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Abstract 

Acoustical particle velocity sensors for applications in the ultrasonic frequency range are investigated 

by means of finite element simulations. The operating principle of these devices is modulation of the 

heat transfer between pairs of parallel microwires, caused by the propagation of the acoustic wave. The 

sensing structure has been designed to be compatible with a commercial CMOS process followed by a 

simple post-processing procedure. An efficient enhanced-2D model has been used for the simulation of 

three different sensing structures. The dependence of the frequency response on geometrical parameters 

is investigated, demonstrating that one of the three analyzed structures can be actually optimized to 

obtain usable performances up to ultrasound frequencies.  
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1. Introduction 

The propagation of a sound wave in a medium is characterized by a scalar quantity, the pressure, and a 

vector quantity, the acoustic particle velocity (APV) [1]. The knowledge of both quantities allows a 

complete description of the acoustic field and direct determination of the acoustic impedance and the 

acoustic intensity. Pressure measurement is performed by means of standard microphones, while the 

detection of the APV is usually more complicated and different solutions have been proposed so far. 

Direct measurement of the particle velocity is quite simple in water [2], while in air the particle 

velocity has been traditionally inferred from gradient pressure measurements because reliable direct 

methods were based on cumbersome and expensive optical devices [3]. In 1995, de Bree et al. 

proposed for the first time a micromachined thermal sensor, named µ-Flown, capable of a direct 

detection of the APV in air [4, 5]. The device consists of a pair of parallel heated platinum microwires 

integrated on suspend dielectric beams; its operation is based on the heat transfer between the wires 

caused by the propagation of the acoustic wave. Asymmetrical heat transfer turns into temperature 

variations that are detected through the temperature dependence of the wire resistance. These sensors 

are sensitive to a single component of the APV vector (along the axis perpendicular to two wires). 

Since the latter is parallel to the propagation direction in far field conditions (plane or spherical waves), 

APV sensors are intrinsically directive [6]. The device has been progressively improved increasing the 

sensitivity, leading to the introduction of commercial acoustic probes based on this type of APV sensor 

[7]. Similar devices, consisting of multiple pairs of heated wires, integrated on the same chip by means 

of dedicated micromachining technologies, have been proposed for 2D [8-10] and 3D [11-13] APV 

measurements. Recently, the possibility of fabricating APV sensors with a CMOS-compatible 

fabrication technique has been demonstrated [14-16]. APV sensors have been proposed for diverse 

applications, including acoustic impedance and absorption coefficient measurement [17-19], sound 

intensity measurement [20], direction of arrival estimation [21], near-field acoustic holography [22,23] 
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and noise source localization [24]. A field in which the possibility of using APV sensors has not yet 

been explored is that of ultrasounds. In addition to the well-known use in medicine, ultrasounds find 

application in various fields, including structure health monitoring [25, 26], quality control of food 

[27], rangefinders and obstacle detection [28-30]. In particular, ultrasound sensors working at 40 kHz 

have been largely used for obstacle detection in the safe navigation of robots [28, 29], autonomous 

vehicles [30-32] and in the navigation aid of visually impaired or blind persons [33-35]. Ultrasonic 

sensors based on vibrating membranes are widely used because they are cheap and have a low power 

consumption. However, they have a poor angular resolution since they cannot usually identify the 

angular location of the obstacle inside a cone with an aperture of about 60 degrees. For this reason, 

applications requiring not only the object detection but also its precise localization implement complex 

strategies based on array of sensors [33], rotating sonar [30] or data fusion from different typologies of 

transducers [34, 35]. In these applications, an ultrasonic transducer with a high directivity would be 

very useful to reduce the complexity of the sensor system. The APV sensors could be a good candidate 

because they are intrinsically directive with the maximum/minimum sensitivity axes that can be 

electronically tuned by using only two orthogonal elements [36].  

In this work, we investigate for the first time the possibility of extending the use of the APV sensor to 

the ultrasonic frequency range. The high frequency limit is determined by the thermal capacitance of 

the sensing structures [37], which depends on the volume of the wires and their supporting elements. 

For this reason, we have studied three sensing structure typologies with different wire volumes. In 

particular, the sensing structures consist in pairs of parallel polysilicon-silicide wires placed on silicon 

dioxide membranes suspended on a cavity etched into the silicon substrate. The APV sensor has been 

designed to be compatible with a fabrication flow consisting of a commercial CMOS process followed 

by a simple post-processing step, necessary to suspend the wires. For the parameters of the CMOS 

process, reference to a real technology of STMicroelectronics has been made. The geometric 

dimensions of each structure have been optimized in order to obtain the maximum sensitivity. The 
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optimization has been performed by means of finite element simulations based on an original enhanced 

2D model [15], whose greater computational efficiency, with respect to full 3D models, allowed the 

execution of detailed parametric sweeps in reasonable times.    

