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List of symbols

Symbol Description Unit SI
A Area cm2

a Lattice constant nm
C Capacitance F
d Distance cm
E Young’s modulus Pa
E Electric field V/cm
GF Gauge factor None
I Current A
J Current density A/cm2
k Boltzmann’s constant J/K
l Length cm or pm
N Doping concentration cm"3

n Density of free electrons cm"3
P Pressure Pa
P Density of free holes cm'3

q Magnitude of electronic charge Charge
R Resistance 0
Rs Sheet resistance f2/sq
t Thickness cm or pm
T Absolute Temperature K
t Time s
V voltage V

w Width cm or pm
<5 Deformation/ deflection cm or pm
£ Strain None

So Electric permittivity in free space F/cm
Sr Relative electric permittivity of the material F/cm
Pn electron mobility cm2/V-s

Pp hole mobility cm2/V-s
n Piezoresistive coefficient Pa"1

P Resistivity D.cm
o Stress Pa or Nm2

Oc Electrical conductivity S/cm

IV



Abstract
Silicon based micromachining technology enables the realization of high 

perfonnance microelectromechanical systems (MEMS) including a range of physical 

and environmental sensors. Pressure sensors are used for a wide range of monitoring 

and control applications, e.g. environmental, industrial, aircraft, automotive. 

Monitoring of vehicle tyre pressures offers benefits such as improved safety, fuel 

economy, and tyre life. Micromachined pressure sensors are used at present, but 

require further research to improve their performance in terms of size, power 

consumption and manufacturing cost.

This thesis reviews pressure sensor technology and new developments in this 

area. A comparison of existing and new sensing mechanisms has been undertaken 

and identified as silicon piezoresistors. The focus of the research is motivated by the 

recently discovered enhanced piezoresistive effect in silicon nanowires where 

sensitivity can be increased by decreasing the dimension of the nanowire. This thesis 

investigates the piezoresistive effect in /i-type <110> silicon nanowires, fabricated 

using a top down approach.

It is found that the piezoresistive effect increases when the nanowire is 

reduced below 400 nm. Compared with micrometre sized piezoresistors, silicon 

nanowires have produced up to 56% enhancement. In addition, measurements 

indicate that the temperature coefficient of resistance (TCR) of a silicon nanowire is 

reduced by up to 40% compared to the bulk value. The improvement in these two 

parameters will be beneficial for the development of new MEMS pressure sensors 

with better sensitivity and temperature stability.

Commercial software, COMSOL is employed to simulate the piezoresistance 

effect in />-type <110> silicon for a range of doping concentrations. Simulation
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results demonstrate a similar trend to experimental results and publication data and 

show that the piezoresistance effect decreases as the doping concentration increases 

as expected. The outcome of this research is useful to improve the performance of 

existing tyre pressure sensor with enhanced sensitivity and reduced temperature 

dependancy.
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Chapter 1
1. Introduction
Nowadays, numerous components and devices applied in our daily lives are 

fabricated with the use of micro systems technology or so called Micro-Electro- 

Mechanical-Systems (MEMS) technology. Myriads of miniature sensors have been 

invented for the measurement of various applications such as force, flow, 

acceleration, temperature, optical and etc [1, 2]. Commercially, silicon sensors are 

widely available to measure six types of energy signals: electrical, radiant, 

mechanical, thermal, magnetic and chemical signal. For mechanical sensing, silicon 

piezoresistance have been widely used for various sensors including pressure 

sensors, accelerometers, cantilever force sensors, inertial sensors, and strain gauges 

[3]. The main focus of this thesis is the sensing used in tyre pressure monitoring 

system. This chapter includes an introduction to Micro-Electro-Mechanical-Systems 

(MEMS) technology, pressure sensors and the background of tyre pressure 

monitoring systems. A review of existing pressure sensing mechanisms is covered in 

this chapter. The principles of each of these sensing technologies will be briefly 

reviewed in turns. This is followed by a brief discussion to determine the best 

pressure sensing mechanisms for further research. An outline of the whole thesis is 

then presented.



1.1 MEMS and Semiconductor sensors
The acronym MEMS stands for Micro-Electro-Mechanical-Systems systems and 

was coined in the United States in the late 1980s [3], Concurrently, Europeans were 

using the phrase microsystems technology (MST). It could be debated that the former 

term refers to a physical entity, while the latter is a methodology. A microsystem 

might consist of the following [3]:

• A sensor that conveys information to the system;

• An electronic circuit that conditions the sensor signal;

• A sensor that responds to the electrical signals.

In general, MEMS technology provides the benefits of small size, low weight, high 

performance, easy mass-production, and low cost. A key characteristic of a sensor 

(or transducer) is the conversion of energy from one form to another. For 

measurement purpose, there are generally six types of energy signals [1,4]:

1. Chemical signal (concentration of chemicals, composition, and reaction rate)

2. Electrical signal (voltage, current, and charge)

3. Magnetic (magnetic field intensity, flux density, and magnetization)

4. Mechanical signal (force, pressure, velocity, acceleration, and position)

5. Radiant signal (electromagnetic wave intensity, wavelength, polarization, and 

phase)

6. Thermal signal (temperature, heat and heat flow)

1.2. MEMS Pressure sensor

Pressure is defined as force per unit area. The standard SI unit is N/m2 or Pascal (Pa). 

At present, there are numerous ways to represent pressure which might lead to some 

confusion during rating comparison. One atmosphere of pressure is equal to 14.696 

pounds per square inch (psi), 101.33 kPa, 1.0133 bar, or 760 Torr (or millimetres of

2



Hg at 0°C). A block diagram of pressure detection process is demonstrated in Figure 

1.1. As illustrated in Figure 1.1 [4], pressure is first detected using a dedicated 

sensing element. Next, a transducer mechanism is employed to convert the physical 

movement into electric signal for measurement analysis [1-4],

Pressure Sensing Physical Transducer
element movement mechanism

Electrical signal

Figure 1.1: Block diagram of a mechanical pressure sensor.

1.2.1 Diaphragm pressure sensor

A MEMS pressure sensor typically employs diaphragm as the sensing element to 

detect pressure change as illustrated in Figure 1.2a. In principle, the application of 

pressure to the sensing element causes a change in shape, and the resulting deflection 

(or strain) in the material can be used to determine the magnitude of the pressure. In 

this case, an applied pressure distorts a thin diaphragm (see Figure 1.2b) [4], 

Traditional pressure sensors use metal diaphragm to detect pressure due to its good 

elastic properties and compatible with various media. Several factors detennine the 

pressure range of a diaphragm such as shape, length (width or radius), thickness, and 

material [1-4].

Pressure 1 (PI)

Pressure 2 (P2)

(a)
Figure 1.2: (a) Typical pressure sensing die (PI 
pressure sensor diaphragm (P1 > P2).

Applied pressure

Reference pressure

(b)
P2). (b) Cross section of a deflected
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Recent years, silicon has replaced metal as the popular material to form 

diaphragm as the sensor element due to its compatibility with a range of bulk and 

surface silicon micromachining processes and CMOS (Complementary metal- 

oxide-semiconductor) integration. The most popular fabrication method is 

anisotropic wet silicon etching which is a batch process capable of producing 

hundreds of devices simultaneously across a group of wafers. It also allows good 

control over diaphragm dimensions and 54.7° is the resulting angle from anisotropic 

etch of two crystal planes on silicon (refer to Figure 1.3) [1-4],

<110> Surface

54.74°

Silicon

Figure 1.3: Anisotropic etching of silicon (wet etching technique).

Generally, the operation of a diaphragm based pressure sensor can be divided 

into three modes (Figure 1.4). They are absolute, gauge and differential. In the 

absolute operating mode, the output of the pressure sensor is referenced to vacuum 

(Figure 1.4a). The differential mode compares the pressure at two input ports 

(Figure 1.4b). In the gauge operating mode, the output is referenced to atmospheric 

pressure (Figure 1.4c) [1-4], Typically, a tyre pressure sensor is an example of an 

absolute mode pressure sensor where the pressure in a cavity is used as the reference 

[5],
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Pi
i

1*1 ^atinosf

i 1
sensor sensor sensor

i i ■ i i i

Lt-; t i t L

P P P.1 vacuum 2 1

(a) (b) (c)
Figure 1.4: Pressure measurement types, (a) absolute; (b) differential; (c) gauge.

1.2.2 Sensor Characterization.

In general, the main performance criteria in pressure sensors are sensitivity, dynamic 

range, full-scale output (FSO), linearity and temperature coefficients of sensitivity 

and offset [3, 4], Figure 1.5 illustrates the output vs pressure linear relationship of a 

pressure sensor with an offset. The full-scale output of a pressure sensor represents 

the minimum and maximum output range over the measurand range. For simplicity 

of explanation, the output used in this example is voltage. Sensitivity (S) is 

described as the nonnalized signal (voltage) referenced to output at zero pressure 

over a range of pressure change:

= v ap Equation 1.1

where V is output signal at reference pressure and AF is the change in it due to the 

applied pressure AP.

Dynamic range denotes the range of pressure where the sensor is showing a 

meaningful output. Two main limiting factors influencing the dynamic range include 

the saturation characteristic of individual pressure sensing approach (eg. 

piezoresistive or capacitive) and diaphragm design. The saturation characteristic 

defines the linear operating range of the sensor employed whereas the design of 

diaphragm dictates the maximum pressure application range before fracture or 

failure [1-4],
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Linearity represents closeness of a sensor generating an output 

corresponding to a specific straight line. It also symbolises the maximum 

discrepancy between output and the line and typically denoted as full-scale output in 

percentage. Generally, a piezoresistive pressure sensor produced better linearity 

output if compared with capacitive pressure sensor.

Another important parameter in sensor characteristic is the temperature 

sensitivity of a pressure sensor. Temperature coefficient of sensitivity (TCS) is 

defined as

Tcs=i^. Equation 1.2

where S is sensitivity [1-4],

The last yet very important parameter is the temperature coefficient of 

offset (TCO). The offset of a pressure sensor is the value of the output signal at a 

reference pressure, for example at zero pressure. Hence, the TCO is

TCO = Equation 1.3
Vq at

where Vo is offset in voltage, and T is temperature. Thermal expansion due material 

mismatch and thermal stress due to packaging process are two main factors 

influencing the differences in TCO [1-4],

OUTPUT (e g Voltage)

FULL SCALE

MEASURAND (e.g Pressure)
OFFSET MEASURAND RANGE

Figure 1.5: Output measurand relationship of a linear output sensor with an offset.
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1.2.3 Evolution of semiconductor sensors

The roots of modem semiconductor sensors date back to the development of 

transistor technology. Here, a diaphragm pressure sensor is chosen as an example to 

narrate the evolution of sensors, as it has the largest market share of all 

semiconductor sensors. Fundamentally, the evolution of pressure sensor technology 

can be divided into four different phases as illustrated in Table 1.1 [3, 4, 6-8]. This 

evolution trend initiated since the invention of bipolar transistor. Since then, 

numerous efforts were carried out to develop the knowledge in understanding silicon 

properties. The discovery of the piezoresistive effect in silicon and germanium by 

Smith in 1954 plays an important role. The piezoresistive effect is defined as the 

change of resistance with applied stress [9].

Phase Description Year Size of Diaphragm (cm)
Discovery 1947-1960 1

Basic Technology Development 1960-1970 0.5
Batch Process 1970-1980 0.2

Micromachining 1980-present 0.02
Table 1.1: Four major evolution phases of diaphragm pressure sensors [4].

The discovery of piezoresistance effect in silicon enabled production of 

semiconductor-based sensors. Apart from the reduction of diaphragm size over the 

period of evolution, it has other advantages like lower production cost, improved 

sensor overall performance with higher sensitivity, faster response time, higher 

selectivity etc. The evolution of pressure sensors technology is presented in Figure 

1.6 [1, 3,4, 6-8, 10],
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Figure 1.6: The evolution of MEMS pressure sensors from 1950s until present.

In the 1950s, the first semiconductor pressure sensor was fabricated by 

adhering resistive strain gauges onto a metal diaphragm using epoxy. Silicon bars 

were diced from a silicon wafer to form individual strain gauge. Stress is transferred 

by applying pressure on the diaphragm which results in deflections. The resultant 

deflection causes a change in resistance. The change in resistance is linearly 

proportional to applied pressure. Two main issues encountered on this device are low 

yield, and lack of stability due to thermal mismatch due to the different material 

combination [3, 4, 6-8, 10],

To overcome the issues observed in the early devices, resistive strain gauges 

were diffused directly into silicon diaphragm (representative sensor in 1960s). The 

replacement of metal diaphragm with silicon has offered several advantages. The 

first and most significant improvement is the sensitivity because the gauge factor of 

silicon piezoresistors is an order of magnitude larger than for metal strain gauge. 

Furthermore, silicon offers excellent mechanical properties such as larger elastic 

range, smaller plastic deformation region (brittle) and higher tensile strength [4, 7, 

9], (Chapter 2, section 2.1 will discuss silicon properties in greater detail)

Around the 1970s, the silicon diaphragm piezoresistive sensor was further 

enhanced with the introduction of mechanical drilling to form the diaphragm from



bulk silicon substrate. This technology significantly increased the sensitivity and 

further reduced the size of sensor array. However, due to the fact that the diaphragm 

could only be fabricated individually, the overall cost was still high. The processing 

of silicon piezoresistive sensors were further improved in mid-1970s, where there 

were three key technologies being developed, namely, ion implantation, chemical 

etching of silicon (anisotropic etching), and anodic bonding [4, 7, 9].

Ion implantation technology was used to fabricate strain gauges in silicon 

diaphragms. This method is claimed to offer slightly better doping concentration 

control and better doping unifonnity in comparison to dopant diffusion. The 

implementation of anisotropic etching improved the diaphragm fabrication process 

in several ways including reduced diaphragm sizes, improvement of strain gauge 

placement, and batch fabrication [4, 7, 9]. Thirdly, anodic bonding was implemented 

to bond finished silicon diaphragm wafers to Pyrex glass supports. This method uses 

voltage (500-1500 V) and heat (400-600°C) and also offers the advantages of batch 

fabrication. Effectively, hundreds of devices could be fabricated simultaneously by 

implementing both anisotropic silicon etching and anodic bonding technology. The 

overall cost to fabricate a pressure sensor has been significantly reduced in this 

evolution period [4, 7, 9],

The 1980s onwards has been recognized as the micromaching period. The 

reason is because diaphragm dimensions have been reduced to hundreds of 

micrometres and the smallest feature sizes were reduced to micrometre-scale (10" 

6m). Moreover, anisotropic etching and bonding technologies were enhanced. The 

direct bonding method was first developed in 1985. This method was first used for 

producing silicon-on-insulator (SOI) material and silicon power devices [11, 12], but 

was soon implemented in fabrication of micromachined devices. Besides, surface-
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micromachined devices have been developed using silicon nitride or polysilicon 

diaphragms. Although this technology offered reduced array size and simplified 

integration with electronics, it had drawbacks of reduced sensitivity and 

reproducibility of mechanical properties. Since then, semiconductor sensors have 

proceeded into a new era of development, with rapid growth of new applications [4, 

7, 9].

1.3 Tyre Pressure Monitoring System (TPMS)

1.3.1 Introduction
In general, there are multiple factors causing a road accident. According to National 

Highway Traffic Safety Administration (NHTSA)’s crash causation survey [13], one 

of the important factors impacting the road accident is the condition of the vehicle 

tyre. Tyre related crashes include tread separations, blowouts, bald tyres and under

inflation. Underinflated tyres lead to sluggish handling, longer stopping distances 

increased stress to tyre components and heat build-up. This problem will eventually 

result in the failure of the tyre such as separation or blowout. Underinflated tyres 

also results in other drawbacks including reduced tyre life, decreased fuel economy, 

increased CO2 emissions, etc [13]. The introduction of Tyre Pressure Monitoring 

System (TPMS) is imminent to overcome the underinflated tyre issue.

The dramatic increase in production volume has been fuelled by the 

introduction of the TREAD (Transportation Recall Enhancement, Accountability and 

Documentations) Act in the US in 2007 which mandated that TPM systems are fitted 

to all passenger vehicles in US. Legislation has also been passed in the European 

arena with TPMS being mandated on new vehicles produced after November 2014. 

It is expected that such a situation will effectively double the size of the market for
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TPM systems. Figure 1.7 illustrates a schematic of a typical pressure measurement 

based TPMS [14],

1.3.2 Background Study

Accurate TPMS System Components
Pressure and

Main Components: Warning
by Location

RF Receiver

Tomkins

Figure 1.7: Main components of TPMS systems.

As presented in Figure 1.7, a TPMS (Tyre Pressure Monitoring System) 

comprises of 4 tyre pressure monitoring (TPM) sensors, one in each wheel and a 

receiver unit (TPM receiver) [14]. TPM sensors, measure pressure in tyres and 

transmit a signal to an antenna. The data is relayed to a TPM receiver, processed and 

displayed on the vehicle dashboard. As depicted in Figure 1.7, the “IOS Telltale” 

icon on the dashboard is designed to notify the driver when the tyre pressure is low 

with specific location information provided by the “Pressure and Warning by 

Location” icon on the dashboard. State-of-the-art direct TPMS are wireless pressure 

sensor modules attached on the rim. Figure 1.8 [15] illustrates how a TPM module 

is positioned on the rim and attaches to the rear of the valve assembly [14, 15], There 

are three main technologies competing for market presence. They include direct 

battery based system, direct battery-less system and indirect systems [16], The 

principles of each of these systems will be briefly introduced in the following 

section.
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Figure 1.8: Tyre pressure sensor module mounts on the rim.

1.3.3 Direct Battery-Based (Active) Systems
Direct battery-based (active) systems have their own independent power source 

integrated in the pressure sensor module [16], An example of a direct battery-based 

(active) system is shown in Figure 1.9 [17]. A typical TPMS module includes a 

sensor battery, pressure sensor/ASIC chip, LF (low frequency) interface, RF (radio 

frequency) transmitter, and antenna. This is by far the most popular TPMS system 

implemented in the market due to its cost, accuracy, consistency and reliability [17],

1.3.4 Direct Battery-Less (Passive) Systems
In direct battery-less (passive) systems, the pressure sensor are powered by an 

external source, such as an electromagnetic field. Although the sensor modules are 

low cost, these systems have high overall cost. This is because they require a 

powering/reader device close to each wheel, for example in the wheel arch, this is 

challenging for wiring connections and therefore increases the cost [16],
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SENSOR 1C

Figure 1.9: Schematic of a typical TPMS module.

