphones, while the
detection of the APV is usually more complicated different solutions have been proposed so far.
Direct measurement of the particle velocity is g@itmple in water [2], while in air the particle

velocity has been traditionally inferred from grewli pressure measurements because reliable direct
methods were based on cumbersome and expensicalajgvices [3]. In 1995, de Bregal.

proposed for the first time a micromachined thersesisor, namegd-Flown, capable of a direct
detection of the APV in air [4, 5]. The device cisiss of a pair of parallel heated platinum micraesir
integrated on suspend dielectric beams; its omeratibased on the heat transfer between the wires
caused by the propagation of the acoustic wavemsstrical heat transfer turns into temperature
variations that are detected through the temperatependence of the wire resistance. These sensors
are sensitive to a single component of the APVarg(@tlong the axis perpendicular to two wires).
Since the latter is parallel to the propagatioedtion in far field conditions (plane or spherieaves),
APV sensors are intrinsically directive [6]. Thevib® has been progressively improved increasing the
sensitivity, leading to the introduction of commat@coustic probes based on this type of APV senso
[7]. Similar devices, consisting of multiple pagkheated wires, integrated on the same chip bynmea
of dedicated micromachining technologies, have lpgeposed for 2D [8-10] and 3D [11-13] APV
measurements. Recently, the possibility of fabmgpAPV sensors with a CMOS-compatible
fabrication technique has been demonstrated [14AIBY sensors have been proposed for diverse
applications, including acoustic impedance and igdtigm coefficient measurement [17-19], sound

intensity measurement [20], direction of arrivaimstion [21], near-field acoustic holography [23] 2



and noise source localization [24]. A field in winithe possibility of using APV sensors has not yet
been explored is that of ultrasounds. In additmthe well-known use in medicine, ultrasounds find
application in various fields, including structdrealth monitoring [25, 26], quality control of food
[27], rangefinders and obstacle detection [28-BDparticular, ultrasound sensors working at 40 kHz
have been largely used for obstacle detectiondrs#tie navigation of robots [28, 29], autonomous
vehicles [30-32] and in the navigation aid of viépanpaired or blind persons [33-35]. Ultrasonic
sensors based on vibrating membranes are widetyhessause they are cheap and have a low power
consumption. However, they have a poor angulaidu@ea since they cannot usually identify the
angular location of the obstacle inside a cone aitlaperture of about 60 degrees. For this reason,
applications requiring not only the object detettiut also its precise localization implement coempl
strategies based on array of sensors [33], rotatingr [30] or data fusion from different typologyief
transducers [34, 35]. In these applications, amsiinic transducer with a high directivity would be
very useful to reduce the complexity of the sesgstem. The APV sensors could be a good candidate
because they are intrinsically directive with theximum/minimum sensitivity axes that can be
electronically tuned by using only two orthogoni@neents [36].

In this work, we investigate for the first time thessibility of extending the use of the APV sertsor
the ultrasonic frequency range. The high frequdimey is determined by the thermal capacitance of
the sensing structures [37], which depends on dhamne of the wires and their supporting elements.
For this reason, we have studied three sensingtsteutypologies with different wire volumes. In
particular, the sensing structures consist in peiggarallel polysilicon-silicide wires placed oiticon
dioxide membranes suspended on a cavity etchedhatsilicon substrate. The APV sensor has been
designed to be compatible with a fabrication flammsisting of a commercial CMOS process followed
by a simple post-processing step, necessary t@sdgpe wires. For the parameters of the CMOS
process, reference to a real technology of STMleadnics has been made. The geometric

dimensions of each structure have been optimizedder to obtain the maximum sensitivity. The
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optimization has been performed by means of figiéenent simulations based on an original enhanced
2D model [15], whose greater computational efficigrwith respect to full 3D models, allowed the

execution of detailed parametric sweeps in readenabes.
2. Device description

The sensing structure is similar to that proposealir previous works [14-16] and only a brief
description is reported here. The device consistw® polysilicon-silicide resistors immersed ireth
fluid (air) where the acoustic wave propagates. rEsestors are heated up to a few hundred Kelvins
above the fluid temperature by an electric curr€he resistors are thermally insulated from thieal
substrate by integrating them into suspended sildioxide membranes. In particular, each wire has
been divided into short segments placed on its Ovehhaped membrane, as schematically shown in
Fig. 1 for the case of a three-segment wire pair.