2. Device description 

The sensing structure is similar to that proposed in our previous works [14-16] and only a brief 

description is reported here. The device consists of two polysilicon-silicide resistors immersed in the 

fluid (air) where the acoustic wave propagates. The resistors are heated up to a few hundred Kelvins 

above the fluid temperature by an electric current. The resistors are thermally insulated from the silicon 

substrate by integrating them into suspended silicon dioxide membranes. In particular, each wire has 

been divided into short segments placed on its own U-shaped membrane, as schematically shown in 

Fig. 1 for the case of a three-segment wire pair.  

 

Fig. 1. Schematic perspective view of a sensing structure. (not to scale) 

 
The segments consist of polysilicon-silicide lines, which are polysilicon interconnects that are 

processed to form a superficial thin layer of a metal-silicon compound (silicide). In commercial CMOS 

processes, the aim of this process is to reduce the sheet resistance of the interconnections. In the case of 

APS sensors, use of polysilicon-silicide instead of polysilicon allows for a higher temperature 

coefficient (higher sensitivity). The segments are placed on the longest side of the U-shaped 
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membranes while the other two sides of the membranes support the conductor lines necessary to 

connect the segments together to form the wire. The cavity, that separates the membranes from the 

substrate, has been fabricated by applying a post-processing technique where the silicon anisotropic 

etching is performed after the conclusion of the standard CMOS fabrication process. Partitioning of the 

long wire into shorter section allows for smaller U-shaped membranes and this has two positive effects. 

First, smaller membranes have a better mechanical robustness and this increases the reliability of the 

device. Second, U-shaped membranes of small dimensions can be suspended using silicon etching 

times short enough to be applicable as a post-processing step to chip fabricated with a standard CMOS 

process. TMAH solutions are usually used for the silicon etching because they show a very good 

selectivity towards the dielectric layers that separates the interconnect layers and protect the chip 

surface. In this way, it is possible to perform the substrate etching using the standard dielectric layers of 

the process as a mask. Therefore, post-processing requires only a single photolithography step to define 

this dielectric (silicon dioxide) mask. Opening of the dielectrics down to the silicon substrates is 

conveniently performed by means of Reactive Ion Etching (RIE). Unfortunately, the bonding pads 

(aluminum) should be already free of the protecting dielectric layer when the TMAH substrate etching 

is applied, since no further photolithography can be applied after release of the membranes. Although 

TMAH etches aluminum at a much slower rate than silicon, particularly long etching times results in 

damage of the bonding pads. This aspect limits the maximum TMAH etching times.  

The devices proposed in this work have been designed taking into consideration the properties (layer 

thicknesses, material properties, design rules) of a commercial CMOS process of STMicroelectronics. 

Fig. 2 shows a perspective and a plan view of a U-shaped membrane with the main dimensions indicated. 

APS sensors fabricated with processes described so far showed a sensitivity that rapidly drops over a few 

kHz [15,37], being de facto not applicable for ultrasound applications. In this work, we have investigated 

the possibility to extend the frequency bandwidth of these structures by changing the geometry with 

respect to the previously proposed devices. 
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Fig. 2. (a) Perspective and (b) plan view of a section of the sensing structure. The axis of maximum sensitivity is shown. 
(not to scale) 

 
Not all the dimensions can be changed freely because some of them affect diverse aspects of the sensor 

behaviour. For example, the selection of the length (L) and the width (W) of the suspended membrane 

have to take into account both the required thermal insulation and the structure feasibility. In fact, high 

values of L and W guarantee a very good thermal insulation and then improved sensitivity at all 

frequencies, but turn out into long etching times and low mechanical robustness. As a trade-off, we 

have chosen L=41 µm and W=59 µm. Conversely, other dimensions, like the width of the polysilicon-

silicide lines, metal lines and dielectric arms, must be reduced as much as possible to reduce heat loss 

and thermal capacitances. Fabrication issues (mainly due to the process design rules) practically 

dictated the values used in this work. Instead, the wire distance (d) is a parameter that can be modified 

without impact on the fabrication process. However, it affects the sensor performances in a way that it 

is not possible to determine with intuitive arguments [37]. Therefore, the wire distance has not been 