1.3.5 Indirect (ABS based) Systems

Indirect system detects differences in rotational speed of wheels which will occur 

when a tyre is low in pressure and hence has a reduced rolling diameter. The 

vehicle’s anti-lock braking system (ABS) is generally used to detect the change in 

rotational speed. However, there are drawbacks associated with this detection 

method. One of the disadvantage is that it requires the vehicle owner to re-calibrate 

the system when changing a wheel or inflating a tyre. This is a process which can 

easily introduce errors. The length of time taken to sense a deflation and accuracy of 

measurement are other potential flaws [16].

1.3.6 Market and Specifications

Presently, there are a numbers of companies who manufacture direct tyre pressure 

monitoring system. They are Schrader Electronics, Bern, Cycloid, Fleet, Johnson, 

Motorola, Pacific Industries, Smartire and etc. According to Schrader Electronics 

Ltd., they have been employing Silicon MEMS based sensor (piezoresistive type) 

mainly as their standard pressure sensor in the past and present. Table 1.2 shows the 

various pressure sensor manufacturers involved in TPMS associated with their type 

of sensor in use, respectively [18],
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Company Supplier to Type of Sensor
Motorola Motorola Capacitance
Pacific Industries Pacific Industries Piezoresistive
SensoNor Siements, TRW, Bern, 

Porsche, BMW, Ferrari, 
Mercedes, Toyota

Piezoresistive

Siemens Goodyear Piezoresistive
Schrader Electronics NA Piezoresistive
Transense Technologies Under development Surface Acoustic Wave
TRW/Novasensor Smartire, Micheline, 

Schrader, Cycloid
Piezoresistive

Table 1.2: Manufacturing companies involvec in TPMS [18],

According to recent TPMS OEM market share report [19], Schrader 

Electronics Ltd is the world largest TPMS supplier. Clearly, the piezoresistive 

pressure sensor is the most popular type of pressure sensor employed in TPMS 

market presently. Table 1.3 describes the typical operating parameters of a TPM 

sensor. When the vehicle is moving, each TPMS module transmits data 

approximately every 30 seconds via RF link to a common receiver unit. The data 

include; absolute pressure, temperature and supply voltage. When the vehicle is 

stationary, the transmission intervals are increased in order to conserve battery 

power. These sampling times varies across manufactures and car producers 

depending on the vehicle, tyre size, etc. Typical warning levels are between 125 to 

150 kPa with accuracy of 1-2% [15, 17].

Parameters
Ranges
Typical Min. & Max.

Typical pressure 200 - 280 kPa 100- 1300kPa
Typical temperature 50 - 80°C -40 to 125°C
Operating voltage 3 or 5 volts 1-5 volts

Table 1.3: Typical operating parameters [20].

1.4 Review of existing pressure sensing mechanisms.
This part of chapter will provide an overview of existing pressure sensing

mechanisms in the MEMS sensing applications. Historically, the first ever MEMS 

sensor was the piezoresistive pressure sensor. However since the development of this
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sensor, a vast variety of sensors has been conceived and manufactured [3, 4, 6-8], In 

this section, six different types of pressure sensing mechanisms will be reviewed 

including piezoresistive, capacitive, resonant, SAW (surface acoustic wave), MOS 

transistor and optical sensing mechanisms. Most current commercially available 

pressure sensors are based on piezoresistive and capacitive principles [15, 17].

1.4.1 Piezoresistive sensor

Piezoresistivity, one of the most commonly employed pressure sensing mechanism, 

is the phenomenon by which resistance changes in response to mechanical strain. 

The first piezoresistive strain gauge was made by thin metal foil in 1930 [3], In 

1954, C.S. Smith [9] discovered large piezoresistive effect in silicon and germanium. 

Metal was soon be replaced by silicon due to its large piezoresistive effect. 

Normally, piezoresistors are positioned at the edge of the diaphragm where the stress 

is maximum to produce maximize sensitivity (Figure 1.10a).

Implanted piezoresistors

Glass silicon 
constraint

Drilled or etched

Etched silicon 
diaphragm

<110>

pressure port

(a) (b)
Figure 1.10: Typical bulk micromachined piezoresistive pressure sensor.
(a) Cross-section; (b) plan view.

Pressure application results in a deflection of the silicon diaphragm, and the 

developed strain in the membrane subsequently changes the resistance of 

piezoresistor. Four silicon piezoresistors are electrically connected forming a 

Wheatstone bridge circuit to produce a voltage proportional to AR/R (refer to Figure 

1.10b). As depicted in Figure 1.10b, R/ and R, represent the piezoresistors in
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longitudinal and transverse configurations, respectively. Such a circuit configuration 

has also increased the overall sensitivity, nulled the output, and provided a first order 

correction for zero shifts with temperature [3, 9, 21]. The details of piezoresistivity 

will be further discussed in Chapter 2. The relative resistance change is given by

AR— = TT/CT; + ntat Equation 1.4
R

where tt/ and n, are the piezoresistance coefficient in longitudinal and transverse 

directions whereas ai and cr, are the stress in longitudinal and transverse directions, 

respectively [9].

1.4.2 Capacitive sensor

A capacitor is formed by two electrically conducting plates which can store 

an electric charge. Capacitive pressure sensor typically consists of a silicon 

diaphragm with electrodes deposited on the diaphragm and a substrate. The flexible 

silicon diaphragm serves as one electrode of a capacitor. The displacement of the 

diaphragm moves one of the electrodes with respect to the other and therefore 

changes the capacitance. The capacitance, C, of a parallel plate capacitor is given by

£ _ £r£o^ Equation 1.5

where sr, £0, A, and d denote the relative permittivity, vacuum permittivity, the area 

of the plates, and the separation of the plates, respectively [3, 4], An early device, 

depicted in Figure 1.11, comprises an anisotropically etch silicon diaphragm with 

the fixed electrode being provided by a metallized Pyrex 7740 glass die [22],

Metal 
bondfwd

A
Oilfused feedthrough Pyrex /MO

/ Top clcUrodc
------------------------

SiO>

Reterence pressure cavity

Figure 1.11: Early silicon/ Pyrex capacitive pressure sensor.
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Alternatively, a capacitive sensor can be operated in contact mode, where the 

diaphragm is contacting the fixed electrode to increase linearity [23], Figure 1.12 

depicts a typical Pressure-Capacitance curve of the touch mode capacitive pressure 

sensor. As depicted in Figure 1.12, the output of contact-mode capacitor is reported 

to be more linear than typical capacitive sensor in non-touch mode. However, this 

linearity comes at the expense of decreased sensitivity and risk of stiction [23].

Initial
touchNon-touch

Figure 1.12: A cross section schematic diaphragm of a 
bulk micromachined, contact mode pressure sensor.

1.4.3 Resonant sensor

Resonant sensors typically use a resonating mechanical structure as a strain gauge to 

sense the deflection of the pressure-sensitive diaphragm [24, 25]. Resonant sensors 

operate by detecting the resonant frequency using an integrated double clamped 

bridge [26, 27] or comb drive [28], The resonant beam basically acts as a sensitive 

strain gauge as depicted in Figure 1.13. During operation, the applied stress will 

cause a change in tension in the embedded structure resulting the change in resonant 

frequency [7], Resonant structures could be excited in several methods such as 

electrostatically or optically such as laser. The changes in resonant frequency can be 

detected by employing piezoresistors, photodetector or capacitor. It was reported that 

resonant pressure sensor produces better sensitivity, lower temperature sensitivity 

and lower noise level [7].

17



External
pressure

1 Embedded resonant 
strain gauge

Reference 
pressure inlet

Figure 1.13: A cross section schematic diagram of a resonant 
beam nressure sensor.

1.4.4 Surface Acoustic Wave (SAW) sensor
Surface acoustic waves (SAW), a type of mechanical wave motion which travels 

across the surface of a solid material, were found by Rayleigh in 1885 [29], 

Typically, a SAW device employs a piezoelectric material such as quartz to produce 

acoustic wave. Piezoelectricity is defined as the generation of electrical charges 

subject to mechanical stress and vice versa. A mechanical wave can be created by an 

oscillating electric field which propagates along the surface of the material and 

subsequently convert back for measurement.

A SAW sensor operates based on the acoustic wave which is propagating at 

the surface of a piezoelectric substrate. During operation, the propagating acoustic 

wave will be modified when a stress is presence. Figure 1.14 demonstrates a basic 

SAW sensing device consists of two interdigital transducer (IDT)s on a piezoelectric 

substrate such as quartz. The surface acoustic wave is excited electrically by 

employing the interdigital transducer (IDT) [3, 29-33]. EDT is formed by a series of 

metal interleaved electrodes on the surface of a substrate as illustrated in Figure 

1.14. Zg and Zl are the effective resistive electrical impedance of the generator and 

electrical load, respectively [34], An example of SAW diaphragm pressure sensor is 

illustrated in Figure 1.15. During operations, the input IDT launches the waves and 

the output IDT receives the waves. When the diaphragm flexes due to pressure, the
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SAW sensor changes its output and the output frequency of the oscillator changes 

accordingly [3, 29-33],

input output
transducer transducer

piezoelectric
substrate

Figure 1.14: The basic structure of a delay line based SAW device.

output

SAW
substrate

Gas pressure

Figure 1.15: SAW pressure sensor.

1.4.5 Metal oxide semiconductor (MOS) field effect transistor sensor

The metal oxide semiconductor (MOS) transistor can utilise the piezoresistive effect

to sense strain and therefore pressure [3]. The piezoresistive effect alters the channel 

carrier mobility and therefore the characteristics of the transistor. If the MOS 

transistor is operated in saturation region, the constant value of the drain current will 

change with pressure. Cross-section of a PMOS transistor is illustrated in Figure 

1.16. It is claimed that MOS transistor sensitivity has improved as well as decrement 

on power consumption in comparison with conventional piezoresistive pressure 

sensor. However, the sensitivity of MOS transistor is susceptible to parasitic 

resistance effects [3, 35-37], Pressure sensor using Bipolar transistor has also been 

reported as a good alternative for strain sensing application [38],
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Gate
Source Drain

N-suh

Figure 1.16: Structure of a PMOS transistor.

1.4.6 Optical sensor
Optical pressure sensor typically employ a light source such as laser light or LED to 

detect pressure changes. The change in pressure is detected by the change in the 

optical signal [39, 40], Figure 1.17 illustrates the cross-section of a typical optical 

pressure sensor. As depicted in Figure 1.17, an optical fibre is used as the source of 

the light. Light supplied is split into two channels, one light source acting as 

reference signal while the second light source connecting across the membrane of a 

diaphragm to detect pressure changes. Both light sources will be measured using a 

photodiode. The level of pressure changes can be determined by the phase changes 

between these two signals. Other diaphragm-based optical sensors have been 

reported including Mach-Zehnder interferometry [41] and Fabry-Perot 

interferometry [42], Optical sensing approach offers several advantages such as 

immune to electromagnetic interference, less sensitive to packaging stress, 

operational in high temperature and vibration.
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Figure 1.17: Structure of a typical optical pressure sensor.

1.4.7 Discussion
A review of existing pressure sensing mechanisms is presented in the previous 

section to provide a general idea of how the technologies differ. It can be seen that 

each of the mechanical sensors has their own unique characteristics. A myriad of 

applications exist for these sensing mechanisms. However, every sensor 

manufacturer will prefer one sensing mechanism due to its advantages in the 

application field, manufacturing cost, performance, reliability, etc. Here, a discussion 

will aim to compare and determine the best sensing mechanisms in the domain of 

tyre pressure sensing for further research in this project.

It is generally agreed that piezoresistive is the most popular sensing 

mechanism in the current TPM market due to its advantages of simple fabrication, 

low cost and use of direct sensing circuit with DC voltage supply [18], However, the 

perfonnance of the piezoresistive sensors is strongly affected by variations in the 

temperature where sensitivity declines as the temperature increases. These issues can 

be minimized by connecting piezoresistors in Wheatstone bridge configuration as 

described in section 1.4.1.

Compared to piezoresistive sensors, the capacitive sensing design can 

achieve higher pressure sensitivity, lower temperature sensitivity, and reduced power

21



consumption. However, it requires an AC signal conditioning circuit, introducing 

more sophisticated sensing circuitry. Besides, the output of capacitive sensor is more 

nonlinear and the device requires larger fabrication area. Despite the introduction of 

touch mode designs to improve the nonlinearity and pressure range, there is still a 

potential reliability issue which is the risk of stiction between the surfaces if they 

come in contact. Operating in a vibrating environment in tyre will face higher 

stiction risk.

Similar to the capacitive approach, resonant sensing mechanism also requires 

AC conditioning circuit for sensor operation. Furthermore it requires incorporation 

of vibration excitation and detection mechanisms which complicates the production 

of the sensor. Potentially, the vibration in the tyre rim will create noise to the 

resonant sensing system. If a piezoelectric material such as quartz is used, this will 

limit the choice of micromachining options compared with silicon and lack 

suitability for integrating circuits. In short, the fabrication of such device is more 

complicated and the requirement for packaging is more challenging.

SAW sensing is ideal for wireless, self-powered sensing applications since 

they can be remotely operated by RF (radio frequency) electromagnetic waves. 

However, in reality it suffers from signal stability and calibration issues, the use of 

piezoelectric material such as quartz and required high frequency setup for sensor 

testing. Although this idea has been implemented commercially (e.g. Transense 

Technology pic), it is still immature in the fabrication technology to achieve the 

required signal stability as well as reducing cost of the sensor [33].

Despite the higher accuracy and sensitivity of optical pressure sensors, the 

incorporation of a fiber optic cable or light source in an optical pressure sensor is a 

huge challenge to be implemented in a harsh and wireless environment particularly
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in the tyre rim. In addition, the requirement of a light source will inevitably increase 

the cost and power consumption. Optical sensors can be very accurate, but often 

suffer from temperature sensitivity problems, alignment issue and high calibration 

cost.

The improvement of MOS and bipolar transistor sensor’s sensitivity and 

power reported over traditional piezoresistive pressure sensor has made them a 

strong candidate to be considered for further research. Theoretically, the MOS 

transistor have similar stress detecting principle to the piezoresistor where the 

piezoresistance effect changes the mobility in the conducting channel in saturation 

mode. The fabrication of MOS transistor sensor enables the possibility of integrating 

pressure sensor into ASIC chip but the diaphragm which occupies larger area could 

potentially leads to higher manufacturing cost.

Based on the initial review, Table 1.4 was constructed to compare sensing 

mechanisms in terms of sensitivity, power consumption, ease of fabrication, 

temperature sensitivity, cost, circuit simplicity and the potential for further research. 

It is noted that the scores in this table are allocated based on estimation from the 

collected information. In terms of marking, the lowest rating is represented by ‘1’ 

while highest rating is denoted by ’10’. In short, the higher the points accumulated 

for individual sensing mechanisms, the better candidate it is for further research in 

the field of tyre pressure monitoring application in this project.

According to Table 1.4, piezoresistive sensing mechanism performs best 

with the highest score of 60. This is followed by MOS transistor sensing mechanism 

with overall score of 56. Resonant sensing mechanism sits at the bottom of the 

ranking table with 39 points only. The score for capacitive and SAW are relatively 

low in terms of potential for further research due to unclear of ways of improvement
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and more complicated testing apparatus required due to AC signal and high 

frequency signal detection. Similarly, optical sensor approach is not favoured due to 

the fact that it is challenging and costly to incorporate light source in the harsh 

environment particularly inside the tyre rim. In short, piezoresistive sensing and 

MOS Transistor sensing mechanisms are two strong candidates for further research 

while the others are eliminated due to their limitations and unclear potential for

further research.

Consideration Factors A1 A2 A3 A4 A5 A6
Sensitivity 7 8 8 8 8 9
Power consumption 5 6 6 9 6 4
Ease of fabrication 9 5 3 5 7 5
Ease of testing 9 7 7 2 8 7
Low Cost 9 5 3 5 7 3
Temperature sensitivity 4 6 4 6 6 6
Circuit simplicity 9 3 3 6 7 5
Potential for further 
research

8 5 5 5 7 5

Overall score 60 45 39 46 56 44
Table 1.4: A comparison of existing and potential future sensing mechanisms. (Score is 
given from low to high - 1 up to 10) (A 1-Piezoresistive, A2-Capacitive, A3-Resonant, A4- 
SAW, A5-MOS transistor, A6-Optical)

A factor to be considered in selecting the final sensing approach for further 

research in this project is the potential of fabrication for particular sensor type using 

the facilities available in Queen’s University Belfast - Queen's Advanced Micro 

Engineering Centre (QAMEC). Piezoresistive sensing technique has the highest 

score in the potential for further research category. Silicon piezoresistors particularly 

silicon nanowires could be further investigated as it has been reported that the 

sensitivity of the piezoresistive sensor will increase 7 times more than the sensitivity 

of conventional piezoresistive sensor. Therefore, MOS transistor sensing mechanism 

is left out from this project due to this reason. The research focus of this project will 

be discussed in section 1.5.1.
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1.5 Project Summary

Sensors at the micro / nano level are useful in a wide range of applications in 

mechanical sensing especially in tyre pressure monitoring application. Tyre pressure 

sensors convert input pressures to electrical outputs. This output is collected to 

monitor the air pressure inside the tyres on various types of vehicles. Subsequently, 

the real time tyre pressure information is directly reported to the driver of the vehicle 

in a simple low-pressure warning light on the dashboard.

1.5.1 Thesis focus
This chapter introduced the subject of MEMS sensing and tyre pressure monitoring 

systems. Tyre pressure monitoring systems can be divided into three different types. 

However, direct battery based is preferred at present due to its cost, consistency and 

effectiveness. Existing and future sensing mechanisms including piezoresistive, 

capacitive, resonant, SAW, and optical sensing methods are covered in this chapter. 

