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Abstract. Available commercial piezoelectric pressure sensors are not able to accurately reproduce the ultra-
fast transient pressure occurring during an air blast experiment. In this communication a new pressure sensor
prototype based on a miniature silicon membrane and piezoresistive gauges is reported for significantly
improving the performances in terms of time response. Simulation results indicate that it is possible to design
a pressure transducer having a fundamental resonant frequency almost ten times greater than the commercial
piezoelectric sensors one.

1. Introduction

The typical pressure over time during an explosion is shown in Figure 1 [1-2]. First of all, the pressure
increases abruptly (with a rise time between 10 ns and 100 ns) from atmospheric pressure to reach the
overpressure peak Pmax (Several tens of bar depending on the explosive load and the distance from the
load). Then the pressure returns back to the atmospheric pressure during a positive phase in 500 ps
followed by a negative phase.

In order to validate the hydrocode, i.e. numerical simulations describing the shockwave
discontinuity, an accurate measurement of the overpressure peak Pmax is required [3], involving the use
of pressure sensors presenting a short time response (<< 1ps). Moreover, the high temperature
environment during the explosion (> 1000 °C) makes the real-time dynamic pressure measurement of
the blast very challenging.

The sensors used for the dynamic measurement of the pressure in harsh environment are usually
piezoelectric pressure sensors (Table 1). Air blast experiments were performed at CEA-Gramat center
using many piezoelectric sensors mounted on pencil probes to measure the incident pressure, ie with
sensor surface parallel to the shock wave propagation (Figure 2). A typical example of the response of
such sensors is illustrated in Figure 3. It can be observed that the time response is too long to provide an
accurate estimation of the overpressure peak Pmax. The high cut-off frequency of such sensors is
approximately 20 % of the resonant frequency. This bandwidth is also degraded by the large dimensions
of the sensing part (between 78 mm? and 450 mm?). Moreover typical piezoelectric sensors have a low
cut-off frequency (> 0.5 Hz at -5 %) which is too high to follow the overpressure decrease.

The objective of this work is to achieve a device with a bandwidth at least ten times greater than the
bandwidth of the available commercial piezoelectric sensors. In order to overcome the above-mentioned
limitations of these sensors, we report here the design of a new piezoresistive pressure sensor based on
a silicon membrane and silicon gauges. The piezoresitive detection has been chosen because it provides
a better signal-to-noise ratio than their capacitive counterpart [4].
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Figure 1: Typical time variation of the pressure during an air blast experiment

Table 1: Characteristics of available commercial piezoelectric sensors used for air blast experiments

Manufacturer Reference Pressure range (bar) Resonant frequency (kHz)
KISTLER 211B5 7.0 300
PCB 113B28 3.5 500
KISTLER 211B4 14 500
PCB 113B24 70 500
PCB 134A34 70 1500
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Figure 2: View of air blast experiment: (a) before the explosion and (b) 1.5 ms after the explosion

2. Sensor design
2.1. Sensor topology

The piezoresitive sensor uses here [5] (Figure 4) :

- N-type (100) mono-crystalline silicon membrane with edges parallel to <110> direction and
fabricated from SOI (Silicon On Insulator) wafer;

- P-type silicon gauge obtained from boron implantation. The doping level is of 10'° at/cm®to
obtain a good trade-off between the sensitivity of the gauge to the temperature and to stresses.
With length-over-width gauge ratio of 5 and for a gauge thickness of 300 nm, the gauge
resistance is of few kQ;

- A Wheatstone bridge in which the gauges are located close to the edges of a square membrane
or at the center of a rectangular membrane (see section 3).
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Figure 3. Example of sensor response during air blast experiment (a) time response and b) frequency
response.
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Figure 4: (a) Cross section of the piezoresistive sensor, (b) Wheatstone bridge on a square membrane
and (c¢) Wheatstone bridge on a rectangular membrane

2.2. Mechanical resonant frequency of the piezoresistive sensor

The first design targets the maximization of the mechanical fundamental resonant frequency of the
membrane in order to improve the time response of the sensor. For rectangular membrane perfectly
clamped at its edges, this frequency F:is given by equation (1) [6] where E is the Young’s modulus, v
is the Poisson ratio, p is the membrane mass density, the dimensions e, a and b are respectively the
thickness, the width and the length of the membrane and o denotes a coefficient which depends on the
ratio b/a (see Table 2). It can be observed that square membrane has a mechanical fundamental resonant
frequency almost 60% higher than rectangular membrane with infinite ratio b/a. Moreover rectangular
membranes with ratios b/a > 2 have a very close resonant frequency. The ratio b /a is then fixed to 3 for
stress uniformity considerations as it will be shown in section 3.

The fundamental resonant frequency of square and rectangular (b/a = 3) membranes is displayed in
Figure 5 versus the membrane width for various membrane thicknesses. The minimum membrane width
is here of 20 um for technological reason (aspect ratio of reactive ionic etching < 20). From these results
it can be concluded that it is possible to design a silicon membrane having a mechanical fundamental
resonant frequency higher than several tens of MHz.

