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Abstract— In this paper, we are presenting a new classification
methodology for high resolution membrane based MEMS piezore-
sistive pressure sensors embedded in Internet of Things (IoT)
nodes or in body-implanted devices. This is based on a new fig-
ure of merit (FoM) that includes the four key parameters as the
power consumption, the area, the noise and the sensitivity of the
transducer. The proposed classification allows to directly evaluate,
based on power consumption and area requirements, the ultimate
limit of detection that can be reached by a proposed technology. The
derivation of the proposed FoM is validated based on wide survey
and comparisons of literature results. It shows that, until now,
wet etching technics for membrane release still allow for reaching
higher performances than reactive ion etching.

Index Terms— Piezoresistive Pressure Sensor, MEMS, Figure of Merit.

I. INTRODUCTION

Silicon-based piezoresistive pressure sensors are a well-
known mature technology. Since 1950’s, these sensors have
been developed and improved, thanks to better understanding
of silicon piezoresistivity, new fabrication techniques, and new
simulation tools that allows for reaching better performance
by optimization of the shape of the membrane and of its
constitutive materials. Multiple figures of merit exist, including
sensitivity, linearity over a given range and signal-to-noise
ratio. These classical FoM are not sufficient anymore due to
the emergence of the Internet of Things nodes or in body-
implanted devices that require sensors with extremely low
power consumption, under hundreds of microWatts as well as
small size, as small as a fraction of millimeter square. For
example, intraocular pressure or blood pressure monitoring
requires implanted pressure sensors smaller than 2 [mm3],
achieving at least 100 [Pa] resolution and consuming less
than 100 [µW ] [1] [2]. Some researches have already begun
to consider these constraints by using MOSFET as sensing
elements to lower the power consumption [3] [4].

Usually, the selection of a sensor has to be made based on
the required specifications that lead to one kind of technology
or another. But how to evaluate and make certain that keeping
the same sensor topology and just changing its size or its
bias condition will lead to a better solution that the ones
that are currently provided? Indeed, neither power supply
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nor the die area are technology dependent and it could be
interesting to have a FoM related to the intrinsic performance
of a technology that could be valid inside a certain range of
power supply and membrane size.

In this paper, we will first introduce the classical architecture
of the piezoresistive pressure sensors, then we will present
all the basics to understand the behavior of these sensors and
derive the useful equations to build a simple theoretical model.
Then we will build a new figure of merit to identify topologies
of interest, focusing on IoT nodes applications that require
very small size and very low power consumption. Finally, we
will present a wide survey of the literature and compare its
results thanks to the classical and our new FoM.

II. CLASSICAL TOPOLOGY OF PIEZORESISTIVE
PRESSURE SENSOR

Pressure sensors based on piezoresistive strain gauges are
indirect transducers that firstly convert a pressure variation to a
mechanical strain variation that secondly is transmitted to the
silicon strain gauges yielding an electrical signal. The classical
structure of silicon piezoresistive pressure sensors is based on
doped (around 1017[cm−3]) resistors, called piezoresistors, as
strain gauges embedded on a thin silicon, or silicon dioxide,
membrane on which is applied a difference of pressure causing
stress on his edge, where the membrane is anchored to the
substrate. As can be seen on fig.1, the piezoresistors, in red,
are located at these specific points on the membrane, in blue,
where the strain/stress is maximum.

The membrane is released by etching of the silicon sub-
strate, in yellow. In the past years, these membranes could
either be thin (about 1 µm) with small area, thanks to surface
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√ A h

Fig. 1. Cross-section view of a typical piezoresistive pressure sensor:
silicon handle wafer is in yellow, silicon or silicon dioxide membrane of
thickness h and area A is in blue, piezoresistors are in red and alu-
minum conductive lines are in gray, dashed lines delimit the membrane.

micro-machining, or thick (more than 10 µm) with large area,
thank to bulk-micro-machining. More recently, with the advent
of the Silicon-On-Insulator (SOI) technology, producing thin
membranes with large area has become possible by using the
buried oxide (BOX) as an accurate etch-stop layer.

The dimensions of the membrane are denoted h for the
thickness and A for the area.