A comprehensive review indicates that the piezoresistive sensing mechanisms will 

be further investigated for tyre pressure sensing application while the others are 

eliminated due to various incompatible issues. Two main areas have been proposed 

for research in this project which are shown as below:

1.5.1.1 Silicon piezoresistors

Compatibility with the materials and operations in a production silicon integrated 

circuit (1C) foundry is a major issue in MEMS fabrication. Hence, most MEMS 

pressure sensors are fabricated using silicon-processing techniques common in the 

semiconductor industry. Apparently, piezoresistive ion implanted/ diffusion 

semiconductor technology dominates the component market for tyre pressure sensors 

for many great reasons. Therefore, the piezoresistance properties of /(-type silicon 

are determined experimentally in the early stage of this project, p-type piezoresistors
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are preferred over n-type piezoresistors as it is generally agreed that /?-type 

piezoresistors has higher piezoresistive coefficient (higher sensitivity) [3, 9, 21],

1.5.1.2 Silicon nanowires

Recently, He and Yang [43] reported on very large piezoresistance effect (frequently 

referred to as “giant piezoresistance”) in p-type silicon nanowires, for diameters 

ranging from 50 to 350 nm. High piezoresistive coefficients (up to approximately 

3500X10'11) were reported for structures of high resistivity and small diameter. Other 

recent publications have also agreed that the piezoresistive effect greatly increases as 

the nanowire diameter and doping decreases [43-46], The piezoresistance in silicon 

nanowire is characterized experimentally to verify the enhancement of 

piezoresistance effect.

1.5.2 Important achievements

Important achievements in this thesis include:

• Silicon piezoresistors (p-type in <110> direction) with various length (from 

15 pm to 500 pm) and width dimensions (3 pm to 20 pn) were designed and 

fabricated. Experimental results were comparable with publication data.

• Successfully fabricated p-type <110> silicon nanowire with width ranging 

from 100 to 400nm. Experimental results demonstrate up to 56% 

enhancement in sensitivity and lower TCR (up to 40% decrease) for silicon 

nanowires compared with micron sized resistors.

• Employed COMSOL to investigate piezoresistivity effect in p-type silicon 

piezoresistor. Simulation results are comparable with experimental results 

demonstrate that piezoresistivity effect decreases as doping concentration 

increases.
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1.5.3 Outline of chapters
This thesis is organized as follows

• Chapter 2 - Silicon material properties and piezoresistivity

❖ Introduces the silicon material properties and theory of

piezoresistance effect in silicon. This chapter also covers the 

relationship of stress and strain. The aim is to provide detailed 

infonnation to enable design and fabrication of a silicon 

piezoresistive sensor.

• Chapter 3 -Silicon microwire

❖ Presents the first device fabrication of silicon piezoresistor in

micrometre range. This chapter includes the details of design,

fabrication process, device characterization and experiment results for 

silicon piezoresistor.

• Chapter 4 - Four point bending

❖ Presents and discusses the test apparatus used in this project - four 

point bending apparatus.

• Chapter 5 - Piezoresistivity Simulation in Comsol

*1* Presents and discusses the piezoresistance effect in silicon

piezoresistor. Simulation results are compared with experimental

results.

• Chapter 6 -Silicon nanowire fabrication methods

❖ Reviews and presents a range of approaches to fabricate silicon 

nanowire.

• Chapter 7 - Silicon nanowire
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❖ Presents and discusses the fabrication of silicon piezoresistor in 

nanometre range. This chapter includes the details of design, 

fabrication process, device characterization and experiment results for 

silicon nanowire.

• Chapter 8 - Conclusion

❖ This chapter concludes the simulation and experimental findings and 

provides an outlook for further research in this field.
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Chapter 2
2. Silicon Material Properties and Piezoresistivity
In the market today, silicon piezoresistive sensors, one of the first MEMS devices, 

have been widely employed in various sensing devices such as accelerometers, strain 

gauges, cantilever force sensors and pressure sensors. The piezoresistance effect in 

silicon and germanium was discovered by Smith in year 1954 [1], Since then, it has 

attracted huge interest from both academic and industrial side due to the large 

piezoresistive response of silicon which is useful to employ as a MEMS sensor. This 

chapter begins with an introduction to the unique properties of silicon in the MEMS 

fabrication area. In order to understand the fundamental properties of silicon, Miller 

indices and crystallography of single crystal silicon are presented. This is followed 

by a discussion on the material properties and geometric considerations including the 

relationship of stress, strain. Young’s modulus and Poisson’s ratio.

After introduction of the fundamental properties of silicon, piezoresistance 

theory is reviewed and presented. The use of semiconductors, particularly silicon in 

strain gauges are discussed. This chapter will also review the design and process 

effects on piezoresistor perfonnance encompassing the device orientation, doping 

and temperature factors. In addition, some empirical data on piezoresistive 

coefficients are reviewed and discussed. Finally, noise in piezoresistors is discussed
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and the major noise sources in piezoresistors are identified. The goal of this chapter 

is to establish a good understanding of silicon material and piezoresistivity theory.

2.1 Silicon material properties
Micromachining has been demonstrated in a variety of materials including glasses, 

ceramics, polymers, metals, and various other alloys. Below are some main reasons 

why silicon is so strongly associated with MEMS [2],

• Easy access using existing design tools;

• Low cost production (single crystal silicon) [3, 4];

• Huge research background;

• High quality mechanical properties;

• Popular in microelectronic integrated circuit industry;

• Well understood and controllable electrical properties.

Typically, silicon is a brittle material and therefore has a stress-strain curve where 

the region of plastic deformation is very small compared to most metals. Hence, it 

will fracture rather than deform plastically. Figure 2.1 illustrates the stress-strain 

comparison curve between silicon and mild steel. Tensile strength and proportional 

limit are defined as the maximum stress of the stress-strain curve and the point of 

initial departure beyond linearity, respectively. As shown in Figure 2.1, silicon does 

not have plastic deformation region compared with mild steel [5], This means that 

silicon can sustain substantially high cycle loads without deforming until it reaches 

the fracture state when maximum load is applied.

The Young’s modulus (ratio of stress/strain) of silicon has a value similar to 

that of stainless steel, but it is roughly twice as hard as iron and most standard 

glasses (section 2.3.2 will discuss Young’s modulus in greater details). The high
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level of hardness indicates that silicon is highly resistance to plastic deformation. 

Moreover, single crystal silicon is almost free from hysteresis. The mechanical 

properties of single crystal silicon at room temperature are displayed in Table 2.1 

[5].

Stress
Tensile strength

brittle
(silicon)

//
/

A
Proportional limit

Fracture

A-

ductile 
(mild steel)

Strain
Figure 2.1: Stress - strain curve between silicon and mild steel.

Density
[101 Kg/in’]

Youg’s
modulus
|10“Pa]

Yield
Strength
IKfPal

Thermal 
Conduct. 
[W/m °C]

Thermal
Expansion
[io-6/°ci

2.3 1.9 7.0 157 2.33
Table 2.1: Mechanical properties of crystalline silicon [5],

2.1.1 Miller Indices

Miller indices is a convenient way to define the orientation and properties of a

crystal plane. This approach is useful since sensor devices are generally fabricated

on the surface of crystalline semiconductor material. By using Miller indices, the 

various planes in a crystal can be defined in three main steps:

1. Identify the intercepts of the plane with the 3 Cartesian coordinates in 

relation to lattice constant.

2. Obtain the reciprocals of these figures and simplify them to the smallest three 

integers with the same ratio.
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3. For a single plane, correlate the calculated result in parentheses (hkl) which is

known as the Miller indices.

Miller Indices Description of plane or direction
[likll Definition of a crystal direction

<hkl> Definition of a full set of equivalent 
directions.

{hkl} Definition of a full set of planes
Table 2.2: Commonly used Miller indices and their corresponding planes and directions of a 
crystal surface.

Table 2.2 presents the commonly used Miller indices for definition of plane or 

direction of a crystal surface. Basically, there are three types of cubic-crystal unit 

cell which are illustrated in Figure 2.2. In the first type, atoms are filled at each 

comer of the cubic lattice. This type of cubic crystal is known as simple cubic 

(Figure 2.2a). There is only one material from the periodic table that fulfils this 

cubic crystal configuration which is polonium. Figure 2.2b depicts the body-centred 

cubic (bcc) structure. This type of cubic crystal has an additional atom located at the 

centre of the unit cell. Materials exhibiting this structure are sodium and tungsten. 

The third type of cubic-crystal unit cell is called face-centered cubic (fee) where 

there is one additional atom at the centre of the six outer faces (Figure 2.2c) [6].

Figure 2.2: Three types of cubic crystal structures where a is the lattice constant, 
(a) Simple cubic; (b) body-centered cubic (bcc); (c) face-centred cubic (fee).

2.1.2 Crystal structure of silicon

The silicon crystal stmeture belongs to the face-centred cubic (fee) lattice family as 

illustrated in Figure 2.3 [2], This type of lattice is identified as diamond cubic
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structure with lattice constant, ‘a’ of 5.43 A. This is realized by having one atom at 

the lattice point while the other is located at the coordinates 'A, !4, % standardized to 

the reference cell.

Figure 2.3: Silicon constitutes a covalently bonded diamond cubic structure.

(001) |001]

^ (1001 ‘ [100)

Figure 2.4: Commonly employed planes and directions in crystalline silicon, i.e.,
(100), (110), and (111) planes.

Some commonly used wafer surface orientations in micromachining such as 

(100), (110) and (111) are depicted in Figure 2.4 [2], The orientation indicates the 

plane of the top surface of the wafer. Silicon wafers are commercially available in 

two surface orientation ie. (100) and (111). Generally, silicon wafers are cut at one 

edge to produce a primary flat. The wafer orientation and doping type (n- or />-type) 

can be identified through the secondary flat which is also cut on another edge. 

Figure 2.5 illustrates the primary and secondary flats on commonly used silicon
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wafers. For w-type (100) silicon, the secondary flat is directly opposite to the primary 

flat while for p-type (100) silicon (Figure 2.5a), it is perpendicular to its primary flat 

(Figure 2.5b) [5].

Primary 
flat

Secondary flat Secondary flat

(a) (b)
Figure 2.5: Primary and secondary flats on silicon wafers, (a) (100) n- 
type; (b) (100) p-type.

The orientation of the silicon is an important factor in the design of any 

mechanical sensor. For example, piezoresistors are aligned to <110> direction on 

(100) wafers because this provides the large equal and opposite longitudinal and 

transverse piezoresistive coefficients. The details regarding the influence of 

orientation in piezoresistive effect will be discussed in Section 2.4 [51.

2.2 Material Properties and Geometric Considerations 

2.2.1 Stress
In order to understand the concept of piezoresistivity, it is important to develop some 

fundamental knowledge about the effects on a material when exposed to an external 

force. The basics of stress and strain will be explained later in this section. In 

general, a shape of an object will undergo deformation when a force is applied. Most 

of engineering materials can sustain high load and still maintain their original shape. 

This situation is identified as elastic deformation. If the force is too excessive, plastic 

deformation effect will be experienced where the shape of the object will change 

permanently which is undesirable [5], Prior to deriving any stress and strain
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expressions, it is essential to take into considerations important assumptions. Firstly, 

the material is assumed to be isotropic means that the elastic properties of the 

material are similar in all directions. Secondly, it is assumed that the material is 

homogeneous where it has the same properties across its volume. [5],

By definition, stress is described as force divided by cross-sectional area with 

unit SI of Nm2. The average stress, a is expressed as [7]:

F
a = — Equation 2.1

A

where F and A are the force and area, respectively. When an object is subjected to 

tension stress (stress is positive), it will elongate or extend. Conversely, if a 

compressive stress is applied (stress is negative), the body will tends to shrink or 

shorten. In a 3-D Cartesian coordinate system (as demonstrated in Figure 2.6), the 

stress matrix of a solid is described by

ax Txy Txz

°ij = Tyx CJy Tyz Equation 2.2
Jzx Tzy az.

where the ij are the directions of the applied stress in x, y, and z [8], As shown in 

Figure 2.6, the cubic volume element has side lengths of Ax, Ay, and Az with normal 

stresses perpendicular to the ax, cry, and az axes and six shearing stress components 

TXy, Txz, Tyx, TyZ, tzx, and Tzy. Normal stress is the diagonal stress component (i = j 

criteria) when the force is acting normal to the area while shear stresses is the off- 

diagonal stress component {i ± j criteria) when the force is acting tangentially to the 

area [7, 8],
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Figure 2.6: 3D stress in a Cartesian coordinate system.

Under equilibrium conditions, it can be concluded that the shear stress component (ij 

=ji) is symmetric:

txy = TyZ, Txz = tZx and TyZ = tzy Equation 2.3

Hence, the stress tensor has only six independent components.

2.2.2 Strain
Strain is described as the deformation of an object when stress is applied, which has 

no specific unit. Mathematically, strain, s is expressed as:

£
S
1 Equation 2.4

where S and / are the defomiation and original length, respectively [5], Similar to 

stress, strain is a directional tensor but with a dimensionless quantity, which 

represents the deformation in a solid body. The strain components of a 3D solid is 

described as [7]:

£xx £xy £xz

£i) = £yx £yy £yz Equation 2. 5
£zx £zy £zz.

where the ij are the directions of the applied stress in x, y, and z. The normal strains 

are known as £Xx, %, and £Zz while the remaining components of the strain matrix are
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considered as the shear strains. Under symmetric condition, the strain can be

simplify as £ij — £ji [7],

2.2.3 Young’s modulus
When a body experiences elastic deformation, the ratio of stress to strain is described

as the Young’s modulus, E, which is also known as the modulus of elasticity:

a
E = — Equation 2.6

£

By definition, a stiffer material which deforms less for a given applied stress has 

higher value of Young’s modulus, for instant, tungsten (E = 400 GPa). By contrast, 

the typical Young’s modulus of silicon and aluminium are 160 GPa and 70 GPa 

respectively [9],

2.2.4 Poisson’s ratio
Poisson’s ratio, v, is the ratio of the transverse strain to the axial strain when a body 

is subjected to an axial load [5]:

^transverse
V —------------------

£axial
Equation 2.7

Imagine if a rubber band is stretched (a positive axial strain), then the rubber band 

becomes narrower, which is a negative transverse strain. In contrast, if a pencil 

eraser is compressed, then it becomes wider. In majority cases, v has a value between 

0.2 and 0.5 (silicon is 0.22). Next, piezoresistivity will be introduced to explain the 

process of conversion from mechanical properties to electrical properties when an 

object is subjected to pressure.

2.3 Piezoresistivity 

2.3.1 Introduction
Originally, the name “Piezoresistivity” was derived from the Greek word piezin, 

denoting “to press” [9], This effect could be found in various materials that 

demonstrates a change in resistivity due to an induced stress. In 1856 Lord Kelvin
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reported the change in resistance of iron wires and copper when subjected to 

mechanical stress. However, the first application of the piezoresistive effect was only 

implemented 75 years after the discovery of this technology. Generally, strain gauge 

is the term to given to material that exhibits a change in resistance when subject to an 

applied strain. These so-called strain gauges are typically fabricated from thin metal 

foil attached to a backing film. A standard metal foil strain gauge is illustrated in 

Figure 2.7 [9], Today, strain gauges are popularly used across wide ranges of 

applications to measure strain.

The sensitivity of a strain gauge is often described as the gauge factor (GF). 

There is no dimension for the quantity, which is defined as:

relative change in resistance AR/R AR/R
GF = Equation 2.8

applied strain AL/L e

where R is the initial resistance, AR is the change in resistance, AL/L is the relative 

change in length, e (dimension-less) is the strain for a strain gauge. Here, an elastic 

material (rectangular) is used to demonstrate the piezoresistive effect when it is 

subjected to an applied stress (Figure 2.8). As demonstrated in Figure 2.8, 

downwards force from top has results in deformation in length (increase), width 

(decrease) and thickness (decrease).

Solder tab

Metal foil sensing element

Figure 2.7: Illustration of a metal foil strain gauge.
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deformation
]/l Axial

Initial shape Final shave

Figure 2.8: Illustration of a rectangular before and after deformation where t is the 
thickness, w is the width, and / is the length.

Assuming the material is resistive, the resistance of the material, R is given by

R = — Equation 2.9
tw

where p is the bulk resistivity (f2cm), / is the length, t is the thickness and w is the

width. By differentiating the equation, we have:

P l pl pl v. ■ ~ ~dR = —dl + — dp-----—dw------ -dt Equation 2.10
wt wt w^t wt*

And therefore

dR dp dl dw dt
— =----b —----------------- Equation 2.11
R p l w t M

Based on the assumption that the change is small and £/ = dl/l, we could therefore 

express dl = A/, dw = Aw, and dt = At:

^ = £w = —V£i and j = et = —v£i Equation 2.12

where v is Poisson’s ratio. The minus sign denotes that the object is experiencing 

compression and therefore shrinks [9], Hence, from Equation 2.11 and Equation 

2.12 yield

dR dp
— =---- \- £L + V£t + V£t Equation 2.13

From Equation 2.8 the gauge factor is given as

dR/R dp/p
GF =-------=--------- 1- (1 + Zv) Equation 2.14

£t £i
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It is apparent that the gauge factor comprises of two distinct effects. They are the 

piezoresistive effect ((dp/p)/zi) and the geometric effect (l+2v). For semiconductor 

strain gauges (e.g. silicon), the piezoresistive effects dominates the geometric effect 

in terms of the gauge factor compared with metal strain sensor. In other words, the 

second term of geometric effect is negligible for semiconductor strain gauges. In 

contrast, metal foil strain gauge or thin metal film is opposite where the geometric 

effect dominates [9].

As Poisson’s ratio is usually between 0.2 and 0.3 for a semiconductor strain 

gauge, the contribution to the gauge factor from the geometric effect is therefore 

between 1.4 and 1.6. Piezoresistors are the devices where the gauge factor is 

dominated by piezoresistive effect. As Table 2.3 shows, different materials can have 

different range of gauge factors [9],

Material Gauge Factor
Metal foil strain gauge 2-5
Thin-film metal 2
Single crystal silicon -125 to+ 200
Polysilicon +/-30
Thick-film resistors 10

Table 2.3: Gauge factors of Different Materials [9],

Generally, semiconductor strain gauges exhibit a large gauge factor. In /?-type 

silicon, the maximum gauge factor is up to +200 while «-type silicon shows a 

maximum gauge factor down to -125 [9], A positive value of gauge factor denotes 

that the resistance increases as a result of increasing the applied strain. In contrast, 

metal foil strain gauge or thin film metal only has a gauge factor between 2 and 5

[9].
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Figure 2.9: Gauge factor of Silicon as a function of doping level and temperature [10].