fixed in the simulations but extensive parametric sweeps have been performed to characterize the 

effects of this quantity, with particular emphasis on the optimization of the sensitivity to ultrasounds. In 

addition, the membrane thickness is a parameter that can be easily modified during the post-processing 

by slightly changing the sensor design and/or post-processing sequence. This parameter affects the 

thermal capacitance associated to the membrane mass, which is the main limitation to the possibility of 
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detecting high frequency signals. Therefore, we investigated the possibility of reducing the membrane 

mass preserving the feasibility of the sensing structure. To this aim, three distinct configurations have 

been designed, differing mainly for the thickness of the silicon dioxide membrane, as schematically 

shown in Fig. 3.  

 

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

 

In the structure shown in Fig. 3a, definition of the silicon dioxide membranes exploits the second metal 

layer (metal 2) as a mask during the RIE etching in the post-processing. This strategy, proposed in [14, 

15] for acoustic sensors and in [38] for thermal flow sensors, allows reducing the silicon dioxide 

thickness over the membranes to about 50 % of the whole dielectric stack of the process in a very 

simple and controlled way. Furthermore, definition of the metal 2 mask geometry occurs during the 

execution of the CMOS process and, for this reason, is marked by the typically high resolution and 

alignment accuracy of modern microelectronic technologies. Only an additional low-resolution 

photoresist mask is required to broadly select the sensor areas. This photoresist layer is also exploited 

to allow removal of the metal-2 mask over the membrane without affecting the bonding pads. As a 

consequence, the resolution/alignment specifications of the final post-processing steps are significantly 
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relaxed, making it affordable for research lab or small-medium enterprises. In this first structure 

(Fig.3a), indicated with thick oxide structure (TKO) for the relatively high residual thickness of the 

membranes, the conductor lines, necessary to connect the segments together to form the wire, are made 

of the first metal layer (metal1, aluminum). This choice keeps joule heating along the short sides of the 

membrane to a minimum, but degrades thermal insulation of the wires, due to the high thermal 

conductivity of aluminum.  

An evolution of the proposed definition strategy can be obtained using the metal-1 layer (instead of 

metal2) as the RIE mask to fabricate the structure shown in Fig. 3b. In this case, the dioxide thickness 

is decreased by 75 % with respect to the total amount of the dielectric layers and for this reason we 

named this structure thin oxide structure (TNO). Obviously, with this choice, the metal-1 layer is no 

more available for interconnections. The proposed solution is to use polysilicon-silicide lines with 

increased width across the connection arms to reduce Joule heating along the latter (wasted power). 

The last evolution of the process consists in the removal of the thin silicon dioxide membrane after the 

silicon anisotropic etching, obtaining a self-standing polysilicon-silicide wire as schematically shown 

in Fig. 3c. Removal of the supporting membrane can be obtained with a time-calibrated etching of the 

silicon dioxide using a HF based solution. With this structure, named self-standing polysilicon structure 

(SSP), the minimum thermal capacitance is achieved for the wire. The width of the supporting 

polysilicon arms (perpendicular to the wire) is increased to reduce unproductive Joule heating (as for 

the structure in Fig.3b) and to guarantee good mechanical robustness. 

As mentioned earlier, the design of the structures requires the optimization of many geometrical 

parameters and, in some cases, a trade-off between different requirements should be taken into account. 

The proposed sensor is a complex continuous system with the interaction of different physical 

mechanisms that cannot be represented by means of an accurate analytical model. For this reason, the 

design and optimization of the sensing structures have been performed with the FEM model described 

in the next section. 
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3. FEM model 

The FEM model of the sensing structures has been developed using the COMSOL Multiphysics 

platform.  The model relies on a multilevel approach that was originally proposed in [15] and validated 

through comparison with experimental data. Briefly, the static solution obtained with a 3D model is 

used to tune the dynamic 2D model, which is actually employed to obtain the sensor response to 

acoustic waves. In Fig. 4 an axonometric projection of the geometric structure used in the 3D model is 

shown. It can be noted that only half of the structure shown in Fig. 2a has been simulated, taking 

advantage of the symmetry of the structure about the x-z plane.  