About the etching process, silicon wet etching with KOH or
TMAH is the fastest and easiest process but allows only sides
in [110] silicon orientation, leading to square or rectangular
uniform shapes. Silicon dry etching by Deep Reactive Ion
Etching (DRIE), e.g. Bosch process, takes more time and
resources but allows to achieve more complex shapes for
enhancing the sensitivity thanks to the use of membrane
patterning, e.g. letting an island of silicon above or below
the dioxide membrane. But using thin membranes has some
drawbacks: it is more complex to fabricate, and process yield
is smaller.

Concerning the electrical readout, a classic implementation
to monitor resistance variation is the Wheatstone bridge. In
this case four spots where stresses are concentrated can be
used to obtain a full-bridge configuration as represented in
fig. 2.
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Fig. 2. Classical Wheatstone full-bridge structure. Vs is the supply
voltage, Vo the output signal depending on the resistance variation ∆R
of the resistors.

III. PIEZORESISTIVE PRESSURE SENSOR BASICS

A. Piezoresistivity
The strain gauges are typically made of deposited and pat-

terned doped polysilicon or monocrystalline silicon resistors

realized by implantation in bulk Si or in SOI layers. They
can be highly or lightly p- or n-type doped. The aim of
doping silicon is to enhance its conductivity in order to achieve
a predictive resistive behavior, to avoid some detrimental
space-charge effects, and to provide predictive piezoresistive
properties meaning that the silicon conductivity will vary with
stress. The capability of a material to change its resistivity
regarding to the strain is given by its Gauge Factor (GF) that
is the ratio between its relative resistivity change and the strain
applied to the resistor. The piezoresistive effect derives from
the piezoresistive coefficient matrix, respectively πp and πn,
that links directional stress to directional change of resistivity
relate to crystalline orientation. At standard temperature and
doping conditions of respectively 300 K and 1016 cm−3, it is
written as:

πp=



66 −11 −11 0 0 0
−11 66 −11 0 0 0
−11 −11 66 0 0 0

0 0 0 1381 0 0
0 0 0 0 1381 0
0 0 0 0 0 1381


(1)

πn=



−1022 534 534 0 0 0
534 −1022 534 0 0 0
534 534 −1022 0 0 0
0 0 0 −136 0 0
0 0 0 0 −136 0
0 0 0 0 0 −136


(2)

in [TPa−1] from [5].
P-doped [110] silicon resistors are historically the most used

piezoresistors due to the high GF, to the similar magnitude
and opposite sign of parallel and perpendicular piezoresistive
coefficients, respectively π‖ = (π11 + π12 + π44)/2 = 718
[TPa−1] and π⊥ = (π11 + π12 − π44)/2 = −663 [TPa−1]
[5], and to the ease of fabrication (membrane release thanks
to highly selective and anisotropic wet etching). With new
available fabrication techniques it has become possible to
achieve shapes that are more complex and the use of n-doped
silicon could become interesting.

Variation of the piezoresistive coefficients with the tempera-
ture and doping concentration have been experienced. Richter
proposed a model that allows to accurately predict the relative
values of these piezoresistive coefficient regarding to standard
conditions [6]:

π(N,T ) =
π(1016, 300)T−θn

1 +
(
N
Nb

)α
T−βn +

(
N
Nc

)γ
T−ηn

(3)

with Tn = T/300 the normalized temperature, N the
doping concentrations and θ, α, β, γ, η, Nb and Nc the fitting
parameters whose values are respectively 0.95, 0.39, 1.35,
0.94, 4.55, 4.9× 1019 and 2.6× 1020. Theoretical curves for
π44 of p-type silicon are presented in fig. 3.

This leads to two conclusions: piezoresistive sensor perfor-
mances will decrease at high temperature, and it is important
to consider doping concentration when designing the sensor.
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Fig. 3. π44 Piezoresistive coefficient of p-doped silicon versus doping
concentration and temperature adapted from Doll and Pruitt [7].

B. Wheatstone Bridge as Stress to Voltage Transducer

To evaluate the resistance variation of the piezoresistors,
the Wheatstone bridge implementation presents several major
advantages. It reduces the zero-pressure offset voltage and
then enhances the dynamic range, and it cancels the first-
order dependency on temperature. This is a widely used
configuration, leading to well documented behavior, readout
and compensation possibilities. On the other hand, this is a
passive circuit, leaving no degree of freedom once fabricated,
leading to a fixed relationship between sensitivity and bias
voltage and thus consumption and noise as we will develop
below.

