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exposures. The plots indicate that degradation of sensor is rapid
after total dose exposure of 10 Mrad(Si).
Response of the polysilicon piezoresistor based pressure sensor
after various gamma dose exposures. All data points for total dose
irradiation up to 30.56 Mrad(Si) overlap indicating a negligible
change in the sensor response (b) Sensitivity and offset voltage
variation for the polysilicon piezoresistor based pressure sensor
after various gamma dose exposures. The plots indicate that there
is negligible change in the sensitivity and a small change in the
offset voltage.
(a) Comparison of the variation in the sensitivity of pressure
sensors as a function of gamma dose exposure (b) Comparison of
the offset voltage variation of pressure sensors as a function of
gamma dose exposure (c) Comparison of the hysteresis variation
of pressure sensors as a function of gamma dose exposure.
Resistance variation with irradiation dose for Die 1.
Resistance variation with irradiation dose for Die 2.
Pictorial representation of stress components at a point of interest.
Strain elongation and shear [111].
Shear strain representation [111].
(a) Mechanical analysis of micro unit of diaphragm [111] (b) Simplified
top view of a thin plate.
(a) Electrical resistance of a homogeneous bar with dimensions of length
(𝑙) × width (𝑤) ×thickness 𝑡 and resistivity (ρ), b) When subjected to
loading, all three can potentially change, leading to a change in the
measured electrical resistance [94].
Crystal planes of silicon (a) (100), (b) (110), (c) (111) planes, (d)
Diamond cubic lattice of single crystal silicon with each atom covalently
bonded to its four neighbours, (e) Wafers smaller than 200 mm in
diameter have flat that indicates the <110> direction, whereas larger
wafers have a notch [94].
The stress components 𝜎𝑖𝑗 represents the stress on face 𝑖 in direction 𝑗.
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SYNOPSIS
Pressure sensors have a wide range of applications in several areas such as process
control instrumentation in manufacturing industries, oil & gas, automotive, medical,
avionics & aerospace, nuclear power plants, etc. Due to junction leakage, the operating
temperature of the commercial sensors is limited to 125 °C. Several applications demand
operation in stringent conditions such as higher temperature, ionizing radiation, etc.
Hence, the development of pressure sensors for applications involving higher temperature
and radiation environment is still an area open to research. The motivation behind the
present thesis work is to develop piezoresistive pressure sensors which can work beyond
the operating temperature range of commercial pressure sensors i.e. up to 125 oC and to
understand gamma radiation induced performance degradation of pressure sensors. The
extensive FEM simulation studies were carried out to analyse the effect of various
parameters such as geometry & thickness of bulk micro machined diaphragm,
piezoresistor location, piezoresistor doping concentration, diaphragm and piezoresistor
materials, etc., on the pressure sensors performance. The optimisation of the design
parameters were done using simulation studies to fabricate pressure sensors. Based on
optimised design parameters, pressure sensor mask layouts were completed for
fabrication of pressure sensor chip. The pressure sensors were designed for 100 bar/200
bar full scale ranges using two fabrication process flows (diffused piezoresistors and
SOI). The pressure sensor chips were wire bonded and attached with the TO -12 header
with stainless steel package for performance investigation. Performance investigations
were done in terms of sensitivity, linearity, offset voltage, offset drift, hysteresis, etc
under room temperature to elevated temperature conditions. In addition, the experimental
investigations on the failure mechanism of piezoresistive pressure sensors were
performed under the gamma radiation exposure.

xxix

Synopsis

The important contributions of this thesis work are summarized below:
(i) An extensive simulation study for studying the effect of various design parameters on
the response of pressure sensors has been presented. The effect of temperature on the
pressure sensor performance was modelled and change in the response was
quantitatively presented using the FEM analysis. Based on the analysis of the data,
the design parameters of the pressure sensors were finalized for the fabrication.
(ii) The quantitative simulation study of the piezoresistive pressure sensors using the
wide band gap materials such as diamond and SiC has been carried out to
theoretically estimate the response of the piezoresistive pressure sensors based on
these materials. The results presented would be useful for designing the sensors based
on these materials for high temperature high radiation operating environment.
(iii) Pressure sensors using two types of process flows i. e. diffused resistor based process
and SOI technology have been designed, fabricated and characterized. The
performance investigation of the fabricated sensors has been carried out at different
pressures and temperatures in terms linearity, offset voltage, sensitivity and
hysteresis. The prototypes developed have shown expected performance up to
operating temperature of 100 oC and 200 oC for diffused piezoressitor based and SOI
technology based pressure sensors respectively. The SOI technology based sensors
operated without failure up to 200 oC temperature with degradation of ~ 19% in the
sensitivity. The temperature of 200 oC is well beyond the operating temperature range
of 125 oC of commercial sensors. The sensor would be suitable for deployment in
process control instrumentation with a temperature compensation circuit. A compact
signal conditioning circuit has been designed and fabricated for processing the
Wheatstone bridge output of the pressure sensor in to 4-20 mA current output with
offset voltage compensation.

xxx

Synopsis

(iv) Gamma radiation induced degradation of two types of sensors i. e. with an oil filled
package and without oil filled package have been carried out for understanding the
failure mechanism of the piezoresistive pressures sensor. The experimental results
clearly show that packaging of the sensor in terms of isolation oil could play a
significant role in determining the radiation hardness of the sensors.
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xxxii

Chapter 1.

INTRODUCTION

Pressure sensors have a broad range of applications in the several areas such as process
control instrumentation in manufacturing industries, oil & gas, automotive, space,
medical, etc. Micro-electro-mechanical-systems (MEMS) technology has played a
significant role in the evolvement of miniaturised pressure sensors along with integration
of microelectronics. For industrial applications, there are two major categories of
pressure sensors, firstly based on piezoresistive transduction technique and secondly,
based on capacitive transduction technique. Simplicity of fabrication, simple signal
conditioning electronics, linearity and accuracy in pressure measurement are most
preferred attributes of MEMS technology based piezoresistive pressure sensors. The
MEMS technology for the fabrication of such pressure sensors for normal operating
conditions has been well established.
Several industries (e.g. nuclear reactors, oil & petroleum industry, automobile industries,
avionics & aerospace industries, etc.) demand pressure sensors operating in stringent
conditions such as high temperature and/or radiation. Commercially available
piezoresistive pressure sensors by different global manufacturers can be operated up to
125 oC operating temperature. Therefore, the enhancement in the operating temperature
range of the piezoresistive pressure sensors is still an area of research. In addition, the
performance of these sensors degrades when operated in an ionising radiation
environment for e.g. applications in nuclear reactors and space. So far, only limited
studies on radiation effect on piezoresistive pressure sensors have been reported in the
literature. Therefore, the present thesis is focused on the design, fabrication and
characterisation of MEMS technology based piezoresistive pressure sensors for
enhancing the operating temperature of pressure sensors up to 200 oC and on the study of
1
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ionising radiation-induced degradation of the performance of piezoresistive pressure
sensors.
1.1

OBJECTIVE OF THE RESEARCH WORK

The objectives of the thesis work are as follow:
a. FEM simulation study to investigate the effect of pressure sensor design
parameters on the performance of sensors and design parameter optimization.
b. Fabrication of MEMS piezoresistive pressure sensor using different processes.
c. Development of characterisation setups for MEMS piezoresistive pressure sensors
and signal conditioning circuit.
d. Performance investigation of MEMS piezoresistive pressure sensor in terms of
sensitivity, linearity, offset voltage, offset drift, hysteresis, etc.
e. Study of the radiation effects on the MEMS piezoresistive pressure sensors.
1.2

ORGANISATION OF THE THESIS

This thesis is organised in the seven Chapters as given below:
Chapter 2 presents a comprehensive literature survey encompassing a review of MEMS
technology based sensors. This involves the history of micromachining and MEMS,
MEMS fabrication processes, materials used for MEMS devices, etc. The mathematical
modelling of the pressure sensor using the theory of thin plate and theory of
piezoresistivity in single crystalline silicon are explained in this Chapter. The analysis of
pressure sensor response based on Wheatstone bridge configuration is also presented.
Chapter 3 deals with FEM simulation study of piezoresistive pressure sensors. An
introduction to the simulation tool and steps to build a solid model of the pressure sensor
2
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are discussed with a flow diagram. The results of the simulation study of piezoresistive
pressure sensor performed in order to investigate the effect of various design parameters
and the analysis of the data are presented. The change of pressure sensors response due to
increased temperature in oxide isolated piezoresistor based pressure sensor is discussed.
A comparative study of piezoresistive pressure sensor based on wide bandgap materials
such as silicon carbide and diamond is presented. These materials are alternate materials
for extending the operating temperature of pressure sensors beyond 125 oC.
Chapter 4 illustrates the design of mask and the fabrication process of the pressure
sensors for diffused piezoresistors and SOI technology based pressure sensors.
Additionaly, development of the signal conditioning circuit to compensate for the offset
voltage and to get an industrial standard 4-20 mA output response is presented.
Chapter 5 discusses the performance investigation results of piezoresistive pressure
sensors (for diffused and SOI technology base pressure sensors). The performance has
been evaluated in terms of parameters such as pressure response, sensitivity, offset
voltage, offset drift in room temperature, linearity and hysteresis, etc. The measurements
were carried out at room temperatures and also in higher temperature environments.
Chapter 6 presents the experimental investigation of gamma radiation-induced
degradation of piezoresistive pressure sensors in order to draw inference for the
degradation of the performance of piezoresistive pressure sensors.
Chapter 7 includes significant conclusions obtained from the current research work,
recommendation for future scopes and contribution of this research towards the research
field of piezoresistive pressure sensors.
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Finally, appendices are presented at the end of thesis, which include the mathematical
modelling of the piezoresistive pressure sensor using theory of thin plate, piezoresistivity
and analysis of Wheatstone bridge in detail.

4

Chapter 2.
2.1

LITERATURE SURVEY

INTRODUCTION

Today, the field of Micro-Electro-Mechanical Systems (MEMS) is growing at a faster
pace in various areas. A pressure sensor is one of the first mature and commercialised
device based on MEMS technology. These sensors have potential applications in several
industries, e.g. process control, oil & petroleum, automobile, aerospace/avionics and
consumer devices, etc. Integration of micromachining technology with IC technology
resulted in the development of MEMS technology to realise various microstructures for
sensors and actuators. MEMS technology led to advanced functionality, improved
performance, smaller size and reduced cost for microsystems. Widely, the microsystems
are recognised as MEMS or microsystems technology (MST) in Europe. Typically, the
dimensions of MEMS devices are ranging from nanometres to milimetres. The
advancement in R&D of micromachining processes along with integrated circuit
technology (IC) has resulted in the expansion of MEMS technology for various
applications. An overview involving the current demands of MEMS, the status of MEMS
devices market and various processes adopted for MEMS fabrication, etc. is presented in
next sections. In addition, mathematical models in terms of thin plate theory and theory
of piezoresistivity are presented in details for piezoresistive pressure sensors
2.2

STATUS OF COMMERCIAL MEMS DEVICES

Recent years have been a golden era for the market of MEMS technology based devices.
The use of microsensors such as pressure sensors, accelerometers, microphones, gas
sensors, etc., are increasing in various industries [1]–[3]. In general, growing demand for
MEMS devices in the Internet of Things (IoT) and wearable electronics makes them a
5
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very promising sensing devices for consumer and industrial applications. Deployments of
MEMS devices in various industries such as automotive, defence, space/avionics, nuclear
power plant, etc. are very demanding area of applications for these devices.
The MEMS pressure sensor is currently leading the market with large share and it is
expected to grow significantly by 2021 [4], [5]. The MEMS industry is creating new
possibilities and it is facing new challenges. Previously, the challenge was a reduction in
the size of MEMS chip, which in turn led to the decrease in price due to mass production
based on the batch fabrication process. New trends in the field of MEMS research and
developments are (R&Ds) [4]:
a. Device development based on dedicated applications
b. Fusion of different sensors
c. Decreasing power consumption4
Therefore, the new trends are towards the performance enhancement of MEMS devices
by sacrificing the chip size of sensing devices. The fabrication of such devices uses
MEMS technology. In the next sections, micromachining and MEMS are discussed.
2.3

ADVANCEMENT IN MICROMACHINING AND MEMS TECHNOLOGY

MEMS is a technology that combines the process of micromachining with
microelectronics to produce tiny sensors and actuators with several functionalities. The
miniaturised mechanical structures such as diaphragm, cantilever, valves, gears, mirrors,
are combined with microelectronics on a common substrate. In general, silicon wafers are
used as a substrate. MEMS is an interdisciplinary field for R&D which involves design,
engineering and manufacturing proficiency from a vast and diverse technical fields of
science & technology. It comprises several domains such as IC fabrication technology,
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mechanical engineering, material science, electrical engineering, chemistry and chemical
engineering, fluid mechanics, optics, instrumentation, and packaging technology. The
major microfabrication processes used for MEMS are i) lithography and micromachining
for micro devices, ii) fabrication process adopted from IC technology (oxidation, doping,
metallisation, die attachment, bonding, packaging, etc.), iii) special MEMS processes
(LIGA, DRIE, etc.), and iv) fabrication process adopted from optics manufacturing
(polishing and finishing, etc.). Micromachining is utilised to fabricate 3D microstructures
as the foundation of MEMS devices [6].
The development of micromachining techniques at industrial level led to the introduction
of sensors in commercial market, i.e. pressure sensor, accelerometer and later on the
gyroscopes. Silicon is a primary material for structural element (as primary sensing) and
transduction element (as secondary sensing) for MEMS technology based sensors. The
discovery of silicon by Berzelius in 1824 is accountable for revolution in the field of
microelectronics. Whereas, Smith had accelerated the era of MEMS with the discovery of
piezoresistivity in the silicon and germanium [7]. Uhlir had become a pioneer to adopt
single crystalline silicon in MEMS with the discovery of porous silicon [8]. His discovery
ultimately led to development of various sensors based on the single crystalline silicon
for MEMS devices. The invention of piezoresistivity demonstrated that gauge factor of
semiconductor thin film strain gauge is 10-20 times larger than the metal thin film strain
gauge and hence, a more considerable sensitivity of semiconductor based strain gauges
[7]. Semiconductor (Si) based strain gauges were commonly available for various sensing
applications from 1958 and became one of the mature sensing technologies by Kulite Inc.
and Honeywell Inc. [9]. In 1970s and 1980s, MEMS commercialisation was started in
full pace by various companies (e.g. Foxboro ICT, Transensory Devices, IC Sensors,IC
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Transducers, Kulite Inc. and Novasensor). During the same era, Kurtz Petersen had
discussed 'Silicon as a mechanical material' that worked as driving force for the
development of MEMS devices based on silicon and also helpful in increasing awareness
for the possibility using silicon in MEMS [10]. Further, development based on
polysilicon micromachining process was done at the University of California, Berkeley
by Howe and Muller [11]. Moreover, the ideas presented by Professor R Feynman in
December 1959 during his famous presentation entitled on "There's Plenty of Rooms in
Bottom" was responsible to speed up the R&D in field of MEMS technology [12], [13].
2.4

MEMS MANUFACTURING TECHNIQUES

Various manufacturing processes and materials are utilised to fabricate MEMS, which are
adopted from integrated circuit (IC) technology, micromachining and optics. MEMS
technology provided a driving force for R&D of other non-traditional microfabrication
processes and materials. These processes are briefly described below.
2.4.1 Conventional IC technology processes and materials
The conventional processes and materials used in traditional IC technology are directly
adopted for fabrication of MEMS devices. These processes are photolithography, thermal
oxidation, dopant diffusion, ion-implantation, plasma activated chemical vapour
deposition

(PCVD),

plasma-enhanced

chemical

vapour

deposition

(PECVD),

evaporation, sputtering, etching, reactive ion etching (RIE), etc. Silicon, silicon dioxide,
silicon nitride, polysilicon, aluminium are commonly used materials for the fabrication of
IC and MEMS using these processes.
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2.4.2

Additional processes and materials used in MEMS

In addition to IC fabrication processes, some advanced methods and materials are used in
MEMS technology. These processes are anisotropic wet etching for single crystalline
silicon, deep reactive ion etching (DRIE), X-ray lithography, electroplating, low-stress
LPCVD, thick film resist (SU-8), spin casting, micro moulding, and batch microassembly, etc. The common materials used for fabrication of MEMS devices are
crystalline silicon, polycrystalline silicon, piezoelectric films (PZT), magnetic films (Ni,
Fe, Co and rare earth alloys), high temperature materials (SiC, ceramics, SOI, diamond),
aluminium, stainless steel, platinum, gold, sheet glass and plastic (PVC and PDMS).
Crystalline silicon is not only an excellent electronic material, but it also shows better
mechanical properties comparable with steel.
2.5

CLASSIFICATION

OF

MEMS

FABRICATION

AND

ETCHING

PROCESSES
The following micromachining techniques are used to integrate multiple microstructures
and patterns in complex MEMS devices [14], [15]. The micromachining is a process to
define and etch structures with micron features sizes.
The classification of MEMS micromachining processes is as follow:
a. Bulk micromachining
b. Surface micromachining
c. High aspect ratio micromachining
Micromachining involves partial or bulk removal of material from the substrate to create
the microstructures. The removal of material is done by etching which can be isotropic or
9
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anisotropic depending on the crystal orientation of the material. The fabrication of high
aspect ratio structures is done using a combination of a wet and dry etching process.
Single crystalline silicon etching with aqueous KOH solution was introduced in 1960s.
Since MEMS structures are high aspect ratio structures, anisotropic deep silicon etching
was introduced by Waggener et al. 1967 [16]. The details of etch rate for micromachining
process to fabricate microstructures have been presented earlier [17].
2.5.1 Bulk micromachining
Bulk micromachining is the oldest fabrication technology to create microstructures for
MEMS. The technique involves selective removal of substrate material in order to create
tiny mechanical structure [14]. Anisotropic wet etching of single crystalline silicon
results in V-grooves, channels, membrane, vias, nozzles, and cantilever by selective
removal of the bulk material. The microstructures realized using anisotropic wet etching
are depicted in Figure 2.1 (a). The deep reactive ion etching (DRIE) is a dry etch process
to etch deeply into silicon wafer while leaving vertical walls and it is independent of
crystallography orientation (Figure 2.1 (b)). Another process is micromoulding, which is
the combination of DRIE and conformal deposition process (i.e. LPCVD) to create
microstructures for MEMS.
Groove

Diaphragm

Nozzle

Silicon Substrate

(a)
Channel

Deep Channel

Hole

Silicon Substrate
(b)

Figure 2.1: Bulk micromachining, (a) Anisotropic wet etching, (b) Deep reactive etching.

10

Literature survey

The process of chemical etching involves the immersion of a substrate into a chemical
etchant to selectively etch out bulk material from the exposed substrate surface. The
chemical wet etching process is popular in MEMS industries because of high etch rate
and selectivity. The etch rate and selectivity are controlled by changing the chemical
composition and temperature of etching solution. In isotropic etching, silicon is etched
uniformly in all directions. However, in anisotropic etching, etch rate is dependent on the
crystallographic orientation of substrate and the etch rate does not remain same in all
direction (Figure 2.2 (a) and (b)). Mainly used anisotropic chemicals for Si bulk
micromachining are listed in Table 2.1.

Diaphragm
(b)

Diaphragm
(a)

Figure 2.2: Types of etching, (a) Anisotropic etching, (b) Isotropic etching.

Table 2.1: Anisotropic etchant used for silicon.
Etchant

Operating
temp (°C)

Ethylenediamine pyrocatechol
(EDP) [18]
Potassium hydroxide/Isopropyl
alcohol (KOH/IPA)
Tetramethylammonium hydroxide
(TMAH) [19]

2.5.2

S=R100/
R111

Mask materials

110

Etching rate (R)
for orientation
100 (μm/min)
0.47

17

50

1

400

80

0.6

37

SiO2, Si3N4, Au,
Cr, Ag, Cu
Si3N4, SiO2 (etches
at 2.8 nm/min)
Si3N4, SiO2

Surface micromachining

Surface micromachining is a process in which material is added on substrate to create
microstructures. In bulk micromachining, the bulk material is removed from the substrate
to realize a microstructure for sensing applications. The first surface micromachining
structure for the resonant gate transistor was introduced by Nathanson [20]. This process
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is utilised to fabricate low aspect ratio structures (Figure 2.3 (a, b, c)). Since this process
is compatible with complementary metal oxide semiconductor (CMOS) process and
hence, it is more suitable for integration with microelectronics. Two methods are utilised
to deposit structural materials: (a) CVD (b) electroplating. Surface micromachining
produces wide varieties of MEMS devices for many different applications [21].
Poly Si

Anchored Cantilever

Oxide

(a)

(c)

(b)

Silicon Substrate

Silicon Substrate

Silicon Substrate

(b) micromachining process.
(a)
Figure 2.3: Illustration of the surface

(c)

2.5.3 High aspect ratio micromachining
The requirements of MEMS for some particular applications have led to the development
of non-silicon microfabrication techniques. These techniques are discussed below.
2.5.3.1 LIGA
LIGA is a German acronym for lithographie, galvanoformung, abformung (i.e.
lithography, electrodeposition and plastic moulding) [22]. It was developed in the
Institute for Microstructure Technology at the Nuclear Research Centre, Karlsruhe,
Germany [23], [24]. The LIGA is a fabrication process for High Aspect Ratio MEMS
structures that was developed in the early 1980s [25]. In LIGA process, an X-ray beam is
used to transfer a pattern from the mask to a thick resist layer and the resist is developed
as a mould for electro-deposition of metal. A pictorial representation of LIGA process is
given in Figure 2.4. LIGA essentially combines exceptionally thick film resist (often >
0.5 mm thick), and high energy X-ray lithography (~ 1 GeV) to pattern the resist to
achieve vertical sidewall structures. The drawback is the requirement of high-energy X12
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ray sources. The remarkable characteristics of X-ray LIGA-fabricated structures are high
aspect ratios (order of 100:1), vertical and parallel side walls (angle of 89.9o), smooth
sidewalls suitable for optical mirrors and height of structure from 10's µm to several
millimetres.

Resist
LIthographie(Lithography),
Plating base
Substrate
Galvanoformung(plating)
X-ray radiation

Aabformung (moulding)
Mask membrane
Mask absorber

Resist
Plating base
Substrate
Plstic
Plastic

Exposed & developed resist Electroplating & metal deposition

Electroplating
Mold insert

Metal µstructure
Plastic microstructure

Figure 2.4: Schematic of the LIGA process [22].

2.5.3.2 SU-8 (UV LIGA)
The dependency on X-ray source is a significant drawback of the LIGA process. Hence,
an alternative is developed using SU-8 as a negative resist. SU-8 as a substrate for LIGA
is very cheap and with nearly similar performance. SU-8 is a particular epoxy-resin-based
optical resist that can spin on in thick layers (> 500 µm) and patterned with commonly
available contact lithography tool. It allows to achieve vertical sidewalls with high aspect
ratio structures [26]. SU-8 is biocompatible and chemically stable material.
2.5.3.3 Plastic moulding with PDMS
Polydimethylsiloxane (PDMS) is a transparent material that is poured over a mould and
13
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simply peeled off out from mould substrate after polymerisation [27]. Based on this
single mould, many expensive structures can be fabricated. The PDMS faithfully
reproduces even submicron features in a mould. PDMS is biocompatible and thus it is
used in a variety of BioMEMS applications. Since PDMS is transparent, tissues, cells and
other materials can be easily imaged through it.
2.5.4 Substrate bonding
In order to get mechanical support, long term stability and reliability of microstructures,
the microsystems chips are bonded with another wafer i.e. silicon, glass, metal and
polymeric wafer substrates. MEMS sensing chip is bonded with glass substrate to create
cavity sealing or vacuum, or reference cavity or to accommodate deflection of cantilever
beam/thin diaphragm. The techniques used to bond silicon wafer with other substrate are
field assisted bonding (anodic bonding) invented by Wallis and Pomerantz [28], silicon
fusion bonding (SFB) by Shimbo [29], [30]. Field assisted thermal bonding (anodic or
electrostatic bonding or Mallory process) is commonly used to bond silicon with glass at
a high temperature (e.g. 400 oC) and at a high voltage (e.g. 600 V). Silicon fusion
bonding (SFB) is a process to join two Si wafers at high temperature (> 800 oC) in an
oxidising environment without applying an electric field and no intermediate layer for
bonding. Also, eutectic [31] and adhesive bonding [32] are used for wafer bonding.
2.6

ADVANTAGES OF SILICON FOR MEMS FABRICATION

Although several materials could be used for the fabrication of MEMS, silicon has unique
advantages. The single crystal silicon is not only an excellent electronics material, but it
also exhibits superior mechanical properties for MEMS. Micromachining has been
validated in a variety of materials including metals, glasses, ceramics, polymers, and
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various alloys. Material properties of few MEMS materials are listed in Table 2.2. Out of
the mentioned materials, silicon is strongly associated with MEMS due to the extensive
use of silicon within IC industry and availability. Silicon has excellent, controlled and
well-understood electrical and mechanical properties. Silicon is also compatible with
design tools existing at industries for the optimisation of the design of the microstructures
for sensors and actuators
Table 2.2: Properties of materials used for MEMS[33].
Material

Yield Strength
(GPa)

Knoop Hardness
(kg/mm2)

Young's
Modulus (GPa)

Density
(g/cm3)

Diamond*

53

7000

1035

3.5

SiC*

21

2480

700

3.2

Al2O3*

15.4

2100

530

4.0

Si3N4*

14

3486

385

3.1

SiO2(fibers)

8.4

820

73

2.5

Si*

7.0

850

190

2.3

Steel (Max Strength)

4.2

1500

210

7.9

Stainless Steel

2.1

660

200

7.9

Al

0.17

130

70

2.7

*MEMS materials

2.7

FABRICATION PROCESSES FOR MEMS

The fabrication techniques used for MEMS based on silicon consist of conventional
methods developed for integrated circuit technology. Three essential elements in
traditional processing of silicon (i.e. deposition, lithography, and etching) are adopted for
MEMS fabrication. A pictorial representation of such processes is given in Figure 2.5.
Deposition includes, i) oxidation, ii) chemical vapour deposition, iii) physical vapour
deposition and iv) epitaxial growth. Lithography includes, i) optical beam, ii) electron
beam and iii) X-ray lithography. Etching involves, i) dry etching and ii) wet etching
processes. Many of these processes are modified for the fabrication of MEMS, for
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Literature survey

example, use of thick photoresists, grey scale lithography, or deep reactive ion etching.
Other techniques which are specially developed for MEMS but not used in IC fabrication
are surface micromachining, wafer bonding, electroplating, LIGA, ion beam etching and
deposition. Since the focus of the present work is MEMS technology based pressure
sensor, an overview of these pressure sensors is presented in the consequent section.
Deposition

Deposit a layer

Lithography

Spin coat
resist

Exposed to
UV light
through mask
Develop

Etch

Etch

Strip resist

Figure 2.5: Schematic explanation of deposition, lithography and etching process with
positive photoresist and negative photoresist [6].

2.8

MEMS PIEZORESISTIVE PRESSURE SENSOR: INTRODUCTION

Generally, the fabricated pressure sensor chip consists of a thin silicon diaphragm,
piezoresistors and metal lines to connect the piezoresistor in a Wheatstone bridge
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configuration. The chip also has the pads for wire bonding. A microscopic view of the die
of the chip from the top side is presented in Figure 2.6 (a) and actual die with wire
bonding is shown in Figure 2.6 (b). The sensor chip attached on TO header with wire
bonds shown in Figure 2.6 (c). Actual packaged pressure sensor with electrical
connection is shown in Figure 2.6 (d).

(a)

(b)

(c)
(d)
Figure 2.6: Representative photographs of commercial piezoresistive
pressure sensor, (a) Top view of chip, (b) Chip mounted on TO header,
(c) Wire connected with TO header, (d) Packaged pressure sensor with
electrical connection [34].