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

 

The 3D model has been used to simulate only the static power dissipation of the sensing structure 

immersed in still air. In fact, the solution of the complex thermo-acoustic phenomena in a large 3D 

model has proven to be unpractical, since very long simulation times are required, especially for the 

parametric sweeps that are necessary to optimize the structure design. Furthermore, memory limits 

impose the reduction of the mesh complexity, impairing the solution accuracy. On the other hand, a 

simple 2D model based on a y-z section of the structure is far from being adequate, since it completely 
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ignores heat transfer along the x-axis, resulting in hugely overestimated thermal insulation. For this 

reason, we decided to develop an efficient 2D model where heat loss along the x-axis of the structure is 

taken into account with proper additional terms. This simulation approach can be considered an 

enhanced 2D model, which was demonstrated to be capable of predicting the experimental 

characteristics of thermal flow sensors [39] and acoustic particle velocity sensors [15]. In practice, the 

2D model has been modified so that the considered y-z section of the wire approximates the same 

thermal characteristics of the full wire simulated with a 3D model and averaged along the x-axis.  

In particular, the simulation procedure can be divided into the following four steps. 

-) 3D Model – stationary simulation: the first step is the stationary simulation of the structure using the 

electro-thermal modules in order to calculate the temperature distribution as a function of the voltage 

applied across the wire. The average values of the temperature (Tavg) and power dissipation (Pavg) of the 

polysilicon wire are calculated. 

-) 2D Model – stationary simulation: the second step is the stationary simulation of the 2D Model using 

the heat transfer module. The mean power dissipation value (Pavg) calculated at the previous step is 

applied as heat source boundary conditions at the wire section; the heat losses to the substrate through 

the membrane along the x-axis are considered as an out-of-plane heat flux boundary condition applied 

at the same wire section. The out-of-plane heat flux is a boundary condition available for 2D models 

that specifies an amount of heat flux in the direction perpendicular to the plane of the model by means 

of the following formula: 

 ( )extq h T T= −  (1) 

 
where q is the heat flux, h is the heat transfer coefficient, Text is the external reference temperature and 

T is the temperature of the boundary. In our model, the value of h has been trimmed in order to obtain a 

mean static temperature of the polysilicon wire equal to that calculated with the 3D Model at the 

previous step (Tavg). In this way, the stationary 2D Model results to be equivalent to the 3D Model in 

terms of average values. It is important to note that the heat losses introduced with the out-of-plane 
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boundary condition are not constant, but they depend on the temperature (T) of the wire section. This 

condition is consistent with the real behavior of the heat losses through the membrane and it is 

fundamental in order to obtain accurate results in the following dynamic simulations where the wire 

temperature varies due to the acoustic wave.  

-) 2D Model – frequency domain simulation: the third step is the acoustic simulation in the frequency 

domain with the thermo-acoustics module. This module includes the viscous losses and the thermal 

conduction effects near walls that cannot be neglected when acoustic waves interact with small 

geometries as in our device. A constant particle velocity is applied to one side of the air volume, while 

an acoustic impedance boundary condition is used at the other extreme of the air volume. The static 

temperature distribution calculated in the previous step is used as input equilibrium temperature. The 

output of this step is the particle velocity distribution expressed in terms of a complex time dependent 

field; the actual value at any point in time is the real part of the solution.  

-) 2D Model –time dependent simulation: the last step is the time-dependent thermal simulation with 

the heat transfer module. The initial temperature distribution is the stationary solution previously 

calculated. The convective heat transfer caused by the acoustic wave is taken into account by imposing 

a sinusoidal air velocity field as model input. The phase and the magnitude of the velocity distribution 

are those calculated by means of the acoustic module in the previous step. After a short transient, a 

steady state solution is reached where the temperatures of the two wires oscillate in a sinusoidal 

fashion. The difference between the two temperatures of the wires, indicated as differential output 

temperature, is taken as the output quantity of the simulations.  

4. Simulations results 

The wire overheating in the TKO structure (Fig. 3a) calculated with the 3D model is shown in Fig. 5. In 

order to make the membrane structure visible, the air volume has been removed from the picture. It can 

be noted that, as expected, the maximum temperature occurs in the center of the wire while a much 
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smaller temperature increase is present along the two arms of the U-shaped membrane. The wire 

distance is 22 µm and an average wire overheating of 250 K has been obtained applying a voltage of 

1.364 V across the wire. 
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Fig. 5. (a) Temperature profile of a thick oxide structure (TKO) with a wire distance of 22 µm and an applied voltage of 
1.364 V; (b) temperature profile along the polysilicon wire. 

 
The 2D simulation results have been analyzed in terms of the device sensitivity, defined as the ratio 

between the calculated differential output temperature and the input particle velocity, set to a constant 

value of 1 mm/s in all simulations.  