Despite of high sensitivity advantage inherited by semiconductor strain 

gauges, they are prone to temperature changes. Temperature will have a significant 

impact on the semiconductor as the doping is decreasing. Figure 2.9 depicts the 

influence of doping level and temperature on the gauge factor of silicon [10]. 

Therefore, compensation methods such as the use of Wheatstone bridge circuit are 

required to eliminate or reduce the temperature effect [9, 10],

2.3.2 Piezoresistivity in silicon
Historically, single crystal germanium and silicon were the first semiconductor 

materials to be widely used for piezoresistors due to the discovery of the large 

piezoresistive coefficient reported by Smith in 1954. Since then, extensive research 

has been carried out to investigate the solid state properties of the piezoresistance 

effect and its potential applications. At present, the technology for piezoresistive 

sensors is well established and widely used in various applications to detect stress 

changes [1, 2, 11, 12],

This section introduces the formal mathematical description of piezoresistivity in 

silicon. Provided the stress is small, for isotropic material, the piezoresistance effect 

can be derived as
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P — Po + Po7rcr Equation 2.15

where p is the resistivity, po is the resistivity under zero stress, n is the piezoresistive 

coefficient, o is the stress. Considering a three-dimensional anisotropic material such 

as single crystal silicon, Ohms law relates the electric field vector (E) to the current

density vector (J) and resistivity (p) as

Ex Pxx Pxy Pxz Jx
Ey = Pyx Pyy Pyz ■ Jy Equation 2.16
Ez .Pzx Pzy Pzz. Jz

According to Onsager’s theorem [12], the resistivity tensor is a symmetrical tensor 

as is the conductivity tensor. Hence, the nine elements of resistivity components are 

reduced to six independent values due to symmetry considerations. For 

simplification of explanations, the resistivity tensor can be re-written as

P =
Pi P6 Ps
Pe Pi P4

Ps P4 Ps
Equation 2.17

where pi = pxx, p2 = Pyy, pi = pzz, P4 = pyz, ps = pxz, and P6 = Pxy,. Here, the components 

of the resistivity tensor in an unstressed (no deformation) material such as silicon is 

defined as (Smith, 1954)

Pi 0 0 'Po 0 0
P = 0 P2 0 = 0 Po 0 Equation 2.18

.0 0 Ps- .0 0 Po-

For isotropic material under zero load, the Ohm’s law relationship from Equation 

2.16 can be expressed as:

Ex o O o Jx
Ey = 0 Po 0 Jy
Ez . 0 0 po Jz

Equation 2.19

When stress is applied to silicon, these six components of resistivity tensor are 

strongly influenced by the stress in the material. As discussed in section 2.24, stress 

in Cartesian axes can be represented by Equation 2.2 and simplified as below
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-Ox Txy T-xz °i °s-
a = Tyx °y T-yz = a2 a4 Equation 2.20

A-zx ^zy <yz. Ps a4 03.

Similarly, the stress in a piezoresistive material comprise three normal stress 

components (07, rn, 0-5) and three shear stress components (07, 02, vs). It is noted that 

these three normal stresses (cry, ai, <73) are acting on a cube in the direction of x, y and 

z. Therefore, the six components of the resistivity tensor in Equation 2.18 could be 

re-written as:

-Pr
P2
Ps
P4
Ps

under the assumption of isotropic unstressed case. Here, the piezoresistance effect 

has the relationship of six fractional resistivity changes Api/p related to the six stress 

components by a matrix of 36 coefficients. As mentioned in section 2.1.2, the 

fundamental structure of single crystal silicon belongs to diamond structure. Hence, 

there are only three non-zero coefficients remaining for the cubic crystal structure of 

silicon namely, mi, m2 and 7144 as given below:

+
^P2
^P3
dp4
^Ps

Equation 2.21

n =

nll 7T12 0 0 0
^12 ^11 ^12 0 0 0
7Ti2 7112 ^ll 0 0 0

0 0 0 77-44 0 0
0 0 0 0 77-44 0

.0 0 0 0 0 n44

Equation 2.22

where mj coefficients, are known as piezoresistance coefficients (units of Pa'1). By 

substituting the change of resistivity from Equation 2.21 and piezoresistive 

coefficient tensor from Equation 2.22 into resistivity tensor in Equation 2.15, the 

resistivity change can be expressed as
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Equation 2.23

-Pr -Po-
P2 Po
P3 Po
P4 0
Ps 0
-P6- 0-

+ P

Till n12

n12 nii 
n12 ni2

0 0 
0 0 

L 0 0

7r12 0 o 0
7Ti2 0 o 0

Tin 0 o 0
o nAA 0 0
0 0 ^44 0
0 0 0 ^44

(7i-|
^2
Gl
(T4
<TS

-06-

2.3.3 Measurement of the piezoresistance coefficients.
In principle, an amount of stress is applied onto a piezoresistive material to produce

a change in resistivity in order to measure the piezoresistive coefficients. It was 

reported that Smith was the first to measure the piezoresistive coefficients (tch. Tin, 

and 7144) at room temperature, by implementing test configurations as presented in 

Figure 2.10 [1, 13]. In the experiment, a uniaxial tensile stress, a, was applied to a 

single-crystal rod by hanging a weight using a string, and measuring the voltage 

dropped across between the dotted lines. Test configuration A was implemented for 

the longitudinal measurements on a [100] silicon sample, yielding a value of nn. 

Test configuration B was employed for measurement in the transverse direction on a 

similar sample, yielding a value of nn. Configurations C and D were carried out to 

measure piezoresistive coefficients on a [110] silicon sample, in both longitudinal 

and transverse directions, yielding values for 0.5(7t// + nn + n44). Smith’s 

measurement results will be presented in the following section [1],

A B C D

--- -[010] | -[010] -[110] ;-----[110]

[100] [100] [110] [010]

Figure 2.10: Smith’s test configurations and associated coefficient measured.
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Table 2.4 presents the measurement results for lightly doped n- and /’-type silicon 

published by Smith in 1954 [1], For /’-type silicon, it is obvious that ^dominates 

the piezoresistance effect with a value that is significantly larger than the other 

piezoresistive coefficients.

Silicon Resistivity (f2*cm) Jin 7112 7T44

/>type 7.8 (1.7xl015cm-3) +6.6 -1.1 +138.1
n-type 11.7 (5.68xl014cm"3) -102.2 +53.4 -13.6

Table 2.4: Piezoresistive Coefficients in Si in 10'uPa‘1 (Room temperature) [1],

2.3.4 Transformation of axes

If the geometric factor is neglected, the change in resistivity can be derived as the 

function of the longitudinal and transverse stresses as below [9]:

Ap
— = 7r.<7; + ntat Equation 2.24

where tt/ and nt are longitudinal and transverse piezoresistive coefficients; ai, and at 

are longitudinal and transverse stress respectively. In the longitudinal direction, 

current flows parallel along the direction of the resistor whereas current flows in 

perpendicular direction in the transverse direction. However, in order to determine 

the stresses and the electrical field described in an arbitrary Cartesian system, which 

is not parallel to one of the principle axes, a transformation of the coordinate system 

is required. The rotation of new coordinate system (/ '2’3’ = X’Y’Z’) in relation to 

default coordinate system (725 = ATZ) can be described using Euler’s angles as 

presented in Figure 2.11 [7, 14], Let assume 1, 2, and 3 are the unit vectors along 

the x, y, z Cartesian axes aligned to the principle <100> directions of the crystal unit 

cell and l',2',and 3' are the unit vectors in the new coordinates of the rotated 

coordinate system as depicted in Figure 2.11 [7, 14],
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r

Figure 2.11: Definition of the Euler angles y, and 8.

The vectors of new coordinates referred to crystal axes can be described as:

1' = /xl + T rtxS 
2' — I2I + m22 + n23 
3' = /3i + m32 + n33

Equation 2.25

where the direction cosines are provided in the following equation for rotation 

corresponding to the 2’ axis [7].

Equation 2.26

where //, mi and m are the direction cosines (with respect to the crystallographic 

axes) of a unit-length vector which is parallel (longitudinal direction) to the current 

flow in the resistor, whereas h, mi and m are the direction cosines of a unit length 

vector perpendicular (transverse direction) to the resistor. Basically there are two 

typical piezoresistive effects can be observed when stress is applied to a material. 

The first one is the longitudinal piezoresistive coefficient, m, when the current and 

field are parallel to the direction of the stress. The other piezoresistive effect is 

denoted as transverse piezoresistance coefficient, nt, when the current and field are 

perpendicular to the stress. The longitudinal and transverse piezoresistive 

coefficients for an arbitrary direction referenced to the (100) axes are defined as [5,

9]:
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ni — nn + 2(7r44 + n12 — 7r11)(Zim4 + l^nl + n4m4) Equation 2.27 

nt = n12 — (Tr44 + 7r12 — + m4m| + nlnj) Equation 2.28

The values of the rotated longitudinal and transverse piezoresistive coefficients can 

be plotted for both n and /?-type silicon using the values reported by Smith (see 

Figure 2.10). In these polar plots, it is observed that the rotation angle is scanned 

only from 0 to 180° and comprises of two halves indicating the longitudinal (top 

half) and transverse (bottom half) piezoresistive coefficients simultaneously. For p- 

type silicon, it is evident that both ni and nt peak along (110), while for n-type they 

are maximum along (100) direction. Generally, />type piezoresistors are more 

popular due to the fact that it has larger piezoresistive coefficients [5, 9],

135

orientation

(a) (b)
Figure 2.12: Room temperature piezoresistive coefficients in the (100) plane of 
(a) />-type; (b) «-type silicon.

Kanda [14] has plotted piezoresistive coefficients in longitudinal and 

transverse based on Equation 2.27 and Equation 2.28. Figure 2.12 illustrates the 

piezoresistive coefficients plot on commonly used (100) crystal plane for p and n- 

type silicon [2, 14], Commonly, (100) />type silicon in <110> direction is favourable 

for piezoresistive sensor application due to its approximately equal and opposite 

magnitude of piezoresistive coefficients [5, 9].
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2.3.4.1 <110> orientated piezoresistor on silicon (100) substrate

In this work, analysis is only focusing on />-type <110> oriented piezoresistor due to 

it’s high and opposite piezoresistance effects in both longitudinal and transverse 

direction. This can be achieved by using /;-type (100) silicon substrate as starting 

material which is commercially available and compatible with CMOS electronics. 

To achieve this objective, a new coordinate system is required to orient the 

piezoresistor from [100] direction to [110] direction. If a (100) silicon wafer is used 

as starting material, the <110> oriented resistor has a rotation of # = 7t/4 (45°) 

(Figure 2.13). Hence the new vector of the <110> oriented resistor have 

transformed from and x2 to x[ and x'2, respectively.

.r, [010]

Figure 2.13: The <110> oriented resistor in the new coordinate system 
referred to default (100) crystal axes.

By replacing 0 equals to = ti/4 (45°) into Equation 2.26, the longitudinal (Equation 

2.27) and transverse (Equation 2.28) piezoresistive coefficients expressions can be 

simplified to

1
ni<no> = 2 (^n + ^12 + ^44) Equation 2.29

1
^t<iio> = 2 On + *12 ~ n-44) Equation 2.30

For p-type silicon, and 7r12 can be neglected due to relatively large value of 7r44 

(reported by Smith [1]), Equation 2.31and Equation 2.32 can be further simplified 

and derived as
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Equation 2.31
1

nl<110> ~ 2 ^7r44)

1
^t<no> « 2 (_7r44) Equation 2.32

2.3.5 Design considerations on piezoresistor performance

Silicon has a relatively large piezoresistance effect which has been known since

1954. Various studies have been developed to understand the piezoresistive effect in 

both ft-typc and p-type silicon by comparing theoretical study model with 

experimental results. The piezoresistive effect in silicon can be explained by 

studying the band structure which was covered by S. Middelhoek and Audet [15], 

Piezoresistivity effect is essentially the result of applied stress affecting the effective 

mobilities of majority charge carriers. The resistivity of />-type silicon increases as 

the mobility of holes decreases when stress is applied. Conversely, resistivity of n- 

type silicon decreases as the mobility of holes increases. Several research groups [14, 

16, 17] have published the explanations on the piezoresistivity effect in /;-type 

silicon. However, the originality of piezoresistive effect in />-type silicon is still 

unclear as the band structure is far more complicated than n-type silicon.

2.3.5.1 Device doping and orientation

Early studies of piezoresistance in silicon, both theoretical [1, 14] and experimental 

results, have agreed that the piezoresistive coefficient decreases with increasing 

doping concentrations and temperature. A widely used and convenient way to 

represent the changes in terms of piezoresistance effect is to normalize the 

piezoresistive coefficient to a reference value measured at room temperature for 

lightly doped silicon [14]:

n (IV, T) — P(N, T)nref Equation 2.33
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where N and T are the arbitrary doping concentration and arbitrary operating 

temperature, respectively. This equation was produced by Kanda in 1982 [14], The 

piezoresistance factor P(N, T) for n- and p-type silicon, based on Kanda 

mathematical calculations are presented in Figure 2.14 [2, 13], It is noted that the 

temperature coefficient of piezoresistivity also decreases with increasing doping 

concentration. This trend is visualised by the decreasing distance between the curves 

as the doping concentration is decreased.

Piezoresistive coefficients as a function of doping is plotted in Figure 2.15. 

Kanda’s theoretical model which is based on Smith’s data [1] and Harley and 

Kenny’s empirical fit [16] based on experimental results from Mason et al. (1962) 

[18], Tufte et al. (1963) [19], and Kerr et al. (1963) [20] are both recorded in this 

graph. Recently, Ritcher et al. [17] published a new theoretical model to analyse the 

gap between Kanda and Harley et al.’s results. This theoretical model has good 

agreement with their own experimental data [2, 14, 16-20],

1.0K 1.0

Figure 2.14: Variation of piezoresistive coefficient for (a) ^-type (b) n-type silicon.

The calculated values of the P(N,T) from Kanda, appeared to be under

estimated the piezoresistance factor at higher doping concentrations (greater than 1 x 

1019cm'3). The discrepancy was attributed to dopant ions scattering for high dopant 

concentrations, whereas the equation only take into account the effect of lattice 

scattering. Harley et al. [16] later analysed data from other publications and
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produced an empirical fit that better estimates the piezoresistance factor for higher 

concentration region. Lastly, most recent Ritcher et al.’s theoretical model which 

considered the full range of possible scattering mechanisms, also agreed well with 

Harley’s model at higher doping concentration region. The full range of scattering 

mechanisms considered by Ritcher et al includes ionized impurity scattering, 

nonpolar optical phonon, and acoustic phonon [17].

Model
------  Kanda

Harley et al. 
-------Richter et al

Measurement 
o Mason et al. 
x Tufteetal. 
a Kerr et al.
* Richter et al.

Boron Concentration (cm*3]

Figure 2.15: Piezoresistance factor as a function of boron concentration.

2.3.5.2 Temperature coefficients of sensitivity and resistance

Experimentally, piezoresistors are susceptible to the change in temperature. The

effect of temperature will change the number of carriers and the carrier mobility, 

subsequently affecting the conductivity and sensitivity [21]. As a result, doped 

silicon devices are often used for precise temperature detection such as in resistance 

temperature detectors (RTDs). In fact, a standard commercial piezoresistive pressure 

sensor exhibits a thermal resistance change an order of magnitude larger than the 

full-scale resistance change due to stress for a temperature variation of 55°C.

In 1962, several trends of key piezoresistive parameters in relation to the 

doping concentration were published by Kurtz (Figure 2.16) [22], These 

experimental results encompassed the trend of piezoresistive coefficient (1144), 

temperature coefficient of sensitivity and resistivity over a range of doping
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concentration from 1018 to 1022 cm'3. Kurtz pioneered the development of 

piezoresistors with higher doping concentrations. MEMS pressure sensors fabricated 

using higher doping concentrations benefited from lower temperature dependence of 

sensitivity and reduced nonlinearities in sensitivity to both strain and temperature. 

Although increased doping concentration sacrifices the strain sensitivity of the 

sensor, the temperature sensitivity decrease faster than strain sensitivity. 

Temperature sensitivity can be further minimized by the implementation of 

Wheatstone bridge circuit configuration.

120
*

(1)I |
S O

v
60

1018 1 019 1 020 1 021 1022

Boron concentration (cm 3)

(a)

0 003

1018 1 019 1 020 1 021 1022

Boron concentration (cm 3)

(b)

I f
s 1
g. ^ 

£

Boron concentration (cm'3)

(Cl

Figure 2.16: Influence of doping concentrations on piezoresistive properties 
(a) sensitivity - k44 (b) TCS (c) TCR.

2.3.6 Non-linearity
Generally, the response of piezoresistors to stress is recognized as nonlinear at larger 

strain (>0.1%). In order to maintain precision, it is vital to understand and overcome 

the nonlinear characteristic of piezoresistors. Matsuda et al. [23, 24] presented the 

theoretical and experimental results for the piezoresistive coefficients and third-order
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effects for the three major crystallographic orientations. The experiment was based 

on p- and n- type silicon and covered strain up to 0.1%. In the past, higher strain 

levels were difficult to achieve since surface defects in the silicon lattice lead to 

fracture. This issue was overcome by test structures created by Chen and MacDonald 

[25] to allow more accurate measurements with increased range of strain (> 1%).

Figure 2.17 illustrates the definition of nonlinearity for a strain gauge [24, 

26], The nonlinearity, NL(o), was defined as

R(a)-\{R(amax-)-Rm~ + R(0)] . ~ ~.
Nl fn =_______ -_________________ max_______ - Equation 2.34^ R(*maX) ~ RW

where R(a) is the resistance, a is the stress and Umax is the maximum stress [26], 

Yamada et al. [26] presented experimental results on the nonlinearity of the 

piezoresistance effect for a />type diffused silicon cantilever with surface 

concentration from 101X to 10l9cm"3. Two different types of biaxial stresses ai 

(parallel to the direction of current) and 07 (perpendicular to direction of current) 

were applied to the test structure. The magnitude of the stress applied to the test 

structure was lOOMPa (both tensile and compressive).