Depending on the number of sensitive gauges, from 1 to
4, the bridge is named a quarter-, a half- or a full-bridge
respectively. The major differences between each case are a
gain of sensitivity from 1 to 4, from the quarter- to the full-
bridge and an increase in the linearity of the response for the
half- and full-bridge. For these reasons, most of the time the
full bridge is preferred.

For the full-bridge presented in fig. 2 the resistors with
positive and negative variations can respectively be resistors
perpendicular, R⊥, and parallel, R‖, to the membrane edges.
Their values can be expressed as:

R‖ = R0(1 + π‖σ‖ + π⊥σ⊥)

R⊥ = R0(1 + π‖σ⊥ + π⊥σ‖)
(4)

with σ‖ and σ⊥ the stresses appearing in parallel and in
perpendicular with the edge of the membrane due to the
applied pressure.

Finally, the output voltage, Vo, can be expressed as:

Vo =
R‖ −R⊥
R‖ +R⊥

Vs (5)

expressed in [V], as a function of Vs, the supply voltage.

C. Membrane as Pressure to Stress Transducer
For equations (4) and (5), stresses applied to the resistors

are needed to know the output voltage. A simple model to
predict the value of these stresses is based on a simple and
uniform silicon membrane of thickness h and area A for which
the stresses in the middle of the edges can be expressed as [8]:

σ⊥ = 0.25
A

h2
p

σ‖ = 0.25
νA

h2
p

(6)

expressed in [N/m2], with ν the silicon Poisson’s ratio and
p the applied pressure on the membrane in [Pa].

D. Sensitivity
The sensitivity of the system is defined as the slope of the

relationship between the output signal and the pressure applied
on the system. It can be written as the product of mechanical
sensitivity, which is linked to the membrane characteristics (its
materials and its topology), the piezoresisitive effect, which is
linked to the resistors material and positions on the membrane,
and the electrical sensitivity that is linked to the circuit used,
here Wheatstone bridge.

Using equations (4), (5) and (6), the output voltage versus
pressure relationship can be written as:

Vo =
p
[(
π‖ + νπ⊥

)
−
(
νπ‖ + π⊥

)]
0.25 A

h2

2 + p
(
(1 + ν)

(
π‖ + π⊥

))
0.25 A

h2

Vs (7)

and the sensitivity, assuming that the changes introduced by
the pressure are small, is computed as:

S =
∂Vo
∂p

=
(1− ν)(π‖ − π⊥)

2
0.25

A

h2
Vs (8)

usually expressed in [µV/Pa].
Sensitivity is a crucial parameter of a sensor because it will

lead to a limitation in resolution, depending on the readout
circuit, and a need of amplification if the sensitivity is too
low. A classical way to express sensitivity for piezoresistive
pressure sensors is the normalized sensitivity to bias voltage
ratio, leading to:

∂Vo/Vs
∂p

=
(1− ν)(π‖ − π⊥)

2
0.25

A

h2
(9)

usually expressed in [µV/V/Pa].

E. Noise
Electronic noise appears as tiny random fluctuations of

voltage and current that are induced by all elements of an
electronic circuit and that affect the signal that is read at the
output of the sensor. There are two main sources of noise in
silicon resistors: the thermal noise and the flicker noise. The
thermal noise, whose spectral density is denoted Sth, is related
to the temperature and the bridge equivalent resistance, which
is equal to R, according to [9]:

Sth = 4kbTR (10)
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expressed in [V2/Hz].
The flicker noise, S1/f , is related to the number of

carriers,Nc, the bias voltage, the frequency and a undimen-
sional technology coefficient, α, whose value usually lies
between 10−4 and 10−7 and that is related to the number
of defects in the device [10], according to:

S1/f =
αV 2

s

Ncf
(11)

F. Limit of detection

The limit of detection (LoD) is defined as [11]:

LoD = 3
N

S
(12)

where N is the standard deviation of the output signal with
a constant pressure input, and S the sensor sensitivity. This
is the minimum change of pressure that induces a measurable
variation of the output signal, i.e. the minimum pressure signal
that allows for reaching a signal-to-noise ratio (SNR) higher
than 10 dB.