The schematic of the final packaged pressure sensor is shown in Figure 2.7 with an
exploded view in order to get a better understanding of the actual pressure sensor [34].

Figure 2.7: Schematic of pressure sensor with exploded view [34].
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Various packages are available for the pressure sensors depending on the application
requirements. Some of the commercially available packages are shown in Figure 2.8 (a)(d). These include; i) a sensor housing with a single monolithic silicon pressure sensor
die by Motorola MPX 2010 DP, ii) a dual in-line package (DIP) based miniature surface
mount sensor by First Sensor which allows for PCB-mounting, and iii) DIP package
sensor for assembly on PCB by AMSYS, and iv) a packaged pressure sensor by
Honeywell Inc. for industrial heavy-duty applications.

(b)

(a)

(d)
(b)
Figure 2.8: Various types of commercial packaging of pressure sensor: (a) Sensor housing a single
monolithic silicon pressure sensor die by Motorola MPX 2010 DP, (b) Miniature surface mount
technology with DIP housings allow for PCB-mounting by FirstSensor, (c) (DIP for assembly on PCB by
AMSYS, (d) Pressure sensor by Honeywell Inc. for heavy duty applications.

2.9

CLASSIFICATION OF PRESSURE SENSORS

2.9.1 Classification based on transduction techniques
2.9.1.1 Piezoresistive pressure sensors
The piezoresistive effect is utilised in a variety of sensing devices as the transduction
technique since its invention by Smith in 1954 for silicon and germanium [7]. The
piezoresistive effect is a change of resistance due to applied strain/stress. The
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strain/stresses are induced by means of external force or pressure. Generally, pressure
sensors have thin diaphragm/micro cantilever, piezoresistors and reference cavity. The
piezoresistors are diffused or ion implanted at high stress concentration regions of the
microstructures. The resistance change is observed to be linear with respect to the applied
pressure for small deflection of microstructures. Metal and semiconductor both exhibit
the change in resistance due to the applied pressure/load/force. However, the change in
resistance for the metal is dominated by the deformation of geometrical dimensions
whereas change in resistivity is dominated in case of semiconductor. The change in
resistance is constant irrespective of crystal orientation in metals and known as the
isotropic effect. However, the change in the resistance is not constant irrespective of
crystal orientation for semiconductor materials known as an anisotropic effect [35]. The
change in resistance due to temperature is also observed which is known as
thermoresistive effect [36]. It is to be noted that piezoresistive effect in the
semiconductors is 10-20 times higher than the metal counterpart, hence use of the
piezoresistive transduction technique has gained more popularity in MEMS devices.
Initially, the piezoresistors were fabricated by selective diffusion of the boron in N-type
Si wafer. The Si wafer with piezoresistors integrated is bonded to the glass or metal by
epoxy (Figure 2.9 (a)). A schematic of a pressure sensor formed by bulk removal of
silicon is shown Figure 2.9 (b). The schematic of anisotropic etched piezoresistive
pressure sensor is shown in Figure 2.9 (c).
The accuracy of the mechanical structures is controlled in the range of microns and hence
it is referred as micromachining technology. The salient features of pressure sensors
based on silicon using micromachining technology are:
a. Silicon is used as a structural element (primary sensing) and the piezoresistors as
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a transduction element (secondary sensing).
b. Micromachining technology facilitates batch fabrication of sensing devices.
Diffused Piezoresistors
Si Wafer
Epoxy
Glass/Metal
(a)
Diffused Piezoresistors
Si Wafer

(d)
Diffused Piezoresistors
Si Wafer
(c)

Figure 2.9: (a) Diffused piezoresistive pressure sensor: silicon wafer bonded
with glass/metal, (b) Diffused piezoresistive pressure sensor using DRIE
etching, (c) Diffused piezoresistive pressure sensor by anisotropic wet etching.

2.9.1.2 Capacitive pressure sensor
Piezoresistive pressure sensors are widely used in industries due to well established and
developed fabrication technology. These sensors have good linearity, high sensitivity,
ease of signal processing, etc. [37], [38]. However, piezoresistive sensing technique
based sensors have some drawbacks such as high-temperature sensitivity and the
piezoresistors are susceptible to junction leakage. An alternative technique is the use of
capacitive sensing technique. A schematic of the capacitive pressure sensor is shown in
Figure 2.10.
Bonding pad
Si

Thin diaphragm

Glass
Al electrode

Reference cavity

Figure 2.10: Schematic of a basic capacitive pressure sensor.
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A silicon chip with the embedded thin diaphragm is hermetically bonded to a glass plate
face to face by electrostatic bonding. The thin silicon diaphragm acts as an electrode of a
capacitor and thin film metal on glass under diaphragm works as another electrode. The
gap between the two plates is of the order of few microns. The operating principle of
capacitive sensing based devices is based on the measurement of the change in the
capacitance between two plates. A capacitive sensing technique is highly nonlinear, but it
is immune to adverse effects. It is susceptible to radiation effects due to the accumulation
of charge by ionising radiation. Hence, in a radiation environment, piezoresistive sensing
is a more suitable technique. The capacitive sensing mechanism based sensor poses more
difficulties in the measurement of small capacitance change due to parasitic & stray
capacitance effects and electromagnetic interference from the environment.
2.9.1.3 The resonance based pressure sensors
The vibration frequency of a mechanical diaphragm or beam is changed with the external
applied force/pressure. The change in the vibration frequency is calibrated in term of the
applied physical parameters [39]. Sensors fabricated based on this transduction
mechanism is known as resonant sensors. The mechanical properties of the resonator
microstructure determine the stability of resonant sensors.
2.9.1.4 Piezoelectric pressure sensors
Piezoelectricity is the generation of charge under the induced strain. The sensors for the
measurement of pressure using piezoelectric effect are known as piezoelectric pressure
sensors. These sensors used for dynamic pressure measurements and not for static
pressure measurements. Generally, a piezoelectric sensing element is fabricated by lead
zirconate titanate (PZT) or zinc oxide (ZnO). A piezoelectric material is deposited in high
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stress or strain area on the diaphragm/cantilever for charge generation due to applied
pressure. The piezoelectric transduction technique is also a self-powered mechanism for
the sensors.
2.9.2 Classification of pressure sensors based on pressure measurement method
2.9.2.1 Absolute pressure measurement
A pressure measurement with reference to vacuum is known as an absolute pressure
measurement. The packaging of pressure sensor chip is crucial for making a vacuum
cavity for the reference. The schematic of an absolute pressure sensor is depicted in
Figure 2.11. Generally, the manifold absolute pressure (MAP) sensor used for automobile
application are absolute pressure sensors. Pressure sensor used for cabin pressure control,
satellites and launch vehicles are some of the examples of absolute pressure sensors.

Pressure Port
Diffused Piezoresistors
Si

Vacuum

Glass

Header
(a)

Figure 2.11: Schematic representation of an absolute pressure sensor.

2.9.2.2 Gauge pressure sensor
A pressure sensor used for pressure measurement with respect to atmospheric (ATM)
pressure is known as gauge pressure sensor. The packaging of the gauge pressure is
designed for atmospheric pressure as a reference pressure. The schematic of a gauge
pressure sensor is depicted in Figure 2.12. The pressure sensors used for vehicle tire and
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blood pressure are examples of such type of pressure sensors.
2.9.2.3 Differential pressure sensor
Pressure sensors used to measure the difference of pressures is known as a differential
pressure sensor. Generally, differential pressure sensors require at least two ports for
pressure sensing application. If one of the port gets high pressure, then it leads to the
rupture of the thin diaphragm. Hence, safety precautions are taken for the thin diaphragm.
The schematic of a differential pressure sensor is depicted in Figure 2.13. Differential
pressure sensors are used in medical devices to decide respiratory flow or to define the air
flow in the heating ventilating and air conditioning (HVAC) systems.

Pressure (P1)

Pressure Port

Diffused Piezoresistors

Diffused Piezoresistors
Si

Si

ATM Pressure

Glass

Pressure (P2)

Glass

Header

Header

(b)

(c)

Figure 2.12: Schematic representation of a gauge
pressure sensor.

Figure 2.13: Schematic representation
differential pressure sensor.

of

a

2.9.2.4 The symbol used for pressure sensors
The symbols for new generation pressure sensors fabricated with IC technology use a
Greek letter psi and the standard symbol for the operational amplifier (Figure 2.14).

ѱ

ѱ

Absolute Pressure

Gauge Pressure

ѱ

Differential Pressure

Figure 2.14: Symbols for the pressure transducer.
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2.10 RELIABILITY AND USE OF MEMS IN A HARSH ENVIRONMENT
Due to the advancement in MEMS technology, microsystems are being increasingly used
in harsh or inaccessible environments involving high temperature, high pressure, (bio)chemical, mechanical disturbances such as shock and vibrations, electromagnetic noise,
radiation, or high vacuum [40]. Such environments are encountered in the industries such
as oil/process, chemical, automotive, space, aircraft, medical implants, etc. [40]. The
reliability of MEMS devices is an important criteria for the deployment of MEMS based
systems in various applications as mentioned above. As MEMS incorporate mechanically
moving parts, specific reliability tests are required for evaluating the mechanical
reliability in addition to standard electrical reliability tests which are employed for
integrated circuits [41]. Standard methods for the evaluation of reliability of MEMS are
involved in accelerated testing, temperature cycling, shock and vibrations, burn-in, etc.
Since most of the industrial or consumer applications of MEMS do not involve operation
in harsh environments, standard reliability test methods used for commercially available
MEMS do not include testing of MEMS reliability or failure in such environments.
Therefore, it is a keen interest to investigate the reliability of the MEMS devices under
the harsh environments such as in high temperature and radiation.
2.10.1 Radiation-induced effects in MEMS
Generally, temperature induced effects are studied for automobile and oil & petroleum
industries. However, radiation-induced effects on MEMS is less explored area of
research. For applications such as space and near nuclear reactors, the radiation hardness
of MEMS becomes the prime concern. The radiations are classified as charged particle
radiations such as electrons, protons and other charged particles and uncharged radiations
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such as neutrons, X-rays, gamma rays. Energy loss of these radiations in the matter is
through ionising energy loss or non-ionising energy loss. Heavy particles such as protons,
neutrons and other charged particles are known to create displacement damage in silicon
[42]. A lot of research has been carried out to understand radiation-induced degradation
of silicon based electronic devices and integrated circuits using ionising radiations such
as gamma radiation [43], [44]. However, radiation-induced degradation of MEMS is still
not well understood because of higher complexity in terms of materials, packages, types
of input-output parameters and sensing or actuating mechanisms. Reviews of radiation
effect on silicon based MEMS and emerging MEMS and NEMS based on a variety of
materials have been presented by Shea et al. [45] and Arutt et al. [46] respectively. A few
studies have been reported on the experimental investigation of radiation effects on
MEMS technology based sensors [45], [46], [55], [47]–[54]. The effect of ionising
radiations such as gamma, protons and non-ionising radiations such as neutrons on
different types of MEMS has been presented in these reports. It has been observed that
ionising radiation causes significant degradation in the performance of accelerometers
[47]–[50], optical mirrors [51], RF relay switches [52] and resonators [53]. The operation
of these devices is based on the electrostatic or piezoelectric actuation of the mechanical
elements. The degradation in the performance of these devices has been attributed to the
accumulation of radiation-induced trapped charges in the dielectric/silicon dioxide layer
under the mechanical element of the MEMS devices due to the radiation environment. In
addition, the failure mode was observed to be strongly dependent on the device
architecture and technology used in the fabrication. A study of radiation effect due to
proton fluence of the order of 1016 cm-2 on MEMS silicon strain gauges has shown that
the radiation observed damage is because of the displacement damage in silicon which
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resulted in the change of effective gauge factor [54]. Considering the expected total
particle fluence of 1011 /cm2, which would be accumulated in a device over a 30 year
lifetime, from this study, it was concluded that silicon strain gauges are relatively robust
to radiation damage for operation at high altitudes [54].
2.10.2 Radiation-induced degradation of silicon
Silicon is prominently used in MEMS as an electrical element as well as a mechanical
structural element. Even at the high end of typical doses of Mrad for space applications,
the amount of damage to silicon as a mechanical element is considered reasonably small
with no remarkable change in Young’s modulus [45]. A very few studies have examined
the effect of radiation on mechanical properties of materials incorporated in MEMS. A
37% decrease of the modulus of elasticity of a 2 µm thick silicon nitride membrane has

been reported with exposure to X-rays with an incident dose of 114 kJ/cm2 while the
Poisson’s ratio for the material remained unchanged [56]. The changes in Young’s
modulus of silicon due to non-ionising energy loss (NIEL) has been reported for high
proton fluences of the order of 1016 cm-2 [54]. For doses of the order of Mrad, the amount
of damage to silicon is considered small resulting in an insignificant change in the
mechanical properties of silicon [45]. Radiation-induced performance degradation of
silicon based MEMS devices are strongly dependent upon the sensing/actuation
mechanism, device design and type of materials used for the fabrication. The radiationinduced degradation of capacitive MEMS devices such as accelerometers, gyros, etc., has
been observed to be to be different than that for MEMS devices based on piezoresistive
sensing mechanism.
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2.10.3 Radiation-induced degradation in piezoresistive sensors
The experimental studies of gamma radiation-induced degradation of piezoresistive
pressure sensors are very limited [55], [57]. The radiation-induced degradation of the
pressure sensor was observed to be sample dependent. McCready et al. had reported that
commercially available piezoresistive pressure transducers (Kulite Semiconductor XTE190-25A and XCE-062-25A) failed after radiation exposure to 10-100 krads [57]. With
their subsequent experiment with pressure transducers (Kulite Semiconductor XTE-19025A) in a pulsed neutron and gamma radiation, it was demonstrated that the pressure
transducers withstood the total neutron fluence of 8.7 × 1015 n/cm2 and total gamma dose
of 4.4 Mrads (Si). Holbert et al. examined the response of Kulite SOI piezoresistive
pressure transducers subjected to a high gamma dose using a

60

Co source [55]. The

transducers were incorporated with a temperature compensation circuit. They had
reported a catastrophic failure of a pair of biased Kulite XTE-190-25A pressure
transducers at doses of 7.3 and 24.3 Mrad. A pair of transducers irradiated in unbiased
mode survived up to 11 Mrad of gamma dose. An output voltage drift with no input
pressure, i.e. offset voltage of 1–3% was observed for the total dose of about 20 Mrads
[55]. The changes in piezoresistor magnitude were thought to be the cause of this drift.
Holbert et al. have demonstrated the degradation in the output response of a bulk
micromachined piezoresistive accelerometer and a silicon on insulator (SOI) pressure
sensor under high gamma dose [55]. Both sensor types were found to experience similar
performance degradation with a drift in offset voltage and a slight change in sensitivity.
The drift in offset voltage for all sensors was attributed to the change in resistance of the
silicon piezoresistors due to the decrease of the volume for current flow. The ionising
radiation-inducedgeneration of oxide and interface trapped hole charges was considered
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to create a depletion region surrounding the periphery of the piezoresistors causing
reduction of volume for current flow [55]. It has been reported that the radiation-induced
displacement damage due to protons can produce a change in resistance of the individual
piezoresistor elements of silicon strain gauges [54]. It was primarily ascribed to the effect
of charge carrier removal due to charge carrier trapping at induced defects. However,
60

Co gamma radiation with energy of about 1 MeV is not expected to cause displacement

damage. It has been proposed that gamma radiation cause trapped oxide charges and
interface states generation in the silicon dioxide region surrounding the piezoresistors
[55]. This results in the formation of a depletion edge around the piezoresistors causing
effective area for the current flow to reduce and hence increasing the piezoresistor
magnitudes. The increase of piezoresistor magnitude depends on the doping type and
concentration, and on the piezoresistor dimensions. The increase in the resistance of
piezoresistors is expected to be lower for piezoresistors with larger geometry, higher
doping concentration and for n-type doping.
2.10.4 MEMS piezoresistive pressure sensors for high temperatures
Commercially produced piezoresistive pressure sensor has bulk micromachined silicon
diaphragm with ion implanted or diffused piezoresistors in a Wheatstone bridge
configuration. Due to junction leakage, the operating temperature of the sensors is limited
to 125 °C. Several applications of these sensors in industries such as oil, automotive,
space, etc demand pressure sensors operating at higher temperatures. Hence,
development of pressure sensors for high temperature operation has recently received
significant attention. In order to increase the temperature range of operation, several
approaches have been reported [58]–[61]. Sensors have been fabricated using wide band
gap materials such as SiC or diamond [62]–[64]. However, these technologies are not
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compatible with silicon technology and hence the sensors are expensive. The junction
leakage problem can be solved by using single crystal silicon or polysilicon piezoresistors
which are isolated from the silicon diaphragm using a silicon dioxide layer [65]–[67].
Polysilicon piezoresistor based sensors are less expensive compared to SOI based
pressure sensors. However, the sensitivity of polysilicon based pressure sensors is less
compared to single crystal silicon based SOI pressure sensor. Fabrication of pressure
sensors based on single crystal silicon based piezoresistors using SOI technology has
been recently reported [68]. Such sensors have been demonstrated to operate at 350 °C
temperatures.
2.11 SUMMARY
A comprehensive literature survey for MEMS technology and pressure sensors based on
this technology are discussed in this Chapter. Also, radiation induced effects on the
MEMS and pressure sensors are presented in detail from various published literature. In
the next Chapter, the simulation study is presented to investigate the mechanical and
electrical behaviour of pressure sensors. Based on the results of this study, the design of
the pressure sensor was selected to fabricate using MEMS technology.
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Chapter 3.

DESIGN

AND SIMULATION STUDY OF PIEZORESISTIVE

PRESSURE SENSORS

3.1

INTRODUCTION

As discussed in the previous Chapter, the response of the piezoresistive pressure sensors
is dependent on the generation of stresses in the thin diaphragm due to applied pressure
and consecutive changes in the resistance of piezoresistors. In this Chapter, a simulation
study is presented to investigate the effect of various design parameters on the response
of pressure sensors. Based on the results of this study, the design optimisation of
piezoresistive pressure sensors is carried out for diffused piezoresistor and SOI
technology based pressure sensors for their fabrication. In addition, the temperature effect
on the response of SOI technology based pressure sensors and sensors based on wide
bandgap materials is studied using FEM simulations.
3.2

ANALYTICAL MODELLING OF PRESSURE SENSORS

A piezoresistive silicon pressure sensor consists of a thin silicon diaphragm with
piezoresistors connected in a Wheatstone bridge configuration to obtain an electrical
output. The schematic of a piezoresistive pressure sensor and Wheatstone bridge
configuration have been presented in previous Chapter 2. The diaphragm geometrical
parameters are selected to maximise the sensitivity without exceeding limits for failure.
3.2.1

A simplified equation for maximum deflection and induced stress

The generated stress and deflection in thin silicon membranes can be modelled using the
theory of thin plates [35], [69]. Details of the modelling have been discussed earlier in
Chapter 2. Generalised equations to determine maximum deflection and stress of uniform
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thick and perfectly clamped thin diaphragm are given in equations (3.1) and (3.2) [33] ,

wmax  

 max

(3.1)

Pa 4
Eh3

(3.2)

Pa 2
 2
h

Where a is the length of diaphragm edge, E is Young’s modulus, h is thickness of
diaphragm and P is applied pressure, wmax is a maximum deflection of diaphragm  max is
maximum stress generated in the diaphragm,  and  are geometrical coefficients.

The geometrical coefficient

 and  are dependent on the shape of the diaphragm and

for a square diaphragm, geometrical coefficients  and  are 0.0138 and 0.3078
respectively [33]. The maximum deflection occurs at the centre of the diaphragm and
maximum stress occurs at the middle of each edge. A square diaphragm has highest
induced stress under a particular pressure compared to a circular or a rectangular
diaphragm. Hence, this geometry is usually chosen for obtaining maximum sensitivity.
3.2.2 Simplified equations for the change in resistance of piezoresistors
A simplified equation for the change in the resistance of piezoresistors due to the applied
pressure is given in equation (3.3). In the case of single crystal silicon, ∆R is a function of
silicon crystal orientation, dopant types and concentration. The normalised change in
resistance is given by [61],

R
  l l   t t
R

(3.3)

Where,  l and  t are longitudinal and transverse stresses respectively  l and  t are
longitudinal and transverse piezoresistive coefficients respectively.
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Piezoresistors are aligned in [110] orientation on top of (100) diaphragm. The
longitudinal and transverse piezoresistive coefficients are expressed mathematically as

 l  0.5  11  12   44  and  t  0.5  11  12   44  respectively [7]. The  44 is
dominant for p-type piezoresistors in [110] orientation on n-type diaphragm.
3.2.3

Effect of temperature on the change of piezoresistor resistance

The piezoresistor is a function several parameters [70] and expressed as in equation (3.4),

R
 f  N ,T ,  
R

(3.4)

Where,  is the stress induced in diaphragm and  N, T  is piezoresistance coefficient.
The variation in the piezoresistive coefficients depends on the temperature and doping
concentration. A theoretical model for variation in piezoresistive coefficients with dopant
concentration and temperature has been earlier presented [71], [72] and is given as in
equation (3.5),

 N , T   PN , T  ref

(3.5)

ref
Where,  is piezoresistive coefficient at 27 °C for lightly doped material (dopant

concentration of 1016 cm−3) and P (N, T ) is a piezoresistive factor indicating the
dependence on temperature and concentration of dopant [71].
All piezoresistive coefficients, (  11 ,  12 and  44 ) can be scaled linearly using a
piezoresistive factor ( PN , T  ). The conductivity of the doped region of piezoresistors is
dependent on several parameters as given as in equation (3.6) [73],

 x, T   qnx p n( x),T 

(3.6)
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Where, q is charge of the free carrier, nx  is concentration at various depths of
piezoresistive layer realised by implantation/diffusion for p-type piezoresistors and

 p n( x ), T  is the mobility (dependent on temperature and doping of p-type resistors).
Assuming a uniformly doped piezoresistive layer given as in equation (3.7),

 T   qN p N , T 

(3.7)

In order to obtain Wheatstone bridge output response of a pressure sensor at different
temperatures and doping concentrations, a variation of mobility and piezoresistive
coefficient has been taken into account as per equations 3.5 to 3.7 during simulations.
3.2.4 Calculation of the sensitivity of a pressure sensor
The sensitivity of the pressure sensor is defined as the slope of the output response plot
with respect to the applied pressure given as in equation (3.8) [35].

SP 

Vo 1
P Vin

(3.8)

Where, S is sensitivity, Vin is input voltage, Vo output voltage change, P is pressure.
3.2.5 Nonlinearity calculation
Nonlinearity is the deviation of the actual response, i.e. calibration curve from the
expected linear response of the pressure sensor, as the output signal does not vary linearly
with input pressure. The non-linearity error at a specific calibration point is
mathematically represented as in equation (3.9) [35],
V0 Pm 
Pi
Pm
100%
V0 Pm 

V0 Pi  
NLi 

(3.9)
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Where, NLi is percentage nonlinearity, V0 Pi  is instantaneous output voltage at and
applied pressure Pi , V0 Pm  is the output voltage at maximum applied pressure Pm .

In the present work, the FEM simulations have been carried out to study the effect of
various design parameters on the pressure response. In the next section, the process of
modelling using the FEM simulator is described.
3.3

METHODOLOGY AND MATERIAL PROPERTIES

The design optimisation of the pressure sensor is carried out using a commercially
available FEM tool used for parameter optimisation of MEMS devices. The generation of
a 3D model for simulation process includes; i) defining of the material properties, ii)
assigning the fabrication sequence of the device, and iii) incorporating the 2 D layout of
the design. The dominant material properties of silicon are listed in Table 3.1.
Table 3.1:Material properties of silicon [74].
Properties

Silicon

Elastic Constant (MPa)

1.30 × 105

Poisson's Ratio

2.78 × 10-1

Density (kg/µm3)

2.33 × 10-15

TCE Integral Form(1/K)

2.49 × 10-6

Thermal Conductivity (pW/µm K)

1.57 × 108

Specific Heat (pJ/kg K)

7.03 × 1014

Electrical Conductivity (pS/um)

1.40 × 109

Piezoresistive Coefficient (1/MPa)

 11 =

6.60 × 10-5

 12 =

-1.10 × 10-5

 44 =

1.38 × 10-3

Generally, for bulk micromachined pressure sensors, a square diaphragm is created using
KOH/TMAH/EDP etching of the bulk silicon material. Silicon is one of the best material
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for mechanical structures because it exhibits properties similar to steel [10]. The
mechanical analysis has been performed using FEM tool and the data is exported for
further analysis. The electrical response of the piezoresistive pressure sensor is calculated
by piezoresistive coefficients which are well defined for crystalline silicon in literature.
3.3.1 Steps to build a 3D model
The methodology used for the simulation study is described stepwise in the current
section. During the simulation process, it is required to provide inputs parameters for
material properties, process flow and 2D layout. Based on these three inputs, the solid
model is created. Furthermore, solid model is meshed in the finite elements for analysis
purpose. The analysis tool is a multi-physics tool to analyse the design in various
domains. Generally, solid models are created using the material database present in the
tool. However, material properties can also be defined by the user as per requirements.
The steps used to build a solid model are given in Figure 3.1(a), (b), and (c). The 3D
model of anisotropically etched silicon diaphragm and meshed structure are as shown in
Figure 3.1 (d) and (e) respectively. A mapped brick mesh with fine element size (i.e. 25
µm) for the diaphragm and course element size (i.e. 100 µm) for the bulk silicon material
are created for carrying out simulations.
The pressure sensor design in the present work was targeted for 20 MPa full-scale
operation. Considering a safety margin of a factor of 2, the design was targeted for a
maximum pressure of 40 MPa. The dimensions of the diaphragm were varied to optimise
the geometrical parameters i.e. edge length and thickness of the diaphragm. Subsequent
to the optimisation of diaphragm parameters, stress concentration regions for locating
piezoresistors over the diaphragm were identified. The Wheatstone bridge output
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response was obtained for different pressures and temperatures for a particular doping
concentration of piezoresistors. Variation of mobility and piezoresistive coefficient with
temperature were considered for study of temperature induce effect on pressure response.

Solid Model Builder

Material Properties
Process flow
(a) Material Properties

2D layout

1. Elastic Constant (MPa)
2. Poisson's Ratio
3. Density (kg/µm3)

(b) Process Steps:
Diaphragm thickness

4. TCE Integral Form(1/K)
Diaphragm edge

5. Thermal Conductivity (pW/µm K)

(c) 2 D layout

(a)

6. Specific Heat (pJ/kg K)
7. Electrical Conductivity (pS/um)
Diaphragm edge

(d)
(b)
Fixed boundary

Oxide thickness ~ 0.5
µm
Diaphragm thickness

1.

Substrate selection

2.

Backside KOH/TMAH etch

3.

Boron

Ion-

implantation/diffusion

Piezoresistor
Metallization
Oxide (SiO2)
Silicon

(f)
(e)
Figure 3.1: Simulation to build solid model (a) material property selection, (b) Process definition, (c) 2D
layout, (d) Fixed boundary condition (e) 3D solid model, and (f) 3D meshed model.

3.3.2

Effect of diaphragm shape on the mechanical response

The fabrication processes used for the fabrication of silicon diaphragms i.e. DRIE or bulk
micromachining results in shapes of the diaphragms, which are different than thin plates.
Hence, initially, different various possible diaphragm shapes were analysed using FEM
simulations. The mechanical responses of diaphragm structures were studied to estimate
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the effect of diaphragm shape on the mechanical response of the pressure sensor. The
solid and meshed models of these structures with fixed boundaries for an ideal case are
depicted in Figure 3.2 for i) a conventional thin plate, ii) DRIE etched diaphragm with
straight edges and iii) anisotropically etched diaphragm using TMAH/KOH etch.