The dependence of the sensitivity on frequency for three 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 function of frequency for three different values of the wire distance. 

 

The simulations have been performed in the frequency range 10 Hz – 40 kHz. The obtained behavior is 

consistent with the experimental data of similar APV sensors recently proposed [15], characterized by a 

wire distance of 5 µm. The sensitivity decrease at low frequency can be ascribed to the boundary layer 

thickness dependence on frequency. In fact, the thickness of the viscous and thermal boundary layers is 

inversely proportional to the square root of the frequency [40]: increasing the frequency, the boundary 

layer thickness decreases, enhancing the heat exchange between the wires and the moving air. 

However, as the frequency increases, two other dynamic phenomena interfere, limiting the sensitivity 

increase and causing a maximum to occur and a subsequent drop at high frequency. The first 

phenomenon is heat transport between the two wires, which is governed by a constant time depending 

on the air thermal diffusivity and the wire distance [37]. The second effect is the inertia by which the 

wire temperature variations follow heat transfer variations. This inertia is due to the thermal mass of 

the polysilicon wire and of the silicon dioxide membrane. The effect of the wire distance on the 

frequency response can be extrapolated from the three curves shown in Fig. 6: decreasing the wire 

distance d from 90 µm to 5 µm, the sensitivity at low frequency presents a clear decrease. This effect is 

not easy to explain, but it can be partly ascribed to the reduction of the thermal resistance of the air gap 
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that separates the wires. Note that the point of maximum sensitivity shifts to higher frequencies as the 

air gap is reduced, making the devices with smaller air gap advantageous in the high frequency region. 

Nevertheless, for all curves the sensitivity in the ultrasound range (f>20 kHz) is significantly degraded 

for all values of the airgap d. The reason is the relatively high thermal mass of the TKO structure. For 

this reason, we expect that the other two structures in Fig. 3 (TNO and SSP) exhibit a better sensitivity 

at high frequency. In order to compare the three structures in the best conditions for ultrasound 

applications, we have first found the wire distance (d) that gives the best sensitivity at a frequency of 

40 kHz. This has been obtained by parametric simulations where the frequency was kept fixed and the 

air gap was varied until a sensitivity maximum was found. Repeating this test at different frequencies, 

we have found the curves in Fig. 7, where the optimum distance d is plotted against frequency.  
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Fig. 7. Optimum wire distance as a function of frequency for the thick oxide structure (TKO) and the self-standing 
polysilicon structure (SSP). 

 

The curves refer to the thick oxide and self-standing structures. It can be noted that the optimum wire 

distance is inversely proportional to the frequency and this behavior is valid for both type of sensors, 

with differences that tend to get smaller at high frequency. In particular, a SSP sensor with a wire 

distance of about 22 µm is the best choice for 40 kHz applications; this value is good also for a thick 

oxide sensor as confirmed by the data shown in Fig. 6. It should be noted that the calculated optimum 
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distance maximizes the response at a specific frequency, which, on the other hand, does not coincide 

with a frequency of maximum sensitivity. This is clearly visible in Fig. 6 where the structure with d=22 

µm shows the maximum sensitivity at about 3 kHz.  
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Fig. 8. Sensor sensitivity as a function of frequency for the three different structures simulated: the wire distance has been 
fixed at 22 µm. 

 
Comparison of the three configurations, all designed with d=22 µm for the sake of simplicity, is 

presented in Fig. 8, where the frequency response is shown in all three cases. As expected, in the 

ultrasound region the sensitivity increases as the thermal mass is reduced. In particular, the self-

standing structure presents a much higher sensitivity at 40 kHz than the other two configurations. The 

maximum of the sensitivity is also affected by a shift toward higher frequency when the thermal 

capacitance decreases and it passes from 3 kHz of the thick oxide configuration to around 10 kHz of 

the self-standing one. 

In order to extend comparison of the three configurations over a wider frequency range, we have found 

the best sensitivity that can be obtained at each frequency by tuning the wire distance d. In practice, we 

have chosen a set of frequency values over the 10 Hz-40 kHz interval and, for each value, we have 

simulated the structure with the optimum distance for that frequency, finding the best sensitivity that 

can be obtained with a given configuration at that frequency.  The collection of maximum sensitivities 
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as a function of frequency is shown in Fig. 9 for the TKO and SSP structures. This plot must be 

considered as the collection of the responses of structures with different wire gap, each optimized for 

the corresponding frequency. Thus, a single structure with the sensitivity behavior shown in the figure 

it does not exist, but the plot is very useful in the design phase. It is evident, for example, that at low 