U-shaped membranes

A
Sillicided polysilicon & ¥ \

\\/ s //’ >

e Conductive lines

Fig. 1. Schematic perspective view of a sensing strucf{nc.to scale)

The segments consist of polysilicon-silicide linekjch are polysilicon interconnects that are
processed to form a superficial thin layer of aatsilicon compound (silicide). In commercial CMOS
processes, the aim of this process is to reducshtbet resistance of the interconnections. In déise of
APS sensors, use of polysilicon-silicide insteagaj/silicon allows for a higher temperature

coefficient (higher sensitivity). The segments pliaced on the longest side of the U-shaped
4



membranes while the other two sides of the memBranpport the conductor lines necessary to
connect the segments together to form the wire.CBvdy, that separates the membranes from the
substrate, has been fabricated by applying a posepsing technique where the silicon anisotropic
etching is performed after the conclusion of ttemdard CMOS fabrication process. Partitioning ef th
long wire into shorter section allows for smalleshaped membranes and this has two positive effects
First, smaller membranes have a better mecharubaktness and this increases the reliability of the
device. Second, U-shaped membranes of small dioehsan be suspended using silicon etching
times short enough to be applicable as a post-psoug step to chip fabricated with a standard CMOS
process. TMAH solutions are usually used for thiemi etching because they show a very good
selectivity towards the dielectric layers that sepes the interconnect layers and protect the chip
surface. In this way, it is possible to perform slubstrate etching using the standard dielectyertaof

the process as a mask. Therefore, post-proces=juges only a single photolithography step tordefi
this dielectric (silicon dioxide) mask. Openingtbé dielectrics down to the silicon substrates is
conveniently performed by means of Reactive loriatg (RIE). Unfortunately, the bonding pads
(aluminum) should be already free of the protectigectric layer when the TMAH substrate etching
is applied, since no further photolithography carabplied after release of the membranes. Although
TMAH etches aluminum at a much slower rate thanasil particularly long etching times results in
damage of the bonding pads. This aspect limitsrtagimum TMAH etching times.

The devices proposed in this work have been dediteieng into consideration the properties (layer
thicknesses, material properties, design ruleg) cdmmercial CMOS process of STMicroelectronics.
Fig. 2 shows a perspective and a plan view of d&ped membrane with the main dimensions indicated.
APS sensors fabricated with processes describfd showed a sensitivity that rapidly drops ovéswa
kHz [15,37], being de facto not applicable for astound applications. In this work, we have invedéd

the possibility to extend the frequency bandwidthth@se structures by changing the geometry with

respect to the previously proposed devices.



Sensitivity axis
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Fig. 2. (a) Perspective and (b) plan view of a sectiorhefdensing structure. The axis of maximum sensitisishown.
(not to scale)

Not all the dimensions can be changed freely becaose of them affect diverse aspects of the sensor
behaviour. For example, the selection of the leiiigitand the width (W) of the suspended membrane
have to take into account both the required thermnsaillation and the structure feasibility. In faagh
values of L and W guarantee a very good thermalati®n and then improved sensitivity at all
frequencies, but turn out into long etching timed obw mechanical robustness. As a trade-off, we
have chosen L=4im and W=59um. Conversely, other dimensions, like the widthhaf polysilicon-
silicide lines, metal lines and dielectric arms,stioe reduced as much as possible to reduce fssat lo
and thermal capacitances. Fabrication issues (yndurg to the process design rules) practically
dictated the values used in this work. Insteadwtine distanced) is a parameter that can be modified
without impact on the fabrication process. Howeitaaffects the sensor performances in a way that i
is not possible to determine with intuitive arguntse37]. Therefore, the wire distance has not been
fixed in the simulations but extensive parametweaps have been performed to characterize the
effects of this quantity, with particular emphasisthe optimization of the sensitivity to ultrasdsnin
addition, the membrane thickness is a parametec#mbe easily modified during the post-processing
by slightly changing the sensor design and/or postessing sequence. This parameter affects the

thermal capacitance associated to the membrane wiais$ is the main limitation to the possibilit§ o
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detecting high frequency signals. Therefore, westigated the possibility of reducing the membrane
mass preserving the feasibility of the sensingcstine. To this aim, three distinct configuratiorrwvé
been designed, differing mainly for the thicknekthe silicon dioxide membrane, as schematically

shown in Fig. 3.

Thick oxide structure Thin oxide structure Self-standing poly structure
(TKO) (TNO) (SSP)

[ [ | rm o ) | | - - |_

(@) (b) (c)

Fig. 3. Plan and cross-section views of the three diffesenting structures (not to scale): (a) thick osiglecture (TKO),
(b) thin oxide structure (TNO) and (c) self-stargipolysilicon structure (SSP).