(a)

(c)

fixed boundaries

(b)

Fixed boundaries

(d)

(e)

(f)
Figure 3.2: Simulations for i) Model of plate (a) solid model, (b) mesh model, ii) DRIE etched diaphragm
(c) Solid model, (d) Mesh model, iii) Anisotropically etched diaphragm (e) Solid model (f) Mesh model;
diaphragm size 2000 µm × 2000 µm × 150 µm. The yellow color regions are depicted as fixed boundary
conditions.

The mechanical responses in terms of displacement and von Mises stress are depicted in
Figure 3.3 (a) and (b) respectively for these diaphragm shapes. It is observed that
depending on the fabrication process used, the mechanical response of the diaphragms of
different shapes is different due to the differences in the side walls. A quantitative
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comparison of the deflection sensitivity and stress sensitivity for these structures is listed
in Table 3.2. The sensitivity is higher for KOH/TMAH etched thin diaphragm due to differences
in the structure at the edges (i.e. edges are sloped at 54.7o for KOH/TMAH etched, at 90 o for
DRIE etched diaphragm) which resulted in differences in the stresses generated at the edges. The

use of KOH/TMAH etch diaphragm structure is more common due to simple fabrication
process. Hence, further analysis was carried out using anisotropically etched diaphragms.
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(a)
(b)
Figure 3.3: Simulated mechanical response of diaphragms of different types as a function of applied
pressure; (a) Deflection (b) von Mises stress, diaphragm size 2000 µm × 2000 µm × 150 µm .

Table 3.2: Stress and deflection sensitivities of the various diaphragm structures,
analysed using mapped brick mess with parabolic hex element with 27 nodes.
Stress
Sensitivity
(MPa/MPa)

Deflection
Sensitivity
(µm/MPa)

Number
of nodes

Number of
elements

Volume of
geometry

Plate

58.87

0.487

22445

2178

6.0×108 µm3

DRIE (Straight Cut))

54.76

0.655

44533

4458

5.4×109 µm3

KOH/TMAH (Slanted)

52.77

0.720

48845

4950

5.2×109 µm3

Diaphragm type

3.3.3

Effect of diaphragm geometry on mechanical response

The thin diaphragms with different geometrical parameters as given below were analysed
in order to understand the effect of diaphragm geometrical parameters on the induced
stress and deflection:
(i)

The edge length of 2000 µm, 1500 µm, 1000 µm and 750 µm

(ii)

Variation in diaphragm thickness from 25 µm to 400 µm
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Typical deflection and von Mises stress contours obtained through simulations are
depicted in Figure 3.4 (a) and (b) respectively. As expected, the maximum deflection
occurs in the centre and maximum stress regions are located in the centre of four edges,
close to the fixed edges. The maximum deflection and maximum von Mises stress
obtained for 40 MPa applied pressure are 1.6 μm and 3.6 MPa respectively for the
diaphragm size of 1000 µm × 1000 µm × 200 µm. The stress contours in X and Y
directions (i.e.  xx and  yy ) are shown in Figure 3.5(a) and (b) respectively. For best
sensitivity, the piezoresistors are located in the high-stress concentration regions.
(b)

(a)
Figure 3.4: Contour plots for the diaphragm of size 1000 µm ×1000 µm × 200 µm
for applied pressure 40 MPa; (a) Deflection, (b) von Mises stress.

(a)
(b)
Figure 3.5: Contour plots for the diaphragm of size 1000 µm × 1000 µm × 200 µm
for the applied pressure of 40 MPa; (a) Stress XX, and (b) Stress YY.

The parametric simulation was carried out by varying diaphragm thickness and edge
length of the diaphragm in order to study their effect on the deflection and generated
stresses. The results obtained from the simulations for maximum deflection and induced
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stresses are summarised in Figure 3.6 (a), (b) and Figure 3.7 (a), (b) respectively. The
thin plate theory considers ‘plate’ as a structure with lateral dimensions of the plate much
larger than the thickness of the plate [69], [70]. The thin plate theory takes advantage of
this disparity in dimensions of the plate to simplify the three-dimensional solid
mechanics problem to a two-dimensional problem. Also, it is required that the sensors
should withstand at least five times the full scale pressure. Hence the limiting values for
the maximum deflection of 20 % of the diaphrgm thickness and maximum induced
stresses 10 % of the yield strength were adopted considering the constraints for validation
of thin plate theory and safety margins for the operation of the sensor.
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Thickness (µm)
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(a)
(b)
Figure 3.6: (a) Maximum deflection vs thickness of diaphragm for varying edge lengths of the diaphragm
under applied pressure 40 MPa, (b) Validation of deflection variation for diaphragm size of 1000 µm ×
1000 µm, under applied pressure 40 MPa.
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Figure 3.7: (a) Maximum von Mises stress vs thickness of diaphragm for varying edge lengths of the
diaphragm under applied pressure 40 MPa, (b) Validation of von Mises stress for diaphragm size of 1000
µm × 1000 µm, under applied pressure 40 MPa.
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As anticipated from equation (3.1) and (3.2), the deflection and stresses increase with the
increase of diaphragm size and with the decrease in diaphragm thickness. In order to
validate the simulation results, the maximum deflection data for diaphragm size of 1000
µm x 1000 µm with different thicknesses (Figure 3.6 (b)) is fitted with a polynomial. As
expected, the maximum deflection shows the dependence of h3. Similarly, the maximum
stress shows the dependence of h2 (Figure 3.7(b)) with diaphragm thickness. The effect of
applied pressure for different edge lengths of the diaphragm on the maximum deflection
and induced stress are depicted in Figure 3.8 (a) and (b) respectively for 150 µm
diaphragm thickness. The effect on the deflection sensitivity and induced stress
sensitivity due to the change in edge length of diaphragm is presented in Table 3.3.

Deflection (µm)
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1800.0

2000µm x2000µm
1500µm x1500µm
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750µm x750µm
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600.0
400.0
200.0
0.0
0.0

40.0

2000µm x2000µm
1500µm x1500µm
1000µm x1000µm
750µm x750µm

Pressure (MPa)

(b)
10.0

20.0

30.0

40.0

Pressure (MPa)

(a)
(b)
Figure 3.8: (a) Deflection vs applied pressure for varying diaphragm size and for a diaphragm of
thickness of 150 µm, (b) von Mises stress vs applied pressure for varying diaphragm size and for a
diaphragm thickness 150 µm.

Table 3.3: Stress and deflection sensitivities for the diaphragms with different edge
lengths and a thickness of 150 µm.
Diaphragm type

Stress Sensitivity (MPa/MPa)

Deflection Sensitivity (µm/MPa)

2000 µm × 2000 µm

42.52

0.710

1500 µm × 1500 µm

28.16

0.260

1000 µm × 1000 µm

11.51

0.070

750µm × 750 µm

7.67

0.032

The diaphragm deflection and von Mises stress variation at the surface of the diaphragm
along a horizontal line (i.e. X-axis) through the centre for different thickness is presented
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in Figure 3.9 (a) and (b) respectively. The deflection is observed to be maximum at the
centre and minimum at the edge of the diaphragm. Whereas, maximum induced stresses
are observed close to the diaphragm at the centre of diaphragm edge. As expected, the
deflection and stresses increases with reducing the diaphragm thickness. Similarly,
variation of stress components along X and Y direction is plotted in Figure 3.10 (a) and
(b) respectively. For stress in X-axis direction, the maximum tensile stress region is
located near the diaphragm edge and maximum compressive stress region is located in
the centre. The sensitivity of the pressure sensor depends on the resultant stress as shown
in Figure 3.11. From resultant stress data plotted in Figure 3.11, the piezoresistor location
is identified as 30 µm offset from the edge of diaphragm (1000 µm × 1000 µm × t µm,
where, t is 100 to 200 µm) for maximizing the sensitivity of pressure sensor. Simulation
study shows that depending on the thickness, the maximum stress region is not always at
the edge, but some distance away depending on the thickness. This is probably due to the
sloping walls of the diaphragm where the thickness increases gradually away from the
diaphragm edge. Hence, the location of piezoresistor is changed accordingly.
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Figure 3.9: (a) Deflection profile, and (b) von Mises stress for diaphragm size of 1000 µm × 1000 µm for
different diaphragm thicknesses; applied pressure is 40 MPa.
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Figure 3.10: (a) Stress XX Profile, and (b) Stress YY profile along the centre of the diaphragm for
diaphragm size of 1000 µm × 1000 µm with different diaphragm thicknesses; applied pressure is 40 MPa.
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Figure 3.11: Resultant stress profile along the centre of the diaphragm for diaphragm size of 1000 µm ×
1000 µm with different diaphragm thicknesses; applied pressure is 40 MPa.

3.3.4 Identification of the location of piezoresistors for maximum sensitivity
The location of the piezoresistors on top of the thin diaphragm is decided based on highstress concentration region. The maximum change in the current is observed near the
middle of diaphragm edge for longitudinal and transverse resistance (Figure 3.12). These
piezoresistors were connected in the Wheatstone bridge configuration to get an electrical
output under applied pressure. The optimised location was finalised based on the
magnitude of maximum change in the current for piezoresistors. The schematic for
location of piezoresistors on diaphragm is depicted in Figure 3.13.
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Figure 3.12: Identifying the location of the
maximum change in the resistance for the
diaphragm size 1000 µm × 1000 µm × 150 µm.

Figure 3.13: Placement of the piezoresistors on the
top of the diaphragm.

To identify location of piezoresistors, a parametric simulation was carried out by varying
the location of the piezoresistor over the diaphragm. The longitudinal piezoresistor, R 1,
was moved from – X to + X and transverse piezoresistor, R2,was moved from –Y to + Y
axis on top of the diaphragm.
3.3.5

Analysis of pressure sensor response and nonlinearity

Subsequent to the location identification of piezoresistors, the output voltage of the
Wheatstone bridge was obtained through simulations for a piezoresistor doping
concentration of 1×1019 cm-3. The output voltage for pressure up to 40 MPa is plotted for
three diaphragm thicknesses of 100 µm, 150 µm and 200 µm (Figure 3.14 (a)). As
expected, the pressure response with a thinner diaphragm shows higher sensitivity
compared to that observed for thicker diaphragm (Figure 3.14(b)).
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Figure 3.14: (a) Output voltage of the Wheatstone bridge for different diaphragm thicknesses, diaphragm
size –1000 µm × 1000 µm, (b) Sensitivity vs thickness of diaphragm for pressure sensor (diaphragm: 1000
µm × 1000 µm × 200 µm, Piezoresistor concentration 1 × 10 19 cm-3).

Since, there is a trade-off between sensitivity and nonlinearity, the percentage
nonlinearity for pressure sensors with these three diaphragm thicknesses was obtained.
The % nonlinearity analysis was carried out for 1000 µm × 1000 µm diaphragm
dimensions with varying thickness. It is observed that % non-linearity for a thicker
diaphragm (i.e. 200 µm) is least as compared to a thinner diaphragm (Figure 3.15).
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Figure 3.15: The % nonlinearity of pressure sensor using diaphragm
size 1000 µm × 1000 µm with varying thickness.

Hence, for better linearity, diaphragm thickness of 200 µm was chosen for further
analysis with temperature dependence of the output response for pressure sensor. The
simulation of pressure sensor response carried out for studying the effect of the
concentration of piezoresistors shows that the output response decreases with the increase
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in the doping concentration of piezoresistors due to the decrease in piezoresistive
coefficient (Figure 3.16 (a) and (b)).
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Figure 3.16:(a) Voltage output of pressure sensor for various concentration of piezoresistors, diaphragm
size – 1000 µm × 1000 µm × 200 µm, (b) Sensitivity as a function of doping concentration.

3.3.6

Quantitative analysis of temperature dependence of pressure sensor response

Subsequent to finalisation of pressure sensor design parameters, simulations were carried
out to analyse the change of Wheatstone bridge output response with temperature. It was
assumed that the resistors are electrically isolated by a thin silicon dioxide layer from the
micromachined diaphragm and hence the problem of junction leakage at higher
temperature is avoided. As discussed in the later Chapters, this was implemented using
SOI wafer based fabrication process. As discussed in Section 3.2.3, for this analysis, i)
the change of conductivity of boron doped piezoresistors due to mobility variation with
temperature and ii) change of piezoresistive coefficient with temperature, were both
provided as input parameters to the simulator. Due to mobility variation, the resistance of
piezoresistors is observed to increase from 3.43 k at 25 °C to 3.93 k at 200 °C. The
results of the analysis of pressure sensor response up to 40 MPa pressure are summarised
in Figure 3.17 (a) and (b) for different temperatures in the range of 25 °C to 200 °C. As
expected, the output response of pressure sensor gradually decreases with increase in the
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temperature. From the data plotted in Figure 3.17 (a), the decrease of sensitivity obtained
for various temperatures is shown in Figure 3.17 (b).
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Figure 3.17:(a) The voltage output of pressure sensor with varying temperatures for diaphragm size of
1000 µm × 1000 µm × 200 µm, piezoresistor doping 1×1019 cm-3 , (b) Sensitivity of pressure sensor at
different temperatures, diaphragm size 1000 µm × 1000 µm × 200 µm, piezoresistor doping 1× 1019 cm-3.

Compared to the output voltage at 25 °C, the pressure sensor with diaphragm of thickness
200 µm shows a decrease of output voltage at 200 °C to 1.57 × 10-2 V. Similarly, the
pressure sensor with 100 µm thick diaphragm shows the output voltage decrease of 6.32
× 10-2 V. The output at 40 MPa is observed to decrease by 21.16 % at 200 °C compared
to the output at 25 °C. However, the percentage change with respect to output voltage at
25 °C is the same for diaphragms of both thicknesses. The temperature effect on the
output response has been plotted for the diaphragms of different thicknesses in Figure
3.18. The results of simulations as summarised in Figure 3.17 ((a) and (b)) and Figure
3.18 give a quantitative estimation of temperature response variation of SOI based
piezoresistive pressure sensor in the range of 25°C to 200 °C for different diaphragm
thicknesses at 40 MPa. Though the piezoresistors have a high doping concentration of 1×
1019 cm-3, the response at 200 °C significantly decreases compared to the response at 25
°C and the decrease of response is observed to be about 21%. The observed decrease in
the pressure response could be attributed to the decrease in the piezoresistive coefficient
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with temperature. Hence, a suitable temperature compensation technique needs to be
adopted for reducing the temperature sensitivity of pressure sensor.
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Figure 3.18: Voltage output of the pressure sensor at 40 MPa pressure for different temperatures and
diaphragm thicknesses, diaphragm size - 1000 µm × 1000 µm, piezoresistor doping - 1×1019 cm-3.

3.4

SELECTION OF DESIGN PARAMETERS FOR THE PIEZORESISTIVE
PRESSURE SENSORS

3.4.1

Selected parameters for diffused/ion implanted piezoresistor based pressure
sensors

The schematic of the placement of piezoresistors on the top of thin diaphragm is present-ed for piezoresistive pressure sensors for 100 bar and 200 bar operation (Figure 3.19).
The optimised dimensions of the diaphragm are presented in Table 3.4. In order to
accommodate half scale pressure range i.e. 100 bar in the same wafer, the length of
diaphragm edge was increased to produce two pressure range devices in the single
fabrication processes. The diaphragm dimensions are listed in Table 3.5.
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Figure 3.19: Location of the piezoresistors on top of the square diaphragm.

Table 3.4: Selected dimensions of diffused pressure sensor for 20 MPa pressure range.
Pressure
(bar)

Diaphragm

Thickness

Resistors Position

(µm × µm)

(µm)

for R1, R3 (µm)

for R2, R4 (µm)

200

1000 × 1000

200

30

30

750 × 750

150

Expected
sensitivity
(mV/V/bar)
0.182
0.180

Table 3.5 : Diaphragm dimension for half of pressure range pressures sensor for 10
MPa pressure.
Pressure
(bar)

Diaphragm

Thickness

Resistors Position

(µm × µm)

(µm)

for R1, R3 (µm)

for R2, R4 (µm)

100

1414 × 1414

200

30

0

1060 × 1060

150

Expected
sensitivity
(mV/V/bar
0.382
0.362

3.4.2 Selected parameters for SOI wafer based pressure sensors
It was assumed that the thin buried oxide does not cause changes in the stress distribution
at the surface. In one case, the piezoresistors were diffused in silicon. In the other case,
the silicon piezoresistors were patterned over a silicon dioxide insulating layer. The
diaphragm geometry, location of piezoresistors were the same.
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3.5

COMPARATIVE STUDY OF PRESSURE SENSOR BASED ON WIDE
BANDGAP MATERIALS

The diffused/ion-implanted silicon based sensors have limitation of operating
temperature range up to 125 oC. There is a keen interest to investigate suitability of
alternative materials for operation of pressure sensors beyond this temperature limitation.
Wide bandgap materials such as diamond or SiC are considered suitable for high
temperature applications. In this section, a quantitative analysis of piezoresistive pressure
sensors based on wide bandgap materials is presented using FEM simulations.
3.5.1

Use of silicon as a material for MEMS

In general, silicon is the material of choice for fabrication of Microelectromechanical
Systems (MEMS) because it utilizes well-established IC fabrication technology along
with silicon micromachining. Silicon is commonly used as piezoresistive sensing
application in order to fabricate sensors because of silicon exhibits piezoresistivity with
high gauge factor. Moreover, it is also utilised as micromechanical structure due to its
excellent mechanical properties. However, degradation in the performance of electrical
behaviour of silicon based piezoresistive pressure sensors are observed beyond 125 oC. It
is because of excessive reverse current in the junction isolation of the piezoresistors that
is caused by thermal generation of carriers. The variation of piezoresistive coefficients of
silicon with doping and temperature was well studied and reported in the literature [71],
[72]. High temperature operating conditions are present in wide applications areas in
automotive, avionics & aerospace, defence, process control, and oil & gas industries,
nuclear power plant, etc. A conventional silicon piezoresistive sensor fabrication process
is adopted by using a smart-cut SOI process or using polycrystalline silicon piezoresistors
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isolated from the silicon diaphragm by an insulating SiO2 layer [1], [65]–[67], [75], [76].
Therefore, internationally, the research is being carried out to enhance the operating
temperature range of piezoresistive pressure sensors using alternate materials for MEMS
fabrication. In the present work, a quantitative analysis is carried out for the response of
pressure sensors based on wide bandgap materials.
3.5.2 Use of wide bandgap material as alternative piezoresistive materials
The fabrication processes based on wide bandgap semiconductor materials, i.e. silicon
carbide (SiC), diamond and group III-nitrides are proposed to further increase the
operating temperature range of MEMS [64], [77]–[79]. The main property of the wide
bandgap materials is higher bandgap than silicon, which enables much higher operating
temperatures. The bandgap of the silicon, silicon carbide, diamond and gallium nitride
are 1.1 eV, 3.3 eV, 5.5 eV and 3.4 eV respectively. The properties of these materials are
discussed briefly in the next subsections.
3.5.2.1 Silicon carbide
The silicon carbide is used as a piezoresistive material in various adverse sensing
applications due to its superior material properties. The main properties are in terms of
high Young's modulus (424 GPa), high operating temperature range up to 1800 oC, high
thermal conductivity 500 W/mK and highly chemical inertness [80]. In addition, the
single crystal SiC has a wide bandgap (2.39–3.33 eV) as compared to single crystal
silicon (1.12 eV). Pioneering works have been reported by Mehrengany and Howe for the
development of SiC based MEMS for high temperature and harsh environmental
applications [81]–[84]. Silicon carbide can be deposited on silicon substrates in
monocrystalline, polycrystalline and amorphous forms [85]. Doped single or
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polycrystalline SiC films can be realised over silicon dioxide using processes such as
low-pressure chemical vapour deposition (LPCVD), single crystal smart cut process and
epitaxial process [82], [86]–[88]. Generally, the piezoresistive coefficient of SiC is lower
as compared to silicon. Hence, the sensitivity of such devices is less. However, its
suitability in high temperature makes it a prominent candidate for the piezoresistive
sensing applications. The gauge factor of n-type 3C-SiC decreases by approximately 50%
at temperatures from room temperature to above 400 °C and is in the range of 5-18 at 450
°C which makes it suitable for high-temperature applications [64]. Studies of variation of
the gauge factor of SiC based pressure sensors have been carried out for temperatures up
to 400 °C and observed the degradation in its performance [88]. The gauge factor of the
silicon carbide polytypes is presented and compared with silicon in Figure 3.20.
3.5.2.2 Diamond
Considering the potential of polycrystalline diamond for high-temperature harsh
environment MEMS applications, experimental studies of boron doped diamond
piezoresistors and membranes have been carried out for pressure sensor [78], [89]–[91].
The gauge factor of diamond is random and varied in wide range. Gauge factor is
dependent on process technology and various parameters such as type of doping, size of
crystal, orientation, etc. For boron doped polycrystalline diamond films, processes such
as microwave plasma CVD, hot filament CVD and plasma enhanced CVD is used [88],
[91], [92]. Dependency of resistivity/ concentration and grain size is given in Figure 3.21.
Variation of gauge factors of boron-doped polycrystalline diamond film over a silicon
diaphragm has been investigated up to 500 °C [92]. The gauge factors were observed to
vary in the range of 5-241. The gauge factors showed a decrease with increased
temperature from room temperature to around 100–300 °C and an increase with further
53

Design and simulation study of piezoresistive pressure sensors

higher temperature up to 500 °C. The oxidation of polycrystalline diamond films in air
has been observed to begin at temperatures exceeding 600 oC, while in nitrogen
environment no oxidation has been observed up to the studied temperature of 1300 oC
[93]. Hence, the application of diamond based pressure sensor would be limited to about
600 oC in the case of oxidising ambient. The oxidation of diamond at higher temperatures
could be prevented by the deposition of a suitable passivation layer over the diamond
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Figure 3.20: The magnitude of longitudinal gauge
factor of single crystal silicon (p-type), 6H-SiC and
2 C-SiC at room temperature under varying dopant
concentration [94]–[97].
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Figure 3.21: Piezoresistive coefficients as a function
of resistivity and grains size (i.e. large =0.8 µm and
small=0.3 µm) at room temperature [98].

Recently, nanocrystalline diamond (NCD) is considered a very promising material for
fabrication of piezoresistive MEMS for harsh environment [99], [100].The Temperature
dependence of piezoresistance was measured from room temperature up to 200 °C for
NCD films. The temperature dependence of the gauge factor was observed to be lower
compared to the SOI silicon piezoresistors [99]. The gauge factor for NCD film was
observed to be constant up to 120 °C and showed an increase up to 200 °C, while, SOI
resistors showed a decrease of gauge factor. The technology of creating ultra-thin (< 200
nm) nanocrystalline diamond (NCD) films, on glass substrate, enabled fabrication of a
pressure sensor for harsh environment [100]. Since these films can be deposited on
different substrates and their properties could be tuned by varying deposition parameters,
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unique pressure sensors using such films on other substrates could be developed for harsh
environment applications.
3.5.3

Materials and methodology used for simulation study

Specific material properties as listed in Table 3.6 were used for the simulation study. In
addition, particularly for polysilicon, SiC and diamond films, the gauge factors would
depend on deposition conditions such as temperature, doping concentration, film
thickness, etc. It would result in deviation of the experimentally observed parameters
from the theoretically expected parameters. Material properties of the wide bandgap
materials are selected from literature. Phan et al. have presented comparison of material
properties of the most common single crystalline SiC polytypes with silicon and other
wide bandgap materials such as diamond and GaN [64]. The material properties of silicon
such as Young’s modulus, Poisson’s ratio, etc., depending on the orientation of the
silicon wafer. Also the piezoresistive coefficients for silicon are dependent on orientation,
type of doping, doping concentration and temperature [10], [71], [74], [101], [102]. The
transverse and longitudinal piezoresistive coefficients of boron doped piezoresistors in
<110> direction are of opposite polarity but almost equal in magnitude. Hence, boron
doped <100> oriented silicon piezoresistors are used for the Wheatstone bridge
configuration based silicon pressure sensors. Similarly, the piezoresistive coefficient of
polysilicon piezoresistors vary with doping concentration and deposition conditions [10],
[71], [74], [101], [102]. For standard boron-doped polysilicon films of the thickness of a
few thousand nanometers and doping of about 1019 to 1020 cm-3, the longitudinal gauge
factor is 20-30 and transverse gauge factor is less than < -7 [103], [104]. However,
recently it has been observed that nano-polysilicon films with 80-100 nm thickness have
improved piezoresistive properties such as higher gauge factor and one order lower
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temperature coefficient of resistance compared to the films of standard thickness [105].
Based on the various published reports, material properties of Si and poly Si were
incorporated in the material database of the simulator. Similarly, the material properties
for diamond or SiC used in the simulations were based on the published data [64], [77],
[78], [106]. The material properties used for the simulation study are given in Table 3.6.
Table 3.6: Material properties and gauge factors of Si, Poly-Si, SiC and Diamond
used for the simulation study.
Silicon [10],

Poly Silicon

SiC

[71], [74], [101],

[103], [104],

[77], [105],

[102]

[107]–[109]

[106]

Elastic Constant (GPa)

130

170

445

1143

Poisson's Ratio

0.28

0.28

0.19

0.07

Shear Modulus (GPa)

50.78

66.40

186.79

554.85

2.3

2.3

3.23

3.52

7

7

21

> 60

Longitudinal

122.0a

39.4b

30.3c

9.89d

Transverse

-110.9a

-15.2b

-25.1c

-2.82d

Diamond
Properties

[78]

Density (kg/cm3)
Yield Strength (GPa)

Gauge Factor

a

Gauge factor for silicon is considered for P-type boron doped piezoresistors with moderate doping
~1018 cm3 and <110> orientation. bFor polysilicon, the gauge factors are at doping of 4x10 19cm3 [105].
c
For single crystalline SiC piezoresistors in <110> orientation, the piezoresistive coefficients are at
doping of 5x1018 cm3 [106]. dGauge factor for the polycrystalline diamond film is calculated from
piezoresistive coefficient at a resistivity of ~20 Ω-cm [78].

The FEM simulation study of the pressure sensors involved i) defining the material
properties, ii) incorporating the fabrication sequence of the device, and iii) incorporating
the 2 D layout of the design as discussed earlier. A mapped brick type of mesh with the
parabolic hex elements (27 nodes) as recommended in the software was used for
generating finite element based mesh. The number of nodes and elements were 119643
and 13140 respectively with geometry volume as 3.57 ×109 µm3. The data obtained
through simulations is further used for sensitivity calculations. FEM simulations were
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done to calculate the electrical output based on induced stresses. The pressure sensor
response in terms of the output voltage and sensitivity for various cases obtained through
analysis of simulation data is discussed in the next section.
3.6

RESULTS AND DISCUSSION

The comparison of the response of the pressure sensors based on wide band gap materials
with silicon based pressure sensors was done for two cases. In Case I, response of the
pressure sensor was studied for incorporating bulk micromachined silicon diaphragm
with oxide isolated piezoresistor of SiC and diamond on top of silicon diaphragm. The
diaphragm of SiC or diamond could be then released by bulk micromachining of silicon
until the interface with SiC or diamond layer. In Case II, response of the pressure sensor
was analysed by incorporating bulk micromachined thin diaphragm and piezoresistors of
the same materials with oxide isolation. A quantitative study using Finite Element Method
for pressure sensor response with these materials incorporated as piezoresistors and
diaphragms has been carried out. The analysis results presented in current section are also

based on assumption which were discussed earlier.
3.6.1

Silicon diaphragm and piezoresistors of different materials

Generally, operating range of the pressure sensor is dependent on the geometrical
dimension of the thin diaphragm and material properties, i.e. Young's modulus. Since
Young's modulus of the SiC and diamond is higher as compared to silicon, a pressure
range of SiC and diamond pressure sensors is expected to be higher than the silicon
diaphragm based pressure sensor. Hence, in this analysis a smaller lateral dimension of
silicon diaphragm is selected i.e. 500 µm × 500 µm and thickness was optimized to 25
µm. This was based on the crietaria that maximum deflection does not exceed more than
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the 25 % of the diaphragm thickness at 10 MPa. Moreover, it was considered that there
are no initial stresses in the diaphragm. The contour plots for deflection and von-Mises
stress are shown in Figure 3.22 (a) and (b) respectively at 10 MPa. As expected, the
deflection is maximum in the centre and stresses are concentrated in a region located at
the middle of the diaphragm edge. The longitudinal (XX) and transverse (YY) stress
contours are shown in Figure 3.22 (c) and (d) respectively for the silicon diaphragm.