We assume that flicker and thermal noises dominate in the
considered bandwidth which is defined between 1[Hz] and
B, that is usually much more bigger than 1[Hz]. We use the
expression of the sensitivity (8) to define the limit of detection
of a pressure sensor made of a simple and uniform silicon
membrane with four piezoresistors placed in the middle of
the membrane edges :

LoD = 3

√∫ B
1

(Sth + S1/f )df

∂Vo

∂p

LoD = 3

√
4kbTRB +

αV 2
s

Nc
log (B) 8h2

(1− ν)(π‖ − π⊥)AVs

(13)

expressed in [Pa].

IV. FIGURES OF MERIT

At this stage, we built a simple theoretical model showing
that to have a high resolution, it is important to have a high
ratio between sensitivity and the square-root of the noise. For
traditional pressure sensors, the LoD, is an efficient way to
present the capability of a sensor to yield an information with
a known uncertainty, regardless of the power consumption,
that is rather low, typically some milliWatts, and whatever
the size of the sensor, that is rather low as well, typically
some millimeters-square. But this is no longer applicable for
pressure sensors embedded in IoT nodes or implanted devices
: only few tens of microWatts and a fraction of millimeters-
square is left for sensors. We need to include the power
consumption and the area in the figures of merit.

To define the new FoM, we consider that by meaning over k
samples of a Gaussian random signal, and so by increasing the
energy used for the measurement by k, the error is decreased
by
√
k. This means that an increase of power by a factor

k needs to reduce the LoD by a factor bigger than
√
k to be

energy effective. In the same way, if the membrane is modeled

as a perfect spring, an increase of area by a factor k leads
to an increase of signal power of k2. So this means that an
increase of the area by a factor k needs to reduce the LoD
by a factor bigger than k to be area effective. Finally, by
considering that LoD is the resolution of the transducer, its
inverse value expresses the most efficient number of digital
bits to use considering the desired range of the sensor.

Then we see that a new quantity that characterizes the
resolution achievable by a technology depending on the area
and the power available for the sensor can be obtained. This
is computed by inverting the LoD multiplied by the area and
the square-root of the power:

FoM =
(
LoD.

√
P .A

)−1
(14)

expressed in [Pa−1.µW−1/2.mm−2] and that needs to be
maximized. All the parameters needed to compute this FoM
can directly be measured on existing sensors.

This FoM is then subdivided into a mechanical FoM and
an electrical FoM as follows:

FoM =
Vs

3N
√
P
.
S

VsA
= FoMe.FoMm (15)

For our simple theoretical model, these three FoM can be
expressed as :

FoM =

√
R(1− ν)(π‖ − π⊥)

3
√

4kbTRB +
αV 2

s

Nc
log (B)8h2

FoMe =

√
R

3
√

4kbTRB +
αV 2

s

Nc
log (B)

FoMm =
(1− ν)(π‖ − π⊥)

8h2

(16)

V. STATE OF THE ART ANALYSIS

As discussed above, the most common figure of merit
for micro-machined pressure sensor is the sensitivity, or the
sensitivity normalized to the voltage supply, but as it can
be seen in Table I, sensors with comparable sensitivity can
have either really different sizes (e.g. [12] compared to [13]),
or consume a lot more power (e.g. [12] compared to [14]).
These differences can have multiple sources, as for exam-
ple: (i) different doping concentrations, that can play a role
in piezoresistivity, (ii) topological optimizations, that allows
for concentrating stresses on the piezoresistors, or (iii) the
dimensions of the piezoresistors. These parameters are crucial
for IoT nodes or implantable devices, that need to consume
extremely low power and be as small as possible.

Another figure of merit that is more rarely considered is
the output noise. However this value is crucial to reach a
targeted resolution. Mitigating a high noise value thanks to
a high resolution ADC and averaging will lead to high power
consumption, waste of memory and conversion time. More-
over, considering only sensitivity regardless of an increase in
output noise can lead to useless complex designs that do not
lead to an increased resolution.
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TABLE I
PIEZORESISTIVE PRESSURE SENSOR WITH VOLTAGE OUTPUT COMPARISON.