In the structure shown in Fig. 3a, definition of silicon dioxide membranes exploits the seconaimet
layer (metal 2) as a mask during the RIE etchinilpénpost-processing. This strategy, proposed4n [1
15] for acoustic sensors and in [38] for thermaWflsensors, allows reducing the silicon dioxide
thickness over the membranes to about 50 % of tridendielectric stack of the process in a very
simple and controlled way. Furthermore, definitadrihe metal 2 mask geometry occurs during the
execution of the CMOS process and, for this reasamarked by the typically high resolution and
alignment accuracy of modern microelectronic teébgies. Only an additional low-resolution
photoresist mask is required to broadly selecstresor areas. This photoresist layer is also erploi

to allow removal of the metal-2 mask over the maanbrwithout affecting the bonding pads. As a

consequence, the resolution/alignment specificatairihe final post-processing steps are signiflgan
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relaxed, making it affordable for research labraal-medium enterprises. In this first structure
(Fig.3a), indicated with thick oxide structure (TKfr the relatively high residual thickness of the
membranes, the conductor lines, necessary to cotireesegments together to form the wire, are made
of the first metal layer (metall, aluminum). Thiwtce keeps joule heating along the short sidéseof
membrane to a minimum, but degrades thermal insulaf the wires, due to the high thermal
conductivity of aluminum.

An evolution of the proposed definition strategy ¢e obtained using the metal-1 layer (instead of
metal2) as the RIE mask to fabricate the structhoevn in Fig. 3b. In this case, the dioxide thidse

is decreased by 75 % with respect to the total atnofuthe dielectric layers and for this reason we
named this structure thin oxide structure (TNO)viObsly, with this choice, the metal-1 layer is no
more available for interconnections. The propos#dti®n is to use polysilicon-silicide lines with
increased width across the connection arms to eedogle heating along the latter (wasted power).
The last evolution of the process consists in émeaval of the thin silicon dioxide membrane after t
silicon anisotropic etching, obtaining a self-stagdpolysilicon-silicide wire as schematically show

in Fig. 3c. Removal of the supporting membranelmobtained with a time-calibrated etching of the
silicon dioxide using a HF based solution. Witrstkiructure, named self-standing polysilicon strrect
(SSP), the minimum thermal capacitance is achiéwethe wire. The width of the supporting
polysilicon arms (perpendicular to the wire) isresed to reduce unproductive Joule heating (as for
the structure in Fig.3b) and to guarantee good am@chl robustness.

As mentioned earlier, the design of the structuegsiires the optimization of many geometrical
parameters and, in some cases, a trade-off betvierent requirements should be taken into account
The proposed sensor is a complex continuous systdnthe interaction of different physical
mechanisms that cannot be represented by meansactarate analytical model. For this reason, the
design and optimization of the sensing structueeglbeen performed with the FEM model described

in the next section.



3. FEM mod€

The FEM model of the sensing structures has beesl@jged using the COMSOL Multiphysics
platform. The model relies on a multilevel appto#tat was originally proposed in [15] and validhate
through comparison with experimental data. Brietig static solution obtained with a 3D model is
used to tune the dynamic 2D model, which is acyuaihployed to obtain the sensor response to
acoustic waves. In Fig. 4 an axonometric projectibtihe geometric structure used in the 3D model is
shown. It can be noted that only half of the stizetshown in Fig. 2a has been simulated, taking

advantage of the symmetry of the structure abaikth plane.

Fig. 4. Axonometric projection of the 3D COMSOL model usedthe FEM numerical simulations

The 3D model has been used to simulate only thie gtawer dissipation of the sensing structure
immersed in still air. In fact, the solution of tbemplex thermo-acoustic phenomena in a large 3D
model has proven to be unpractical, since very Bngilation times are required, especially for the
parametric sweeps that are necessary to optimezsttacture design. Furthermore, memory limits
impose the reduction of the mesh complexity, impgithe solution accuracy. On the other hand, a

simple 2D model based on a y-z section of the &irads far from being adequate, since it compyetel