(a)

(b)

B

A

A´

B´
(c)
(d)
Figure 3.22: The contour plots for a silicon diaphragm of geometry 500
µm × 500 µm × 25 µm at an applied pressure of 10 MPa, (a) Deflection,
(b) von- Mises stress, (c) Directional stress XX, (d) Directional stress YY.

The maximum tensile and compressive stress is observed at the middle of diaphragm
edge and at the centre of the diaphragm respectively. The stress concentration regions are
indicated as A, A´ for stress XX (Figure 3.22(c)) and B, B´ for stress YY (Figure
3.22(d)). Since the change in the resistance of piezoresistors is strongly dependent on the
magnitude of stress, maximum stress locations as shown in Figure 3.22 (c) and (d) are
selected for piezoresistor implantation/diffusion. The change of the resistance of
piezoresistors is calculated based on the directional stresses and piezoresistive coefficient
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of the piezoresistors. In order to maximizes the sensitivity of pressure response, the
location of two piezoresistors in the XX maximum stress regions i.e. A, A´ and two
piezoresistors in the YY maximum stress regions i.e. B, B´ at the edges as can be seen
from the contour plots were identified. The output voltage response is calculated for
pressure sensors incorporating silicon diaphragm with piezoresistors of different
materials, i.e. Si, Poly Si, SiC and diamond. Piezoresistors are considered electrically
insulated from silicon diaphragm. Figure 3.23 shows the comparison of Wheatstone
bridge output voltage variation with the input pressure for the pressure sensors
incorporating silicon diaphragm with different piezoresistor materials.

Output Voltage (V)
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Figure 3.23: The output voltages of piezoresistive pressure sensors
incorporating silicon diaphragms and Si, Poly-Si, SiC or diamond as
piezoresistor materials, diaphragm geometry - 500 µm × 500 µm × 25 µm.

From the plots shown in Figure 3.23, the sensitivity of pressure sensor for different
piezoresistor materials was obtained and the data is listed in Table 3.7. As can be seen
from Figure 3.23, pressure sensors with silicon diaphragms and with diamond or SiC
piezoresistors exhibit quite lower sensitivities compared to a sensor incorporating single
crystal silicon piezoresistors. The decrease of sensitivity for these piezoresistor materials
can be attributed to their lower gauge factors compared to silicon. Additionally, for
diamond and polysilicon, transverse gauge factors are also lower compared to
longitudinal gauge factors causing a further decrease of sensitivity.
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3.6.2 Diaphragm and piezoresistors of the same material
In this case, FEM simulations were carried out for obtaining the mechanical response of
diamond and SiC diaphragms with the same geometrical parameters as those for the
silicon diaphragm. The comparison of deflection and von-Mises stresses along a line
through the centre of diaphragm for various diaphragm materials under the applied
pressure of 10 MPa is given in Figure 3.24 and Figure 3.25 respectively. From Figure
3.24, it is evident that for a particular pressure and for identical geometrical parameters,
deflection magnitudes are considerably lower for diamond and SiC diaphragms as
compared to that observed for the silicon diaphragm. However, as expected, the
generated stresses at the edges are of similar magnitudes for diaphragms of silicon, SiC
and diamond Figure 3.25).
Si
SiC
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Figure 3.24: Deflection magnitudes along a line
through the centre of the diaphragm for diaphragms
of various materials, diaphragm geometry - 500 µm
× 500 µm × 25 µm, applied pressure -10 MPa.
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Figure 3.25: von-Mises stress magnitudes along a
line through centre of the diaphragm for diaphragms
of various materials, diaphragm geometry - 500 µm
× 500 µm × 25 µm, applied pressure -10 MPa.

The comparison of XX and YY directional stresses for these diaphragms is shown in
Figure 3.26 and Figure 3.27 respectively. These plots show that at a particular pressure,
the stresses are highest for a silicon diaphragm and lowest for a diamond diaphragm. The
comparison of maximum deflection magnitudes and von-Mises stress magnitudes for
diaphragms of different materials at various applied pressures is shown in Figure 3.28
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and Figure 3.29 respectively. Using the data obtained through FEM simulations, the
electrical outputs of the pressure sensors based on silicon, SiC or diamond is calculated.
The output voltages of these piezoresistive pressure sensors for different pressures are
plotted in Figure 3.30.
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Figure 3.27: The directional stress YY along a line
through centre of the diaphragm for diaphragms of
various materials, diaphragm geometry - 500 µm ×
500 µm × 25 µm, pressure -10 MPa.

Mises Stress (MPa)

Maximum Deflection (m)

Figure 3.26: The directional stress XX along a line
through the centre of the diaphragm for various
diaphragms materials, diaphragm geometry - 500 µm
× 500 µm × 25 µm, applied pressure -10 MPa.
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Figure 3.28: The maximum deflection vs applied
pressure for various diaphragm materials, diaphragm
geometry - 500 µm × 500 µm × 25 µm.

Figure 3.29:von-Mises stress vs applied pressure for
various diaphragm materials, diaphragm geometry 500 µm × 500 µm × 25 µm.

Using the data plotted in Figure 3.28 and Figure 3.29, the deflection sensitivity and stress
sensitivity were calculated and the data are tabulated Table 3.7. The observed decreased
sensitivities of diamond and SiC based sensors are because of lower induced stresses for
a particular applied pressure and mainly because of the lower gauge factors. The
comparison of sensitivities tabulated in Table 3.7 shows that the sensitivities for diamond
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and SiC are a bit higher when piezoresistors as well as diaphragm material both are
diamond or SiC. Due to lower Poisson’s ratio of diamond or SiC, the resultant stress
(stress XX - stress YY) is higher when the diaphragm is fabricated with these materials
compared to the resultant stress when diaphragmis fabricated with silicon. It could result
in a higher change of piezoresistance resulting in higher sensitivity.
3.6.3 Improving sensitivity of diamond based pressure sensors
Since the transverse gauge factor of the diamond is very low, it is not suitable for a
conventional piezoresistor configuration in which four resistors are placed close to the
edges so that two resistors see longitudinal and two resistors see transverse stress. To take
advantage of the fact that piezoresistive coefficient in the longitudinal direction is quite
higher compared to the piezoresistive coefficient in the transverse direction, another
geometry of locating piezoresistors for diamond based pressure sensor was investigated.
In this geometry, two piezoresistors (longitudinal direction) are placed close to the edge
and two piezoresistors (longitudinal direction) are placed in the centre. The output
voltage calculated for this geometry is plotted in Figure 3.31. It is seen that sensitivity of
pressure response is increased in configuration 2 compared to configuration 1. The
sensitivity in configuration 1 (all piezoresistors are at the edges) is 3.9 x10-4 V/V/MPa
and the sensitivity in configuration 2 (two piezoresistors at the edge and two at centre) is
4.8 x10-4 V/V/MPa.
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Figure 3.30: The output voltage of the pressure
sensor based on Si, SiC and diamond, diaphragm
geometry - 500 µm × 500 µm × 25 µm.

3.6.4

0.004

Figure 3.31: Sensitivity of diamond based pressure
sensors with two different configurations for
locating the piezoresistors.

Nonlinearity of pressure sensor response

In addition to sensitivity, the nonlinearity of response is an important specification for
pressure sensors. Theoretically, the nonlinearity in the pressure response is due to the i)
differences in the sensitivities of four piezoresistors comprising the Wheatstone bridge,
ii) nonlinearity of the mechanical response with the applied pressure, and iii) nonlinearity
of piezoresistive coefficients with stress.
As per the linear theory, it is assumed that the stress distribution is a result of pure
bending. This assumption requires that the deflection of the diaphragm be small
compared with its thickness. In the present case, the nonlinear structural analysis was
included in the simulation. Hence the observed nonlinearity is only due to the deflection
of the diaphragm. The % nonlinearity was calculated using equation 5.11 from the
simulated output response of pressure sensors of different materials (Figure 3.32). The %
nonlinearity obtained at a pressure of 10 MPa is tabulated (Table 3.7) for pressure sensors
with Si, SiC or diamond diaphragms. From Figure 3.32, it is evident that the silicon based
pressure sensor has higher % nonlinearity (-1.26 %) while diamond based pressure sensor
has the least % nonlinearity (-0.30 %). Since the deflection for a particular pressure is
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lower in diamond compared to silicon, diamond diaphragm based pressure sensor
response is more linear compared to silicon for particular pressure input.
From Figure 3.32, it can be inferred that if the same % nonlinearity is considered,
diamond based pressure sensors can be operated up to much higher pressures compared
to silicon based pressure sensors. For e.g. for ~1.25 % nonlinearity, the maximum
possible range of the pressure sensor is 10 MPa, 25 MPa and 55 MPa respectively for Si,
SiC and diamond based pressure sensors. Thus, even if diamond based sensors have a
lower sensitivity of response compared to silicon based sensors, they can be operated up
to much higher pressures. It is found that % nonlinearity is higher in case of silicon based
piezoresistive pressure sensor as compared to silicon carbide and diamond. For the given
% Nonlinearity the operating pressure range is higher in case of SiC and diamond shown
in Figure 3.32.
Nonlineartiy of Silicon is 1.26 % at 10 MPa
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Figure 3.32: The % nonlinearity of pressure sensors incorporating diaphragm as well as
piezoresistors of Si, SiC and diamond, diaphragm geometry - 500 µm × 500 µm × 25 µm.

As can be seen from Table 3.7, the pressure sensors with SiC or diamond piezoresistors
are observed to have sensitivities lower by factors of 14.4 and 161.1 respectively with
respect to the sensitivity of a conventional silicon piezoresistor based pressure sensor.
The deflection sensitivity for silicon diaphragm is higher by a factor of about six times to
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the deflection sensitivity of a diamond diaphragm while the stress sensitivities are of
similar magnitudes. The comparison of the two types of configurations of diamond
piezoresistors shows that improvement in the sensitivity by about 23 % can be obtained
by a configuration in which resistors are located longitudinally over the diaphragm. The
comparison of various parameters i.e. sensitivity, deflection and stress sensitivity
obtained from the data plotted in Figure 3.22 to Figure 3.32 is presented in Table 3.7.
Table 3.7: Various parameters calculated from the data presented in Figure 3.22 to 3.32,
diaphragm geometry 500 µm × 500 µm × 25 µm, maximum applied pressure 10 MPa.
Parameters

Materials
Remark
Case I

Sensitivity(V/V/MPa)

Silicon

SiC

Diamond

4.4×10-2

3.1×10-3

2.7×10-4

4.4×10-2

3.5×10-3

3.6×10-4

(config.1)

4.5×10-4

(config.2)

Case II
Deflection sensitivity (µm/MPa)

0.6

0.2

0.1

Von-Mises Stress Sensitivity

94.3

92.1

87.6

% Nonlinearity

-0.8

-0.6

-0.3

3.7

SUMMARY

The design optimisation of piezoresistive pressure sensors in terms of the geometrical
dimensions of the diaphragm and location of piezoresistors are presented using the FEM
simulation. The variation of the deflection and induced stress as a function of thickness
are found to be as expected. The locations of piezoresistors on diaphragms are optimised
to obtain maximum sensitivity. The electrical output and % non-linearity of the
piezoresistive pressure sensor is also estimated using FEM simulation. The change of
pressure response at different temperatures is investigated by providing temperature
variation of mobility in the doped piezoresistors and change of piezoresistive coefficient
as input parameters to the simulator. Moreover, a quantitative analysis of the temperature
effect on piezoresistive pressure sensor response for operation at 200 bar, 200 oC is
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presented. A quantitative study of the response of pressure sensors based on high
bandgap materials such as SiC and diamond has been carried out as these materials are
suitable for high radiation environment and high-temperature operation. Based on the
simulation study of silicon based pressure sensors, the design of the sensors was
optimized. The details of fabrication of pressure sensors using the optimized design is
presented in the next Chapter.
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Chapter 4.

MASK DESIGN, FABRICATION OF PRESSURE SENSORS AND
DESIGN

&

DEVELOPMENT OF A SIGNAL CONDITIONING

CIRCUIT

4.1

INTRODUCTION

Design optimisation and simulation study for the piezoresistive pressure sensor was
presented in the earlier Chapter. In this Chapter, layout design is presented to fabricate
masks for the piezoresistive pressure sensors. The mask design was done based on the
optimised parameters presented in Chapter 3. The fabrication process adopted for the
fabrication of diffused and Silicon-On-Insulator (SOI) technology based pressure sensors
is discussed. Moreover, development of signal conditioning circuit for pressure sensors is
described for compensation of offset voltage and to obtain current response in 4-20 mA.
4.2

MASK DESIGN OF DIFFUSED AND SOI TECHNOLOGY BASED
PRESSURE SENSORS

The schematic cross section of diffused piezoresistor and SOI technology based pressure
sensors in given in Figure 4.1 (a) and (b) respectively.

Diaphragm thickness
Diaphragm edge
(a)
Oxide thickness ~ 0.5
µm
Diaphragm thickness
Diaphragm edge

Piezoresistor
Metallization
Oxide (SiO2)
Silicon

(b)

Figure 4.1: Schematic for cross-section view of (a) Diffused piezoresistors
and (b) SOI based pressure sensor
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The dimensions of piezoresistor, contact pads, width of metal lines and contact pads
opening used for the mask design of these sensors are listed in Table 4.1. These
parameters were finalised considering the processing equipment capability of the
foundry. Mask design was targeted to obtain two ranges of pressure sensor chips in a
single wafer process by keeping the diaphragm thickness constant. The design was done
for two thicknesses of diaphragms, i.e. 200 µm and 150 µm. Based on the simulation
results, the dimensions of diaphragms were chosen and listed in Table 4.2 for the
diaphragm thickness of 200 µm and 150 µm respectively.
Table 4.1: Dimensions for piezoresistors, pad dimensions, contact pad openings and
metal line width.
Types

Dimensions

Piezoresistor dimension

100 µm × 10 µm

Contact opening to Piezoresistor

10 µm × 10 µm

Pad dimension

200 µm × 200 µm

Metal line width

20 µm

Table 4.2: Dimensions of diaphragm for pressure sensor, pressure range 200 and 100 bar.
Dimensions of diaphragm

Backside-etch opening*

(µm × µm× µm)

(µm × µm)

200 bar

1000 × 1000 × 200

1212 ×1212

100 bar

1414 × 1414 × 200

1626 × 1626

200 bar

750 × 750 × 150

1033 ×1033

100 bar

1060 × 1060 × 150

1343 × 1343

Pressure Range (bar)

*Calculation for the back side opening has been done using the assumption that thickness of the wafer is 350 µm.

The parameters listed in Table 4.2 were used for the fabrication of masks for diffused
piezoresistor as well as the SOI based pressure sensors. However, alignment marks for
diffused piezoresistors and SOI based pressure sensors were different because of the
differences in fabrication processes. Hence, separate sets of masks were fabricated for
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these two types of sensors. The pictorial representation for layout of a single chip and an
array of the pressure sensor dies on the wafer are presented in Figure 4.2 for diffused and
SOI technology based sensors. The details of the mask for diffused piezoresistor and SOI
based pressure sensor are given in Table 4.3.

(a)

(b)
Pressure
sensor chip
array

Outline for
wafer area

100 bar

200 bar
(c)
(d)
Figure 4.2: Snapshots of the mask layout for diffused piezoresistor and SOI technology based
piezoresistive pressure sensors: (a) Chip layout for the diffused piezoresistor sensor, (b) Chip layout
for SOI based pressure sensor, (c) Diffused piezoresistor sensor layout for 8 × 8 array, (d) SOI
technology based pressure sensor layout for 8 × 8 array.

Table 4.3: Mask details for piezoresistive pressure sensor
Mask No.

PLG Step

Step Name

Field Type

Mask#1

PLG 1

Alignment

Dark Field

Mask#2
Mask#3
Mask#4
Mask#5
Mask#6
Mask#7

PLG 2
PLG 3
PLG 4
PLG 5
PLG 6
PLG 7

Gridline
Cavity
PZR
Metallisation
Passivation
Contact open

Dark Field
Dark Field
Dark Field
Bright Field
Dark Field
Dark Field

The mask consists of the features (device area) and field (non-device area). Therefore, all
the masks are classified in the dark and bright field mask. First, second, third and seventh
masks are dark field for alignment and thickness control, gridline, cavity and
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metallisation respectively. Whereas, fourth, fifth and sixth masks are bright field for
piezoresistor, passivation and contact opening respectively.
4.3

FABRICATION PROCESS DEVELOPMENT FOR PIEZORESISTIVE
PRESSURE SENSORS

The fabrication processes for diffused piezoresistor and SOI based pressure sensor were
decided so that they have many common steps except for the boron diffusion step. The
SOI wafers were procured with a device layer of specific concentration and thickness so
that this layer itself can be used for piezoresistors. The device layer was separated by a
thin (~1.0 µm) buried oxide layer from the handle layer. The handle layer was etched to
realise the diaphragm. Moreover, thickness of the device layer was reduced using
oxidation process and subsequent etching of oxide layer. In this section, the fabrication
process flow for diffused and SOI technology based pressure sensor is described.
4.3.1 Fabrication process for diffused piezoresistor based pressure sensor
The fabrication process steps used for the fabrication of diffused piezoresistor based
pressure sensors are listed below:
(i)

Silicon wafer with 100 orientation is selected to fabricate the pressure sensor.

(ii)

A thermally grown layer of SiO2 is grown for the alignment mark and gridlines.

(iii)

Backside window opening is performed to create diaphragm by TMAH etching.

(iv)

Subsequently, the process step for the boron diffusion is performed to create
piezoresistors as transduction elements.

(v)

Further, metallisation is carried out to connect the piezoresistors in Wheatstone
bridge configuration.
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(vi)

A passivation layer of SiO2 is deposited to protect the piezoresistors and metal
lines from external environments.

(vii)

In order to package the pressure sensor chips, a glass wafer was bonded to the
backside of the fabricated wafer.

(viii)

Finally, the LASER dicing is performed to separate the pressure sensor chips.

The above processes are schematically presented in step 1 to 8 of Figure 4.3.
1
8

piezoresistors

Si

piezoresistors

Glass

2
3 D model

7

3
6

4

5

Silicon

Thermal oxide

Boron doped silicon

1.

Silicon wafer (100)

2.

Thermal Oxidation

3.

Gridline formation

4.

Cavity formation

5.

Piezoresistor opening

6.

Piezoresistor Diffusion

7.

Ti/Au sputtering for metal line
patterning & SiO2 passivation

8.

Anodic glass bonding

Metal line

Glass wafer

Figure 4.3: Schematic of fabrication process flow of boron diffused piezoresistor based
piezoresistive pressure sensor.

The photographs of the fabricated wafer as viewed from the backside and top side for
diffused piezoresistor based pressure sensors are presented in Figure 4.4 (a) and (b)
respectively. Backside cavity and top side gridlines are clearly visible in the photographs
Magnified views for the top and backside of the fabricated pressure sensor chip are
presented in Figure 4.4 (c) and (d) respectively. After fabrication, the fabricated sensor
chips were attached to a TO-12 header and wire bonding was done in order to connect
bonding pads of the chip to the pins of TO-12 header. The picture of the pressure sensor
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mounted on the TO-12 header is given in Figure 4.4 (e). For testing the pressure sensor,
the TO-12 header was housed in a leak-proof stainless steel housing (Figure 4.4 (f)). The
performance investigations of pressure sensor was studied by carrying out various
measurements after final assembly.

(a)

(b)

(c)

(d)
(e)
(f)
Figure 4.4: Diffused piezoresistor based sensors; (a) Bottom view of fabricated wafer , (b) Top view of
fabricated wafer , (c) Pressure sensor chip top view, (d) Bottom view of pressure sensor chip (e) Sensor chip
attached on a TO-12 header and wire bonded, (f) Packaged pressure sensor chip in a stainless steel housing.

4.3.2 Fabrication process for SOI based pressure sensor
The fabrication process flow of SOI technology based pressure sensor is described below:
(i)

SOI wafers with device layer thickness of 2 µm, handle layer of 650 µm and a
buried oxide layer of 1 µm are used for the fabrication of pressure sensors.

(ii)

Wafers are oxidised for obtaining one-micron thick oxide layer and the oxide is
etched. This is done to reduce the device layer thickness.

(iii)

Thermal oxidation is done to create alignment marks and for grid line etching.

(iv)

Afterwards, photolithography of gridline is performed followed by the
photolithography of the backside cavity. The top side gridline is protected during
window opening for cavity etching.
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(v)

The piezoresistors are etched in the device layer and metallisation is performed to
connect all piezoresistors in Wheatstone bridge configuration.

(vi)

Further, passivation with deposited oxide is performed to protect the metal lines
and piezoresistors from the external environments.

The process steps are shown schematically in Figure 4.5 (1-7).

1
7

SiO2
Si
Glass
piezoresistors

2

3 D model

6
3

4

1.

SOI wafer (100)

2.

Thermal Oxidation

3.

Gridline formation

4.

Cavity formation

5.

Opening for device layer etch &
etched piezoresistors

6.

Ti/Au sputtering for
metal line patterning
Anodic glass bonding and SiO2
passivation

5
7.
SOI

Thermal oxide

Passivation by SiO2

Glass wafer

Metal line

Figure 4.5: Schematic of fabrication process flow for SOI based piezoresistive pressure sensor.

The photographs of the fabricated wafer of SOI technology based piezoresistive pressure
sensor are presented in Figure 4.6 (a) and (b). The magnified view of a die showing all
four piezoresistors in a Wheatstone bridge configuration and a particular piezoresistor are
shown in Figure 4.6 (c) and (d) respectively. The fabricated pressure sensor chips were
attached to TO-12 headers and contact pads were wire bonded with header pins Figure
4.6 (e). Finally, TO-12 header with pressure sensor chip was packaged in the stainless
steel housing similar as diffused pressure sensor (Figure 4.4 (f)) for characterisation of
pressure sensor response.
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(a)

(b)

(c)

(e)
(d)
Figure 4.6: (a) Fabricated SOI wafer, (b) Glass bonded wafer, (c) Top view of sensor chip,
(d) Magnified view of piezoresistor (e) pressure sensor chip attached with TO-12 header.

4.4

DETAILS OF PRESSURE SENSOR PACKAGE

The pressure sensor packaging is a crucial step in order to test the pressure response. The
packaging needs to be leak proof and electrically isolated from the device. There is no
universal packaging technique available for MEMS devices because the devices are
designed to operate in specific application area. In order to investigate the response of the
pressure sensor chips for different applied pressures, the sensor chip with a TO-12 header
was packaged in the stainless steel housing. Pictorial representation of the parts used to
package and its exploded view are given in Figure 4.7 (a) and (b).
The following parts were used in the metal housing used for packaging:
a. Teflon Jacket in order to make isolation of header leads.
b. Stainless steel housing with ¼ inch NPT threads.
c. Metal washer in order to make leak proof housing.
d. TO-12 header.
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Teflon jacket
SS housing

Pressure sensor chip
with TO-12 header
Washer

Washer
SS housing
Pressure sensor
chip with TO-12
header
Teflon jacket

SS housing
(b)
(a)
Figure 4.7: (a) Parts used for packaging of the pressure sensor, (b) Exploded view of
pressure sensor package.

In the next section, design and fabrication of a signal conditioning circuit are discussed.
4.5

SIGNAL CONDITIONING CIRCUIT

The pressure sensor converts non-electrical signal, i.e. pressure, into electrical signal, i.e.
voltage. However, the electrical output of the sensors needs further amplification.
Therefore, a signal conditioning circuit is needed for amplification of pressure sensor
output to a suitable voltage or current level for further processing. The Wheatstone bridge
on the top of the thin diaphragm is one of the most used techniques to convert pressure
signal into the electrical signal. The resistances of Wheatstone bridge piezoresistors are
not identical which leads to the offset voltage. A suitable compensation technique is
required to compensate the offset voltage. Design, fabrication and experimental
evaluation of the signal conditioning circuit were carried out for offset compensation,
output amplification and to obtain 4 to 20 mA output response. The 4-20 mA current
response is highly immune to external noise and hence is an indutry standard.
4.5.1

Analysis and modelling of Wheatstone bridge for offset voltage compensation

A piezoresistive pressure sensor is fabricated using the MEMS technology with bulk
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micromachined silicon diaphragm having implanted/diffused piezoresistors on the top of
thin diaphragm. The output of the bridge must be zero under unstressed condition and it
must also remain zero for other any temperature because all four resistors have the same
temperature coefficients. However, in practice there is always a non zero voltage output
under the unstressed condition. The non-zero output is referred to as the offset voltage of
the piezoresistive pressure sensor. The main possible reasons for offset voltage are [35]:
i.

Geometrical deviation of resistors from their nominal values.

ii.

Initial stresses in the diaphragm due to the thermal mismatch of the piezoresistor
layer and silicon substrate.

iii.

Non-identical temperature dependency of piezoresistors.

Here, analytical modelling of the offset voltage and temperature coefficient of offset
(TCO) is presented. We consider that all four piezoresistors are identical and equal to the
nominal resistance R1  R2  R3  R4  Rb as shown in Figure 4.8.

Figure 4.8: Wheatstone bridge configuration.

Also, we assume that each resistance has some deviation from the nominal resistance
value, i.e. R1  Rb 1   1  , R2  Rb 1   2  , R3  Rb 1   3  and R4  Rb 1   4  .
Voffset  Vo1  Vo 2 

Where,
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1
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The offset voltage is not temperature dependent if and only if all the resistors have the
same temperature coefficient of resistance. It is difficult to get an identical temperature
coefficient for all piezoresistors [35]. Hence, the compensation of offset voltage is
essential task before signal conditioning. The configuration for the offset compensation is
presented in (Figure 4.9 (a) –(c)).

(a)
(c)
(b)
Figure 4.9: Compensation techniques; (a) parallel (b) series (c) parallel-series.

The offset compensation is usually done by a passive resistor component in the parallel or
series configuration. In order to make offset voltage less temperature dependent, the
passive resistor is to be selected with a smaller temperature coefficient than the
diffused/implanted piezoresistors. Mathematically, the required value of selected resistor
for offset compensation is calculated as explained in the consecutive sections.
4.5.1.1 Offset compensation using a parallel configuration
The compensation resistor is utilised to tune the value as per the desired nominal
resistance [35]. Hence, resistance of parallel configuration is equal to nominal resistance,

Rb (Figure 4.9 (a)).
Rb 1   3 Rsh
R3 Rsh
 Rb
 Rb
R3  Rsh
, Rb 1   3   Rsh
;or

 3 Rsh  Rb  Rb 3

(4.2)

Where,  3 is a smaller value, hence,

Rsh 

(4.3)

Rb
3
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Generally, TCR is defined as; TCR 

Rt  R0 1
R0 Tt  T0

TCR R3 | |Rsh 

R3t || Rsh  R0 || Rsh 1
Rsh R3t  R0 1
TCR R3 ||Rsh 
R0 || Rsh
Tt  T0 ;
R0  Rsh R0 Tt  T0

(4.4)

TCR R3 ||Rsh 

Rsh
TCR3
R0  Rsh

(4.5)

Where, R 3

is the parallel configuration of the resistors and TCR 3 is TCR for

| | R sh

piezoresistor R3. Due to the parallel configuration effective "Temperature coefficient of
Resistance" (TCR) is reduced as shown in the above equation.
4.5.1.2 Offset compensation using series configuration
The compensation resistor is utilised to tune the value as per the desired nominal
resistance [35]. Hence, the resistance of series configuration should be equal to the
nominal resistance (Figure 4.9(b)).