E bla| 1 15 2 2.5 3 0
F,=ax iz * ’ﬂ Q) o |166|124|113|1.09|1.06 | 1.03
a p v Table 2: Coefficient a as a function of b/a
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Figure 5: Mechanical fundamental resonant frequency of the membrane as a function of the
membrane width for various membrane thicknesses

2.3. Pressure sensitivity

If the four gauges of the Wheatstone bridge have the same initial resistance R, and the same absolute
sensitivity to pressure (i.e., if AR/R, = AR1/R, = AR3/R, = - AR2/R, = - AR4/R,), the voltage at the bridge
port (Vout) can be given by equation (2) [5] where 44 is the main piezoresistive coefficient for the chosen
configuration (mss = 10° Pa for 10'° at/cm® P-type doping level) and o (resp., o) is the stress applied
to the gauge parallel (resp., perpendicular) to the current flowing in the gauge (see Figure 4). The stress
at the membrane surface is given by equation (3) [6], where P is the differential pressure between the
two sides of the membrane and o, is a coefficient depending on the gauge position on the membrane
and on the membrane geometry (Table 3). The sensor response can be derived from equations (2)-(3)
and from Table 3 by assuming that the gauges are punctual. Moreover, for the square membrane, we
assume that the gauges are located at the centre of the membrane edges and that the stress parallel to the
membrane edge is negligible compared to the other stresses. For rectangular membrane it is assumed
that the gauges are located at the centre of the membrane and that the stress parallel to the membrane
length (along the x-direction) is negligible. Figure 6 gives the sensor response versus the membrane
width for different membrane thicknesses and for a differential pressure of 1 bar. It can be observed that,
even for the smallest membrane with a thickness of 5um, the sensor sensitivity is higher than
0.03 % / bar which is sufficiently high for the targeted application.

—(0,—0p) 2 o =0,* (g)z * P 3)

Table 3: Coefficient 6n as a function of the b/a ratio and of the gauge location on the membrane surface
b/a 1 1.4 1.8 >2

Membrane edge
(Stress perpendicular to the edge) 0.31 0.44 | 049 0.50
Membrane center

(Stress perpendicular to the membrane length)

0.14 021 | 0.24 0.25
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Figure 6: Sensor response versus the membrane width for a differential pressure of 1 bar

2.4. Resolution

At high temperature (>1000°C), the electronic noise occurring in the pressure sensor will be
dominated by the Johnson noise. In the Wheatstone bridge configuration the unloaded output differential
noise voltage Vo is given by equation (4) where ky is the Boltzmann constant, T is the absolute
temperature, Ro denotes the initial gauge resistance and Af the sensor bandwidth. When the sensor is
loaded by a 300 Q resistor at T = 1000°C while R, = 1 kQ and Af = 35 MHz, the loaded differential
noise voltage Vun is close to 70 pV. For a Wheastone bridge voltage alimentation V. =10 V and for a
full scale response [Vou/Valruiscale = 1%, the resolution is then better than 0.1% of the full scale range.

Vino = 24/4K, TRoAf (4)

3. Sensor modelling

The sensors with perfectly clamped square and rectangular membranes were simulated using
COMSOL software (Figure 7). The gauges were modelled by a 300 nm-thick P-type (10%at/cm?®
monocrystalline silicon and the interconnection by 5 pum-thick P-type (10%at/cm®) monocrystalline
silicon. To obtain a good trade-off between the mechanical resonant frequency and pressure sensitivity
values, the width of the square (respectively rectangular) membrane is fixed to 40 um (respectively 30
um). For the square membrane, the four gauges are not located exactly at the membrane edges in order
to minimize the impact of eventual misalignment between gauges and the membrane. For the rectangular
membrane, the gauge location is constrained by the gauge length.

The stress distribution (oxx - oyy) is shown in Figure 8 for square and rectangular membranes and
for differential pressure of 1 bar. For square membrane, it can be observed a fast variation of stress along
the x and y directions while for rectangular membrane, the stress distribution is quite uniform on the
gauge surface, allowing more flexibility against misalignment error between the gauges and membrane.
Within these stress distributions, the sensor responses were calculated using Multiphysics COMSOL
software. Table 4 summarized the sensors performances for the square and rectangular membranes. The
resonant frequency reached values between 30 MHz and 40 MHz and the sensitivity is of 0.05% / bar.

4. Conclusion

A miniaturized piezoresistive pressure sensor has been designed to overcome the limitations of
available commercial piezoelectric sensors used for the monitoring of the dynamic pressure during air
blast experiments. Modelling and simulation results show that it is possible to design sensors with a time
response significantly improved compared to the state-of-the-art.
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Figure 7: Sensor configurations simulated with COMSOL software with
(a) a square membrane and (b) a rectangular membrane

Figure 8: Stress (oxx -oyy) for a differential pressure of 1bar with (a) a square membrane and (b) a
rectangular membrane

Table 4: Sensor dimensions and simulated performances

Membrane Membrane Gauge Resonant Resonant Sensitivit Sensitivity
thickness Width Width frequency frequency from E ()2/) from
Length Length |from Eqg. (1) | from COMSOL 4 COMSOL
Square | g o 40pm s Mg 30MHz | 0.13%/bar |0.05%/bar
membrane 40um 5um
Rectangular) o, 30pm Lum 50 MHz 42 MHz 0.06% / bar |0.04% / bar
membrane 90um 5um
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