9



ignores heat transfer along the x-axis, resultnigugely overestimated thermal insulation. For this
reason, we decided to develop an efficient 2D muadiere heat loss along the x-axis of the struagire
taken into account with proper additional termsis®imulation approach can be considered an
enhanced 2D model, which was demonstrated to kebtapf predicting the experimental
characteristics of thermal flow sensors [39] anoustic particle velocity sensors [15]. In practittes
2D model has been modified so that the considerzdeaction of the wire approximates the same
thermal characteristics of the full wire simulatedh a 3D model and averaged along the x-axis.
In particular, the simulation procedure can bed#d into the following four steps.
-) 3D Model — stationary simulationhe first step is the stationary simulation of 8tructure using the
electro-thermal modules in order to calculate #megerature distribution as a function of the vadtag
applied across the wire. The average values dethgerature (&g and power dissipation £ig) of the
polysilicon wire are calculated.
-) 2D Model — stationary simulatiothe second step is the stationary simulatiommef2D Model using
the heat transfer module. The mean power dissipaatue (R.g calculated at the previous step is
applied as heat source boundary conditions at treesgction; the heat losses to the substrate ghrou
the membrane along the x-axis are considered astamf-plane heat flux boundary condition applied
at the same wire section. The out-of-plane heatifila boundary condition available for 2D models
that specifies an amount of heat flux in the dicecperpendicular to the plane of the model by msean
of the following formula:

a= (T, T) ()
whereq is the heat fluxh is the heat transfer coefficiex is the external reference temperature and
T is the temperature of the boundary. In our matiel value oh has been trimmed in order to obtain a
mean static temperature of the polysilicon wireada that calculated with the 3D Model at the
previous step (Fg). In this way, the stationary 2D Model resultd®equivalent to the 3D Model in

terms of average values. It is important to no&t the heat losses introduced with the out-of-plane
10



boundary condition are not constant, but they démenthe temperature (T) of the wire section. This
condition is consistent with the real behaviorte heat losses through the membrane and it is
fundamental in order to obtain accurate resultiénfollowing dynamic simulations where the wire
temperature varies due to the acoustic wave.

-) 2D Model — frequency domain simulatidhe third step is the acoustic simulation infileguency
domain with the thermo-acoustics module. This medutiudes the viscous losses and the thermal
conduction effects near walls that cannot be négtiewhen acoustic waves interact with small
geometries as in our device. A constant particlectty is applied to one side of the air volume,ileh
an acoustic impedance boundary condition is uséteabther extreme of the air volume. The static
temperature distribution calculated in the previsiep is used as input equilibrium temperature. The
output of this step is the particle velocity distriion expressed in terms of a complex time depande
field; the actual value at any point in time is thal part of the solution.

-) 2D Model —time dependent simulatidhe last step is the time-dependent thermal sitonlavith

the heat transfer module. The initial temperatus&iution is the stationary solution previously
calculated. The convective heat transfer causeatidgcoustic wave is taken into account by imposing
a sinusoidal air velocity field as model input. Tgtease and the magnitude of the velocity distrdyuti
are those calculated by means of the acoustic raaduhe previous step. After a short transient, a
steady state solution is reached where the tempesadf the two wires oscillate in a sinusoidal
fashion. The difference between the two temperataféhe wires, indicated as differential output

temperature, is taken as the output quantity ostimeilations.

4. Simulations results

The wire overheating in the TKO structure (Fig. 8alculated with the 3D model is shown in Fig.rb. |
order to make the membrane structure visible, ithecdume has been removed from the picture. It can
be noted that, as expected, the maximum temperatortes in the center of the wire while a much

11



smaller temperature increase is present alongibe@tms of the U-shaped membrane. The wire

distance is 21m and an average wire overheating of 250 K has bbtined applying a voltage of

1.364 V across the wire.
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Fig. 5. (a) Temperature profile of a thick oxide struct(F&O) with a wire distance of 2gm and an applied voltage of
1.364 V; (b) temperature profile along the polysih wire.

The 2D simulation results have been analyzed mgef the device sensitivity, defined as the ratio
between the calculated differential output tempeeatnd the input particle velocity, set to a canst

value of 1 mm/s in all simulations.

The dependence of the sensitivity on frequencyhieee different values of the wire gap (d) is shown

in Fig. 6 for the TKO structure (Fig. 3a).
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Fig. 6. Thick oxide structure (TKO) sensitivity as a functiof frequency for three different values of theandistance.