R4  Rse  Rb or Rb 1   4   Rse  Rb

(4.6)

Rse   4 Rb

(4.7)

The effective temperature coefficient of resistance (TCReff) is calculated for series
configuration as;

TCR R3  Rse 

R4t  Rse   R0  Rse 
R0  Rse

R4t  R0 1
1
or TCR R3  Rse 
Tt  T0
R0  Rse Tt  T0

(4.8)

Hence, the effect of the TCR due to the Wheatstone bridge resistance is reduced due to
external passive components as shown in the above equations.
4.5.1.3 Offset compensation using parallel-series configuration
Offset compensation of the piezoresistive pressure is done using parallel-series
compensation technique [35]. The parallel-series configuration is given in Figure 4.9(c).
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4.5.2

Design and testing of signal conditioning circuit

As per industrial standards, the response of pressure sensor is calibrated in terms of 4 to
20 mA current for zero and maximum applied pressure respectively. Based on the
requirements of pressure sensor output signal processing, a survey was conducted for
various ICs suitable for the application. The IC XTR105 by Texas Instruments Inc. was
identified for the development of the electronics. The schematic of the signal
conditioning circuit is shown in Figure 4.10. A layout of circuit was made, the PCB was
fabricated and fabricated PCB was assembled with required components (Figure 4.11).

Figure 4.10: Schematic of the signal conditioning circuit for obtaining 4 to 20 mA current loop response.

The designed circuit has features such as; i) possibilities for the compensation of offset
voltage by one of the three configurations as discussed above, ii) amplification of sensors
output, iii) constant voltage or constant current supply source. Finally, the designed and
fabricated signal conditioning circuit was tested for 4 to 20 mA current output and offset
voltage compensation using a pressure sensor. The sensor was characterised with and
without offset compensation. The testing results of the developed signal conditioning
circuits are presented for compensation of offset voltage. The output voltage was
recorded for uncompensated and compensated case using a commercial pressure sensor.
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In addition, response in terms of the 4 to 20 mA was obtained for uncompensated and
compensated pressure response.

(a)

(b)

(c)

(d)

(e)
(f)
Figure 4.11: PCB design layout files (a, b, c, d), Fabricated PCB top (e), and
Assembled PCB with components (f).

The XTR105 is a current transmitter IC with 4-20mA response using 2-wire. It also has a
provision to amplify the output voltage. It has two precision power sources i.e. constant
current and constant voltage source. It is mainly consisting of instrumentation amplifiers
with gain control option and current output circuit on a single IC. The instrumentation
amplifier gain can be configured for a wide range of pressure/ temperature
measurements. The XTR105 operates on loop power-supply voltages down to 7.5V.
The sensor performance was measured under uncompensated condition using both the
supply modes. The offset voltage was subsequently nullified using the designed and
developed signal conditioning circuit. The data obtained after offset compensation is
presented in Figure 4.12 (a). The response of pressure sensor in terms of the 4 -20 mA
output is presented in Figure 4.12 (b).
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Figure 4.12: (a) Voltage response of pressure sensors for uncompensated and compensated conditions, (b)
The 4-20 mA current response for uncompensated and compensated conditions.

The compensation of offset voltage was successfully achieved using the developed signal
conditioning circuit in both the supply modes i.e. constant current source and constant
voltage source. The results of testing of the circuit are presented in Table 4.4.
Table 4.4 Results of testing of signal conditioning circuit.
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SUMMARY

In this Chapter, the mask design of the pressure sensor was presented in order to fabricate
the mask for pressure sensor development. The pressure sensor was fabricated based on
the diffused piezoresistors and SOI based technology. The fabrication processes were
discussed in detail. The packaging process adopted for the pressure sensor was explained.
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In order to compensate offset voltage and to obtain 4-20 mA response, the design,
fabrication and testing of PCB were carried out. The operation of this circuit was
demonstrated using a commercial pressure sensor which was not having its own signal
conditioning circuit. The performance investigation of fabricated pressure sensors is
discussed in the next Chapter.
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Chapter 5.

PERFORMANCE

INVESTIGATION

OF

PIEZORESISTIVE

PRESSURE SENSORS

5.1

INTRODUCTION

The performance of pressure sensors fabricated in this work in terms of sensitivity, offset
voltage, offset drift, linearity, and hysteresis was investigated. The effect of operating
temperature on the sensitivity was also studied. The fabrication process was first
optimized for diffused resistor pressure sensors as there were many process steps which
were common with the SOI technology based sensors. Using the optimized process steps,
the fabrication process for SOI based sensors was further optimized. The details of
various measurements are presented in this Chapter.
5.2

CHARACTERISATION SETUP

In order to investigate the performance of the pressure sensors, a characterisation setup
comprising the following units was built:
a. Pneumatic pressure pump and pressure hose in order to apply the pressure.
b. Multipurpose calibrator with a reference pressure sensor, power supply and
recording instrument to calibrate the pressure sensor under investigation.
c. Digital multi-meter for the measurement of the resistance of piezoresistors.
d. Temperature environment chamber with a temperature controller to perform the
experiment under elevated temperatures.
The multipurpose calibrator was used as a data logger and calibrator for pressure sensor
response. The calibrator was also used to power up the pressure sensor. A pneumatic
pressure pump was used to pressurise the pressure sensor under test. The pneumatic type
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of pressure was selected in order to keep the chip isolated from the moisture and vapour
particles, which can come from the hydraulic kind of the pressure pump. This was
required a s the packaging of the developed prototype of pressure sensors did not have
stainless steel diaphragm for isolation in between the sensor chip and pressure media. In
addition, a high-resolution multimeter was used to precisely measure the bridge
resistance of the pressure sensor. Moreover, an in-house designed and developed
temperature chamber with the controller was utilised in order to investigate the effect of
temperature on the pressure response. The schematic and actual photograph of pressure
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pressure pump

Pressure
applied to
reference
Sensor

Output response in mV

Display and data logging
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Supply
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+

Supply

sensor characterisation setup is presented in Figure 5.1 (a) and (b) respectively.

Pressure hose

(a)
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Temperature
Controller
Pressure Hose

Kethley Multimeter

(b)

High Temperature hose

Pressure
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Multipurpose
calibrator(MC 6)

Temperature
environment

(b)
Figure 5.1: (a) Schematic of the pressure sensor characterisation setup, (b) Photograph of experimental
setup.
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5.3

PERFORMANCE STUDY OF PRESSURE SENSORS FABRICATED
DURING PROCESS DEVELOPMENT

The typical performance results for diffused resistor (SNO2) and SOI technology
(SLNO5) based piezoresistive pressure sensors at different temperatures are presented in
this section.
5.3.1

Pressure response with Offset

The pressure response of diffused resistor and SOI based fabricated piezoresistive
pressure sensors was measured at different temperatures and analysed. The temperature
induced variation in the response was obtained after subtracting the offset of the pressure
sensors. The response of the pressure sensor is shown for diffused and SOI technology
based pressure sensor in Figure 5.2 (a) and (b). Since all resistors were not identical, it
resulted in a considerable output voltage at no pressure conditions i.e. offset voltage
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Figure 5.2: Pressure response under the elevated temperatures for (a) Passivated and diffused (SLNO2) and
(b) SOI technology based (SLNO5) based pressure sensor with 150 µm diaphragm thickness and 100 bar
pressure range.

It is observed that the change in the sensitivity of diffused technology based pressure
sensor is less as compared to the SOI technology based pressure sensor. It can be
attributed to the higher doping concentration of boron in piezoresistors of diffused type as
compared to SOI technology based pressure sensors.
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5.3.2 Sensitivity
The sensitivity is defined the slope of the plot between output voltage vs input pressure.
Sensitivity of the pressure sensor was observed to degrade by ~ 4.5 % and ~ 14 % for
diffused and SOI technology based pressure sensors at 100 oC. The measured and
calculated sensitivities using a linear curve fitting (slope) are identical and are 0.088
mV/bar at 5 V supply. The doping concentration of piezoresistors was higher for diffused
piezoresistor based sensors than for the SOI wafer based sensors. Hence a lower change
(~4.5 %) is observed for diffused piezoresistor based pressure sensor compared to SOI
wafer based sensor (~14 %). The degradation in the sensitivity under temperature for
diffused and SOI technology based pressure sensor is depicted in Figure 5.3 (a) and (b)
(measured) and Figure 5.4 (a) and (b) (linear fit).
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Figure 5.3: Sensitivity and % degradation of sensitivity for pressure sensors (a) Diffused resistor based,
and (b) SOI technology based.
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Figure 5.4: Calculated sensitivity (slope fitting) under elevated temperatures from the linear curve for (a)
Diffused resistor based and (b) SOI technology based sensor respectively.
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SOI wafer based sensors have piezoresistors isolated from the diaphragm by SiO2 layer.
However, since piezoresistive coefficient decreases with increase of temperature, the
sensitivity is observed to decrease. Due to hysteresis, the sensitivities are different in
forward and reverse characterization for both types of sensors.
5.3.3

Offset voltage

The offset voltage of both pressure sensors was recorded under elevated temperature
environments. The maximum degradation was observed as ~5 % and 16 % for diffused
and SOI technology based pressure sensors respectively (Figure 5.5 (a) and (b)).
Moreover, the offset voltage obtained after linear fitting of the data is plotted as shown in
Figure 5.6 (a) and (b).
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Figure 5.5: Variation in the offset voltage under elevated temperatures for (a) Diffused resistor, and (b) SOI
technology based pressure sensor.
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Figure 5.6: Variation in offset voltage under elevated temperatures for (a) Diffused resistor, and (b) SOI
technology based pressure sensors using a linear curve fitting.
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5.3.4 Offset voltage drift
The drift in offset voltage was also recorded in order to know the stability of the offset
voltage at the room temperatures. Offset voltage drift was observed to be maximum of
200 µV. Offset voltage drift is presented in Figure 5.7 (a) and (b) for diffused and SOI
technology based pressure sensor respectively.
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Figure 5.7: Offset voltage drift at room temperatures for 900 seconds for (a) Diffused resistor based, and
(b) SOI technology based pressure sensor.

5.3.5 Linearity
R square values obtained by linear curve fitting is a measure of the linearity. The linearity
of pressure response was very good i. e. R2~1.The variation in the linearity under the
elevated temperatures was found be insignificant. The Figure 5.8 (a) and (b) shows the
linearity (R2) for diffused resistor based and SOI technology based pressure sensors.
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Figure 5.8: Variation in linearity under the elevated temperatures for (a) Diffused, and (b) SOI technology
based pressure sensors.
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5.3.6

Hysteresis

Hysteresis of the piezoresistive pressure sensors was calculated using the forward and
backward pressure response. For each temperature, a forward and backward pressure
scan is taken and the hysteresis is calculated from this data. Figure 5.9 (a) and (b) show
variation in hysteresis under high temperatures for diffused and SOI technology based
pressure sensor respectively.
5.3.7

Resistance vs temperature

The gradual increase in the resistance of the piezoresistors was observed with
temperature. The summarised results of change in the resistance under high temperature
are presented in Figure 5.10 (a) and (b) for diffused and SOI technology based pressure
sensors. The change in the resistance was ~ 6 % and 1.4 % for diffused piezoresistors and
SOI technology based piezoresistors respectively.
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Figure 5.9: Variation of hysteresis under elevated temperatures for (a) Diffused resistor based and (b) SOI
technology based pressure sensors.
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Figure 5.10: Resistance of piezoresistors vs temperature for (a) Diffused piezoresistor, and (b) SOI
technology based pressure sensors.
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5.4

DIFFUSED AND SOI TECHNOLOGY BASED PRESSURE SENSOR
(PRODUCTION BATCH)

The final performance achieved for the production batch of sensors is summarised in this
section. For these measurements the diffused resistor based and SOI technology based
pressure sensors were characterised from 27 oC to 100 oC (failed after this temperature)
and 200 oC respectively. The results are presented in Figure 5.11 and Figure 5.12
respectively.
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Figure 5.11: (a) Diffused resistor pressure sensor response under elevated temperature up to 100 oC (b) SOI
technology based pressure sensor response under elevated temperature up to 200 oC.
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Figure 5.12: (a) Sensitivity and (b) offset voltage under varying temperature for diffused and SOI
technology based pressure sensors.

5.5

COMPARISION OF SIMULATION AND EXPERIMENTAL RESULTS

The comparison between simulation results (as presented in Chapter 3) and
experimentally obtained pressure response at room temperature and at elevated
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temperatures is presented in this Section. At room temperatures, the deviation in the
experimentally obtained sensitivity from that obtained through simulation was observed
as 13.72 % and 20.94 % respectively for SOI and diffused pressure sensors (Figure 5.13
(a)). The temperature induced degradation in simulated and experimental sensitivities is
showing similar trend (Figure 5.13 (a)). The decrease of sensitivity is calculated with
respect to sensitivity at room temperatures. For SOI pressure sensor, from 25 ˚C to 200
˚C, the decrease in the pressure sensor sensitivity is observed to be 21% by theoretical
simulations and 19% from experimental data (Figure 5.13 (b)). Similarly for diffused
piezoresistor based pressure sensors, from 25 ˚C to 100 ˚C, the decrease in the pressure
sensor sensitivity is observed to be 10 % by theoretical simulations and 14% from
experimental data (Figure 5.13 (b)).
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Figure 5.13: (a) Comparison(a)of theoretical (simulated) and experimentally(b)calculated sensitivity of
piezoresistive pressure sensors, (b) The % change of the experimentally calculated sensitivity and
theoretical sensitivity at various temperatures.

Table 5.1 summarizes the parameters of the pressure sensors obtained at different
temperatures based on experimental data and simulated data. It is to be noted that for
simulation, the diaphragm and piezoresistor parameters were identical for the diffused
and SOI technology based sensors and it was assumed that the thin oxide layer in SOI
technology based sensors does not cause any change in the stress distribution. The
deviation of the data obtained from simulations to that obtained from experiments is
mainly because of variation in the concentration of piezoresistors during fabrication to91
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-that assumed for the simulations.
Table 5.1: Summary of performance parameters of production batch of piezoresistive
pressure sensors.
Type

Diffused PZR
(D1)

Parameters
Sensitivity (mV/V/bar)
Offset (mV)
Hysteresis (% FSO)
2

Linearity (R )
Range (bar)

5.6

25 oC

100 oC

Simulated for SOI technology
based sensor

SOI (S1)
25 oC

200 oC

25 oC

200 oC

0.186

0.147

200

200

0.147

0.127

0.212

0.170

-16.024

-10.543

-480.56

-518.27

0.0543

5.342

0.3089

1.92

0.9998

0.999

0.999

0.999

200

200

SUMMARY

The performance investigation of the prototypes and production batch of designed and
developed MEMS based pressure sensors using i) diffused resistor and ii) SOI technology
is presented based on the one sample of each types. The performance parameters are
investigated in terms of the sensitivity, offset voltage, offset drift, linearity and hysteresis.
The developed sensors showed very good linearity, low offset voltage drift and low
hysteresis. The effect of elevated temperatures on these parameters was also studied. The
pressure sensor sensitivity showed reduction of 13.80 % at 100 oC for diffused
piezoresistors and reduction of 19.51 % at 200 oC for SOI technology based pressure
sensor. The standard diffused resistor pressure sensor could operate up to maximum
temperature of 100 oC, while pressure sensors based on SOI technology could operate at
even 200 oC. It can be clearly seen that the SOI technology based process has a clear
advantage for extending the operating range beyond that for commercial standard
sensors. The investigation of gamma radiation induced degradation of pressure sensors is
presented in the next Chapter.
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Chapter 6.

EXPERIMENTAL INVESTIGATION OF GAMMA RADIATIONINDUCED DEGRADATION OF PIEZORESISTIVE PRESSURE
SENSORS

6.1

INTRODUCTION

In the previous chapter, the experimental performance investigation of in-house designed
and developed pressure sensors at elevated temperature environment is presented. Several
applications demand pressure sensors capable of operating under ionizing radiation
environment. A series of experimental investigations were carried out to understand the
performance degradation of pressure sensors under the

60

Co gamma radiation

environment. To study the degradation of pressure sensors due to gamma radiation,
various types of sensors were used. The experiments were carried out as given below.
a. Case I: Pressure sensor packaged with silicone oil and SS diaphragm (developed
at an Indian foundry).
b. Case II: Commercial pressure sensor packaged without silicone oil (part no 13A250G, Measurement Specialties).
c. Case III: In-house designed and developed piezoresistive pressure sensors.
d. Case IV: Irradiation study of pressure sensor chips.
The pressure sensors used for industrial applications are fabricated with a thin SS
diaphragm for media isolation. The chip is isolated from the process media by silicone oil
and SS diaphragm. Since silicon oil is the most likely part to degrade, the sensors with
and without oil were used.
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6.2

SCHEMATIC DIAGRAMS OF PACKAGED PRESSURE SENSORS

The gamma radiation-induced degradation of the piezoresistive pressure sensor
wainvestigated by exposing the sensor to gamma radiation in a

60

Co chamber. The

schematic diagrams of the pressure sensor chip and packaged sensors used for this study
are given in (Figure 6.1 (a)-(b)) and (Figure 6.1 (c)-(d)) respectively. In one type of
packaging, the sensor comprised of stainless steel (SS) housing with silicone oil filled
and thin SS diaphragm in order to isolate silicon chip from the external sensing medium.
The details of chip design and packaging such as silicon diaphragm geometry,
piezoresistor geometry and doping, SS diaphragm thickness and silicone oil, etc., were
not known from the manufacturer for commercial sensor. The second type of packaging
was without silicone oil and package housing was made using nickel alloy material. The
pressure sensor chip was directly exposed to the pressurising media. The radiation
induced degradation of the in-house designed and developed piezoresistive pressure
sensor was also studied which had a package without oil filling. To understand the
radiation hardness of the fabricated chips, this study was carried out. Additional results
are also obtained by studying the radiation hardness of fabricated packaged sensors.
Diaphragm

Piezoresistors
R2
R1

R4

Diaphragm edge

Chip header

SS Package

(b)

Chip header

Pressure Port

Pressure Port

(a)
SS diaphragm

R3

Silicone oil

Silicon chip
(c)

(d)

Silicon chip

Figure 6.1: Schematic diagram of the pressure sensor; (a) Cross section of the sensor chip, (b) Top view
showing piezoresistors over the diaphragm, (c) Packaged sensor-Case I and (d) Packaged sensor-Case II.
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Prior to gamma exposure, pressure response of the sensor was measured using the
experimental setup the details of which are alreday presented in the previous Chapter. For
studying the gamma radiation effect, the pressure sensor was kept in a

60

Co chamber for

specific durations corresponding to the required dose. Since, in-situ characterisation was
not feasible, the sensor was taken out from the irradiation chamber for characterisation of
pressure response in between the irradiations. The characterisation results are
summarised in subsequent sections.
6.3
6.3.1

RESULTS AND DISCUSSION
Case I: Commercial packaged pressure sensor with silicone oil

The pressure sensor response was evaluated in terms of sensitivity, offset voltages,
linearity and hysteresis for various total doses of gamma radiation. In addition, the bridge
resistances were measured for various total dose exposures in order to verify if there is
any change in the resistor values. The measurements with gamma radiation exposure
were carried out up to the total dose of 40 Mrads at which the permanent failure of the
pressure sensor was observed. The results are presented and discussed in next subsection.
6.3.1.1 Response of pressure sensor after irradiation under increasing and decreasing
pressure
The pressure sensor response in terms of output voltage for various input pressures was
measured using pressure sweep measurements. The pressure was increased from zero to
50 bar (forward sweep) and then decreased from 50 bar to zero again (backward sweep).
The data recorded is plotted in Figure 6.2 and Figure 6.3 respectively.
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Figure 6.2: Forward sweep measurements showing
pressure sensor performance with total gamma dose.

Figure 6.3: Backward sweep measurements
shows pressure response with total gamma dose.

The plots obtained at various total dose exposures show that there is a significant
decrease in output response (voltage) with an accumulated dose of gamma radiation for
forward and the backward sweep measurements. It can be seen that the degradation of
pressure sensor response is significant after total dose exposure of 10 Mrads. Moreover, a
small increase in the offset voltage with the increase of accumulated gamma dose is also
observed for the forward and backward sweeps. The comparison of the data presented in
Figure 6.2 and Figure 6.3 indicate that after gamma radiation exposure, the response of
pressure sensor for increasing pressures and decreasing pressures is not identical due to
hysteresis. Using data plotted in Figure 6.2 and Figure 6.3, the pressure sensor response
for various total doses of gamma radiation was examined at a 50 bar applied pressure
(Figure 6.4). The reported literature shows that the observed degradation is sample
dependent. It is observed that there is no significant decrease in the output voltage up to a
total dose of 10 Mrads and subsequently the pressure sensor demonstrate a rapid
degradation. Beyond total dose exposure of 30 Mrads, the percentage decrease in the
pressure sensor output voltage is about 75 %. The sensitivity of the pressure sensor was
calculated by fitting a straight line to the output voltage vs pressure plot at different
gamma doses. The sensitivities obtained at various total doses are plotted in Figure 6.5
for forward pressure scans.
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Figure 6.4: The output voltage response at 50 bar and
the percentage change in the output voltage of the
piezoresistive pressure sensor due to total gamma dose.

Figure 6.5: Changes in the sensitivity of the
piezoresistive pressure sensor (in mV/V/bar)
with total gamma dose.

The pressure sensor sensitivity decreased for the non-irradiated sensor from ~ 0.125
mV/V/bar to ~ 0.05 mV/V/bar for the 25 Mrad irradiated sensor. For total doses higher
than 25 Mrad, the output voltage vs pressure plot was highly nonlinear. Hence, sensitivity
is not be extracted using straight line fitting for higher total doses exceeding 25 Mrads.
6.3.1.2 Linearity of response
As the response of the pressure sensor is theoretically expected to be linear with the input
pressure, the data plotted in Figure 6.2 was fitted using a linear fitting. The obtained R2
values (a measure of linearity) were in the range of 0.98 to 1.0 for total doses up to 25
Mrads. However, for total doses exceeding this dose, the pressure sensor response could
not be fitted to a straight line. For lower gamma doses up to 30 Mrads, the pressure
sensor shows nonlinear behaviour in terms of reduced output voltage for higher input
pressures exceeding about 40 bar and for lower input pressures, the response was linear.
However, for total doses exceeding 30 Mrads, the pressure sensor shows drastic reduction
in output voltage with a highly non-linear response.
6.3.1.3 Offset voltage
The offset voltages obtained from the data presented in Figure 6.2 and Figure 6.3 at
different gamma doses are plotted in Figure 6.6.The plot shows a trend of increasing
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offset voltage after exposure to a total dose of 15 Mrads.
6.3.1.4 Hysteresis loop
Due to gamma radiation exposure, the pressure sensor shows hysteresis of pressure
response, i.e. the output at a specific applied pressure is not identical for increasing and
decreasing applied pressures. It was observed that prior to irradiation the pressure sensor
did not exhibit any hysteresis. However, as shown in Figure 6.7, the hysteresis increases
with total dose exposure.
6.3.1.5 Wheatstone bridge resistance measurement
In order to study if there is any variation of the magnitude of bridge piezoresistors, the
piezoresistors were measured using a digital multimeter. The measured values of
piezoresistors for various total dose exposures are presented in Figure 6.8. The average
magnitudes and standard deviation of four piezoresistors from the data plotted in Figure
6.8 were calculated. The piezoresistors do not show any significant change due to gamma
exposure and the standard deviations are within 1%.
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Figure 6.6: Offset voltage variation as a function of
total gamma dose.
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Figure 6.7: The hysteresis observed in the
pressure response due to total gamma dose.
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Figure 6.8: The variation of Wheatstone bridge resistances with total gamma dose.

The packaged piezoresistive pressure sensor used in this study can be considered as a
complex system comprising SS housing, SS diaphragm, silicone oil, and a pressure
sensor chip. Since the piezoresistors did not show significant degradation up to studied
dose of 40 Mrads, the observed degradation of the sensor could be attributed to the
degradation of the silicone oil which is used a pressure transmitting media.
6.3.2

Case II: Commercial pressure sensor without silicone oil

In order to understand, further, the mechanism of the sensor failure, a packaged
piezoresistive pressure sensor without silicone oil and SS diaphragm with operating range
up to 17 bar was selected for the study. In this case, pressure sensor chip is directly
exposed to the pressure media. The results of this study are presented in this subsections.
The change in the response of pressure sensor is mainly observed due to offset voltage
changes under the increased total dose of the gamma radiation (Figure 6.9). The offset of
the pressure sensor increased with increasing cumulative dose of 60Co. The change in the
offset is observed to be about 26 % and 139 % at a gamma irradiation dose of 3.83 Mrad
and 27.92 Mrad respectively (Figure 6.10). Under the influence of gamma radiation,
ionization takes place led to charge separation near the junction and hence change in
thickness of the piezoresistors led to change in the offset voltage [55].
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Figure 6.9: Output voltage vs applied pressure
with varying irradiation dose.

Figure 6.10: Change in offset voltage as a function
of accumulated gamma dose.

The sensitivity and hysteresis of the sensors response was examined at various total
doses. The hysteresis was negligible (Figure 6.11) and the sensitivity did not show
significant degradation (Figure 6.12). Mechanical material properties of silicon are not
expected to degrade at this dose and there is no significant change in resistance recorded
with gamma exposure, therefore no effect in the sensitivity and hysteresis were observed.
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Figure 6.11: Output voltage vs applied pressure with
varying irradiation dose without offset.

Figure 6.12: Sensitivity vs accumulated dose for
commercial pressure sensor.

The resistance of all piezoresistors were obtained by meausring the IV characteristics.
The summarised IV response is plotted in Figure 6.13.
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Figure 6.13: Measured IV characteristics of piezoresistors at different total doses.

The change in the resistance of piezoresistor is calculated with increasing cumulative
dose of 60Co radiation shown in Figure 6.14. The change in the resistance of
piezoresistors is observed to about 3.5 % and 5 % at 3.38 Mrad dose and 27.92 Mrad
respectively.
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Figure 6.14: Change in the resistance with increasing cumulative dose of the 60Co radiation.

6.3.3

Case III: Irradiation of in-house designed and developed pressure sensors

The experimental investigation of gamma radiation-induced degradations of in-house
designed and developed piezoresistive pressure sensors is presented in this section. The
sensors were irradiated in a 60Co radiation chamber with a dose rate of 162 krads/hr. As
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the in-situ characterization of piezoresistive pressure sensors under gamma exposure was
not feasible, the sensors were irradiated for a pre-determined time interval and were then
subsequently taken out of the chamber for the measurements. The performance of the
sensors in terms of sensitivity, offset voltage and hysteresis was measured after
successive total dose exposures. The pressure response of all three types (i.e. diffused
piezoresistors, poly silicon and SOI technology) of sensors up to a maximum pressure of
100 bar is plotted in Figure 6.15.
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Figure 6.15: Pressure response of all types of pressure sensors measured at room temperature up to 100 bar.

In the case of diffused resistor based and polysilicon piezoresistor based sensor, diffusion
process was used for doping the resistors. This process causes more nonuniformity of
doping compared to the process of ion implantation. Also wet etching was used for
defining the resistors. Hence the four resistors were not very uniform in magnitudes
resulting in higher offset voltages. However, the linearity of the response as measured
from the coefficient of determination (R2) was very good. The performance parameters of
these pressure sensors calculated from the data presented in Figure 4 are summarized in
Table. Though the geometrical parameters of the diaphragms were the same for diffused
piezoresistor and SOI wafer based sensors, the sensitivities are different due to the
differences in the doping concentration of the piezoresistors.
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Table 6.1: Performance parameters of the pressure sensors of different types
Type of pressure sensor

Sensitivity

Linearity

Offset voltage

Hysteresis

(mV/V/bar)

(R2)

(mV)

(%)

Diffused piezoresistor based

0.143

0.999

50.53

0.051

SOI wafer based

0.209

1.0

-198.40

0.0057

Polysilicon piezoresistor based

0.193

1.0

220.24

0.614

All three types of pressure sensors withstood the total gamma dose of 30 Mrad (Si)
without exhibiting failure.
The variation of pressure response with gamma dose for diffused piezoresistor based
pressure sensor is shown in Figure 6.16.
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Figure 6.16: (a) Response of diffused piezoresistor based pressure sensor after various gamma dose
exposures. The data points for total dose irradiation of 22.56 Mrad(Si) and 30.56 Mrad(Si) (indicated as
‘half bridge output’ ) were obtained by measuring the half bridge output. The half bridge output data was
doubled for comparison with output voltage data for irradiation up to the total dose of 11.74 Mrad(Si) (b)
Sensitivity and offset voltage variation for diffused piezoresistor based pressure sensor after various gamma
dose exposures.