The nonlinearity as the function of surface doping concentration is plotted in 

Figure 2.18, which shows that the nonlinearity is greater for piezoresistor in 

transverse direction for both tensile and compressive stress [26], For transverse case, 

the nonlinearity was found to be negative under compressive stress and positive 

under tensile stress. It was observed that the trend in longitudinal case was the 

opposite way round [24, 26].
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Figure 2.17: Definition of nonlinearity.

- 2
o
z ’
^ 0

^-1 

-2

to'8 10’9 to20
SJRFACE CONCENTRATION NslcirfS)

Figure 2.18: Variation of nonlinearity in parallel (longitudinal) and perpendicular 
(transverse) mode against surface impurity concentration of the diffused layers.
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2.3.7 Noise in piezoresistor

In general, various noise sources such as thermal, Hooge, shot, photo or thermo

mechanical can be found in MEMS sensors [27]. Among these, thermal and the 

Hooge noise sources are the two dominant contributors for piezoresistive pressure 

sensor.

2.3.7.1 Thermal (Johnson) noise

Thermal noise [28], also called as Johnson or Johnson-Nyquist noise, is fundamental 

noise in all resistors. It was first found in 1928 by Johnson [28] and theoretically 

described by Nyquist [29], This noise is a type of “white noise”, which is 

independent of frequency and mainly contributed by thermal energy of the carriers in 

a resistor. For a 1Hz bandwidth, the Johnson voltage noise is defined as
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Equation 2.35Vf = y/AkTR

where T(K) is the absolute temperature of the resistor, R(Q) is the resistance value, 

and k (J/K) is Boltzmann’s constant.

2.3.7.2 Hooge 1/f noise

By contrast, Hooge noise is influenced by frequency. Due to conductor fluctuations, 

this noise is dominant at low frequency. This noise does not exist naturally, it comes 

from the process variables such as implant dose and energy and annealing 

parameters. \ 1/f n noise exponent of « > 1 is used to measure the conductor 

reliability. Excessive 1/f noise can denotes low quality fabrication process. Several 

groups of researchers [16, 30-32] have agreed that 1/f noise is one of the dominance 

noise in piezoresistive device. Hooge’s empirical \/f noise model, produced by 

fitting to their observed experimental data, estimates that the voltage noise density is 

defined as [33]:

V1/f = Vb
a

Nf
Equation 2.36

where f is the frequency, N is total number of carriers in the resistor structure, and 

and Vb is the bias voltage across the resistor. A non-dimensional fitting parameter, a, 

typically ranges from 10~3 down to 10'7 is referenced as the “quality of the lattice” 

[33]. Experimental results from Harley and Kenny [16] and more recently Mallon et 

al. [34] have demonstrated that high and long temperature anneals can generate 

lower noise piezoresistors as well as low values of a. This particular trend is depicted 

in Figure 2.19 [35].
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Figure 2.19: Hooge noise parameter, a, improves (decreases) with increasing 
anneal diffusion length, Vi)/.

_io'7
'**P

z:

thermal noise region

;y sfeni nofse level 1
; noise of 680Q bridge 

for system verification

Frequency (Hz)

Figure 2.20: Typical noise curve of a full-bridged piezoresistor.

Figure 2.20 indicates the typical Hooge noise of a piezoresistor [35]. The 

thermal noise of the resistor is represented by the horizontal straight line while the 

sloping line is the I/f noise component. When bias voltage is applied, the J/f noise 

will be observed together with the thermal noise. If bias voltage is removed, the only 

noise source remains is the thermal noise. Normally, a lk£2 resistor which has 

4nV/VHz thermal noise is used as a reference for calibration and verification of 

measurement system [36]. The horizontal dashed line represents the measurement 

system noise level, which is measured with a 680f2 resistor from 0.01 Hz. System 

noise is not displayed above 1 Hz for clarity. Since both thermal and Hooge noise
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sources are independent to each other, the overall noise for a piezoresistor is given 

by

Equation 2.37

2.4 Summary
This chapter begins with the introduction of silicon as one of the most popular 

materials used in MEMS fabrication. Miller indices and crystal structure are very 

important properties of silicon as orientation and placement of the sensor will 

significantly affect the device sensitivity. The first part of this chapter also covers 

the general notations of various material properties to compare silicon properties 

with those of other materials. The early part in this chapter is intended to provide a 

better understanding on the relationship of stress and strain.

The piezoresistance effect in silicon is introduced. It is defined as the change 

in resistance due to applied stress. Theoretically, the effective mobility of majority 

charge carriers is influenced by the applied stress. For /?-type silicon, the effective 

mobility of holes decreases and so the resistivity increases. For «-type silicon, the 

effective mobility of the electrons increases and hence the resistivity decreases with 

applied stress. The relation between the stress and the resistivity of a material can be 

described by 3 independent piezoresistive coefficients, mi, mi, and 7144. It is evident 

that piezoresistance factor, P(N, T) varies with temperature and dopant concentration, 

while Umax varies with piezoresistor orientation.

A maximum piezoresistance coefficient on a (100) plane ofp-type silicon can 

be obtained by fabricating piezoresistors in the <110> direction due to their high 

piezoresistive coefficients. The fact that anisotropic wet etching is easily 

implemented to define the <110> direction makes this type of piezoresistor a popular 

choice. Analytical expressions are derived to determine the piezoresistive
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coefficients of <110> oriented/Mype piezoresistors which will be used in Chapter 3. 

Two major noise sources in the piezoresistors, namely thermal noise and \!f noise 

have also been discussed. The next chapter will discuss the silicon microwire 

piezoresistor fabrication experiment.
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Chapter 3
3. Silicon Piezoresistors
In this chapter the design, fabrication and characterization of the silicon 

piezoresistors are presented. The preliminary experiment investigates the 

characteristics of silicon piezoresistors with various doping concentrations and 

length / width dimensions at micro level. These silicon piezoresistors are produced 

by conventional fabrication methods. Important fabrication process steps will be 

covered in this chapter. The measurements are conducted on silicon test chips where 

p-type resistors are fabricated on n-type (100) silicon substrates along the <110> 

direction. A four point bending setup has been designed and fabricated for 

characterizing the piezoresistor sets. The four point bending setup is used to apply 

unifonn uniaxial stress along the <110> direction. The fabrication details of the four 

point bending setup will be presented in the following chapter. Finally, the electrical 

characterization of the chip will be investigated and piezoresistive characterization 

results are demonstrated and discussed.

3.1 Design of the piezoresistors
In this experiment, a standard four terminal resistor design is employed as the main 

design of piezoresistors. Figure 3.1 illustrates the cross section of standard />type 

silicon piezoresistors associated with the electrical measurement configurations. 

Effectively, current, / is supplied from terminal 1 and 4 while potential, V is being
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measured across terminal 2 and 3. The p-type silicon resistor forms a p-n junction 

with the /7-type silicon substrate.

The general chip layout is demonstrated in Figure 3.2. The chip which is also 

known as silicon beam is designed to fit into zero insertion force (ZIP) 

interconnectors. The implementation of ZIP interconnectors contact measurement 

method was previously reported by Richer et al. [1], This type of measurement 

interface is preferred over conventional electrical probe to eliminate the error 

induced during force testing applications. To achieve uniform stress during silicon 

beam testing, the piezoresistor structures are designed to be located at the centre 

surface region of the chip. A unifonn stress can be produced by applying a known 

force using a four point bending fixture which will be further discussed in Chapter 4.

Figure 3.1: Schematic cross section of the piezoresistor structure.

Figure 3.2 illustrates the layout of the silicon beam array where the six 

resistors are designed at the centre of the chip where the stress is uniaxial and 

uniform. Metal structures (in blue) are extended from the resistors at the centre out 

until the edge for electrical connection purpose. Both ends will connect to the 

experimental setup using ZIP connectors. A range of test structures, which are 

located at the top of the beam, have also been included in the design for device 

electrical characterization purpose.
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Edge metal contacts Test structures Edge metal contacts

Piezoresistors

Figure 3.2: Silicon chip array.

Criteria Parameters (mm)
Thickness 0.40
Width 6.50
Length 40.00

Table 3.1: Silicon Chip Dimension

Table 3.1 indicates the dimensions of the silicon chip. The thickness and 

width of the chip are defined based on the dimension of the Z1F (Zero Insertion 

Force) connector which creates a simple plug and measure method for the silicon 

chip (Appendix B1 for more details on the ZIF connector). The length of the silicon 

chip is set to be 40mm due to the size of a 100mm diameter silicon wafer. This 

dimension allows production of up to 18 pieces of silicon beams from a single 100 

mm diameter silicon wafer.

3.1.1 Sensing chip design

LEdit mask design software (Tanner tool version 8) is employed to create layout to 

produce photo mask for device fabrication. Figure 3.3 illustrates an example of four 

terminal resistor layout using LEdit mask design suit. As mentioned earlier, a four 

terminal resistor configuration is used to design piezoresistors structures on the mask 

layout. Effectively, current, 1 is supplied through the piezoresistor while the potential 

drop across each resistor is measured by two individual contacts. By referring to 

Figure 3.3, the green area denotes the structure of the piezoresistor. The blue pattern
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indicates the metal structure while the red pattern area represents the contact window

for metal contact.

<3l>

------- v ---------

Figure 3.3: Four terminal resistor LEdit mask design with electrical connections.

3.1.1.1 Design considerations

Generally, there is a list of design rules that needs to be adhered to during the mask 

design to maintain design consistency and minimize any design errors which will 

leads to fabrication issues. 1 pm design rule is employed in this design. Figure 3.4 

represents the general design dimensions used for all four terminal resistor in this 

mask layout. The width of extension leg of the 4 terminal resistor is set to be 5pm 

wide which is shown in Figure 3.5. The deep silicon etching method is employed in 

this fabrication process to etch into 3/4 of the thickness of silicon wafer to form the 

silicon beam . In order to make the silicon beam breaking process easier, a relatively 

large width of 100pm is selected as the trench width (Figure 3.6).

Figure 3.4: Dimensions of (a) contact window; (b) resistor pad and; (c) metal pad.
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Figure 3.5: Width of leg extension of 4 terminal resistor.

Silicon beam array Trench

Figure 3.6: The width of trench (in red) is defined as lOOgm wide.

In order to investigate the piezoresistive characteristic due to various doping 

concentrations, the mask of resistors sets are designed to accommodate a range of 

doping levels covering from 1017 cm"3 (low) up to 1019 cm"3 (high) doping 

concentration. Moreover, length to width (L/W) ratio from 5:1 up to 50:1 are 

proposed for the preliminary test to investigate the influence of dimensions in 

relation to the piezoresistive characterizations of /;-type silicon piezoresistors.

A smallest width of 3 um is chosen for the resistor design due to the 

limitation of the available Electronic Visions EV-420 mask aligner. In order to avoid 

undesirable noise and heating during electrical measurement, a target resistance 

value in the range of 2 to 50 k£2 was selected as the reference value. Based on above 

considerations, resistors with width ranges of 3, 4, 8 and 20 pm are selected in this 

design. The junction depth of the boron solid source diffusion is estimated to be 1 

pm according to Athena simulation results. As a result, the target thickness for all
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resistors is designed at 1 jam. Athena simulation will be discussed later in section 

3.3.1.2. Generally, two main arrays are proposed in this preliminary device 

fabrication. Each array consists of 6 unique size resistors to cover a range of doping 

levels. Table 3.2 denotes the design criteria for both resistor sets. The following 

section will describe the design details for resistors array A and array B.

Resistor dimensions Minimum Maximum
Width 3 pm 20 pm
Length 30 pm 500 pm

Table 3.2: Proposed minimum and maximum criteria for both resistor’s width and length.

3.1.1.2 Silicon piezoresistors Array A

Array A comprises of 4 x (25:1 length to width ratio) silicon resistors and 2 x (5;l 

length to width ratio) silicon resistors. Table 3.3 indicates the dimensions of 

individual resistors corresponding to targeted resistivity range. RA1, RA2, RA3 and 

RA6 are designed to determine the piezoresistive characteristic of medium doped p- 

type resistors while RA4 and RA5 are designed to evaluate the piezoresistive 

characteristic of low doped p-type resistors. The mask design for the Array A is 

presented in Figure 3.7.

RA4

Figure 3.7: Layout of Array A.

Resistor ID Length (pm) Width (pm) Ratio Resistivity range
RA1 75 3 25:1 Medium
RA2 100 4 25:1 Medium
RA3 200 8 25:1 Medium
RA4 15 3 5:1 Low
RA5 100 20 5:1 Low
RA6 500 20 25:1 Medium

Table 3.3: Design A c imensions and c esign considerations
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3.1.1.3 Silicon piezoresistors Array B

Array B comprises of 3 x (10:1 length to width ratio) silicon resistor, 2 x (50:1 

length to width ratio) silicon resistors and a metal resistor. Table 3.4 presents the 

dimensions of individual resistors corresponding to targeted resistivity range. RBI, 

RB2, and RB3 are designed to determine the piezoresistive characteristic of low 

doped p type resistor while RB4 and RB6 are design to evaluate the piezoresistive 

characteristic of high doped p type piezoresistor. A metal resistor, RB5 is included in 

this design to investigate the effect of stress and temperature. The mask layout for 

array B is illustrated in Figure 3.8.

Figure 3.8: Layout of Array B.

Resistor ID Length (um) W(jim) Ratio Resistivity range
RBI 30 3 10:1 Low
RB2 40 4 10:1 Low
RB3 80 8 10:1 Low
RB4 200 4 50:1 High
RB5 2000 15 133:1 Metal
RB6 400 8 50:1 High

Table 3.4 : Design B dimensions and design considerations.

3.1.2 Test Structures

A range of test structures have been designed alongside the resistor arrays. These test 

structures are useful to extract some fundamental information such as metal 

resistivity, doping concentration of the device wafer (pre or post silicon beam etch), 

silicon beam temperature monitoring, and contact resistance measurement [2], The 

test structures are located at the edge of every chip.
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3.1.2.1 Greek cross test structures

Greek cross test structures are generally used to determine the surface doping 

concentration of the fabricated resistors [2], In this mask design, one Greek cross test 

structure is included in every silicon array for sheet resistance extraction purpose. 

Figure 3.9 illustrates the mask design of Greek cross test structure.

Figure 3.9: Greek cross test structure design.

3.1.2.2 Kelvin resistor test structures

Kelvin resistor test structures are designed to extract the contact resistance between 

the silicon and metal contact [3], Contact window size of 10, 15, and 20pm squares 

are designed and fabricated (Figure 3.10). This measurement is useful to verify that 

there is a good contact between silicon and interfaced metal [3], These test structures 

will enable us to extract the sheet resistance of real devices post fabrication process.

10pm 15 pm 20pm

Figure 3.10: Kelvin resistors test structures (contact window size of 10, 15, 20 pm squares).

3.1.2.3 Temperature monitoring resistor

A standard resistor with 500 pm length and 20 pm width (L/W ratio of 25) is 

designed to provide temperature monitoring on the silicon beam. This temperature

73



reference resistor is located away from the stress region and is close to the end of the 

silicon beam. This test structure is used to collect stress free temperature data.

3.1.3 Electrical connections
In this project, zero insertion force (ZIP) connectors are used to interface between 

the silicon beam array and measurement instruments. For the extension of electrical 

connections, two custom-made printed circuit boards (PCB) (see Figure 3.11) have 

been designed and developed to extend the electrical connection from the silicon 

beam through the zero insertion force (ZIP) connector and eventually connecting to 

external measurement instruments. PCB is designed using CadSoft Eagles software 

(version 6.5). To simplify the wire connecting process, terminal strips are soldered 

on the PCB to create contact with ZIP connector (Figure 3.12).

V
Terminal strips

(a) (b)
Figure 3.11: (a) front view of PCB (b) bottom view of PCB.

12 holes reserved 
for terminal strip

ZIP connector

Figure 3.12: Custom-made circuit board design using CadSoft Eagles software.

Finally, a Flat Flexible Cable (FFC) is used to establish electrical contact 

between the PCB and ZIF connector. 12 ways ZIF connector is soldered on each end 

of the FFC cable to interface with the silicon beam (Appendix B2 for more details

74



on the FFC). Figure 3.13 represents the general configuration of the electrical 

connections established from the silicon beam extended to the PCB.

PCB board

Figure 3.13: Overview of electrical connection of silicon beam design.

liIo|

Array A 
Array B

FY Alignment 
marks

[110]
Wafer priman flat

Figure 3.14: ThelOO mm wafer layout consists of a total of 18 arrays (silicon beam).

3.1.4 Wafer Layout
The overall wafer layout is shown in Figure 3.14. The wafer layout consists of 9 

Design A arrays and 9 Design B arrays. Each individual array carries 6 different 

sized resistors. In total, there are 12 different designs of resistors in the preliminary 

fabrication test. One out of the 12 resistor designs is replaced with a metal resistor 

structure for stress and temperature monitoring.

3.2 Fabrication process:
This section presents the fabrication process of silicon piezoresistors which consists 

of 7 main steps including 5 UV lithography steps (Figure 3.15). The full fabrication 

process details are recorded in Appendix Dl. All fabrication processes were
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completed in the cleanroom facilities of Queen’s University Belfast - Queen's 

Advanced Micro- Engineering Centre (QAMEC). Below is the overview of the 

entire fabrication process.

The starting material is 100 mm diameter silicon substrate is «-type, 

thickness of 400 pm, with sheet resistance of >4000 ohm/sq. A 300 nm thick oxide is 

grown using thermal oxidation technique. Thermal oxide is then patterned for silicon 

alignment mark etch and phosphorus diffusion. A shallow silicon etch 

(approximately 200nm) is conducted using Alcatel “Speeder 100” Inductively 

coupled plasma (ICP) etcher to create alignment marks on the silicon substrate. First 

mask is critical for crystal orientation alignment (aligning to wafer flat).

u. Alignment mark etch & b. phosphoms d.rtus.on
ditmsion windows opening

c. Oxide re-grown & 
patterning (/> region) d. Boron ditftision

e PECYD oxide deposition 
& contact windows opening

I ■y///////////////.

f. Aluminium sputtering & 
patterning

I I Silicon ■■ SiO;

| Phosphorus V/A Boron 

Hi PECVD oxide I I Aluminium

g. Silicon trenching

Figure 3.15: Fabrication process steps of silicon piezoresistors.
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Phosphorus solid source diffusion is carried out for 1 hour at 100CTC to form 

the substrate contact. Then, thermal oxide is stripped and re-grown. Oxide is 

subsequently patterned and etched for piezoresistor /^-regions. Boron solid source 

diffusion is carried out for 1 hour at 1000°C to form the piezoresistors. 1pm PECVD 

oxide is deposited followed by contact window oxide etch. 1pm aluminium is 

sputtered, patterned and etched to form the electrical contacts. Metal sinter at 400°C 

for 30 minutes is introduced post metal etch. Finally, a deep silicon trench etch is 

performed to define the silicon beam, to enable easy dicing.