The simulations have been performed in the frequesitge 10 Hz — 40 kHz. The obtained behavior is
consistent with the experimental data of similaVAd&nsors recently proposed [15], characterized by
wire distance of fuim. The sensitivity decrease at low frequency caadoeibed to the boundary layer
thickness dependence on frequency. In fact, tlokrless of the viscous and thermal boundary lagers i
inversely proportional to the square root of tregjfrency [40]: increasing the frequency, the boundar
layer thickness decreases, enhancing the heatreyeletween the wires and the moving air.
However, as the frequency increases, two othermdi;mphenomena interfere, limiting the sensitivity
increase and causing a maximum to occur and aguésedrop at high frequency. The first
phenomenon is heat transport between the two wirdgigh is governed by a constant time depending
on the air thermal diffusivity and the wire distar[87]. The second effect is the inertia by whicé t
wire temperature variations follow heat transferatzgons. This inertia is due to the thermal mass o
the polysilicon wire and of the silicon dioxide mierane. The effect of the wire distance on the
frequency response can be extrapolated from tlee turves shown in Fig. 6: decreasing the wire
distanced from 90um to 5um, the sensitivity at low frequency presents arallegrease. This effect is

not easy to explain, but it can be partly ascritwetthe reduction of the thermal resistance of thgap
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that separates the wires. Note that the point ofimmam sensitivity shifts to higher frequencies las t

air gap is reduced, making the devices with smallegap advantageous in the high frequency region.
Nevertheless, for all curves the sensitivity in titttasound range (f>20 kHz) is significantly dedge

for all values of the airgagh The reason is the relatively high thermal masbefTKO structure. For
this reason, we expect that the other two strustur&ig. 3 (TNO and SSP) exhibit a better senigjtiv

at high frequency. In order to compare the thragsires in the best conditions for ultrasound
applications, we have first found the wire distafehat gives the best sensitivity at a frequency of
40 kHz. This has been obtained by parametric sitoms where the frequency was kept fixed and the
air gap was varied until a sensitivity maximum vi@snd. Repeating this test at different frequencies

we have found the curves in Fig. 7, where the amtindistancel is plotted against frequency.
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Fig. 7. Optimum wire distance as a function of frequeraythe thick oxide structure (TKO) and the selfrsliag
polysilicon structure (SSP).

The curves refer to the thick oxide and self-stagditructures. It can be noted that the optimune wir
distance is inversely proportional to the frequeany this behavior is valid for both type of sessor
with differences that tend to get smaller at higigtiency. In particular, a SSP sensor with a wire
distance of about 22m is the best choice for 40 kHz applications; ttakie is good also for a thick

oxide sensor as confirmed by the data shown in@ziti.should be noted that the calculated optimum
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distance maximizes the response at a specific @y which, on the other hand, does not coincide
with a frequency of maximum sensitivity. This igatly visible in Fig. 6 where the structure with22

pum shows the maximum sensitivity at about 3 kHz.
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Fig. 8. Sensor sensitivity as a function of frequencytfar three different structures simulated: the wistance has been
fixed at 22um.

Comparison of the three configurations, all desipweh d=22um for the sake of simplicity, is
presented in Fig. 8, where the frequency respanskawn in all three cases. As expected, in the
ultrasound region the sensitivity increases ashibemal mass is reduced. In particular, the self-
standing structure presents a much higher sengiivd0 kHz than the other two configurations. The
maximum of the sensitivity is also affected by dtdbward higher frequency when the thermal
capacitance decreases and it passes from 3 ke diiick oxide configuration to around 10 kHz of
the self-standing one.

In order to extend comparison of the three configans over a wider frequency range, we have found
the best sensitivity that can be obtained at esajuency by tuning the wire distarmten practice, we
have chosen a set of frequency values over thezi0HHz interval and, for each value, we have
simulated the structure with the optimum distararetiat frequency, finding the best sensitivityttha

can be obtained with a given configuration at frequency. The collection of maximum sensitivities
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as a function of frequency is shown in Fig. 9 fog TKO and SSP structures. This plot must be
considered as the collection of the responsegwétstres with different wire gap, each optimized fo
the corresponding frequency. Thus, a single straatith the sensitivity behavior shown in the figur
it does not exist, but the plot is very usefullie tlesign phase. It is evident, for example, thiva
frequency it is better to use a sensing structutie tlve silicon dioxide membrane while for high
frequency applications the reduction of the theroaglacitance is fundamental. In fact, the maximum
sensitivity at 40 kHz is S=2.4 K#s for the SSP structure obtained with d=3215and S=0.4 Knis
for the TKO structure with d=28m. Finally, it is interesting to discuss about thaxima of the plots
shown in the figure. The peak values are the l@isvity that can be obtained with the proposed
structures after the optimization of the wire diste the peak frequency is the frequency at whieh t
particular configuration gives the best responseadrticular, the peak sensitivity of the thick aei
sensor is S = 5.1 Kiis and it has been obtained at 1 kHz using d#@5The peak sensitivity of the

polysilicon sensor is S = 4.3 Kha and it has been obtained at 5 kHz using d#62

— TKO structure
1+ - — =SSP structure -

Maximum sensitivity (K m™s)
w

10 100 1k 10k
Frequency (Hz)