frequency it is better to use a sensing structure with the silicon dioxide membrane while for high 

frequency applications the reduction of the thermal capacitance is fundamental. In fact, the maximum 

sensitivity at 40 kHz is S=2.4 Km-1s for the SSP structure obtained with d=22.5 µm and S=0.4 Km-1s 

for the TKO structure with d=28 µm. Finally, it is interesting to discuss about the maxima of the plots 

shown in the figure. The peak values are the best sensitivity that can be obtained with the proposed 

structures after the optimization of the wire distance; the peak frequency is the frequency at which the 

particular configuration gives the best response. In particular, the peak sensitivity of the thick oxide 

sensor is S = 5.1 Km-1s and it has been obtained at 1 kHz using d=95 µm. The peak sensitivity of the 

polysilicon sensor is S = 4.3 Km-1s and it has been obtained at 5 kHz using d=52 µm.  
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Fig. 9. Maximum of the sensitivity as a function of frequency for the thick oxide structure (TKO) and the self-standing 

polysilicon structure (SSP), obtained by optimizing the wire distance d at each individual frequency. 
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Just to have an idea of the electrical signal magnitude that can be produced by a sensor that exhibits the 

sensitivities quoted above, we can refer to a full Wheatstone bridge configuration [15] formed by two 

wire pairs such those depicted in Fig. 1. It can be easily shown that the output signal voltage of the bridge 

is given by: 

 
2

B
out

T V
v

δ α= , (2) 

where δT is the temperature difference (between each wire pair) produced by the acoustic particle 

velocity, α is the wire temperature coefficient of the resistance (TCR) and VB is the supply voltage of 

the bridge. Consider that δT=S∙u, where S is the sensitivity of the APV sensor as defined in this paper 

and u is the particle velocity. With VB=10 V, α=3×10-3 K-1, and S=2.4 Km-1s (maximum value 

achievable at 40 kHz with the SSP structure), an output voltage of 36 µV can be obtained with an APV 

of 1 mm/s, corresponding to a sound pressure of 86 dB (SPL). This intensity, which is generally lower 

than the typical sound intensity used in short distance proximity sensors, results in output signal 

magnitudes (tens of microvolts or higher) that can be reliably detected with a low-noise amplifiers. By 

these considerations, use of the SSP structure for ultrasonic application can be reasonably envisioned.  

Conclusions 

Three different sensing structures have been investigated by means of FEM simulations in order to 

explore the possibility of using APV sensors for applications in the ultrasonic frequency range. The 

structures consist of pairs of parallel polysilicon-silicide wires placed over suspended dielectric 

membranes designed with a commercial CMOS process. The main difference between the three 

structures is the thickness of the suspending membranes, which, for one of the examined cases, is 

completely removed. The results of parametric simulations confirmed the key role played by the wire 

distance in determining the frequency response. In particular, for all the examined structure types, we 

found that the distance that maximizes the sensitivity progressively decreases as the working frequency 

increases. The three investigated configurations show important performance differences in the 
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ultrasound region. In particular, we found that only the structure based on a self-standing polysilicon-

silicide wire presents a sensitivity at 40 kHz that is still comparable with the sensitivities estimated in 

the low frequency range. Conversely, the other two structures, which suffer from the large thermal 

capacity of the suspending membrane, exhibit a dramatic sensitivity drop at high frequencies, which 

makes them practically not adequate for ultrasound applications. Fabrication of the SSP structure 

requires an additional process step for the removal of the whole suspending dielectric membrane. 

However, this issue should not be critical due to the high selectivity of silicon dioxide etchants (either 

in wet or vapour phase) with respect to polysilicon.  
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Figure Captions 

Fig. 1. Schematic perspective view of a sensing structure. (not to scale) 

Fig. 2. (a) Perspective and (b) plan view of a section of the sensing structure. The axis of maximum 

sensitivity is shown. (not to scale) 

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

structure (TKO), (b) thin oxide structure (TNO) and (c) self-standing polysilicon structure (SSP). 

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

Fig. 5. (a) Temperature profile of a thick oxide structure (TKO) with a wire distance of 22 µm and an 

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

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

the wire distance. 

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

self-standing polysilicon structure (SSP). 

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

distance has been fixed at 22 µm. 

Fig. 9. Maximum of the sensitivity as a function of frequency for the thick oxide structure (TKO) and 

the self-standing polysilicon structure (SSP), obtained by optimizing the wire distance d at each 

individual frequency.  
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