3.2.1 Important process steps

All fabrication methods involved in this experiment are considered as standard 

conventional fabrication process. However, there are three important fabrication 

steps in this section which have crucial effects on the piezoresistors test array. 

Firstly, the crystal orientation of the silicon wafer is determined by aligning the first 

mask to the primary flat of the wafer. Additional patterns are included on centre left 

edge and centre right edge of the wafer to ensure that the first mask is patterned close 

to the centre position of the wafer and aligned to the <110> direction. Next, boron 

solid source diffusion process which defines the doping of piezoresistors is 

discussed. Process parameters of diffusion process such as diffusion time and 

temperature are vital to produce the desired doping concentration and junction depth 

of fabricated device. Finally, silicon trench etching method is implemented to break 

silicon beams from 100mm silicon wafer for final stress testing applications. These 

issues are discussed in more detail in the following sections.

3.2.1.1 Crystal orientation alignment

The 100 mm silicon substrates used in this experiment are n-type, 400 pm thick, 

single side polished, (100) surface with [110] oriented primary flat. In order to obtain
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high piezocoefficients on p-type piezoresistor, it is essential to fabricate the piezo 

sensing element at the correct orientation which in this case is [110], This was 

achieved by aligning to the [110] primary wafer flat with the aid of a rectangular 

pattern (7 ><31.5 mm) on the first photo mask. Additionally, two sets of rectangular 

patterns were designed for wafer centre positioning. Prior to the alignment design, 

the length of the wafer flat of the real 100mm silicon wafer was measured to be 

31.5mm. Mask patterns associate with series of wafer edge and bottom inspections 

post exposures are depicted in Figure 3.16.

r ■

Left side wafer 
edges microscope 
inspection

Right side wafer 
edges microscope 
inspection

Prim an- wafer 
microscope inspection

Figure 3.16: Microscope inspection post photoresist pattern exposure on first mask.

3.2.1.2 Boron solid source diffusion

The boron solid source diffusion technique is employed to form the p-type 

piezoresistors on the silicon device wafer. The solid source wafers used for the boron 

diffusion process are GS-139 Boronplus sourced from Technelgas [4], The 

recommended operating temperature range for this type of solid source is from 975 

to 1075°C which is suitable for our targeted operating temperature of 1000°C. These 

solid source wafers are positioned in a dedicated quartz boat with the arrangement of
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two silicon wafers to each solid source wafer. Only the silicon wafer side facing the 

source will be doped, as illustrated in Figure 3.17. Dummy wafers or device wafers 

are required to fill up the empty slots if the opposite side of the wafer does not 

require doping. The location of four device wafers, Wl, W2, W3, W4 on the quartz 

boat is also depicted in Figure 3.17.

Wl W2 W3 W4

Location of wafers during 
Boron solid sources diffusion

G$-l39Boronplus 
Solid source wafers

Silicon wafers

/

Figure 3.17: The arrangement of solid source wafers and silicon device wafers 
during boron solid source diffusion.

In order to verify the repeatability of the boron solid source diffusion process, 

several test runs have been conducted before the device run. Since we are using a 

new batch of boron solid sources for the diffusion process, a longer activation 

diffusion process is required to activate the new solid sources. A total of 3 test runs 

were conducted prior the diffusion of the device wafers. Throughout the first 3 runs, 

it was observed that the boron solid source diffusion produced a wide range of 

doping concentration from 1019 to 1021cm'3.

The possible reasons for this includes the condition of the furnace tube, the 

supply of Na gas and O2 gas and diffusion temperature. Nevertheless, this scenario is 

beneficial to the fabrication of preliminary device as a variety of doping 

concentration across the batch is required. Table 3.5 records details of the diffusion 

process. Details regarding modelling and device characterizations will be discussed
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in section 3.2.2. After fabrication of preliminary devices, investigations were carried 

out to identify the cause of the variation in doping, ft was found that the variation 

across the boat was due to non-uniformity of nitrogen gas profile due to error on the 

gas meter. This issue was corrected prior the fabrication of next batch of devices.

No. Process Condition Parameter
1 Clean Piranha clean + 10:1 HF 30minutes Piranha clean

10 seconds dip in 10:1 HF
2 Boron

diffusion
BoronPlus GS 139 solid sources; 
Stack 1 tube 1

1050°C for 1 hour.
N2 gas (36): 02 gas(l)

3 Deglaze 10:1 HF 30 seconds in 10:1 HF until 
surface is hydrophobic

Table 3.5 : Process steps of boron solid source diffusion.

3.2.1.3 Silicon beam etching

To apply stress on the piezoresistors fabricated on the silicon wafer, an additional 

etching step is required to break the 100 mm silicon wafers into multiple silicon 

beams. Hence, deep silicon reactive ion etching (DRIB) technique is introduced post 

metallization. Here, silicon trench etch to form silicon beam is done on an Acatel 

ICP etcher using a continuous SFe (300 seem) etching recipe for 70 minutes with 

power of 1600 W. This etch recipe has an etch rate of 4 pm per minute. All silicon 

device wafers are etched until % of total thickness which in this case is 

approximately 300 pm out of 400 pm total thickness. In order to protect the device 

wafer during the long deep silicon etching, a thicker photoresist (AZ9260) is used as 

the etching hard mask. Approximately 10 pm is produced using 2000 rpm coating 

speed.

After the DRIB process and PR strip (Figure 3.18a), silicon device wafers 

are carefully handled and subsequently broken into individual silicon beams 

manually. A scribing pen is used to aid the breaking process. Figure 3.18b 

demonstrates the successfully broken silicon beam from a 100 mm silicon wafer. 

The yield of this method is approximately 90%. Finally, the overview of the silicon
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device at the final stage process is depicted in Figure 3.19. Figure 3.19a and Figure 

3.19b illustrate the outlook of array A and array B, respectively. Array B can be 

easily recognized by observing the resistor design at the centre of the silicon beam 

which includes a longer metal resistor if compared with array A.

(a) (b)
Figure 3.18: Breaking of Silicon beam arrays from a 4” silicon wafer, (a) prior 
breaking; (b) post breaking.

(a) (b)
Figure 3.19: Outlook of a silicon beams post silicon trench etching, (a) Silicon device 
Array A; (b) Silicon device Array B.

3.3 Device Characterization
Before the piezoresistive characterization is carried out, it is necessary to determine 

the characteristics of the fabricated devices. This section presents the 

characterization of the fabricated silicon devices. Generally, dopants can be 

introduced into silicon by various methods. In our experiment, solid source boron 

diffusion was selected and carried out using standard clean room furnaces available 

in our lab. The aim of this fabrication process is to achieve a range of boron doping 

concentrations. As mentioned earlier, a total of 10 wafers including 8 device wafers 

and two monitor wafers are loaded in a single boron solid source diffusion run. 

During the diffusion process, furnace temperature is ramp up to 1000°C for 1 hour in 

nitrogen gas flow. A standard deglaze step (30 seconds in 10:1HF) is introduced to
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remove the oxide glass layer formed on the silicon post diffusion process. This 

process can be verified by inspecting the surface of silicon until hydrophobic. Sheet 

resistance on two silicon monitor wafers are measured and characterized by using 

four point probe.

3.3.1 Boron solid source diffusion
In order to investigate the result of boron solid source diffusion, three distinct 

approaches have been employed to extract the characteristic of the boron solid 

source diffusion. Firstly, analytical model of boron solid source diffusion is 

discussed. Theoretical model is useful to estimate the profile of diffusion such as 

junction depth. Subsequently, Athena simulation software is employed. This 

simulation step is useful to obtain some important diffusion parameters such as 

temperature and diffusion time as well as verification of doping profile post device 

fabrication. The outcome of the practical diffusion process can be verified by 

extraction of junction depth, sheet resistance, and doping profile. At first, four point 

probe is employed to characterize the resistivity of the fabricated devices. Junction 

depth can be estimated by employing the differential conductivity technique. The 

results from four point probe method are subsequently verified by SRA (spread 

resistance analysis) method.

3.3.1.1 Analytical model: Boron solid source diffusion

Solid source diffusion is commonly performed in two stages. Initially, a fixed

amount of dopant is introduced as a thin layer at the surface of silicon under constant 

surface concentration condition. This dopant is subsequently diffused into the 

silicon, known as drive-in diffusion, under a constant total dopant condition. In 

practice, the diffusion length VDt of the “drive-in” diffusion is significantly larger 

than the diffusion length \[Dt of the first stage “deposition” diffusion [5, 6]. Solid
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source diffusion is considered as constant surface concentration diffusion. The

concentration of diffusant as the function of distance, x (in cm) and diffusion time (in 

seconds), t is given by Equation 3.1.

C(x, t) = Cserfc(—
\2y/DtJ

Equation 3.1

where Cs is the surface concentration, D is the diffusivity (in cm2/s) and erfc is the 

complementary error function.

The diffusivities measured experimentally for a range of temperature is given

by

D = Equation 3.2

where Do represents the frequency factor (cnr/s), E is the activation energy (eV), T 

is temperature (K), and k is the Boltzmann constant of 8.6 x 10'5(eV/K). At a 

temperature of 1000°C (1273K), the diffusivity of boron is calculated as 2.42 x 10"14 

cmV1 using Equation 3.2. Monitor wafers used in the diffusion run are «-type 

silicon wafers with uniform 9xl014cm'3 phosphorus doping. The solid solubility limit 

of boron in silicon at 1000°C is approximately 1.8X 1020 cm"3 [5]. The estimated 

junction depth after 30 minutes and 60 minutes from Equation 3.1 is equal to 0.4 

pm and 0.6pm respectively.

3.3.1.2 Athena simulation

Athena [7] is a widely used software in semiconductor industry to simulate 

fabrication processes such as ion implantation, diffusion, oxidation by taking 

account of various process parameters. Here, Athena software is employed to 

simulate the solid source boron diffusion process in ID. Figure 3.20a and Figure 

3.20b illustrate the cross-section of substrate and diffusion profile under the silicon 

surface, respectively [8]. All critical parameters including temperature and diffusion
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time of the experimental solid source boron diffusion process are computed to 

estimate the doping profile and junction depth. This simulation is based on the solid 

solubility of boron in silicon parameters provided from the Athena user manual [7] 

and listed in Table 3.5. hr order to understand and compare the doping profile of 

solid source boron diffusion, two different graphs based on 30 minutes and 1 hour 

diffusions are simulated (Figure 3.21).

A phosphorus doping concentration of 9><10'14 cm'3 was used as the substrate 

doping reference. It is observed that the doping profile peaks at 1.17xl020cm'3 and 

has a profile that produced a junction depth of 0.817pm. The junction depth is 

defined as the distance underneath the silicon surface where the concentration of 

introduced dopant (Boron) is equals to the background concentration of the substrate 

(Athena simulation source code is available in Appendix Cl).

Gas of
dopant Mask
atoms y

•. ■ V IPHSI
AT,'

x
(a) (b)

Figure 3.20: Diffusion technique for impurity doping, (a) cross-section of substrate; 
(b) doping concentration profile as the function of depth below silicon surface, x.

Temperature (°C) Boron (cnr3) Phosphorus (cnr3)
1000 1.02 x io20 3.04 x io20

Table 3.5: Solid solubility of boron and phosphorus in silicon (SILVACO International,
Athena Users Manual, 2013).
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Figure 3.21: Athena plot of Boron concentration versus depth profile. Silicon diffused 
with Boron solid source for 30minutes and 1 hour at 1000°C.

For 30 minutes solid source boron diffusion, it is observed that the doping 

profile peaks at 1.16><1020cm"3 and has a profile that produced a shallower junction 

depth of 0.579pm. Despite the surface doping concentration for both cases remain 

similar, the additional 30 minutes of diffusion has significantly increased the 

junction depth from 0.579pm to 0.817pm. Therefore diffusion time is an important 

factor to detennine the eventual thickness of the piezoresistor. Table 3.6 presents the 

Athena simulation results in terms of sheet resistance, doping concentration, junction 

depth and resistivity.

Diffusion
Time

Sheet resistance 
(fl/square)

Doping concentration
(cm'3)

Junction Depth 
(pm)

1 hour 25.84 1.17xl020 0.817
30 minutes 36.98 1.16xl020 0.579
Table 3.6 : Athena simulation comparison results for solid source joron diffusion 1 hour
and 30 minutes at 1000°C.

3.3.1.3 Evaluation of boron diffused layer

The doping profile of boron diffusion can be determined by three measurements. 

They are the sheet resistance, junction depth, and the dopant profile of the diffused 

layer [8], The four point probe method is one of the most popular approaches used 

for characterizing thin layers. This is due to the fact that this technique is easy to
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manipulate yet produce reasonably accurate results. Sheet resistance can be easily

extracted using this measurement method.

w

Silicon

Figure 3.22: standard four point probe configurations.

The fundamental setup of a four point probe system consists of four probes which 

are separated at a same distance of w (Figure 3.22). During operation, current I is 

supplied between the outer probes while voltage V is measured between the two 

inner probes. Four probes are preferred over two probes as it offers higher precision 

due to the separation of current and voltage probes to eliminate the contact 

resistance. Four point probe expression to calculate the sheet resistance (Rsh) of thin 

diffused layer is given by

p (resistivity) n V V ^ „
Rsh = ——— ------— = r—— = 4.532 — [unit fl/square] Equation 3.3sn t (thickness) ln(2) / / 1

The junction depth of the diffusion profile can be measured using different

conductivity method. This method requires a series of short silicon etching steps to

remove thin doped layers until it reaches the substrate layer. Basically, standard

diffusion process can be considered as a non-uniformly doping diffusion where

doping concentration of impurity decreases monotonically from the surface (Figure

3.20). Here, it is assumed that the doped region is represented by a range of thin

uniformly doped layers where the peak doping is at the surface. Practically, the sheet

resistance of each thin layer can be measured using four point probe technique. The
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sheet resistance measured for each thin doped layers forms the accumulation of 

parallel contribution of each thin layers.

To extract the diffusion profile, a series of 210 nm silicon is being etched 

away from silicon using STS RIE tool to evaluate the doping concentration of each 

thin layers. The silicon etch back cycle is complete when it reaches the p-n junction 

in the silicon substrate as demonstrated in Figure 3.23a. As illustrated in Figure 

3.23b, the junction depth of boron diffusion is denoted as xj. Therefore, the 

differential conductivity measurement can be verified by observing the measured 

sheet resistance data. The final step height of the silicon etching is verified by using 

Alpha Step 200 from Tencor instruments. This verification is useful to ensure the 

etch rate of each silicon etching cycle is consistent with the estimated thickness 

element values.

Silicon

n-Si—

CB log C(x)

(a) (b)

Figure 3.23: Junction depth measurement, (a) Differential conductivity method; (b) boron 
doping profile with position indicating dopant and substrate concentration are the same.

Element centre 
(nm)

Doping type Sheet resistance 
(f2/square)

Estimated doping 
concentration (cm 3)

0 P 46.34 2 x IQ20
105 P 85.22 1 x io20
315 P 251.17 3 x 1019
525 P 1331.93 3 x 1018
735 n 103.38 5 x 1014

Table 3.7: Sheet resistance measurements using differentia conductivity technique.

If the doping concentration of silicon substrate and junction depth are identified, the 

surface doping concentrations and boron distribution can be estimated. Table 3.7
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records the sheet resistance measurements for the each of the element steps starting 

from 0 down to 840 nm with 210 nm step size. Surface doping concentrations is also 

estimated to give some indication on the doping level of each layer. As presented in 

Table 3.7, it is observed that the boron solid source diffusion produced a sheet 

resistance of 46.34 at the surface with junction depth of approximately 630nm. 

Between 525 nm and 735 nm, a huge drop in terms of sheet resistance is measured 

and therefore concluded it has reached the /7-type substrate based on the sheet 

resistance measurement reading. For better visual presentations, estimated doping 

concentrations and sheet resistance values are plotted in Figure 3.24 and Figure 

3.25,

0 100 200 300 400 500 600 700 800 900

Depth below silicon surface (nm)

Figure 3.24: Estimated Boron doping concentrations using differential 
conductivity technique.
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3.3.1.4 Spreading Resistance Analysis (SRA)

Spreading resistance analysis (SRA) is a widely used technique today to generate 

resistivity and dopant density depth profiles. This technique has produced superior 

and more accurate results than four point probe technique described earlier due to 

it’s capability of profiling very shallow junctions into the nm region and also 

covering high dynamic concentration range from 1012 to 1021cm'3 [9]. The spreading 

resistance concept is depicted in Figure 3.26. This setup comprises of two specially 

aligned probes that are stepped along the bevelled surface of the silicon sample. The 

bevelled surface is normally prepared by lapping the sample with diamond paste or 

alternative polishing compound. Effectively the probe measurement starts from the 

original surface before the bevel, until it reaches the desired depth [9, 10].

Two mrtal probe* (\\ O*) jiligmt! with Inr^rl filur

Surface
Original Wafer Surface

DimlHin block motion

Figure 3.26: SRA measurement setup [10].

In order to further verify device characterization performed by theoretical, 

Athena simulation and four point probe technique, several monitor wafers were sent 

for SRA service. The SRA service used in this experiment was provided by a US 

based company Solecon Labs. A total of two silicon samples have been doped and 

sent for SRA analysis to determine the doping profile of the solid source boron 

diffusion for 60 minutes at 1000°C. Two silicon monitor wafers are selected from 

each diffusion run where their sheet resistance measurements are the highest and
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lowest values. The outcome of the SRA will help to verify the sheet resistance 

measured experimentally using four point probe and also estimate the surface doping 

concentration in a more accurate level. Table 3.8 presents the diffusion details and 

SRA results for each silicon samples.