Fig. 9. Maximum of the sensitivity as a functionfafquency for the thick oxide structure (TKO) &hd self-standing

polysilicon structure (SSP), obtained by optimizthg wire distancd at each individual frequency.

16



Just to have an idea of the electrical signal ntageithat can be produced by a sensor that exltiigts
sensitivities quoted above, we can refer to aWleatstone bridge configuration [15] formed by two
wire pairs such those depicted in Fig. 1. It caedsly shown that the output signal voltage oftthdge
is given by:

v =10 @

wheredT is the temperature difference (between each vang produced by the acoustic particle

velocity, a is the wire temperature coefficient of the resisea(TCR) and Vis the supply voltage of
the bridge. Consider thAT=Su, where S is the sensitivity of the APV sensorefineéd in this paper
andu is the particle velocity. With =10 V,a=3x102 K1, and S=2.4 Kms (maximum value
achievable at 40 kHz with the SSP structure), apudwoltage of 3V can be obtained with an APV
of 1 mm/s, corresponding to a sound pressure @B3@GPL). This intensity, which is generally lower
than the typical sound intensity used in shortagise proximity sensors, results in output signal
magnitudes (tens of microvolts or higher) that barreliably detected with a low-noise amplifiery. B

these considerations, use of the SSP structurdtfasonic application can be reasonably envisioned

Conclusions

Three different sensing structures have been iigatstl by means of FEM simulations in order to
explore the possibility of using APV sensors foplegations in the ultrasonic frequency range. The
structures consist of pairs of parallel polysiliesificide wires placed over suspended dielectric
membranes designed with a commercial CMOS prodéssmain difference between the three
structures is the thickness of the suspending memeist which, for one of the examined cases, is
completely removed. The results of parametric sathmhs confirmed the key role played by the wire
distance in determining the frequency responspatticular, for all the examined structure types, w
found that the distance that maximizes the seiityifprogressively decreases as the working frequenc

increases. The three investigated configurationgvsmportant performance differences in the
17



ultrasound region. In particular, we found thatyathle structure based on a self-standing polysilico
silicide wire presents a sensitivity at 40 kHz tisastill comparable with the sensitivities estigthtn
the low frequency range. Conversely, the othergtmactures, which suffer from the large thermal
capacity of the suspending membrane, exhibit a dtiaraensitivity drop at high frequencies, which
makes them practically not adequate for ultrasapplications. Fabrication of the SSP structure
requires an additional process step for the remaoivile whole suspending dielectric membrane.
However, this issue should not be critical duehwhigh selectivity of silicon dioxide etchantstlier

in wet or vapour phase) with respect to polysilicon
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Figure Captions
Fig. 1. Schematic perspective view of a sensing strucf{nc#.to scale)

Fig. 2. (a) Perspective and (b) plan view of a sectionhef $ensing structure. The axis of maximum

sensitivity is shown. (not to scale)

Fig. 3. Plan and cross-section views of the three diffesensing structures (not to scale): (a) thick oxide

structure (TKO), (b) thin oxide structure (TNO) &l self-standing polysilicon structure (SSP).
Fig. 4. Axonometric projection of the 3D COMSOL model usedthe FEM numerical simulations

Fig. 5. (a) Temperature profile of a thick oxide struct(ifé&O) with a wire distance of 2gm and an

applied voltage of 1.364 V; (b) temperature proéileng the polysilicon wire.

Fig. 6. Thick oxide structure (TKO) sensitivity as a fulctiof frequency for three different values of

the wire distance.

Fig. 7. Optimum wire distance as a function of frequenmythe thick oxide structure (TKO) and the

self-standing polysilicon structure (SSP).

Fig. 8. Sensor sensitivity as a function of frequencytifar three different structures simulated: the wire

distance has been fixed at 2.

Fig. 9. Maximum of the sensitivity as a function of freqag for the thick oxide structure (TKO) and
the self-standing polysilicon structure (SSP), oi#d by optimizing the wire distancg at each

individual frequency.
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