One of the leads of the pressure sensor was accidently broken during connections in the
experimentation. Hence, instead of full bridge output, the half bridge output was
measured. The sensitivity was calculated by doubling the half bridge output. However,
the offset voltage variation could not be recorded beyond the cumulative dose of 11.75
Mrad(Si). As can be observed from Figure 6.16 (a), the diffused piezoresistor based
pressure sensor shows a small change in the sensitivity with increased exposure of
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cumulative gamma dose. The sensitivity and offset voltage were estimated using the data
presented in Figure 6.16 (a) for a quantitative estimation of the changes of these
parameters with gamma dose. This analysis is summarized in Figure 6.16 (b). Under the
cumulative exposure of gamma dose up to 30 Mrad(Si), the change in the sensitivity was
observed to be 0.6%. The change of offset voltage was about 5% after cumulative gamma
exposure up to 11.75 Mrad(Si). However, the linearity was not affected by the gamma
irradiation and the coefficient of determination R2 obtained after linear fitting, was found
to be ~ 1, for all doses of gamma exposure.
The response of the SOI wafer based pressure sensor after various gamma dose exposures
is shown in Figure 6.17 (a). The changes in sensitivity and offset voltage at different total
dose gamma exposures are plotted in Figure 6.17 (a). Contrary to diffused piezoresistor
based sensor, the SOI wafer based pressure sensor shows an increase in the sensitivity of
about 13% at 30 Mrad(Si) exposure (Figure 6.17 (a)). As can be seen from Fig. 8, the
changes in the sensitivity are gradual up to the exposure of 10 Mrad(Si) and are rapid for
higher doses.
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Figure 6.17: (a) Response of SOI wafer based pressure sensor after various gamma dose exposures. The
plots indicate observable changes in sensitivity and offset voltage due to gamma irradiation (b) Sensitivity
and offset voltage variation of the SOI wafer based piezoresistive pressure sensor after various gamma dose
exposures. The plots indicate that degradation of sensor is rapid after total dose exposure of 10 Mrad(Si).

The polycrystalline piezoresistor based pressure sensor showed the best performance in
terms of gamma radiation hardness. As depicted in Figure 6.18 (a), the pressure response
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shows an insignificant change after total gamma dose exposure of 30 Mrad(Si). Based on
the data plotted in Figure 6.18 (a), the estimated change in the sensitivity and offset
voltage are plotted in Figure 6.18 (b). For the gamma exposure up to 30 Mrad(Si), the
observed change in the sensitivity is about 0.56%. The offset voltage shows a small
decrease of 0.5% at 30 Mrad(Si) (Figure 6.18 (b)).
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Figure 6.18: (a) Response of the polysilicon piezoresistor based pressure sensor after various gamma dose
exposures. All data points for total dose irradiation up to 30.56 Mrad(Si) overlap indicating a negligible
change in the sensor response (b) Sensitivity and offset voltage variation for the polysilicon piezoresistor
based pressure sensor after various gamma dose exposures. The plots indicate that there is negligible
change in the sensitivity and a small change in the offset voltage

The comparison of the performance of three types of pressure sensors in terms of the
variation of sensitivity, offset voltage and hysteresis is presented in Figure 6.19 (a), (b)
and (c) respectively. The variation of sensitivity, offset voltage and hysteresis after the
total dose exposure of 30 Mrad(Si) for the three types of sensors is presented which
shows that the diffused piezoresistor based sensor and polysilicon piezoresistor based
sensor exhibit about 0.6% of degradation in the sensitivity while the degradation for SOI
wafer based sensor was much higher i.e.13%. Considering all performance parameters,
the polysilicon piezoresistor based sensor demonstrates the best radiation hardness.

105

Experimental investigation of gamma radiation-induced degradation of piezoresistive pressure sensors

% change in offset voltage

% change in sensitivity

10.0

Diffused
SOI
Poly_FWD

12.0
10.0
8.0
6.0
4.0
2.0
0.0
-2.0
-4.0
-6.0

0.0

5.0

10.0

15.0

20.0

25.0

30.0

Diffused
SOI
Poly

3.5
3.0
2.5

6.0
4.0
2.0
0.0
-2.0

35.0

Diffused
SOI
Poly

8.0

% Hysteresis

14.0

2.0
1.5
1.0
0.5
0.0

0.0

5.0

10.0

15.0

20.0

25.0

30.0

-0.5

35.0

0

Cumulative Dose (Mrad)

Cumulative Dose (Mrad)

(a)

5

10

15

20

25

30

35

Cumulative Dose (Mrad)

(c)

(b)

Figure 6.19: (a) Comparison of the variation in the sensitivity of pressure sensors as a function of gamma
dose exposure (b) Comparison of the offset voltage variation of pressure sensors as a function of gamma
dose exposure (c) Comparison of the hysteresis variation of pressure sensors as a function of gamma dose
exposure.

6.3.4 Case IV: Irradiation study of piezoresistors under 60Co exposure
In order to observe the effect of radiation, the preliminary characterisation study was
done under the varying radiation dose on the pressure sensor dies. The bare chip
degradation was studied to see if there is any change in the resistance of piezoresistors. It
is found that there is no significant change in the resistance of Wheatstone bridge
resistors due to total dose of 2.5 Mrad, shown Figure 6.20and Figure 6.21.
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Figure 6.20: Resistance variation with irradiation
dose for Die 1.
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Figure 6.21: Resistance variation with irradiation
dose for Die 2.

SUMMARY

The effect of gamma radiation on the piezoresistive pressure sensors was experimentally
investigated for various types of packaged pressure sensors and chips. The radiationinduced degradation of the properties of individual elements and their combined effect
would govern the total degradation of the pressure sensor. An abrupt failure of the
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pressure sensor was not observed. There was a gradual degradation with total gamma
dose and there was no significant change of the piezoresistors resistance magnitude. The
sensor packaged with silicone oil and a thin SS diaphragm as isolation media is a very
complex system involving mechanical, microelectronics and fluidic parts [110]. The
pressure is applied to the SS diaphragm and is transmitted to the silicon membrane
through the silicone oil. Hence, the changes in the sensor performance in terms of
sensitivity, offset voltage and hysteresis observed could be attributed to a combined
effect of the degradation of i) mechanical properties of the silicon diaphragm, ii)
electronic properties of piezoresistors, iii) compressibility of the silicone oil medium and
iv) mechanical properties of SS isolation diaphragm. For a sensor without silicone oil, the
change in the offset voltage is observed. However, the change of the sensitivity of
pressure sensor is insignificant under the high cumulative dose. Therefore, it can be
concluded that degradation in the sensitivity of case I sensor is due to degradation in
material properties of the silicone oil. This has been concluded from the two sets of
experiments which were carried out using sensors packaged with and without silicone oil.
To know the degradation of silicone oil properties, further studies would be required.
Three types of pressure sensors were fabricated using different processes. The SOI wafer
based and polysilicon piezoresistor based pressure sensors incorporated a silicon dioxide
layer for isolation of piezoresistors from the bulk diaphragm. These device structures
were selected for enhancing the operating temperature beyond 125oC which is the limit
for diffused piezoresistor based pressure sensors. The effect of gamma radiation on these
sensors was experimentally investigated using

60

Co radiation up to a total dose of 30

Mrad(Si). A small change (insignificant) in the sensitivity was observed for the diffused
and polysilicon based pressure sensors. Comparatively, the SOI wafer based pressure
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sensor showed higher degradation in the sensitivity. This experimental analyses are
presented based on the one sample of each type pressure sensors. Moreover, the
resistance variation with gamma dose was not observed significantly for separately
irradiated piezoresistor chips. This indicates that the packaging of the sensor needs to be
further studied.
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Chapter 7.

CONCLUSIONS

Piezoresistive pressure sensors find broad applications in various fields such as process
control, automotive, aviation & aerospace, medical, nuclear power plant etc. Due to
junction leakage, the operating temperature of commercial sensors is limited to 125 °C.
Several applications of these sensors in industries such as oil, automotive, space, nuclear
reactors, etc., demand pressure sensors operating at higher temperatures. In addition,
sensors used in ionising radiation environment such as that of a nuclear reactor needs to
have required radiation hardness. Hence, research efforts are required to extend the
operating temperature of piezoresistive pressure sensors beyond 125 °C and to
understand ionising radiation effect on the sensors. The work carried out in this thesis
involved design, optimisation and fabrication of the piezoresistive pressure sensor with a
focus on high-temperature operation and gamma radiation effect study. The outcome of
research is summarised below.
7.1

SUMMARY OF RESEARCH WORK

The effect of various design parameters on the mechanical and electrical response of
piezoresistive pressure sensors was studied using FEM simulations. The variation of the
deflection and induced stress as a function of thickness or diaphragm size were observed
to be as expected. The location of the piezoresistors on the diaphragms was optimised to
obtain a maximum sensitivity of pressure response. The change of pressure response at
different temperatures was investigated by providing temperature variation of mobility in
the doped piezoresistors and change of piezoresistive coefficient with temperature as
input parameters to the simulator. Moreover, a quantitative analysis of the temperature
effect on piezoresistive pressure sensor response for operation at 200 bar, 200 oC was
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presented. A quantitative study of the response of pressure sensors based on high band
gap materials such as SiC and diamond has been carried out
Based on the FEM simulation study, the mask design of the pressure sensor was finalized
in order to fabricate the mask for processing of wafers for piezoresistive pressure sensors.
Two processing options i.e. diffused piezoresistors and SOI technology based, were used
for the fabrication. Since the SOI based process incorporates piezoresistors above the
insulating oxide layers, the problem of junction leakage as observed for diffused
piezoresistor based sensors at higher operating temperatures is overcome in this process.
For processing the output of Wheatstone Stone bridge circuit, a suitable signal condition
circuit was also designed and fabricated. The circuit compensates offset voltage and
provides4-20 mA response. The performance of this circuit was validated with a
commercial pressure sensor.
The performance investigation of the designed and developed MEMS technology based
pressure sensors with diffused piezoresistors and SOI technology was presented. The
performance parameters were investigated in terms of the sensitivity, offset voltage,
offset drift, linearity and hysteresis. The developed sensors showed very good linearity
(R2~1), low hysteresis (< 0.5 % FSO). The effect of the temperature on the sensitivity of
pressure sensors was also studied. SOI technology based sensors were demonstrated to
operate at temperature of 200 oC. The experimental and simulation studies under the
elevated temperature were carried out and comparisons were made between the data
obtained through simulations and through experiments. The experimental sensitivities of
SOI and diffused pressure sensors showed deviation of 13.72 % and 20.94 % from the
theoretically estimated sensitivities respectively. This is mainly because the doping
concentration of piezoresistor in the fabricated sensors was not the same as was assumed
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for theoretical simulation study. For SOI pressure sensor, it was observed that the change
in the sensitivity from 25 ˚C to 200 ˚C obtained from simulation data was 21 % and
from experimental data was 19%.

The ionising radiation-induced effects on piezoresistive pressure sensors were studied by
irradiating the sensors with 60Co gamma radiation for various total doses. This study was
performed with different type sensors i.e. sensors without or with oil as an isolation
medium. Only dies of pressure sensor chips were also irradiated in order to see if there is
any degradation in the electrical parameters. The commercial pressure sensor with oil
isolation medium showed an insignificant change in the performance up to total gamma
doses of 10 Mrads. However, beyond this dose, the sensor exhibited degradation of
various parameters such as decrease of sensitivity, increased hysteresis, increased nonlinearity of response and a marginal increase of offset voltage. The study of commercial
pressure sensor without silicone oil isolation media did not show significant degradation.
From these studies, it was concluded that the degradation of the commercial pressure
sensors is mainly due to degradation in the material properties of the silicone oil. A study
was also carried out to investigate the irradiation effect on the in-house designed &
developed piezoresistive pressure sensors, which are fabricated in the initial batches in
the present work. A significant change in the sensitivity and offset 1.93 mV (~12.47 %,)
were observed for the diffused pressure sensors for a total dose of 27.92 Mrad. The
results indicated that further studies would be required for understanding the radiation
effect on these sensors.
7.2

HIGHLIGHTS OF THE RESEARCH WORK

The main contributions of this thesis are summarized below:
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a. An extensive simulation study for the optimisation of the diaphragm and
piezoresistor design parameters for pressure sensor has been presented.
b. A quantitative simulation study of the piezoresistive pressure sensors using the
wide bandgap materials such as diamond and SiC is presented for estimating the
response of the piezoresistive pressure sensors based on these materials. Such
sensors would be suitable for high temperature and high radiation environments.
c. Complete mask design, fabrication process and performance evaluation of
fabricated sensors based on diffused piezoresistor and SOI technology based
pressure sensors have been presented. Temperature response of the fabricated
pressure sensors has been evaluated.
d. A signal conditioning circuit has been designed and developed for processing of
the Wheatstone bridge circuit output into 4-10 mA current output.
e. Ionizing radiation-induced degradation of sensor chips and packaged sensors with
or without isolation oil medium were studied using 60Co gamma.
7.3

FUTURE SCOPE
a. Fabrication of pressure sensors using diamond or SiC as piezoresistor and
diaphragm materials can be done based on the quantitative analysis presented in
this work.
b. The radiation-induced degradation mechanisms in diffused resistor and SOI based
pressure sensors can be studied in detail. The degradation due to isolation medium
such as silicone oil needs to be separately investigated to identify the mechanism
of degradation.
c. The digital compensation technique can be adopted to balance the offset voltage
and sensitivity changes due to elevated temperatures.
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d. The SOI wafer based and polysilicon piezoresistor based pressure sensors
developed in the present work showed operation without failure up to the studied
temperature of 200 oC. The main problem observed during fabrication was the
uniformity of piezoresistors which resulted in a large offset. A ion implantation
based process and good dimensional conformance of piezoresistor would be
required for reducing this offset. The technology developed will be utilized for
commercialization using a suitable industrial foundry in India.
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Appendix A.

MATHEMATICAL MODELLING OF PRESSURE SENSORS

In this section, the mathematical modelling of piezoresistive pressure sensors is explained
using the theory of thin plates as published in the literature. The mathematical modelling
of diaphragms of different geometries such as rectangular and square are considered. In
addition, the theory of piezoresistivity in silicon and polysilicon, temperature effects on
piezoresistivity of a single crystalline silicon are also discussed. The theory for the
electrical response of piezoresistive pressure sensors based on Wheatstone bridge
configuration is presented.
A.1 BASICS OF APPLIED PRESSURE
Prehistorically, the pressure sensors were known as strain gauges for several decades.
Thereafter, the era of micromachined sensors was started for sensor developments based
on various transduction techniques. The piezoresistive pressure sensors are among the first
MEMS devices based on the silicon material. The pressure is a physical quantity which is
defined in terms of force applied perpendicular to the unit area. Mathematically, pressure
is defined as in equation (A.1),
𝑃 = 𝐹⁄𝐴

(A.1)

Where 𝐹 is a force applied and 𝐴 is cross-section area.
The static pressure is defined as in equation (A.2),
𝑃𝑆 = 𝑃𝑎 + 𝜌𝑑 𝑔ℎ

(A.2)

Where 𝑃𝑎 is atmospheric pressure, 𝜌𝑑 𝑔ℎ is hydrostatic pressure, 𝜌𝑑 is the density of the
fluid/gas, ℎ is height, 𝑔 is an acceleration due gravity at the place of measurement.
Total pressure is the summation of static and dynamic pressure given as in equation (A.3),
1

(A.3)

𝑃𝑇 = 𝑃𝑆 + 𝑃𝐷 = 𝑃𝑆 + 2 𝜌𝑑 𝑉𝑙2
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Where, 𝑃𝑇 is total pressure, 𝑃𝑆 is static pressure, 𝑃𝐷 is dynamic pressure, 𝜌𝑑 is density and
𝑉𝑙 is velocity of pressure media.
Pressure sensors are utilised to measure the pressure of gases or liquids, which is a very
crucial physical parameter for industrial applications. In addition, measured pressure can
be used to derive other parameter indirectly such as fluid/gas flow, water level, altitude,
force, etc. The pressure sensor design optimisation is dependent on the type of transduction
mechanism and application requirements. A piezoresistive pressure sensor consists of a
thin diaphragm and implanted/diffused piezoresistors integrated with the thin diaphragm.
The electrical output of piezoresistive pressure sensor is governed by mechanical response
of diaphragm (deflection or induced stress). Therefore, thin plate theory and
piezoresistivity are discussed in details in the next sections.
A.2 THIN PLATE THEORY
A piezoresistive pressure sensor operates on the principle of converting the induced
stresses into the desired electrical signal by means of Wheatstone bridge configuration of
piezoresistors. The thin diaphragm with square or rectangular geometries are adopted for
most of the applications. The deflection and induced stresses of diaphragm under the
applied pressure is modelled using thin plate theory. A thin plate is a uniform flat structure
that is confined by two parallel horizontal planes, called faces. Four vertical planes called
edge or boundary define confinement for rectangular or square diaphragm. The gap
between two parallel planes is called thickness (h), whereas distance between vertical
planes is length (a) and width (b) of a thin plate.
The following fundamental assumptions are taken to solve mathematical equations
analytically for bending of thin plates based on small deflection theory [111].
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i.

The material of the plate is assumed to be elastic, homogeneous, and isotropic.

ii.

The plate is assumed to be flat initially.

iii.

Deflection of mid-plane is small as compared to thickness of the plate. The slope
of deflected surface is assumed to be very small, and its square is negligible. The
middle surface is supposed to be unstained after bending.

iv.

The straight line which is initially normal to the middle plane before bending,
remain straight and normal to the central/middle surface during the deformation,
and the length of such elements is not altered. It means that the vertical shear
strains 𝛾𝑥𝑧 and 𝛾𝑦𝑧 are negligible and the normal strain 𝜀𝑧 may also be omitted.

v.

The stress normal to the middle plane (𝜎𝑧 ) is small compared with the other stress
components and may be neglected in the stress-strain relations.

These assumptions are known as Kirchhoff’s hypotheses [111]. Thin plate bending theory
based on these assumptions is known as classical or Kirchhoff's plate theory.
A.2.1 State of stress at a point
The cartesian coordinate system is used to analyse the theory of thin plate. The origin is
assumed in the middle/neutral surface of a diaphragm, x-axis and y-axis are in the
middle/neutral surface and the z-axis is perpendicular to the middle/neutral surface. A
distributed pressure is applied on the top of diaphragm for a small deflection. Hence, the
induced stress components intox-direction are (stress), (shear stress) and (shear stress).
Similarly, the induced stress components in other directions are presented in Figure A.1.
The first subscript indicates the direction of an outer normal to the face on which the stress
component acts; the second subscript relates to the direction of stress itself. These are
represented together in the form of the stress tensor in equation (A.4) [111].
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𝜎𝑥𝑥
𝑇𝑠 = (𝜏𝑦𝑥
𝜏𝑧𝑥

𝜏𝑥𝑦
𝜎𝑦𝑦
𝜏𝑧𝑦

𝜏𝑥𝑧
𝜏𝑦𝑧 )
𝜎𝑧𝑧

(A.4)

By symmetry, the shear stresses can be expressed as, 𝜏𝑥𝑦 = 𝜏𝑦𝑥 , 𝜏𝑦𝑧 = 𝜏𝑧𝑦 and 𝜏𝑥𝑧 = 𝜏𝑧𝑥 .
Therefore, six stress components are independent stress tensor equation (A.4). The stress
tensor, TS, for thin plate is presented after neglecting z-axis direction stres components i.e
𝜎𝑧 = 𝜏𝑦𝑧 = 𝜏𝑧𝑦 = 0. Therefore, equation 2.4 is rewritten as in equation (A.5),
𝜎𝑥
𝑇𝑠 = (𝜏
𝑦𝑥

𝜏𝑥𝑦
𝜎𝑦 ), where 𝜏𝑥𝑦 = 𝜏𝑦𝑥

(A.5)
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Figure A.1: Pictorial representation of stress components at a point of interest.

A.2.2 State of strain at a point
In order to compute the stress and strain relationship, the strain due to applied pressure for
3D structures is analysed. Strain is defined as the fractional change in the length divided
by the actual length. Mathematically, for three-dimensional structure strain is defined along
the x, y and z-axis respectively as in equation (A.6),
𝜀𝑥 =

𝜕𝑑𝑥
𝑑𝑥

, 𝜀𝑦 =

𝜕𝑑𝑦
𝑑𝑦

and 𝜀𝑧 =

𝜕𝑑𝑧

(A.6)

𝑑𝑧
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These parameters are known as linear or normal strain. The increment 𝜕𝑑𝑥 canbe expressed
by the second term in the Taylor series, e.g.𝜕𝑑𝑥 =

𝜕𝑢
𝜕𝑥

𝑑𝑥, etc. Hence, the normal strain is

written along the x, y and z axis respectively in equation (A.7) as,
𝜕𝑢

𝜕𝑣

𝜀𝑥 = 𝑑𝑥 ; 𝜀𝑦 = 𝑑𝑦 and 𝜀𝑧 =

𝜕𝑤

(A.7)

𝑑𝑧

Where, = 𝑥ʹ − 𝑥 = 𝑢 , 𝑑𝑦 = 𝑦ʹ − 𝑦 = 𝑣 and 𝑑𝑧 = 𝑧ʹ − 𝑧 = 𝑤.
For thin plate u, v and w are functions of 𝑥, 𝑦. A pictorial representation of normal strain
due to elongation/contraction is given in Figure A.2 (a), (b) and (c) for 𝜀𝑥 , 𝜀𝑦 and𝜀𝑧
respectively. Other three deformations are known as shear deformation/shear strain (Figure
A.2 (d), (e) and (f)) and are denoted by 𝛾𝑥𝑦 , 𝛾𝑦𝑧 and 𝛾𝑧𝑥 respectively.
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Figure A.2: Strain elongation and shear [111].

As shown in Figure A.3, if we consider a body denoted as A B C D, after deformation, the
shape of the body changes to Aʹ Bʹ Cʹ Dʹ. The angle BAD deforms as Bʹ Aʹ Dʹ, therefore,
shear strain can be calculated as in equation (A.8),
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𝛾𝑥𝑦 = 𝛾 ′ + 𝛾 ′′

(A.8)

Or this can be determined in terms of the in-plane displacements, u and v, as,
𝛾𝑥𝑦 =

𝜕𝑣
𝑑𝑥
𝜕𝑥
𝜕𝑢
𝑑𝑥+ 𝑑𝑥
𝜕𝑥

+

𝜕𝑢
𝑑𝑦
𝜕𝑦
𝜕𝑣
𝑑𝑦+ 𝑑𝑦
𝜕𝑦

=

𝜕𝑣
𝜕𝑥
𝜕𝑢
1+
𝜕𝑥

𝜕𝑢
𝜕𝑦
𝜕𝑣
1+
𝜕𝑦

+

𝜕𝑣

(A.9)

𝜕𝑢

= 𝜕𝑥 + 𝜕𝑦

Similarly, other shear strains i.e. 𝛾𝑥𝑧 and 𝛾𝑦𝑧 .can be calculated as in equation (A.10),
𝛾𝑥𝑧 =

𝜕𝑢
𝜕𝑧

+

𝜕𝑤
𝜕𝑥

𝜕𝑣

𝜕𝑤

(A.10)

and 𝛾𝑦𝑧 = 𝜕𝑧 + 𝜕𝑦
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Figure A.3: Shear strain representation [111].