As explained earlier in section 3.2.2, a variation of doping concentration is 

expected as the result of the condition of the diffusion tube. It was later diagnosed 

that the condition of the tube was due to the faulty Nitrogen gas meter. However this 

phenomenon has allowed us to produce a range of doping concentrations levels 

which is useful in this first experiment. The intention of displaying both SRA results 

is to verify the range of doping concentrations produced through our in house 

diffusion furnace. As summarized in Table 3.8, 60 minutes of boron solid source 

diffusion has produced maximum doping concentration of 1.32 x 1020cm^ and a 

minimum doping concentration of 1.75 x 1019cm'3 with junction depth of ranging 

between 0.648pm and 0.932pm, respectively. The doping concentration diffusion 

profiles and resistivity diffusion profiles for both samples are plotted in Figure 3.27 

and Figure 3.28.

The SRA results indicate that a variation of doping concentrations has 

occurred across the boat during the boron solid source diffusion. This has verified 

our observations from four point probe sheet resistance measurement. Attempts were 

made to replicate this phenomenon on the Athena simulator by modifying the 

diffusion time and the diffusion temperature but it is not realistic as the junction 

depth will be too deep to produce lower surface concentration as measured in the 

SRA results. Moreover, modifying the temperature of diffusion will change the 

default solid solubility of boron in silicon which leads to inaccuracy of the 

simulation results. Therefore, the discussion will only be focused on monitor wafer
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which produced higher doping concentrations results which is closer to real solid 

source diffusion model.

ID Diffusion
Time

Sheet resistance 
(H/square)

Maximum doping 
concentration (cm'3)

Junction 
Depth (pm)

N 1 1 hour 21 1.32 x IQ20 0.932
N_4 1 hour 160 1.75 x 1019 0.648

Table 3.8 : Solid source boron diffusion SRA results for 60 minutes.

SRA anah sis (60 mins diffusion)

1E1S -

Depth (um)

Figure 3.27: SRA results (Doping concentration vs Junction depth) for 60 minutes diffusion.

SRA analysis (60 mins diffusion)

001 ■

—N1

—N4

Depth (pm)

Figure 3.28: SRA results (Resistivity vs Junction depth) for 60 minutes diffusion.

3.3.1.5 Discussion

In order to compare the results between Athena simulation and in house 

diffusion furnace, a comparison graph (Figure 3.29) is assembled for the parameters 

shown in Table 3.9. As seen in Figure 3.29, the simulated results agree well with

91



the experimental data during the first part (high doping concentration) of the graph. 

This implies that the solid solubility of boron in silicon used in the Athena 

simulation is very close to the experimental value. Both doping profiles indicate 

stable and uniform doping concentration of close to lxl020cm'3 level. However, the 

doping profile of simulated results started to drop steeply when it reaches the 

junction depth of 0.6pm. By contrast, the experimental results indicate a gradual 

decrease in terms of doping concentration until junction depth of approximately 

0.95pm. This could be explained by the lack of Gaussian doping profile used in 

Athena simulation where discrepancies are observed. Despite a shallower doping 

profile, we can conclude that Athena software is useful to simulate the solid source 

boron diffusion process with reasonable accuracy in terms of maximum doping 

concentration.

Diffusion parameters Details
Boron diffusion Solid source
Diffusion time 1 hour
Diffusion temperature 1000°C

Table 3.9: Boron solid source diffusion parameters for real devices.

SRAaiulviii 
Ath«u umdxien
Jiraimajl Conductivity

Junction Depth (nm)

Figure 3.29: Comparison graph for Athena simulated data, SRA experimental data and 
differential conductivity technique. (1 hour diffusion)

3.3.2 Electrical characterization on real device wafers
The previous discussion focused on the electrical characterization of the boron solid

source diffusion to create /Mype piezoresistors on n-type silicon substrate. The next
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section of this chapter will discuss the electrical characterization of the device wafers 

including the interfacial contact resistance and sheet resistance measurements.

3.3.2.1 Interfacial contact resistance pre and post metal sinter

Interfacial contact resistance was measured on one of the device wafers (SN1) to 

investigate the effect of sinter process. Sinter process is carried out at 400°C for 30 

minutes with combination of Nitrogen gas and Hydrogen gas (10 to 1 ratio) ambient. 

Interfacial contact resistance was measured using four terminal Kelvin test 

structures. Figure 3.30 illustrates the interfacial contact resistance versus contact 

area before and after sinter. It is observed that metal sinter process has significant 

influence on reducing the contact resistance regardless of contact area. The 

decrement of interfacial contact resistance might be potentially due to very thin layer 

of oxide between the silicon and metal interface area. After metal sinter process, a 

larger amount of metal (Al) will spike through the oxide to create contact with 

silicon. It is also noted that the interfacial contact resistance decreases as we increase 

the contact area. This is due to the fact that more silicon will be exposed and contact 

with metal as the contact area is becoming larger. Therefore, it is advisable to design 

a contact window which is large to minimize contact resistance effect onto the 

device [11].

3.3.2.2 Greek cross structures sheet resistance measurements

The sheet resistance of each device wafer was extracted using an Agilent B1600 

Parameter Analyzer by probing the Kelvin resistor test structures on the individual 

device wafer. Experimentally, there are several methods to extract the sheet 

resistance value. Here, the sheet resistance is measured using the Greek cross 

structures [12], The Greek cross test structure was chosen due to it’s simplicity of 

layout. It was reported that an accuracy of 0.1% of sheet resistance extraction is
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achievable using this test structure. Figure 3.31 depicts the Greek cross test structure 

used in this experiment. Effectively, the measured sheet resistance is located at the 

centre of the cross.

Rc vs Contact area (Pre & Post sinter)

Before sinter 
Post sinter

444 1 )

Figure 3.30: Interfacial contact resistance vs contact area pre and post sinter.

Contact windows

P region

Metal pad

Figure 3.31: The Greek cross test structure.

Sheet resistance for a symmetric sample is given as [13]

nR Cl _ . . .Rr =---- (—) Equation 3.4
In 2 Ksq

During operation, current is supplied between contacts 1 and 2 (I12) and the potential 

difference between pads 3 and 4 (V34) are measured. By averaging the measurements 

of V/I for all four possible measurements, sheet resistance can be calculated using

Equation 3.4.

Wafer ID W1 W2 W3 W4
Rs (D/square) 193.45 19.36 96.96 14.72
Doping concentrations (cm"3) IxlO19 1.2xl020 7.6xl019 1.3xl020

Table 3.10 : Sheet resistance and estimated doping concentrations for four device wafers.
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Sheet resistance of four device wafers were obtained by using Kelvin test

structures and subsequently estimated using Athena simulation software to convert 

into surface doping concentration and further verified using Spreading Resistance 

Analysis (SRP) method. Table 3.10 presents the measured sheet resistance results 

and estimated doping concentrations values.

3.4 Experimental results
All the following piezoresistance measurements have been performed in ambient air 

at room temperature using a Keithley 2401 sourcemeter. As explained in Chapter 2 

(section 2.3.4), the resistance change for a piezoresistors under four point bending 

can be described as

AR
T ~ niai Equation 3.5

where m and m, are the longitudinal piezoresistive coefficient and stress, 

respectively. By applying a uniaxial stress along the <110> direction, the effective 

piezocoefficients is equal to longitudinal piezoresistive coefficient (ni) and can be 

determined by:

1 1
Tft = 2 + + 7r44) ~ 2 Tr44 Equation 3.6

By obtaining the slope from AR/R, the gauge factor can be written as

the function of relative resistance change and strain, which is derived as

relative change in resistance AR/R ^
GF =----------------- --------------------= —— Equation 3.7

applied strain e

where e is the strain. Young’s modulus of material is expressed as

<T StV6SS
Young's modulus, E = — = —------ Equation 3.8

e Strain

The gauge factor equation can be rewrite by substituting Equation 3.5 and Equation 

3.8 and into Equation 3.7 which yields
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GF = nl x E Equation 3.9

Moreover, piezoresistance factor is also element widely referred to determine the 

influence of doping concentration and temperature effect on the performance of 

piezoresistors. Typically, piezoresistance factor is compared with experimental result 

published by Smith for lightly doped /?-type silicon where the 7t44 is reported to be 

138.1X10-11 Pa'1 (normalized to 1). Therefore, the piezoresistive coefficient n(N,T) as 

a function of impurity concentration N and temperature T can be denoted as

n(N,T) = P(N,T)-n(300K) Equation 3.10

where P(N,T) is the piezoresistance factor [14], In the next section, the piezoresistive 

characteristics of p-type silicon piezoresistors will be discussed in terms of different 

length to width ratio, effect of doping concentrations and temperature variation.

3.4.1 Effect of length and width

The objective of this test is to investigate the effect of length and width onto the 

piezoresistance characteristics of p-type micro sized silicon resistors. The relative 

change in resistance, as a function of applied compressive stress, is plotted in Figure 

3.32. Obviously, the change of resistance is proportional to the stress applied. The 

load range applied in this experiment is from 0 to 3N. As depicted in Figure 3.32, all 

six different sizes of resistors demonstrated similar piezoresistive characteristics 

under 3N loading. It is therefore concluded that there are no significant influences 

from both variation of length and width on the piezoresistive effect for dimension 

above micro meter level. Similar trends are observed on all resistors across various 

doping levels in this experiment. Furthermore, this result agrees well with other 

publication where giant piezoresistance factors are only observed in the nanowire 

category [15],
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3.4.2 Effect of doping concentration

Using Equation 3.5, Equation 3.6 and Equation 3.9, the longitudinal piezoresistive 

coefficients m, shear piezoresistive coefficients K44 and gauge factor GF are 

calculated and recorded in Table 3.11. To compare with previous publication results, 

we have converted the piezoresistive coefficients value into piezoresistance factor, 

P(N,T) value using Equation 3.10 by normalizing to Smith lightly doped result [1, 

16, 17],

RA1(75x3Mm)
—RA2 (100 x 4(1 m) 

a RA3 (200 x8pm) 
—RA4 (15 x 3pm)

♦ RA5 (100 x 20pm) 
RA6 (500 x 20pm)

Stress [MPa]
Figure 3.32: The relative resistance change versus stress for array A 
(Device Wl) at room temperature.

In Figure 3.33, our experimental data (average measurements for array A 

and B) are compared with experimental data presented by Mason et al. [16], Tufte et 

al. [17], Kerr et al. [18], and Richter et al. [1], Generally, our experimental data are 

in good agreement with most of the published experimental results which falls into 

the same regime (fit line) for higher doping concentrations. It is also observed that 

with increasing the doping concentration, the piezoresistance factor value is reduced.
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O Mason et al 
X Tufte et al 
o Kerr et al 
K Richter etal

------Kanda model
■ This work 

— fit line

0.4 -

1E16

Boron Concentration (cm3)

Figure 3.33: Piezoresistance factor as a function of Boron concentration.

Doping cone, (cm'3)
Smith 
fl.7x 10151 1.0 x 1019 7.6 x 1019 1.2 x 102° X o ©

7r/(10 "Pa'1) 69.05 41.20 37.60 29.78 25.79
7r44 (\0-u?a') 138.1 82.40 75.20 59.57 51.59
Gauge factor NA 78.28 71.44 56.59 49.01
Piezoresistance factor 1 0.5967 0.5445 0.4314 0.3736

Table 3.11 : Room temperature piezoresistive coefficients and gauge factor for Silicon.

3.4.3 Effect of temperature
Temperature coefficient of resistance (TCR) of silicon piezoresistors as a function of 

surface doping concentrations was also investigated in this experiment. The 

measurement setup was carried out on a thermal chuck with high precision of 

temperature control. The resistance values were measured at four different values of 

temperatures including 30°C, 47°C, 64°C and 80°C. Temperature coefficient of 

resistance is derived as

TCR = x Rf 1° x 1000000 [unit ppm/°C] Equation 3.11
«o Tf-T0

where R0 is the resistance at reference temperature (in f>), R/ is the resistance at 

operating temperature (in Q.), T0 is the reference temperature, and 7/ is the operating 

temperature.
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To evaluate the TCR characteristic of silicon piezoresistors, the resistance 

change across all four different doping devices as the function of temperature were 

measured. Subsequently, the resistance change measurement results are substituted 

into Equation 3.11 and analyzed. Figure 3.34 indicates TCR measurement from this 

work and compared with previous publication work from Tufte et al [17]. It can be 

seen that the resistor with high doping concentrations is more temperature 

dependent, which is expected for high doped piezoresistors. On the other hand, the 

experimental TCR values are found to be in good agreement with previous result 

[17] as all the measured data fits well within the TCR range.

3500

3000

^ 2500ao
1 2000
Q.a.

Q£ 1500
O
h-

1000 

500 

0
1E18 1E19 1E20 1E21 1E22

Boron concentration (cm 3)
Figure 3.34: Variation of TCR (ppm/°C) as a function of surface doping 
concentration.

3.5 Conclusion
This chapter has demonstrated the fabrication and characterization of silicon 

piezoresistors as the function of doping concentration and dimensions. Here, a four 

point bending based setup is used to determine the piezoresistive characteristic in p- 

type silicon. Four point bending setup is used to applied uniform uniaxial stress 

along the <110> direction. The stress distribution in the silicon chip is calculated and 

verified with finite method modelling method (FEM) which will be described in the 

next chapter.

■ This work
o Tufte and Stelzer model 

Fit line of this work 
Fit line of Tufte and Stelzer model
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Device characterization is conducted by implementing simulations, 

theoretical calculation and experimental work to determine the doping concentration, 

resistivity level and junction depth from the devices. Interfacial contact resistance is 

also measured to determine the effect of metal sintering process. The experimental 

results are in good agreement with previous publication results. Temperature 

coefficient of resistance results are also measured and compared with Tufte et al. 

model [17]. It is concluded that there is no giant piezoresistance characteristic 

observed in this experiment.

100



3.6 References

[1] J. Richter, J. Pedersen, M. Brandbyge, E. V. Thomsen and O. Hansen. 
Piezoresistance in p-type silicon revisited. J. Appl. Phys. 104(2), pp. 023715- 
023715-8. 2008.

[2] A. Walton. Microelectronic Test Structures Citeseer, 1998.

[3] S. Proctor and L. Linholm. A direct measurement of interfacial contact 
resistance. Electron Device Letters, IEEE 3(10), pp. 294-296. 1982.

[4] Techneglas BoronPlus (R) Brochure[Online]
http://www.techneglas.com/dopantr>ages/boroncatalog.htm 03/07, (accessed 2013).

[5] G. Vick and K. Whittle. Solid solubility and diffusion coefficients of boron in 
silicon./ Electrochem. 5oc. 77pp. 1142-1144. 1969.

[6] S. M. Sze and S. M. Sze. VLSI Technology McGraw-Hill New York, 1988, 2.

[7] Athena simulation r()nline1httn.7/www.silvaco.com/ 02/18, (accessed 2013).

[8] G. S. May and S. M. Sze. Fundamentals of Semiconductor Fabrication Wiley 
New York, 2004.

[9] T. Clarysse, D. Vanhaeren, I. Hoflijk and W. Vandervorst. Characterization of 
electrically active dopant profiles with the spreading resistance probe. Materials 
Science and Engineering: R: Reports 47(5), pp. 123-206. 2004.

[10] R. Mazur and D. Dickey. A spreading resistance technique for resistivity 
measurements on silicon./. Electrochem. Yoc. 773(3^ PP-255-259. 1966.

[11] D. K. Schroder and L. G. Rubin. Semiconductor material and device 
characterization. Phys Today 44pp. 107. 1991.

[12] W. Versnel. Analysis of the greek cross, a van der pauw structure with finite 
contacts. Solid-State Electronics 22(11), pp. 911-914. 1979.

[13] L. van der PAUYV. A method of measuring specific resistivity and hall effect 
of discs of arbitrary shape, pp.1-9, 1958.

[14] Y. Kanda. A graphical representation of the piezoresistance coefficients in 
silicon. IEEE Trans. Electron Devices 29(1), pp. 64-70. 1982.

[15] R. He and P. Yang. Giant piezoresistance effect in silicon nanowires. Nature 
Nanotechnology 1(1), pp. 42-46. 2006.

[16] W. Mason, J. Forst and L. Tomillo. Recent developments in semiconductor 
strain transducers. Semiconductor and Conventional Strain Gauges, pp. 110-120, 
1962.

101



[17] O. Tufte and E. Stelzer. Piezoresistive properties of silicon diffused layers. 
J. Appl. Phys. 34(2), pp. 313-318. 1963.

[18] D. Kerr and A. Milnes. Piezoresistance of diffused layers in cubic 
semiconductors./ Appl. Phys. 34(4), pp. 727-731. 1963.

102



Chapter 4
4. Four Point Bending

4.1 Introduction
In order to apply uniform stress on test sample, it is useful to compare and identify 

the most suitable method for our experiment. This chapter begins with a background 

review on existing force application methods. Among various options, four point 

bending is selected as the ultimate stress testing apparatus for this project. The theory 

of four point bending and analytical calculations will be subsequently presented. 

Finite element method (FEM) simulation is introduced to further verify the analytical 

results. Once the geometry of apparatus is considered and finalized, fabrication of 

testing setup is processed and the final testing fixture is presented. Consideration will 

also be given to different loading approaches, material type and selection of sensor 

for feedback control. Finally, measurement and verifications are conducted to 

investigate the characteristic of the in house testing apparatus.

4.2 Background Study
Generally, there are four main methods to introduce stress on a material. Figure 4.1 

illustrates the various methods for generating stress on a material. The first force 

application method (Figure 4.1a) was introduced by Smith in 1954 [1] to extract the 

piezoresistance effect from silicon and germanium materials. Using this method, 

force is induced to the material (rod) by hanging a load weight to the bottom of the
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sample [1, 2], In the second method (Figure 4.1b), force is applied from the top to 

introduce uniform and uniaxial compressive stress onto the material [3], The third 

method (Figure 4.1c) involves a cantilever beam is one of the most popular method 

used in commercial and research areas. By applying pressure at the free end of the 

cantilever, one can produce tensile stress at top surface of the cantilever beam which 

will be maximum close to the anchor (resistor placement area)[4]. However, it is not 

possible to achieve uniform and uniaxial stress across the cantilever beam.