Ref Year A
[mm²]

h
[µm]

Norm. Sens.
[µV/V/Pa]

Range
[kPa]

Vs

[V]
Current
[mA]

Resist.
[kΩ]

P
[mW]

Doping
[cm−3]

N
[µV] Technology

[15] 1985 1 30 0.035 200 10 3 × 1018 mono-Si
[12] 1991 0.41 5 0.3 93.32 5 0.46 54.3 3 × 1018 mono-Si
[13] 1995 0.64 20 0.12 88.2 7 5 × 1017 mono-Si
[14] 1996 0.36 5.5 0.3 200 5 2.8 8.9 2.50 × 1018 mono-Si
[16] 1996 0.02 1.5 0.14 50 2.5 3 2.08 60 p-Si
[16] 1996 0.02 2 0.07 50 2.5 3 2.08 10 p-Si
[17] 2003 9 20 0.1116 20 1 4.48 4.48 2 × 1020 p-Si
[18] 2004 0.49 40 0.016 100 5 5 × 1017 mono-Si
[18] 2004 2.89 40 0.095 100 5 5 × 1017 mono-Si
[18] 2004 4.84 40 0.183 100 5 5 × 1017 mono-Si
[19] 2006 0.5 12 0.06 800 10 p-Si
[19] 2006 0.5 12 0.27 800 10 p-Si
[20] 2006 15 0.02 1000 10 1 100 p-Si
[21] 2011 0.36 20 0.026 750 3.3 3 3.63 1 × 1019 12.87 mono-Si
[22] 2013 0.16 15 0.024 700 1 5 5 2 × 1018 mono-Si
[23] 2014 4 40 0.06 106 3 mono-Si
[24] 2014 0.05 3 0.67 0.5 3 × 1018 mono-Si
[25] 2014 3.61 10 4 0.005 3.9 2.50 × 1018 mono-Si w/ concentrators
[26] 2015 4 65 0.007 413.7 3.3 3.6 3 p-Si
[27] 2015 0.045 6 0.03 2500 5 p-Si
[28] 2015 0.09 35 0.52 100 5 p-Si
[29] 2015 1.69 50 0.037 3.3 11 0.99 mono-Si
[30] 2015 5.76 50 0.11 138 9 1.5 5.8 13.96 1.60 × 1020 122 mono-Si
[31] 2015 0.64 22 0.102 30 5 mono-Si
[32] 2015 1 30 0.026 300 5 5 5 3 × 1018 mono-Si
[33] 2016 1.12 50 0.0078 3000 3.3 11 0.99 p-Si
[33] 2016 1.64 50 0.0102 3000 3.3 11 0.99 p-Si
[33] 2016 2.19 50 0.0193 3000 3.3 11 0.99 p-Si
[33] 2016 2.86 50 0.0218 3000 3.3 11 0.99 p-Si
[34] 2016 0.09 2 0.0548 100 1 2.34 0.43 p-Si
[35] 2016 2.19 50 0.0153 3000 3.3 11 0.99 p-Si
[35] 2016 2.19 50 0.0193 3000 3.3 11 0.99 p-Si
[36] 2016 32.49 20 17 0.5 5 100 0.25 3 × 1014 1147 mono-Si w/ concentrators
[37] 2016 1 40 0.018 1000 5 5 5 3 × 1017 mono-Si
[38] 2017 0.71 2 3.6 1.2 5 3 8.3 10 mono-Si w/ concentrators
[39] 2017 12.25 10 60 0.5 5 3.8 6.58 900 mono-Si w/ concentrators
[40] 2018 8.41 30 5.4 5 5 4.5 5.55 3.50 × 1017 mono-Si w/ concentrators
[41] 2018 12.96 40 7.4 6.9 5 6.7 3.73 765 mono-Si w/ concentrators
[4] 2019 1.44 4.5 1.3 5 0.038 0.19 mono-Si
[4] 2019 1.44 4.5 0.6 5 0.079 0.395 mono-Si

The conclusion of this State of the Art review is that even if
an impressive increase in sensitivity has been achieved over the
years, the emphasis on power consumption, size and resolution
is currently not sufficient to allow for evaluating the real
performances of sensors designed to be embedded in an IoT
nodes.

A. Normalized Sensitivity

Fig.4 presents a comparison between normalized sensitivi-
ties extracted from Table I, without any classification regarding
to the used technology, the thickness or the area of the
membrane. As predicted by theoretical trends (solid lines),
it can be seen that the thinner the membrane, and the wider
the area, the greater is the sensitivity. The three theoretical
lines, corresponding to our simple uniform mono-Si model, are
showing a slight difference with the performances presented
in Table I. We can see that the theoretical model seems
to overestimate the sensitivity of small-size membranes and
underestimate the sensitivity of large-size membranes: Small
membranes can be impacted by the size of the piezoresistors

that become too large to be only influenced by the highest
stresses, while large membranes enable the use of stress
concentrators that enhance their response.