Also similarly, strain tensor is defined at single point of state as in equation (A.11),
𝜀𝑥
𝑇𝐷 =

1

𝛾
2 𝑥𝑦

1

𝛾
2 𝑦𝑥
1
𝛾
2 𝑧𝑥

𝜀𝑦

1

𝛾
2 𝑥𝑧
1
𝛾
2 𝑦𝑧

(A.11)

1

𝛾
𝜀𝑧
2 𝑧𝑦
(
)
Strain tensor is symmetric, therefore shear stain components are equivalent i.e. 𝛾𝑥𝑦 =
𝛾𝑦𝑥 𝛾𝑦𝑧 = 𝛾𝑧𝑦 and 𝛾𝑥𝑧 = 𝛾𝑧𝑥 . Also, z-axis strain is neglected based on thin plate theory.
A.2.3 Hooke's law
The relation between stress and strain is defined using Hooke’s law, also known as a
Constitutive equation. The relationship between the stress and strain for a threedimensional isotropic body for linear strain is given as in equation (A.12),
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1

1

1

𝐸

𝐸

𝐸

𝜀𝑥 = [𝜎𝑥 − 𝜗(𝜎𝑦 + 𝜎𝑧 )], 𝜀𝑦 = [𝜎𝑦 − 𝜗(𝜎𝑥 + 𝜎𝑧 )], 𝜀𝑧 = [𝜎𝑧 − 𝜗(𝜎𝑥 + 𝜎𝑦 )]

(A.12
)

and for shear strain it is expressed as in equation (A.13),
1

1

1

(A.13)

𝛾𝑥𝑦 = 𝐺 𝜏𝑥𝑦 , 𝛾𝑥𝑧 = 𝐺 𝜏𝑥𝑧 , 𝛾𝑦𝑧 = 𝐺 𝜏𝑦𝑧

Moreover, shear modulus (G) is related to Young’s modulus (E) as in equation (A.14),
𝐸

(A.14)

𝐺 = 2(1+𝜗)
Where, 𝐸 is modulus of elasticity, 𝜗 is Poisson’s ratio, and 𝐺 is shear modulus.
A.2.4 Equilibrium equations

The stress components introduced previously must satisfy the following differential
equations of equilibrium given as in equations (A.15) (A.16) and (A.17),
𝜕𝜎𝑥
𝜕𝑥
𝜕𝜎𝑦
𝜕𝑦
𝜕𝜎𝑧
𝜕𝑧

+
+
+

𝜕𝜏𝑥𝑦
𝜕𝑦
𝜕𝜏𝑦𝑥
𝜕𝑥
𝜕𝜏𝑧𝑥
𝜕𝑥

+
+
+

𝜕𝜏𝑥𝑧
𝜕𝑧
𝜕𝜏𝑦𝑧
𝜕𝑧
𝜕𝜏𝑧𝑦
𝜕𝑦

+ 𝐹𝑥 = 0

(A.15)

+ 𝐹𝑦 = 0

(A.16)

+ 𝐹𝑧 = 0

(A.17)

Where 𝐹𝑥 , 𝐹𝑦 and𝐹𝑧 are the body forces i.e. force per volume due to gravitational, magnetic
or any applied force.
A.2.5 Compatibility equations
The solution of the three equilibrium equations is complex because these equations contain
six unknown quantities. The compatibility equations are obtained to express the continuity
of a body as the additional equations. The six strain components are related with three
displacement components for the isotropic 3D structure. The compatibility equations are
obtained by 2nd order successive differentiation of equation (A.18), (A.19), (A.20), (A.21),
(A.22) and (A.23) respectively,
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𝜕 2 𝜀𝑥
𝜕𝑦 2
𝜕 2 𝜀𝑦
𝜕𝑧 2
𝜕 2 𝜀𝑧

[
𝜕𝑧
𝜕

𝜕 2 𝜀𝑧
𝜕 2 𝜀𝑥
𝜕𝑧 2

𝜕𝑥
𝜕𝛾𝑥𝑧

[
𝜕𝑦

=

𝜕𝑦
𝜕𝛾𝑥𝑧
𝜕𝑧

+
+
+

𝜕2 𝛾𝑦𝑧

(A.19)

𝜕𝑦𝜕𝑧
𝜕2 𝛾𝑥𝑧

(A.20)

𝜕𝑥𝜕𝑧

𝜕𝛾𝑥𝑧
𝜕𝑦
𝜕𝛾𝑥𝑦
𝜕𝑧
𝜕𝛾𝑦𝑧
𝜕𝑥

(A.18)

𝜕𝑥𝜕𝑦

=

𝜕𝑦 2

𝜕𝛾𝑦𝑧

[
𝜕𝑥
𝜕

+

𝜕2 𝛾𝑥𝑦

=

𝜕𝑥 2

+

𝜕𝑥 2
𝜕

𝜕 2 𝜀𝑦

+

−
−
−

𝜕𝛾𝑥𝑦
𝜕𝑧

𝜕𝛾𝑦𝑧
𝜕𝑥
𝜕𝛾𝑥𝑧
𝜕𝑦

𝜕2 𝜀

(A.21)

] = 2 𝜕𝑦𝜕𝑧𝑥

𝜕2 𝜀

(A.22)

𝜕 2 𝜀𝑦

(A.23)

] = 2 𝜕𝑥𝜕𝑦𝑧

] = 2 𝜕𝑥𝜕𝑧

For a two-dimensional state of stress, the stress components along the z-axis are assumed
to be zero i.e. 𝜎𝑧 = 𝜏𝑥𝑧 = 𝜏𝑦𝑧 = 0. Therefore, the modified equilibrium equations are
shown in equations (A.24) and (A.25) from equations (A.15), (A.16) and (A.17),
𝜕𝜎𝑥
𝜕𝑥
𝜕𝜎𝑦
𝜕𝑦

𝜕𝜏𝑥𝑦

+

𝜕𝑦
𝜕𝜏𝑦𝑥

+

𝜕𝑥

+ 𝐹𝑥 = 0

(A.24)

+ 𝐹𝑦 = 0

(A.25)

In addition, the compatibility equations are simplified for two dimensions from (A.18),
(A.19) and (A.20) and shown in equation (A.26),
𝜕 2 𝜀𝑥
𝜕𝑦 2

+

𝜕 2 𝜀𝑦
𝜕𝑥 2

=

𝜕2 𝛾𝑥𝑦
𝜕𝑥𝜕𝑦

,

(A.26)

𝑤ℎ𝑒𝑟𝑒, (𝛾𝑥𝑧 = 𝛾𝑦𝑧 = 𝜀𝑧 = 0)

It can be rewritten as in equation (A.27),
𝜕2

𝜕2

(A.27)

(𝜕𝑦 2 + 𝜕𝑥 2 ) (𝜎𝑥 + 𝜎𝑦 ) = 0

This equation is called Levy’s equation. Using Airy’s stress function ∅(𝑥, 𝑦) in eq (A.28),
𝜕2 ∅

𝜕2 ∅

𝜕2 ∅

(A.28)

𝜎𝑥 = 𝜕𝑦 2 , 𝜎𝑦 = 𝜕𝑥 2 , 𝜏𝑥𝑦 = 𝜕𝑥𝜕𝑦
the above equation can be written as,
∇2 ∇2 ∅ = 0

(A.29)
𝜕2

𝜕2

Where, ∇ is the two-dimensional Laplace operator as, ∇2 = 𝜕𝑥 2 + 𝜕𝑦 2 .
The small deflection theory is based on the assumption as explained below.
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A.2.5.1 Consideration 1
Normal strain, vertical to the neutral surface of the diaphragm is to be neglected i.e. 𝜀𝑧 =
0. It signifies that differentiation of w with respect to z is zero i.e. 𝜀𝑧 =

𝜕𝑤
𝜕𝑧

= 0, Therefore,

w is a function of x and y 𝑤 = 𝑤(𝑥, 𝑦).
A.2.5.2 Consideration 2
The stress components 𝜏𝑧𝑥 , 𝜏𝑧𝑦 and 𝜎𝑧 are far smaller than the other stress components,
thus the strain caused by these can be neglected, 𝛾𝑧𝑥 = 0, 𝛾𝑧𝑦 = 0 and 𝜀𝑥 = 0. According
to the geometric equations,
𝛾𝑧𝑥 =
𝜕𝑢
𝜕𝑧

𝜕𝑢
𝜕𝑧

+

𝜕𝑤

𝜕𝑤
𝜕𝑥

= − 𝜕𝑥 and

𝜕𝑣

𝜕𝑤

(A.30)

and𝛾𝑧𝑦 = 𝜕𝑧 + 𝜕𝑦
𝜕𝑣
𝜕𝑧

𝜕𝑤

(A.31)

= − 𝜕𝑦

Neglecting the strains caused by σz strain can be written as,
1

(A.32)

1

(A.33)

𝜀𝑥 = 𝐸 [𝜎𝑥 − 𝜗𝜎𝑦 ]
𝜀𝑦 = 𝐸 [𝜎𝑦 − 𝜗𝜎𝑥 ]
1

𝐸

(A.34)

𝛾𝑥𝑦 = 𝐺 𝜏𝑥𝑦 Where; 𝐺 = 2(1+𝜗)

Where E, 𝜗 and Gare the modulus of elasticity, Poisson’s ratio, and the shear modulus,
respectively and the relationship between E and G is presented in equation 2.34.
The above equations can be rewritten as,
𝐸

(A.35)

𝐸

(A.36)

𝜎𝑥 = (1+𝜗) [𝜀𝑥 + 𝜗𝜀𝑦 ]
𝜎𝑦 = (1+𝜗) [𝜀𝑦 + 𝜗𝜀𝑥 ]
𝐸

(A.37)

𝜏𝑥𝑦 = 2(1+𝜗) 𝛾𝑥𝑦
A.2.5.3 Consideration 3

The zero displacementis assumed at the point on the neutral surface of diaphragm i.e.
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𝑢𝑧=0 = 0, 𝑣𝑧=0 = 0 because of 𝜀𝑥 =

𝜕𝑢
𝑑𝑥

, 𝜀𝑦 =

𝜕𝑣
𝑑𝑦

and 𝛾𝑥𝑦 =

𝜕𝑣
𝜕𝑥

+

𝜕𝑢
𝜕𝑦

. Therefore, strain at

z-axis direction becomes zero i.e. 𝜀𝑥 |𝑧=0 = 0, 𝜀𝑦 |𝑧=0 = 0 and 𝛾𝑥𝑦 |𝑧=0 = 0. The 𝑢 𝑧 and 𝑣 𝑧
are written by integrating the equations,
𝜕𝑤

𝜕𝑤

𝑢 𝑧 = −𝑧 𝜕𝑥 + 𝑢(𝑥, 𝑦), 𝑣 𝑧 = −𝑧 𝜕𝑦 + 𝑣(𝑥, 𝑦)

(A.38)

Where 𝑤 𝑧 , 𝑢 𝑧 and 𝑣 𝑧 are displacement points at a distance z from the middle surface.
𝑢(𝑥, 𝑦) = 0 and 𝑣 (𝑥, 𝑦) = 0 because they are constant with respect to z. Hence, strain can
be calculated as in equations (2.39)-(2.41).
𝜀𝑥 = 𝑑𝑥 = −𝑧 𝜕𝑥 2

𝜕𝑢

𝜕2 𝑤

(A.39)

𝜕𝑣

𝜕2 𝑤

(A.40)

𝜀𝑦 = 𝑑𝑦 = −𝑧 𝜕𝑦 2
𝜕𝑣

𝜕𝑢

𝜕2 𝑤

(A.41)

𝛾𝑥𝑦 = 𝜕𝑥 + 𝜕𝑦 = −2𝑧 𝜕𝑥𝜕𝑦
Substituting strain equations (2.39)-(2.41) in stress equations (2.35)-(2.37),
𝐸

𝐸𝑧

𝜕2 𝑤

𝜕2 𝑤

(A.42)

𝐸

𝐸𝑧

𝜕2 𝑤

𝜕2 𝑤

(A.43)

𝜎𝑥 = (1+𝜗) [𝜀𝑥 + 𝜗𝜀𝑦 ] = − (1+𝜗) [ 𝜕𝑥 2 + 𝜗 𝜕𝑦 2 ]
𝜎𝑦 = (1+𝜗) [𝜀𝑦 + 𝜗𝜀𝑥 ] = − (1+𝜗) [ 𝜕𝑦 2 + 𝜗 𝜕𝑥 2 ]
𝐸

𝐸𝑧

𝜕2 𝑤

(A.44)

𝜏𝑥𝑦 = 2(1+𝜗) 𝛾𝑥𝑦 = (1+𝜗) 𝜕𝑥𝜕𝑦
A.2.6 Bending and shear moment of plate

Uniform load is applied on the top of the plate/diaphragm in the z-direction (Figure A.4 (a)
and (b)). The stress components are integrated along the thickness of plate/diaphragm, in
order to calculate the bending moment of plate. The normal stress components (i.e. 𝜎𝑥 and
𝜎𝑦 ) are integrated along the thickness of the plate to obtain the bending moment (i.e. 𝑀𝑥 ,
and 𝑀𝑦 ) and shear stress (𝜏𝑥𝑦 ) is integrated along the thickness to obtain the bending
moment (𝑀𝑥𝑦 ). Similarly, other shear components i.e. 𝜏𝑥𝑧 and 𝜏𝑦𝑧 are integrated along the
thickness of plate to obtain transversal shear, 𝑄𝑥 and 𝑄𝑦 respectively.
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𝜎𝑥
𝑀𝑥
ℎ⁄2
{ 𝑀𝑦 } = ∫−ℎ⁄2 { 𝜎𝑦 } 𝑧𝑑𝑧
𝜏𝑥𝑦
𝑀𝑥𝑦

(A.45)

𝑄𝑥
ℎ⁄2 𝜏𝑥𝑧
and, {𝑄 } = ∫−ℎ⁄2 {𝜏 } 𝑑𝑧

(A.46)

𝑦𝑧

𝑦

Substituting values and integrating over the plate's thickness as,
𝜕2 𝑤

𝜕2 𝑤

(A.47)

𝜕2 𝑤

𝜕2 𝑤

(A.48)

𝜕2 𝑤

(A.49)

𝑀𝑥 = −𝐷 ( 𝜕𝑥 2 + 𝜗 𝜕𝑦 2 )
𝑀𝑦 = −𝐷 ( 𝜕𝑦 2 + 𝜗 𝜕𝑥 2 )
𝑀𝑥𝑦 = −𝐷(1 − 𝜗) 𝜕𝑥𝜕𝑦
𝐸ℎ2

Where, 𝐷 = 12(1−𝜗2 )is flexural rigidity of plate. It is same role as flexural rigidity EI.
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Figure A.4: (a) Mechanical analysis of micro unit of diaphragm [111] (b) Simplified top view of a thin
plate.

According to the equilibrium conditions of thin plate are,
∑ 𝑀𝑥 = 0 , ∑ 𝑀𝑦 = 0, ∑ 𝐹𝑧 = 0

(A.50)

The moment summation about y-axis result in ∑ 𝑀𝑦 = 0. Hence, it is written as,
𝜕𝑀𝑦𝑥
𝜕𝑦

𝑑𝑥𝑑𝑦 +

𝜕𝑀𝑥
𝜕𝑥

(A.51)

𝑑𝑥𝑑𝑦 − 𝑄𝑥 𝑑𝑥𝑑𝑦 = 0

Neglecting higher order terms, it can be written as,
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𝑄𝑥 =

𝜕𝑀𝑦𝑥
𝜕𝑦

+

𝜕𝑀𝑥

(A.52)

𝜕𝑥

The moment summation about x-axis leads to ∑ 𝑀𝑥 = 0. Hence,
𝑄𝑦 =

𝜕𝑀𝑥𝑦
𝜕𝑥

+

𝜕𝑀𝑦

(A.53)

𝜕𝑦

The force summation in z-axis gives, ∑ 𝐹𝑧 = 0 . Hence, it can be written as,
𝜕𝑄𝑥
𝜕𝑥

𝑑𝑥𝑑𝑦 +

𝜕𝑄𝑦
𝜕𝑦

𝑑𝑥𝑑𝑦 + P𝑑𝑥𝑑𝑦 = 0 or −𝑃 =

𝜕𝑄𝑥
𝜕𝑥

+

𝜕𝑄𝑦

(A.54)

𝜕𝑦

From equation (2.52), (2.53) and (2.54), it is written as,
𝜕2 𝑀𝑥
𝜕𝑥 2

+2

𝜕2 𝑀𝑥𝑦
𝜕𝑥𝜕𝑦

+

𝜕2 𝑀𝑦
𝜕𝑦 2

(A.55)

= −𝑃(𝑥, 𝑦)

Substituting equation (2.47)-(2.49) in (2.55),
𝜕4 𝑤
𝜕𝑥 4

𝜕4 𝑤

𝜕4 𝑤

𝑃

(A.56)

+ 2 𝜕𝑥 2 𝜕𝑦 2 + 𝜕𝑦 4 = − 𝐷

The equation (2.56) is the governing equation for the thin plate.
A.2.7 Solution of the governing equation
As a general case, let us assume that applied pressure 𝑃 is [69] ,
𝑃 = 𝑃0 sin

𝜋𝑥
𝑎

sin

𝜋𝑦

(A.57)

𝑏

Assumed pressure input (equation (2.57)) is substituted in equation (2.56) to obtain,
𝜕4 𝑤
𝜕𝑥 4

𝜕4 𝑤

𝜕4 𝑤

𝑃

+ 2 𝜕𝑥 2 𝜕𝑦 2 + 𝜕𝑦 4 = − 𝐷0 sin

𝜋𝑥
𝑎

sin

𝜋𝑦

(A.58)

𝑏

A.2.7.1 Boundary conditions
The boundary conditions are taken such that deflection of thin plate/diaphragm at edge is
zero i.e. 𝑤 = 0 and 𝑀𝑦 = 0; 𝑓𝑜𝑟 𝑥 = 0 & 𝑥 = 𝑎 and 𝑤 = 0 and 𝑀𝑦 = 0; 𝑓𝑜𝑟 𝑦 =
0 & 𝑦 = 𝑏. The boundary conditions become;


𝑤=0



𝜕2 𝑤



𝑤=0



𝜕2 𝑤

𝜕𝑥 2

𝜕𝑦 2

at 𝑥 = 0 & 𝑥 = 𝑎

=0
at 𝑦 = 0 & 𝑦 = 𝑏

=0

Let us suppose that deflection 𝑤 is given as;
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𝜋𝑥

𝑤 = 𝐶 sin

𝑎

sin

𝜋𝑦

(A.59)

𝑏

Where 𝐶 is constant and must be selected such that it satisfies the following equation,
𝜕4 𝑤
𝜕𝑥 4

𝜕4 𝑤

𝜕4 𝑤

𝑃

+ 2 𝜕𝑥 2 𝜕𝑦 2 + 𝜕𝑦 4 = − 𝐷0 sin

𝜋𝑥

sin

𝑎

𝜋𝑦

(A.60)

𝑏

By substituting the value of 𝑤in the above equation,
𝜕4
𝜕𝑥 4

[𝐶 sin

𝜋𝑥
𝑎

sin

𝜋𝑦

] = 𝐶 sin
𝑏

𝜕4

Similarly, 𝜕𝑦 4 [𝐶 sin
𝜕4

𝜋𝑥
𝑎

sin

𝜕𝑥 4

𝑏

[sin

𝜋𝑦

] = 𝐶 sin
𝑏

𝜋𝑥
𝜋𝑦
sin 𝑏 ]
𝑎

and, 2 𝜕𝑥 2𝜕𝑦2 [𝐶 sin

𝜋𝑦 𝜕4

𝐶𝜋 4

𝜋𝑥

]=
𝑎

𝜋𝑥 𝜕 4
𝜕𝑦 4

𝑎

𝑎4

sin

[sin

𝜋𝑦

sin

𝑏

𝜋𝑦

]=
𝑏

𝜋𝑥

𝐶𝜋 4
𝑏4

(A.61)

𝑎

sin

𝜋𝑦

2𝐶𝜋4
𝜋𝑦
𝜋𝑥
sin 𝑏 sin 𝑎
𝑎2 𝑏2

=

𝑏

sin

𝜋𝑥

(A.62)

𝑎

(A.63)

By adding all three terms and calculating the value of 𝐶,
𝐶=−

𝑃0

(A.64)

1
1 2
𝐷𝜋 4 ( 2 + 2 )
𝑎
𝑏

Therefore, 𝑤 = −

𝑃0

sin

1
1 2
𝐷𝜋 4 ( 2 + 2 )
𝑎
𝑏

𝜋𝑥
𝑎

sin

𝜋𝑦

(A.65)

𝑏

Putting 𝑤 in expression 𝑀𝑥 , 𝑀𝑦 and 𝑀𝑥𝑦 ,
𝜕2 𝑤

𝜕2 𝑤

𝑀𝑥 = −𝐷 ( 𝜕𝑥 2 + 𝜗 𝜕𝑦2 ) = ∇2 [
𝑀𝑥 =

𝑃0
1
1 2
2
𝜋 ( 2 + 2)
𝑎
𝑏

1

Similarly, 𝑀𝑦 =
and 𝑀𝑥𝑦 =

𝜗

[𝑎2 + 𝑏2 ] sin
𝑃0
1
1 2
2
𝜋 ( 2+ 2)
𝑎
𝑏

𝑃0 (1−𝜗)
1
1 2
𝜋 2 ( 2 + 2 ) 𝑎𝑏
𝑎
𝑏

𝐷𝑃0
1
1 2
4
𝐷𝜋 ( 2 + 2)
𝑎
𝑏

sin

𝜋𝑥
𝜋𝑦
sin 𝑏 ]
𝑎

or

𝜋𝑥
𝜋𝑦
sin 𝑏
𝑎

𝜗

(A.66)

1

[𝑎2 + 𝑏2 ] sin

cos

𝜋𝑥
𝑎

cos

𝜋𝑥
𝑎

sin

𝜋𝑦

(A.67)

𝑏

𝜋𝑦

(A.68)

𝑏

Since, the maximum deflection and maximum bending are at the centre of the plate,
Putting 𝑥 = 𝑎/2 & 𝑦 = 𝑏/2, 𝑤𝑚𝑎𝑥 = −
𝑤𝑚𝑎𝑥 = −
𝑤𝑚𝑎𝑥 = −
𝑀𝑥 =

𝑃0
1
1 2
4
𝐷𝜋 ( 2 + 2 )
𝑎
𝑏

𝜋𝑎

𝜋𝑏

sin 2𝑎 sin 2𝑏

𝐸ℎ2

𝑃0
1
1 2
𝐷𝜋 4 ( 2 + 2 )
𝑎
𝑏

; Where 𝐷 = 12(1−𝜗2 )

12(1−𝜗2 )𝑃0
1

1 2

1

𝜗

(A.69)

𝐸ℎ2 𝜋4 ( 2 + 2 )
𝑎
𝑏

𝑃0
1
1 2
2
𝜋 ( 2+ 2)
𝑎
𝑏

𝜋𝑎

𝜋𝑏

(A.70)

[𝑎2 + 𝑏2 ] sin 2𝑎 sin 2𝑏
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(𝑀𝑥 )𝑚𝑎𝑥 =

𝑃0
1
1 2
𝜋2 ( 2 + 2 )
𝑎
𝑏

Similarly, (𝑀𝑦 )

𝑚𝑎𝑥

[

=

1
𝑎2

+

𝜗
𝑏2

(A.71)

]

𝑃0
1
1 2
𝜋2 ( 2 + 2 )
𝑎
𝑏

[

𝜗
𝑎2

+

1
𝑏2

(A.72)

]

(A.73)

and, (𝑀𝑥𝑦 )𝑚𝑎𝑥 = 0
The condition for square plate is 𝑎 = 𝑏,
𝑤𝑚𝑎𝑥 = −

12(1−𝜗 2 )𝑃0 𝑎4
4𝐸ℎ3 𝜋 4

, Where, 𝛼 = −

(𝑀𝑥 )𝑚𝑎𝑥 = (𝑀𝑦 )
=
𝑚𝑎𝑥
(𝜎𝑥 )𝑚𝑎𝑥 = (𝜎𝑦 )
=
𝑚𝑎𝑥

𝑃0
1
1 2
𝜋2 ( 2+ 2)
𝑎
𝑎

6(𝑀𝑦 )

(𝜎𝑥 )𝑚𝑎𝑥 = (𝜎𝑦 )
=𝛽
𝑚𝑎𝑥

𝑚𝑎𝑥
ℎ2

𝑃0

𝑎2

ℎ2

=

𝜗

3(1−𝜗 2 )

(A.74)

𝜋4
1

[𝑎 2 + 𝑎 2 ] =

(1+𝜗)𝑃0 𝑎2

(A.75)

4𝜋 2

6(1+𝜗)𝑃0 𝑎2
4𝜋 2 ℎ2

, Where 𝛽 =

6(1+𝜗)

(A.76)

4𝜋 2

A.2.7.2 Simplified equation for rectangular plates with all edges fixed
A closed form solution for deflection of plate is available in Timoshenko [69], [112].
(𝜎𝑥 )𝑚𝑎𝑥 = (𝜎𝑦 )
=𝛽
𝑚𝑎𝑥

𝑃0 𝑎2

(A.77)

ℎ2

and the maximum deflection of the plate occurs at the centre,
𝑤𝑚𝑎𝑥 = 𝛼

𝑃0 𝑏 2

(A.78)

𝐸ℎ3

A.2.7.3 Square plates of silicon with edges fixed
The square diaphragm geometry is common in MEMS pressure sensors due to generation
of maximum stress and maximum output compared to other geometry of diaphragms with
the same plate area. Maximum stress occurs at the middle of etched edges [112];
𝜎𝑚𝑎𝑥 =

0.308𝑃𝑎2

(A.79)

ℎ2

and the maximum deflection of the plate occurs at the centre of the plate,
𝑤𝑚𝑎𝑥 = −

0.0138𝑃𝑎4

(A.80)

Eℎ3

The coefficients for maximum stress and deflection for plates with varying aspect ratios
are given in Table A.1.
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Table A.1: Coefficients for maximum stress and deflection in rectangular plates [33].
a/b

1

1.2

1.4

1.6

1.8

2.0

Infinity

𝜶

0.0138

0.0188

0.0226

0.0251

0.0267

0.0277

0.0284

𝜷

0.3078

0.3834

0.4356

0.4680

0.4872

0.4974

0.5000
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Appendix B.

PIEZORESISTIVE EFFECT: AN INTRODUCTION

A piezoresistive pressure sensor operates on the principle of converting the induced stress
into a change in resistance and hence, in analogues electrical voltage. Therefore, the
sensitivity of piezoresistive pressure sensor is governed by the location of piezoresistors at
the maximum stress concentration regions on the diaphragm. The piezoresistors are
implanted / diffused in higher stress concentration regions to maximise the sensitivity. In
current section, first focus is to analyse various parameters which are responsible for the
relative change in resistance (∆𝑅⁄𝑅 ) under induced strain/stress. The change in the
resistance per unit strain is defined as gauge factor and it is written as in equation (B.1),
𝐺=

∆𝑅

(B.1)

𝑅𝜀

Where, ∆𝑅⁄𝑅 is the relative change in the resistance and 𝜀 is subjected strain on resistors.
The relative change in the resistance is not only the function of change in the resistivity but
also a function of the geometrical dimension of resistors. The change in the resistance due
to geometrical dimensions is insignificant in the case of semiconductor based resistors
compared to the change in the resistance due to the change of resistivity. In order to
understand the piezoresistivity in details for semiconductors, discussion on the
crystallographic orientation, dopant concentration, strain and stress tensor and further
effect of temperature on piezoresistivity is presented in the subsequent sections.
B.1 ELECTRICAL RESISTANCE OF A HOMOGENEOUS RESISTOR WITH A
RECTANGULAR SHAPE
A homogeneous resistor is considered with a rectangular shape having thickness 𝑡, width
𝑤, and length 𝑙 (Figure B.1 (a) and (b)). The electrical resistance of the homogeneous
rectangular bar is given as in equation (B.2),
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Figure B.1: (a) Electrical resistance of a homogeneous bar with dimensions of length (𝑙) × width
(𝑤) ×thickness (𝑡) and resistivity (ρ), b) When subjected to loading, all three can potentially change,
leading to a change in the measured electrical resistance [94].

𝑅=

𝜌𝑙
𝐴

𝜌𝑙

(B.2)

= 𝑤𝑡

by taking natural log and partial derivatives to equation (B.2),
∆𝑅
𝑅

=

∆𝑙
𝑙

−

∆𝑤
𝑤

−

∆𝑡
𝑡

+

∆𝜌

(B.3)

𝜌

Where, ∆𝑙, ∆𝑤, ∆𝑡, and ∆𝜌 are the change in parameters i.e. the length, width and thickness
respectively due to the strain/stress. If the resistors experience the tensile stress along their
length, thickness and width of the resistors will decrease whereas length will increase. The
change in length (∆𝑙) is correlated to the change in width (∆𝑤) and the change in
thickness (∆𝑡) of the piezoresistors using the Poisson’s ratio, ϑ as explained in equation
(B.4) and gauge factor can be rewritten as in equation (B.5),
∆𝑤
𝑤

=

𝐺𝐹 =

∆𝑡
𝑡

= −𝜗

∆𝑅
𝑅𝜀

∆𝑙

(B.4)

𝑙
∆ρ

(B.5)

= 1 + 2𝜗 + 𝜌𝜀

Where 𝐺 is gauge factor, ε =

∆𝑙
𝑙

is strain.

The first two terms in equation (B.5) are due to geometrical changes which are more
significant in metal strain gauges, while the last term is due to a change in resistivity which
is dominant in the case of the semiconductors. The range of the gauge factor for various
materials is listed in Table B.1.
Under applied strain/stress, the gauge factor of metals is dependent on the resistance
change due to geometrical variation, whereas resistance change in the semiconductors is
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mainly dependent on the variation in the resistivity. However, change in the resistivity
(𝛥𝜌 /𝜌 ) is 50 to 100 times larger than the geometric term in the case of semiconductors
(e.g. Si and Ge) due to piezoresistive effect. Hence, a mathematical calculation for
piezoresistive coefficients and a gauge factor of silicon is discussed in next section as a
first step towards design of piezoresistive sensors.
Table B.1: Gauge factors of different types of strain gauges [113].
Type of Strain Gauge

Gauge Factor (GF)

Metal foil

1 to 5
≅2

Thin film metal
Diffused Si and Ge

80 to 200

Polycrystalline silicon

≅ 30

Polycrystalline SiC

3 to 5

Single crystal SiC

10 to 30

Carbon Nanotube

200 to 1000

B.2 THEORY OF PIEZORESISTIVITY IN SILICON
The piezoresistivity in silicon is explained by the change in the energy band structure under
the applied pressure/stress. It is a resultant change in the effective mass and consequently
the change in mobility of electrons and holes. Hence, the resistivity is altered when
semiconductor resistors are subjected to a longitudinal or compressive stress. The
scattering effect due to change in the mean path is liable for the change in the mobility of
current carriers [113]. The change in the resistance is observed in p-type semiconductor
resistor when it is subjected to a longitudinal pressure/stress. The hole transport mechanism
in a p-type semiconductor is by the hopping movement of electrons from an occupied state
to a nearby vacant state of the lattice atom. The distance between the lattice atoms increases
by a small extent when the lattice is subjected to an elongation of the longitudinal stress
[113]. Hence, this results in more difficulty in the hopping of the electron to the nearby
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lattice. Therefore, the mobility of the hole is reduced and this appears as an increase in its
effective mass. It leads to an increase in the resistivity of the p-type resistors. The resistivity
of p-type semiconductors decreases under compressive stress loading. However, an
opposite effect is seen in the n-type semiconductors [113]. A simplified resistivity relation
of p and n-type semiconductor is given by equations (B.6) and (B.7).
1

𝜌𝑝 = 𝑞𝜇

(B.6)

𝑝p

1

𝜌𝑛 = 𝑞𝜇

(B.7)

𝑛n

Where, q is the electron charge, n and p are concentrations of electron and hole
respectively, 𝜇𝑛 and 𝜇𝑝 are mobilities of the electron and hole respectively. The crystal
structure of silicon needs to be studied in order to understand the theory of piezoresistivity.
In next subsection, the crystal structure of silicon is explained in details.
B.3 CRYSTAL STRUCTURE OF SILICON
Crystals are ordered arrangement of atoms with a periodic fashion in one of 14 lattice types.
The smallest group of atoms in a material, which is known as a unit cell of structure repeats
periodically. The Miller indices are used to specify the crystal orientations by means of
vectors and planes in a crystal lattice. The direction index [hkl] denotes a vector normal to
a plane described by (hkl). Angle bracketed indices, i.e.<hkl> represent a group of all
directions equivalent to [hkl] by symmetry. The family of planes, which are normal to [hkl]
are denoted with curly brackets as {hkl}. The crystalline silicon is formed by a covalent
bonded diamond-cubic structure with a lattice constant 𝑎𝑐 =5.43 Å. The diamond-cubic
structure is two interpenetrating face centred cubic (FCC) lattice with basis atom offset by
1
4

𝑎𝑐 in three orthogonal directions. The crystal planes, diamond cubic lattice of silicon and

schematic of wafer are shown in Figure B.2 (a)-(e).
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Figure B.2: Crystal planes of silicon (a) (100), (b) (110), (c) (111) planes, (d) Diamond cubic lattice of
single crystal silicon with each atom covalently bonded to its four neighbours, (e) Wafers smaller than 200
mm in diameter have flat that indicates the <110> direction, whereas larger wafers have a notch [94].