B. Mechanical Figure of Merit

Fig.5 shows the comparison of the sensors of the state of
the art regarding the Mechanical FoM, presented in section
IV, in which the effect of the area is mitigated. We can
clearly see the effect of the thickness of the membrane, that
allows for improving the sensitivity without any area increase.
Moreover, three main groups of sensors can be highlighted:
the sensors using poly-Si are presented in red, mono-Si in
blue and mono-Si with stress concentrators are presented in
black. As we can see, poly-Si based sensors show slightly
smaller sensitivity than mono-Si based sensors, due to their
smaller piezoresistive coefficient (π‖ = 588[TPa−1] and
π⊥ = −185[TPa−1] for poly-Si [42] since π‖ = 718[TPa−1]
and π⊥ = −663[TPa−1] for mono-Si [5]) and sensors with
stress-concentrators show highest sensitivities related to their
thickness. The theoretical line of our model has also been
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Fig. 4. Normalized sensitivity versus membrane thickness (x-axis) and
membrane area (color circles). Lines are theoretical trends obtained with
the simple model, eq. (9), for areas of 0.1, 1 and 10 mm2, from bottom
to top.
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Fig. 5. Mechanical FoM versus membrane thickness. Color dots
indicate the technology used: red = polysilicon; blue = monocrystalline
silicon; black = monocrystalline silicon with stress concentrators. Black
line is the theoretical trend of the simple model, eq. (16).

added, confirming the trends and showing a strong interest for
stress concentrators even if their influence seems to be reduced
when membranes size become small.

Thanks to FoMm we show that stress concentrators allow
for improving normalized sensitivity of pressure sensor using
area effectively.

C. Electrical Figure of Merit

Fig. 6 shows state of the art sensors comparison regarding
the noise normalized to the bias voltage. This FoM is more
difficult to evaluate because only few papers give information
about noise analysis of the output signal. To illustrate the
theoretical trend that should be followed, we added a line
showing how the FoMe of a 20[kΩ] resistance Wheatstone
bridge, with p-doped (10−17[cm−3]), 100[nm] thick, 5[µm]
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Fig. 6. Electrical FoM versus supply votlage. Color dots indicate the
technology used: red = polysilicon; blue = monocrystalline silicon; black
= monocrystalline silicon with stress concentrators. The dashed and
dotted lines enclose respectively the membranes released by TMAH
and DRIE. Black line is the theoretical trend of the simple model, eq.
(16).

wide and 6.4[µm] long, piezoresistors, with a technology co-
efficient α equal to 10−4, should change with supply voltage,
considering a 10[kHz] bandwith.

Two groups of sensors can be differentiated: a first one is the
group of small-area sensors, released by TMAH wet etching
[16] [21] [38], and a second one is the group of large-area
sensors, in this case released by DRIE [30] [36] [39] [41] [43].
It has been demonstrated that a mechanical source of noise
(e.g. Brownian motion) has a lower impact than the electrical
sources of noise [44]. So the additionnal sources of noises in
DRIE sensors should probably result from the trapped charges
induced by reactive ion etching, also creating space-charge
effects [45]. Poly-Si sensors also seem to show higher noise
at the output than mono-Si which can be expected from the
defects present in polysilicon at the grain boundaries or at the
a polysilicon / insulator interface. The whole goal of using
DRIE for larger membrane is nevertheless to produce specific
shapes that will allow to compensate the normalized noise by
an area trade-off and by drastically increasing the sensitivity of
the sensor, as discussed next. In-situ thermal annealing could
also be used to reduce 1/f noise [46].

Thanks to FoMe, we notice an advantage of small mem-
branes released by wet etching. We also highlighted the need
for DRIE to significantly increase the sensitivity of the devices
to mitigate noise increase.