Generally, the silicon wafers used for micromachining have a surface orientation (100),
(111), and (110). The {111} planes are the most densely packed and oriented 54.74˚ from
{100} planes. The magnitude of the piezoresistive effect is dependent on the crystal
orientation of the resistor. Piezoresistors are oriented in the <100> and <110> directions
for n-type and p-type doping respectively to take benefit of maximum sensitivity [94].
B.4 STRESS, STRAIN AND TENSORS FOR SILICON
The state of stresses for a unit element (nine stress components (𝜎𝑖𝑗 )) is required to begin
the discussion about the piezoresistivity as in Figure B.3. Stress components are defined
by tensor as per equation (B.8) given below.
3 or z
 33

 31

 32

 23

 22

 13

 21
12

2 or y

 11

1 or x

Figure B.3: The stress components 𝜎𝑖𝑗 represents the stress on face 𝑖 in direction 𝑗.
When 𝑖 = 𝑗 and 𝑖 ≠ 𝑗 represents normal and shear stress components respectively [94].
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𝜎11
𝑇𝑠 = (𝜎21
𝜎31

𝜎12
𝜎22
𝜎32

𝜎13
𝜎23 )
𝜎33

(B.8)

Where𝜎12 = 𝜎21 ,𝜎13 = 𝜎31 and 𝜎23 = 𝜎32 by symmetry. The number space i.e. 1, 2 and 3
are x,y and z directions in space respectively.
The stress tensor 𝑇𝑠 is symmetric and has only six independent components. Therefore, the
stress components are denoted by a simplified notation system as,
𝜎11 = 𝜎1 , 𝜎22 = 𝜎2 , 𝜎33 = 𝜎3 , 𝜎23 = 𝜎4 , 𝜎13 = 𝜎5 , 𝜎12 = 𝜎6
The indices used to define the stress components denote the direction of the vector normal
to the surface at which stress is applied (first index, 𝑖), while second index is used to define
direction of the force or stress (second index, 𝑗). If the indices are equal i.e. 𝑖 = 𝑗, the stress
components are normal to the specified surface, while indices are not equal i.e. 𝑖 ≠ 𝑗, it
indicates a shear stress on face 𝑖. The stress tensor is always symmetric i.e. 𝜎𝑖𝑗 = 𝜎𝑗𝑖 under
the assumption of static equilibrium. Thus, the stress tensor contains only six independent
components. Strain, 𝜀𝑖𝑗 also follows the symmetric relation. For an isotropic, homogeneous
material, stress is related to strain by Hooke’s Law, 𝜎 = 𝜀𝐸. However, a tensor is required
to describe the full mechanics of the anisotropic material such as for silicon. Generally, the
effective values of Young’s modulus and Poisson’s ratio for a single direction is used for
simple loading situations [94]. The relationship between stress and strain are correlated by
the elastic stiffness matrix (𝐶𝑖𝑗𝑘𝑙 ), as 𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙 𝜀𝑘𝑙 , whereas, by the compliance
matrix 𝑆𝑖𝑗𝑘𝑙 , as 𝜀𝑖𝑗 = 𝑆𝑖𝑗𝑘𝑙 𝐸𝜎𝑘𝑙 . For simplicity, tensor components are often used as
collapsed notation. The collapsed notation facilitates to reduce each pair of subscripts to
one number i.e. 11 → 1, 22 → 2, 33 → 3,23 → 4,13 → 5,12 → 6 . Examples are σ11 becomes
σ1, ε12 becomes ε6, 𝐶1111 becomes 𝐶11 and 𝑆2323 becomes 𝑆44 [94]. Mathematically, stress
and strain relationship is explained by means elastic stiffness matrix, 𝐶𝑖𝑗𝑘𝑙 (equation (B.9)).
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𝐶11
𝜎11
𝐶21
𝜎22
𝐶31
𝜎33
𝜎23 = 𝐶41
𝜎13
𝐶51
(𝜎12 ) (𝐶61

𝐶12
𝐶22
𝐶32
𝐶42
𝐶52
𝐶62

𝐶13 𝐶14
𝐶23 𝐶24
𝐶33 𝐶34
𝐶43 𝐶44
𝐶53 𝐶54
𝐶63 𝐶64

𝐶15
𝐶25
𝐶35
𝐶45
𝐶55
𝐶65

𝜀11
𝐶16
𝜀
𝐶26
22
𝜀33
𝐶36
2𝜀23
𝐶46
2𝜀13
𝐶56
𝐶66 ) (2𝜀12 )

(B.9)

The calculation of resistance change is done based on piezoresistive coefficients using the
induced stress in response to applied pressure. Hence, a detailed explanation of the
piezoresistive coefficient is presented for silicon in the next section.
B.5 PIEZORESISTIVITY IN SINGLE CRYSTAL SILICON AND EFFECT OF
CRYSTALLOGRAPHIC ORIENTATION ON THE PIEZORESISTIVE
COEFFICIENT
Single crystalline silicon and germanium are foremost materials of choice as piezoresistors.
Smith in 1954 has reported first measurement of high value of piezoresistive coefficients
in silicon and germanium [7]. Smith applied Bridgman’s tensor notation to define
piezoresistive coefficients. The schematic of Smith’s test setup for experimental
calculation of piezoresistive coefficients is presented in Figure B.4.
Lightly doped p and n-type samples of Si and Ge were characterised by applying uniaxial
stress (σ) with hanging weights on the sample bars of silicon. The longitudinal and
piezoresistive coefficients were measured in both the <100> and <110> directions and
hence piezoresistive coefficients as π11, π12 and π44were obtained. The piezoresistive
coefficient (π) is a tensor quantity because it relates two second order tensors, i.e. stress
and resistivity as explained as in equation (B.10).
∆𝜌𝜔
𝜌

(B.10)

= ∑6λ=1 𝜋𝜔λ 𝜎λ or (∆) = (𝜋)(𝜎)
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(a )

(b)




V







V



(b)
(a)
Figure B.4: Schematic of Smith’s test configurations for calculating a)
Longitudinal and b) Transverse piezoresistive coefficients.

To obtain the piezoresistive coefficients, the measured voltage drop in one direction,
electrical current flow in another direction and stress applied in a third arbitrary direction
are applied across the piezoresistor. The first subscript refers direction in which electrical
potential is measured, current flow is represented by second subscript and the third and
four subscripts stand for representing the stress because stress has two directional
components. Therefore, piezoresistance coefficients are represented as π1111→π11,
π1122→π12 and π2323→π44, etc. explained as in equation (B.11). Later on Kanda, generalised
these relations for a fixed voltage and current orientation (𝜔) as a function of stress
direction (𝜆) [94].
∆1
𝜋12 𝜋12 𝜋13 𝜋14 𝜋15 𝜋61
𝜎1
∆2
𝜋21 𝜋22 𝜋23 𝜋24 𝜋25 𝜋62
𝜎2
∆3
𝜋31 𝜋32 𝜋33 𝜋34 𝜋35 𝜋63
𝜎3
= 𝜋
𝜋
𝜋
𝜋
𝜋
𝜋
𝜎4
∆4
41
42
43 44
45
64
𝜋51 𝜋52 𝜋53 𝜋54 𝜋55 𝜋65
𝜎5
∆5
𝜎6 )
(
𝜋
𝜋
𝜋
𝜋
𝜋
𝜋
)
(
61
62
63 64
65
66
(∆ 6 )

(B.11)

Where, ∆ is known as a relative change in the resistivity, σ is stress consisting of three
normal and three shear stress components.
The change in resistance/resistivity is because of applied stress in a semiconductor resistor.
The stress components in semiconductor resistor are expressed in the form of a 2nd rank
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tensor with nine components (three normal and six shear components). These are simplified
into six independent components using the symmetric condition. The resistivity of single
crystalline material, i.e. silicon is expressed as a 2nd rank tensor with six independent
tensors. Hence, 36 coefficients are required to establish relationship with stress and
resistivity tensors referred as piezoresistive coefficient [94]. The piezoresistive coefficient
tensor is further simplified for silicon by symmetric condition. Only three non-zero
independent components remain in the simplified piezoresistive coefficient tensor for
single crystalline silicon is written as in equation (B.12),
𝜋11
𝜋12
𝜋12
𝜋=
0
0
( 0

𝜋12
𝜋11
𝜋12
0
0
0

𝜋12
𝜋12
𝜋11
0
0
0

0
0
0
𝜋44
0
0

0
0
0
0
𝜋44
0

0
0
0
0
0
𝜋44 )

(B.12)

Smith in 1954 determined these coefficients for relatively lightly doped silicon samples
with resistivity ranging from 1.5 to 22.7 Ω-cm. The measured piezoresistive coefficients
for (100) samples along the <100> and <110> crystal directions are reported in a reputed
journal. Smith C.S. characterised piezoresistive coefficient of 7.8 Ω-cm p-type Si is 𝜋11 =
6.6 × 10−11 , 𝜋12 = −1.1 × 10−11 and 𝜋44 = 138.1 × 10−11 1/Pa [7].
It is assumed that the thickness of a piezoresistor is insignificant as compared to other two
lateral geometrical dimensions. Therefore, stress components along the normal to the plane
of piezoresistors are neglected. Hence, the simplified relationship for the relative change
in the resistance is written as in equation (B.13) and (B.14),
∆𝑅
𝑅

(B.13)

= 𝜋𝑙 𝜎𝑙 + 𝜋𝑡 𝜎𝑡 + 𝜋𝑠 𝜏𝑠

The net effective relative resistivity change is usually written as a sum of the longitudinal
and transverse effects as in equation (B.14),
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∆𝑅
𝑅

(B.14)

= 𝜎𝑙 𝜋𝑙 + 𝜎𝑡 𝜋𝑡 = 𝜋𝑙 𝜎𝑥 + 𝜋𝑡 𝜎𝑦

Where 𝜋𝑙 , 𝜋𝑡 and 𝜋𝑠 are the longitudinal, transverse and shear piezoresistive coefficients
respectively. 𝜎𝑙 , 𝜎𝑡 and 𝜏𝑠 are longitudinal, transverse and shear stress respectively. The
relationship between 𝜋𝑙 , 𝜋𝑡 and fundamental piezoresistive coefficients depends on the
crystallographic orientation of the resistor.
In the<100> direction, the relationships are given as in equation (B.15),
𝜋𝑙 = 𝜋11 and 𝜋𝑡 = 𝜋12

(B.15)

While in the<110>direction relationships are given as in equations (B.16) and (B.17)
1

(B.16)

1

(B.17)

𝜋𝑙 = 2 (𝜋11 + 𝜋12 + 𝜋44 )
𝜋𝑡 = 2 (𝜋11 + 𝜋12 − 𝜋44 )

Piezoresistive coefficients for lightly doped (1016 cm-3) at room temperature single crystal
silicon are given below in Table B.2. The piezoresistive coefficients 𝜋11 and 𝜋44 are
dominant in n-type and p-type semiconductor respectively. The longitudinal and transverse
piezoresistive coefficient in <100>and <110> directions are listed in Table B.3.

The p-type and n-type piezoresistors are oriented along the <110> and <100> directions
with longitudinal tensile and compressive stresses respectively in order to achieve a higher
resistivity change by the mobility enhancement. The magnitude of the piezoresistive
coefficients decides the specific orientation of piezoresistors i.e. n-type and p-type resistors
are oriented in <100> and <110> direction respectively for maximisation of the pressure
response. It is observed that 𝜋𝑙 ≈ −𝜋𝑡 for p-type resistors while 𝜋𝑙 ≈ −2𝜋𝑡 for n-type
piezoresistors. Longitudinal and transverse piezoresistive coefficients are calculated for
arbitrary directions given in equation (B.18) and (B.19) [35],
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Table B.2: Piezoresistive tensor components for lightly doped (1016 cm−3) silicon in the
(100) plane near room temperature [113].
Piezoresistive Coefficients
Doping type

π11(Pa-1)

π12 (Pa-1)

π44 ( Pa-1)

n-type

-102.2 × 10-11

53.4 × 10-11

-13.6 × 10-11

p-type

6.6 × 10-11

-1.1 × 10-11

138.1 × 10-11

Table B.3: Piezoresistive coefficients for (100) Si and doping less than 1018 cm-3[113].
Silicon Type

Orientation of resistor

Piezoresistive coefficients
𝝅𝒍 (Longitudinal)

𝝅𝒕 (Transverse)

p-type

In <100 >Direction

6.6 × 10-11Pa-1

-1.1 × 10-11Pa-1

p-type

In <110 >Direction

71.8 × 10-11Pa-1

-66.3 × 10-11Pa-1

n-type

In <100 >Direction

-102.2 × 10-11Pa-1

53.4 × 10-11Pa-1

n-type

In <110 >Direction

-31.6 × 10-11Pa-1

-17.6 × 10-11Pa-1

3

𝜋𝑙 = 𝜋11 − 2(𝜋11 − 𝜋12 − 𝜋44 )(𝑙12 𝑚12 + 𝑚12 𝑛12 + 𝑛12 𝑙12 )
1

𝜋𝑡 = 2 (𝜋11 + 𝜋12 − 𝜋44 )(𝑙12 𝑙22 + 𝑚12 𝑚22 + 𝑛12 𝑛22 )

(B.18)
(B.19)

Where, 𝑙𝑖 , 𝑚𝑖 and 𝑛𝑖 are direction cosines along the crystallographic coordinate system,
direction of current flow and stress respectively. Generally, the (100) plane wafers are used
in various sensors and actuators application, hence for (100) plane, direction cosines are
given in equation (B.20),
𝑙1
(𝑙 2
𝑙3

𝑚1
𝑚2
𝑚3

𝑛1
cos(∅) sin(∅) 0
𝑛2 ) = (− sin(∅) cos(∅) 0)
𝑛3
0
0
1

(B.20)

Where, ∅ is the angle between current flow direction in piezoresistor and <100> direction.
The best orientation that matches the most of the application is either in <100> or <110>
direction to maximise the piezoresistive coefficient. If the placement of piezoresistors is in
off-axis orientations, the generated stresses are calculated using the graphical
representation as shown in Figure B.5.

141

Piezoresistive effect: an introduction

[100]

[100]

 80

[110]

[110]

 80

[110]

l
[100]

t
 80

[110]

[110]

t
[100]

[110]

[100]

l
 80

[110]

[100]
p-type

[100]

[110]

[100]
n-type

Figure B.5: Orientation dependency of the piezoresistive coefficient for p-type and ntype semiconductor resistors for lightly doped silicon in the (100) plane [94].

There are two common arrangements for measuring piezoresistive coefficients. These
piezoresistive coefficients are dependent on doping and temperature. Hence, in the next
section, the effect of temperature and doping concentration on piezoresistive coefficients
is discussed.
B.6 TEMPERATURE

AND

CONCENTRATION

DEPENDENCY

FOR

PIEZORESISTANCE FACTORS
Piezoresistivity in silicon as a function of operating temperature and dopant concentration
is explained by Kanda's theoretical model [71]. As per Kanda's model, the piezoresistive
coefficient at varying temperature and concentrationis related by a piezoresistance factor
with piezoresistance coefficients as given in equation (B.21),
𝜋(𝑁, 𝑇) = 𝑃(𝑁, 𝑇)𝜋 𝑟𝑒𝑓

(B.21)

Where, 𝜋𝑟𝑒𝑓 is piezoresistive coefficient at 300 K for lightly doped material (1016cm-3) and
P(N,T) is a piezoresistance factor which is a function of doping and temperature.
Piezoresistive coefficients (π11, π12, π44, πl and πt) can be scaled linearly using P(N, T).The
piezoresistance factor with doping and temperature is calculated as in eq.(B.22),
′

𝑃=

(B.22)

300 𝐹𝑠+(1/2)
𝑇 𝐹𝑠+(1/2)
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Where 𝐹𝑠 and 𝐹𝑠′ are the Fermi integral and their derivatives with respect to the Fermi
energy, EF. Kanda considered that carriers are mainly scattered by phonons rather than
ionised impurities. Hence, a scattering of impurity is important at high concentrations of
order of > 1019cm-3. Photons limited scattering corresponds to 𝑠 = −1/2. In general, Fermi
integral is given as in equation (B.23),
∞

𝐹𝑠+(1/2) = (𝑘𝑏 𝑇)𝑠+3/2 ∫0

1
𝑠+( )
2
𝐸−𝐸𝐹
1+exp(
)
𝑘𝑏 𝑇

𝐸

(B.23)

𝑑𝐸

for density of states available for conduction, Fermi level is calculated.
𝑛 = 𝑣√2 (

𝑢=

𝜋2 𝑁

𝑑

𝑣√2

∗
𝑚𝑑
𝑘𝑏 𝑇

(

𝜋ℎ𝑐

3/2

)

∗
𝑚𝑑
𝑘𝑏 𝑇

ℎ𝑐

𝐸

𝐸

𝑏

𝑏

2

𝑣

(B.24)
(B.25)

2/3

−3/2

)

ln(𝑢)

𝐹𝑠+(1) (𝑘 𝐹𝑇) and 𝑘 𝐹𝑇 = 1−𝑢2 + 𝜗 − 1+(0.24+1.08𝜗)2
3√𝜋𝑢
)
4

and 𝑣 = (

Where, 𝑘𝑏 is Boltzmann constant,𝑛is carrier concentration, ℎ𝑐 is Planck’s constant, 𝜈 is
number of carrier valleys, and 𝑚𝑑∗ is density of states effective mass. There are six valleys
for both n-type and p-type silicon, while 𝑚𝑑∗ is 1.08 or 0.49 for electrons (n-type) or holes
(p-type) respectively. Analytical approximations for inverse Fermi integral is derived by
𝐸

Nilsson method, which is accurate to within 0.5 % for -10 <𝑘 𝐹𝑇< 20 [114].
𝑏

Piezoresistance depends on the doping concentration of material and operating
temperature. The piezoresistance coefficient decreases appreciably with the increase of
doping concentration and temperature. A systematic experimental study of piezoresistivity
vs temperature and doping level was carried out by Tufte and Stelzer [115] in 1960’s. The
study was extended by Kanda [71]. Trends of piezoresistive factor with temperature and
doping for p and n-Si are shown in Figure B.6 (a) and (b) respectively.
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Figure B.6: Piezoresistance factor P(N, T) as a function of impurity concentration and temperature
for (a) p-type, and (b) n-type Si. The plots are based on the data presented by Kanda [71].

In Figure B.6, the data is reported by Kanda [71]. It is claimed that the disagreement
between the theoretical results and the experimental results is within 15% for a temperature
range of -50 oC to +175 oC and a doping level up to 5×1018cm-3 [71].
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ANALYSIS

OF

WHEATSTONE

BRIDGE CONFIGURATIONS

FOR PIEZORESISTIVE PRESSURE SENSORS

The schematic of placements of the piezoresistors on the diaphragms is shown in Figure
C.1 (a) and (b). The resistors are placed in high stress concentration regions, in order to
obtain higher sensitivity and connected in the form of a Wheatstone bridge as shown in
Figure C.1 (c). All the four piezoresistors are placed on the thin diaphragm with elongation
and compression arrangements. The two resistors of opposite arm exhibit the same change
due to the induced stresses. The remaining two resistors in the other opposite arm exhibit
the same but opposite change in their resistance, i.e. two piezoresistors show increase and
other two show a decrease of resistance.
Diaphragm thickness
Piezoresistor
Metallization
Silicon

Diaphragm edge
(a)

Supply Voltage
(+Vcc)

Diaphragm

Metal line

Supply Voltage
(+Vcc)

- Vout
R2

R2

R1
+ Vout

R1

- Vout

R3
R3

R4
R4

+ Vout

Ground

Longitudinal Stress

Transverse Stress

Ground
(c)

(b)

Figure C.1: Schematic representation of a piezoresistive pressure sensor; (a) Cross section
view, (b) Top view of diaphragm, and (c) Wheatstone bridge configuration.

In addition to full bridge configuration, the Wheatstone bridge configurations of a quarter
bridge or half bridge can also be used. In the quarter bridge configuration, Wheatstone
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bridge utilises single sensing piezoresistive element and in half bridge configuration, uses
two sensing piezoresistive elements. These configurations are discussed in next section.
C.1 QUARTER-BRIDGE
Single active element is used in a quarter bridge configuration. In Figure C.1 (c), R2 is the
piezoresistive sensing element and it changes by ±ΔR by the induced stress on the resistor
due to applied pressure. It is assumed that all four resisters have the same value without
stress, i.e. R1=R2=R3=R4=R. The bridge is excited by +V, supply voltage and it results in
an output voltage as in equation (C.1),
𝑉0 = [𝑅

𝑅4

1 +𝑅4

−𝑅

𝑅3

3 +𝑅2

(C.1)

]𝑉

Assuming R1=R2=R3=R4=R and sensing resistor is R2 with a change ±ΔR depending on the
stress region, above equation is rewritten as in equations (C.2),
ΔR −1

1

1

ΔR

ΔR

𝑉0 = 2 [1 − (1 ± 2R ) ] 𝑉 = 2 [± 2R ] 𝑉 = ± 4R 𝑉

(C.2)

C.2 HALF-BRIDGE
Similarly half bridge is analysed as in equation (C.3),
𝑅

𝑅±ΔR

ΔR

(C.3)

𝑉0 = [𝑅+𝑅±ΔR − 𝑅+𝑅±ΔR] 𝑉 == ± 2R 𝑉
C.3 FULL-BRIDGE

In full bridge configuration, all the piezoresistors are used as sensing elements. Hence, the
output response is higher than the other two types of configurations resulting in the higher
sensitivity of the sensor (equation (C.4)).
𝑅+ΔR

𝑉0 = [ 𝑅+𝑅 −

𝑅−ΔR

ΔR

𝑅+𝑅

R

]𝑉 =

(C.4)

𝑉

The comparison of sensitivity with various configurations is listed in Table C.1.
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Table C.1: Comparison of the sensitivity for various configurations of Wheatstone
bridge.
Type of configuration

Quarter-bridge

Half-bridge

Full-bridge

S

2S

4S

Sensitivity

C.4 CALCULATION OF THE OUTPUT VOLTAGE DUE TO APPLIED
PRESSURE
All resisters are placed along the <110> direction at the middle of the edge of diaphragm.
These resistors experience longitudinal (𝑅1 and 𝑅3 ) and transverse (𝑅2 and 𝑅4 .) stress that
results in the change in the resistance of the piezoresistors. Mathematically, changes
in resistance of piezoresistors are described in equations (C.5) and (C.6) [116].
𝛼l =

∆𝑅1

=

𝑅0

∆𝑅3
𝑅0

(C.5)

= 𝜋𝑙 𝜎𝑙 + 𝜋𝑡 𝜎𝑡

Where, 𝜋𝑙 and 𝜋𝑡 are longitudinal and transverse piezoresistive coefficients.
1

1

𝜋𝑙 = 2 (𝜋11 + 𝜋12 + 𝜋44 ) and 𝜋𝑡 = 2 (𝜋11 + 𝜋12 − 𝜋44 )

(C.6)

Since, 𝜎𝑡 = 𝜗𝜎𝑙 then 𝛼𝑙 is rewritten as in equation (C.7),
𝛼𝑙 =

∆𝑅1 or 3
𝑅0

= (𝜋𝑙 + 𝜗𝜋𝑡 )𝜎𝑙 and 𝛼𝑡 =

∆𝑅2 or 4
𝑅0

= (𝜗𝜋𝑙 + 𝜋𝑡 )𝜎𝑙

(C.7)

C.4.1 Calculation of output voltage
The output voltage is calculated as per following relation as in eq.(C.8) ,
𝑉0 = [𝑅

𝑅3

2 +𝑅3

−𝑅

𝑅4

1 +𝑅4

] 𝑉 = [(𝑅

𝑅1 𝑅3 −𝑅2 𝑅4

(C.8)

]𝑉

2 +𝑅3 )(𝑅1 +𝑅4 )

Substituting value of 𝛼1 and −𝛼2 in equation (C.9) and neglecting higher order terms,
𝛼 +𝛼

𝑡
𝑙
𝑉0 = [2(1+𝛼
]𝑉 ≅
−𝛼 )
𝑙

𝑡

𝛼𝑙 +𝛼𝑡
2

𝑉=

(1−𝜗)𝜋𝑙 +(𝜗−1)𝜋𝑡
2

𝜎𝑙 𝑉

(C.9)

The piezoresistive coefficients are strongly dependent on 𝜋44 . Therefore, longitudinal and
transverse piezoresistive coefficient rewritten as in equations (C.10) and (C.11),
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1

1

2

2

(C.10)

𝜋𝑙 = 𝜋44 and 𝜋𝑡 = − 𝜋44
𝑉0 =

[(1−𝜗)−(𝜗−1)]𝜋44
4

𝜎𝑙 𝑉 = (1 − 𝜗)

𝜋44
2

𝜎𝑙 𝑉 =

𝜋44
2

(𝜎𝑙 − 𝜎𝑡 )𝑉

(C.11)

C.4.2 Calculation of sensitivity
The sensitivity of the piezoresistive pressure sensor is described by substituting the value
of 𝜎𝑚𝑎𝑥 = 𝜎𝑙 =

0.308𝑃𝑎2
ℎ2

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 (𝑆𝑝 ) =

in the equations (C.11) and rewritten as in equation (C.12).

𝑉0⁄
𝑉
𝑃

= 0.308(1 − 𝜗)

𝜋44 𝑎2
2

(C.12)

ℎ2

C.4.3 Calculation of nonlinearity
The non-linearity is calculated at maximum operating pressure and hence at the
corresponding maximum output voltage. The nonlinearity is expressed as in eq. (C.13),
𝑁𝐿𝑖 =

𝑉 (𝑃 )
𝑉0 (𝑃𝑖 )− 0 𝑚 𝑃𝑖
𝑃𝑚

𝑉0 (𝑃𝑚 )

(C.13)

𝑥100%

Where, 𝑉0 (𝑃𝑖 ) is voltage output at a pressure 𝑃𝑖 , 𝑉0 (𝑃𝑚 ) is voltage output at pressure 𝑃𝑚
and 𝑃𝑚 is the maximum pressure range of pressure sensor.
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