D. Limit of Detection

In terms of limit of detection, that is also equal to the
ratio between normalized noise and normalized sensitivity,
fig. 7 reveals that increasing the size and adding stress
concentrators allows for reaching the finest resolutions. For
classical applications requiring high resolution, this is the
most important figure of merit. But it does not consider
the power consumption nor the space required that are two
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Fig. 7. Limit of Detection versus membrane thickness. Color dots
indicate the technology used: red = polysilicon; blue = monocrystalline
silicon; black = monocrystalline silicon with stress concentrators. Lines
are theoretical trends of the simple model, eq. (13). Colors indicate
supply voltage : blue = 1 [V]; yellow = 3.3 [V]; red = 5 [V].

critical parameters for sensors embedded in IoT nodes or
implanted medical devices: LoD is not sufficient anymore.
We added theoretical lines representing the simple model,
considering a 1[mm2] membrane sensor at different supply
voltages, showing that, considering a given technology, sensors
of the literature are following the logical trends.

E. Global Figure of Merit

Finally, the new global FoM for the state of the art is
depicted in fig.8 and we added lines representing our simple
model. We can clearly see that the best values are obtained
for the thinnest membranes, following the theoretical trends.
Thickness of the membrane being correlated with pressure
range, an improvement of the FoM of a sensor, with specific
pressure range, is represented as an upward vertical displace-
ment of the point representing the sensor on this graph. This
means that an improvement in terms of size, consumption or
limit of detection has been efficiently made without impacting
significantly the other two parameters.

It can be seen that the gain in sensitivity obtained by using
stress concentrators thanks to DRIE process to release the
membranes, is not sufficient to compensate the added noise,
area and power consumption of these sensors. To the best of
our knowledge, it appears that prof. X. Li’s group [21] [38]
has found the best trade-off allowing for reaching very high
resolution while keeping relatively small area (around 1mm2)
by using an innovative smart wet etching on (111) silicon
wafer.

Thanks to the global Figure of Merit, the best high resolu-
tion, low power and small size sensors are easily highlighted. It
appears that sensors with membranes released by wet etching
keep staying of high interest especially since wet etching is
cheaper, faster and more homogenous than DRIE but letting
less freedom for the membrane shape design.
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Fig. 8. Global Figure of Merit versus membrane thickness. Colors
indicate the technology used: red = polysilicon; blue = monocrystalline
silicon; black = monocrystalline silicon with stress concentrators. Lines
are theoretical trends of the simple model, eq. (16). Colors indicate
supply voltage : blue = 1 [V]; yellow = 3.3 [V]; red = 5 [V].

VI. CONCLUSION

In this paper, key parameters of piezoresistive pressure
sensors have been reviewed, by analytical developments and
state of the art comparison. More than 30 of the most cited
papers of the literature have been analysed. We derived a
theoretical model for a simple and uniform Si membrane based
pressure sensor and we used classical figures of merit to make
a comparison between this model and of the state of the art
sensors performances thanks to original graphs showing the
different technologies effects.

Then we defined a new universal figure of merit including
all classical parameters as noise and sensitivity but also new
constraints of crucial importance for new applications in IoT
nodes or in body-implanted devices: the power consumption
and the area. With this new FoM, interest of membrane
patterning is mitigated allowing a boost of sensitivity from
a mechanical point of view but leading to an increase of
output noise. On the other hand, low sensitivity of small
size membranes released by wet etching demonstrate high
performances thanks to their low noise generation.
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[46] G. Li, V. Kilchytska, N. André, L. A. Francis, Y. Zeng, and D. Flandre,
“Leakage current and low-frequency noise analysis and reduction in
a suspended soi lateral p-i-n diode,” IEEE Transactions on Electron
Devices, vol. 64, no. 10, pp. 4252–4259, Oct. 2017.

Authorized licensed use limited to: Univ Catholique de Louvain/UCL. Downloaded on August 11,2020 at 09:19:16 UTC from IEEE Xplore.  Restrictions apply. 



1558-1748 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2020.3013017, IEEE Sensors
Journal

DELHAYE et al.: NEW UNIVERSAL FIGURE OF MERIT FOR EMBEDDED SI PIEZORESISTIVE PRESSURE SENSORS 9

Thibault P. Delhaye has received the M.S. de-
gree from the University of Louvain, Louvain-la-
Neuve, Belgium in 2015. He is now a PhD can-
didate student in the Institute of Information and
Communication Technologies, Electronics and
Applied Mathematics (ICTEAM), University of
Louvain. He was Visiting International Research
Student at the University of Bristish Columbia,
Canada, during fall 2018. His research topic is
on highly sensitive and ultra-low-power MEMS

pressure sensor based on SOI technology.
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