Above all mentioned force application methods, none of them allows user to 

produce tensile and compressive stress easily by using individual testing approach. 

Nonetheless, this issue can be easily addressed by adopting a four point bending 

method [5-8]. Effectively, four point bending method comprises of two inner and 

two outer supports where a rectangular test sample is positioned in between top and 

bottom supports (Figure 4.1d). As illustrated in Figure 4.1d, the principle of the 

operation is to apply force onto a silicon beam by two support points with two other 

supports acting as the base to support the silicon beam. Uniform and uniaxial stress 

can be produced at the top centre surface of silicon beam using this method. By 

swapping the positions of top supports with the bottom supports, compressive stress 

can be generated as oppose to tensile stress.

The four point bending method is selected as the force application approach for 

our experiment due to its following advantages:

• Rectangular test samples are easy to fabricate (by dicing method).

• Insensitive to small errors in alignment.

• Produce uniform and uniaxial stress between two inner supports.

• Well established mechanical testing approach
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To understand the fundamental operation of four point bending, a study is carried out 

in the next section covering pure bending, stress at centre and deflection at centre.

(a) (b) (c) (d)
Figure 4.1: Various ways to apply stress in a resistive material, (a) tension rod (b) 
compression rod (c) cantilever (d) four point bending (Placement of resistor is 
highlighted).

4.2.1 Pure bending

Pure bending is defined as a scenario when a prismatic member received equal and 

opposite couples on the same longitudinal plane [9]. Here, a beam is considered as 

an example of prismatic member (Figure 4.2a). Figure 4.2b represents a beam 

under pure bending which is subjected to two equal and opposite couples, M and M’. 

When a beam is undergoing pure bending, it is assumed that the constant curvature is 

transformed into a circular arc of centre O. Figure 4.3a presents the side view of a 

beam with radius under pure bending [9]. The neutral plane existing at the centre of 

the beam is where the stress is equal to zero. During pure bending, the length of top 

surface will decrease while the length of bottom surface will increase (Figure 4.3a). 

It is also noted that the top surface is experiencing compressive stress while the 

bottom surface is under tensile stress. In order to detennine the nominal stress and 

strain of a beam, it is useful to review the cross-section of the beam during pure 

bending.
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X

(a) (b)
Figure 4.2: A beam (a) no stress; (b) subject to two couples M and M’.

Figure 4.3: (a) Side view of a beam with radius of r under pure bending (with neutral 
plane); (b) A cross section of a beam in pure bending.

Figure 4.3b depicts the cross-section of a beam in pure bending with internal force

ax across area dA. Considering arbitrarily the z axis as illustrated in Figure 4.3b,

mathematical equations to express the equivalence of the fundamental internal forces

and of the couple M are given as [9]:

X component (X Fx): 

Moments about y axis (Z My): 

Moments about z axis (Z Mz):

J ax dA = 0

j zax dA = 0

J (-yvx dA) = M

Equation 4.1 

Equation 4.2 

Equation 4.3

where ax is the stress normal to x axis, M is the bending moment, and the dA is the an 

infinitesimal area element as shown in Figure 4.3b. Equation 4.2 is anticipated since 

the application of couples for a symmetry plane of a bending beam produces a 

distribution of normal stress which is symmetry in relation to the v axis [9]. It is 

noted that the minus sign is added in Equation 4.3 corresponds to resultant negative 

moment due to the tensile stress (ax >0) in relation to z axis. The moment
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expressions for shear stress are neglected as they are all equal to zero. This 

assumption is visualized in Figure 4.4 [9],

Consider a beam comprised of a large number of small cubic elements 

subjected to the couples M and M’ as depicted in Figure 4.4a and Figure 4.4b. 

Figure 4.4a represents the longitudinal, vertical section of the beam (in xy direction) 

while Figure 4.4b illustrates the longitudinal, horizontal section of the beam (in xz 

direction). Both figures indicate that the shear stresses Txy and rvr are equal to zero. 

Since there is no interaction in direction y and z direction, av, az and Tyz are assumed 

to be zero. These assumptions are valid provided the deformation of the beam is 

small. Thus, it is concluded that the uniaxial stress ax (normal stress) is the only non 

zero component of stress in a beam when undergoing pure bending [9].

(b)

Figure 4.4: Pure bending beam (a) Longitudinal, vertical section (plane of symmetry) 
(b) Longitudinal, horizontal section.

(originally deformed)

Figure 4.5: Cross-section of bending beam in longitudinal direction (plane of symmetry).
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Figure 4.5 depicts the longitudinal cross-section of a bending beam. As seen 

in Figure 4.5, the beam has a bend radius of r with a centre point of O while 9 

represents the central angle in relation to AB (also known as the arc length, L of the 

initially deformed beam). Therefore, the relationship of arc length (Z.), radius (r) and 

central angle (9) can be expressed as

L = r9 Equation 4.4

It is assumed that the dotted line, A ’B ’ represents the length when the beam is further 

deformed (bend upwards). Thus, the new radius after the beam under deformation is 

identified as “ r-y ”. Hence the new arc length L ’ is given by

L' = (r — y)9 Equation 4.5

Since the initial length of arc AB was represented by L, the deformation expression 

can be derived as

AL = L' — L Equation 4.6

Substitute Equation 4.4 and Equation 4.5 into Equation 4.6 yields

AL — (r — y)9 — r9 — —yO Equation 4.7

By dividing the AL by the original length L, the longitudinal strain sx can be derived

as

AL —y
£x L r Equation 4.8

where the minus sign denotes that the stress at the surface is compressive when 

bending moment is positive. It is assumed that the beam is homogeneous, hence the 

strain is identical for all cross-section plan normal to x-axis. The longitudinal stress 

in x direction (Hooke’s Law) is given by [9]

ax = Eex Equation 4.9
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Substituting for 8X from Equation 4.8 into Equation 4.9, the stress equation can be 

re-write as

<7y = —r
Equation 4.10

By replacing Equation 4.10 into Equation 4.3, it yields

J(-y)(-E^)dA = M

?;f(y>)dA = M Equation 4. II

Note that “/(y 2)cL4” is the moment of inertia which can be represented by /v.

-1 — M => - — — Equation 4.12
r y r h

A rectangular beam of width w and thickness t has a moment of inertia in relation to 

the y-axis is given by [9]

ly = wt3‘/12 Equation4.13

Substituting Equation 4.12 and Equation 4.13 into Equation 4.10, the normal 

stress ox at any distance y from the neutral axis is derived as:

My 12My
ox - —— =--------5— Equation 4.14ly wt3 H

4.2.2 Stress at centre

2 2

XI XI silicon beam
V V /

............. .....4 - 
/\

R1 tt f R2

(i a

0 <1 L-a L
Figure 4.6: Simplified 4 point bending fixture.
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Figure 4.6 illustrates the basic configuration of a four point bending setup. The setup 

consists of two outer bottom supports (reaction force Ri and Ri) and two inner upper 

supports where the applied force (F) is divided into half. The minus sign indicates 

the force in applied in the downwards direction, a is the distance between inner and 

outer adjacent supports while L is the distance between the two outer supports. 

Assumptions are made that the beam is not significantly deformed (operating in the 

elastic region) and the width (w) and thickness (t) of the beam is smaller than beam 

length (L) [9]. To evaluate the stress in the beam, equilibrium equations for force (F) 

and bending moments (Mi and M2) at x = 0 and at x = Z., respectively are derived.

F = Ri + R2 Equation 4.15

, F F F
/ = — — (a) — — (L — a) + R2(L) = 0 => R2 = - Equation4.16
/—< 2 2 2

x-1 F F F
) M2 = - — (-L + a) + R^-L) - — (-a) = 0 => R1 = - Equation4.17

Z—/ 2 2 2

It can be inferred that the sum of reaction forces, R/ and R2 are equal to force 

applied. From Figure 4.6, if the left hand part of the beam is only considered, it is 

observed that the force of -F/2 is numerically equal to bending moment results from 

internal forces in the cut plane. Therefore the bending moment (Mb) in each section 

of the beam can further simplify to

0 < x < a:

a < x < L — a:

L — a < x < L:

F
Mb = R1(-x) =~2X

F F
Mb = R-ti-x)--(a-x) = ~2a

Mb = F-(x-L)

Equation 4.18 

Equation 4.19 

Equation 4.20

By substituting Equation 4.19 into Equation 4.14 to obtain the stress between the 

two inner supports yields

_ & Ray Equation 4.21
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where t is the thickness of the beam, F is the force, y is position of the resistor with 

respect to the neutral plane of the chip, a is the distance between the inner and outer 

blades of the 4PB fixture and w is width of the chip. Since y (location of the resistor) 

is at the top surface of the beam (t/2), Equation 4.21 can be further simplified to [6-

8]

3 Fa Equation 4.22

4.2.3 Deflection at centre

When a transverse force is applied on a beam, it will cause the beam to deflect. In 

order to determine the deflection curve of the longitudinal axis of the beam, it will be 

necessary to analyse the cross-section of a beam under pure bending. As described in 

section 4.2.1, the area between two inner blades has a uniform bending forming a 

circle of radius r. Figure 4.7a and Figure 4.7b illustrate the side view of a beam in 

pure bending in full and half configurations, respectively, n represents the outer 

radius while r2 denotes the inner radius for the curvature and Sin is the deflection at 

centre.

010,0)

O

(a) (b)
Figure 4.7: (a) 2D illustration of a curved beam under pure bending, (b) left 
hand side of the beam.



Assume the radius r is the hypotenuse of a right-angle triangle (as shown in Figure 

4.7a) with two sides of x and y. According to Pythagoras’s theorem, the algebraic 

terms can be derived as [10]

Atx = 0 

At x = {L-2a)l2

x2 +y2 = r2

2 2

(L — 2a)7 
22 + y 2 _

The relationship between y and r can be expressed as 

y = r- 8^

Substitute Equation 4.26 into Equation 4.25 yields

(L - 2a)2

Equation 4.23 

Equation 4.24

Equation 4.25

Equation 4.26

22

(L - 2a)2

+ (f - siny = r‘

+ r2 - 2Sinr + 8fn = r2

Equation 4.27

:=> 8in =
(L - 2a)2 

8r

Here, it is assumed that 8in2 is negligible for small deflection. In order to investigate 

the deflection of the beam, it is important to determine the strain effect subject to the 

deformation. By referring to Figure 4.7b, the strain of the curvature is defined as

Al
T Equation 4.28

where / is the original length of the beam at neutral plane and Al is the change of 

length due to the strain. By applying Hooke’s law, the changes of the length can be 

written as

Al = el = —l Equation 4.29
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Here it is assumed that the length of a beam is represented by the segment of a circle. 

Therefore it is defined that the length of the beam is equals to Or, and length of top 

and bottom surface of beam are expressed as (refer to Figure 4.7b):

For bottom surface: rq 0 = z + ?z = ziK) Equation 4.30

For top surface: r20 — z — ?z = z|K) Equation 4.31

By collating thickness t into the radius equation.

r2 = ri + £ Equation 4.32

The ratio between bottom and top surface can be expressed by dividing Equation 

4.30 with Equation 4.31 as

Equation 4.33

By substituting Equation 4.32 into Equation 4.33, we have

>2 + t Z(1+l)

t
1 + — = 

r2

t

r2
- 1

t

r2

t
r2

2 -
E

1-^

E

t 2a 
r2 E - a

Equation 4.34
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Since a = E a (Hooke’s Law), assumption is made that the stress, a is substantially 

smaller than Young’s modulus, E. As a is negligible, Equation 4.34 is simplified as

t 2a
72= T

tE
r2 = — Equation 4.35

2a

Considering that n »t, the contribution of t can be ignored and it is assumed that n 

~ n. The formula of the centre deflection of the 4PB fixture referenced to the inner 

blade point is derived by using beam deflection theory and is given by substituting

Equation 4.35 into Equation 4.27.

Sin =
(L - 2a)2

8r

(L — 2a)2a 
' 4tE

(L - 2a)23Fa Equation 4.36
4Ewt3

This equation is valid to calculate the deflection between centre point relative to the 

inner blade. The formula of the centre deflection of the 4PB fixture referenced to the

outer blade point can similarly be derived and is given by [7]

(3L2 - 4a2)Fa
5C = 4Ewt3

Equation 4.37

Figure 4.8 illustrates the placement of piezoresistor for uniform stress testing in our 

experiment. Equations to determine stress and deflection at the centre are derived 

and displayed in Table 4.2 based on parameters recorded in Table 4.1. Calculation 

values for each term are also shown for a force of 3N. Next, finite element 

simulation is introduced to demonstrate the mechanical properties of four point 

bending model to further verify equations derived in the theory section.

114



Piezoresistor Inner blades
n

i

F 2

a a
L

j- Outer blades

Figure 4.8: Schematic drawing of the four point bending principle.

Descriptions Values Unit
Outer support - inner support, a 7 mm
Outer supports distance, L 28 mm
Width of silicon beam 6.5 mm
Thickness of silicon beam 0.4 mm
Young’s modulus of silicon 160 GPa

Table 4.1: parameters of four point bending setup

Descriptions Equations Calculations
Stress at centre, ac 3Fa

c wt2
60.58 MPa

Deflection at centre relative to the inner
support, 8c (inner)

J. _ (L-2a)23Fa
C ~ 4Ewt3

46.38 pm

Deflection at centre relative to the outer
support, 8c (outer)

„ _ (3L2-4a2)Fa 
c _ 4Ewt3

170.06 pm

Table 4.2: Fundamental equations describing the four point bending method (Force = 3N).

4.3 Modeling in COMSOL Multiphysics
Finite element modelling (FEM) has become increasingly popular especially in the 

MEMS research environment. FEM is originated from mechanical engineering for 

predicting mechanical responses when certain load is applied. The mechanical object 

to be tested is subsequently divided into tiny and discrete elements, known as the 

meshing processing step. Each of these elements interacts with adjacent elements. 

Moreover, FEM simulations have extended beyond their core mechanical field to 

produce simulation in multiphysics such as temperature, electromagnetic fields, 

acoustics, etc. As a result, FEM is a useful tool to predict the behaviour of a MEMS 

device as well as producing reasonably accurate results [11, 12],
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Here, COMSOL Multiphysics software (version 4.3a) is introduced and 

utilized to simulate the stress distribution and deflections in the four point bending 

configurations to further verify the formula derived in the earlier section [13], 

COMSOL multiphysics software is one of the most popular FEM tool for 

multiphysics modelling in the commercial market. An exciting feature introduced by 

COMSOL recently is the piezoresistivity physics which enables users to simulate the 

piezoresistance behaviour on MEMS devices. The piezoresistance simulation will be 

discussed in the next chapter (Chapter 5). This chapter will only focus on the 

mechanical characteristics of the four point bending configuration. For solid 

mechanics applications, structural mechanics application mode is selected. The 

simulation begins with 2D geometry plane stress mode simulation and followed by 

3D geometry solid, stress-strain application mode. Both 2D and 3D models of four 

point bending are developed to investigate any discrepancy.

In general, COMSOL simulation is typically performed in five major stages. 

They comprise the geometry modelling, physics applications, meshing, model 

solving and post-processing. These procedures are similar for 2D and 3D model 

simulations. To achieve the best outcome, all COMSOL simulations are conducted 

on a high performance PC with Intel Core i5-2400 CPU at 3.10 GHz. The built in 

random access memory (RAM) of the PC is 4GB using Windows 7 64-bit operating 

system.
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Figure 4.9: Point, edge, boundary, domain elements in COMSOL simulation [13],

Figure 4.9 demonstrates the physics application process where there are four 

distinct ways to define physics conditions onto a geometry in COMSOL simulation. 

Basically, a domain function allows user to select the entire object of the model 

while boundary is used to select a particular surface. Edge and point functions are 

used to identify an edge and a certain point on a model. All these functions are 

fundamentals tools to evaluate the area of interest throughout the simulation.

In FEM simulation, boundary conditions are important factors. Displacement 

and force are two main boundary conditions often used in solid and structure 

modelling. Other boundary conditions such as temperature and convection are 

typically used in heat transfer situations. As mentioned earlier in section 4.1, a four 

point bending setup consists of four blades as depicted in Figure 4.10. This setup 

produces pure bending in the middle part of the silicon bar between two inner blades.

Referring to Figure 4.10, the silicon beam located on two blades (outer) 

while being pressed from the top by two other blades (inner) with the force of F/2 

individually. Table 4.3 indicates the design parameters of the four point bending 

model which are the same dimensions used in analytical model. Next, the concept of 

2D elasticity theory used in FEM is presented.
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Figure 4.10: Simplified 4 point bending fixture.

Specifications Parameters
Silicon Young’s modulus 160 GPa
Silicon Poisson’s ratio, v 0.28
Range of force 3 N
Length of silicon bar 40 mm
Width of silicon bar 6.5 mm
Thickness of silicon bar 0.4 mm
Maximum load applied 12 N

Table 4.3: Material properties of silicon used in simulation.

4.3.1 2D simulation model

This section initiates with a brief description of the four point bending in two 

dimension (2D) structure using COMSOL Multiphysics. In a 2D solid, studies are 

mainly focusing on two major coordinate which are the x and v-axis. All relevant 

variables are independent to the z-axis.

4.3.1.1 Modelling process

FEM simulation of the four point bending fixture is initiated from two dimensional 

domain as the creation of a 2D model is simpler and easier compared with 3D 

simulation. This section mainly discusses the procedures to setup a four point 

bending model using COMSOL simulation package. At the beginning, four point 

bending model is first created on 2D geometry plane. For more effective simulation, 

only half of the four point bending structure is modelled in this experiment. The 

result of the other half can be produced by applying a symmetrical effect at the
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centre of the silicon bar. This approach will produce the best result without 

consuming hardware resources as the meshing and simulation time during process 

will be effectively reduced by half.

Centre of silicon bar

Top support

t i
Vi rt

Figure 4.11: Four point bending model 2D Structural design (half model 
for simplicity).

Figure 4.11 depicts the four point bending model in 2D geometry. Because 

only half of the structure is modelled the length of the silicon bar has reduced to 20 

mm instead of 40 mm. The centre of the silicon bar is located at the left end while 

the edge of the silicon bar is positioned at the right end of the design window. The 

top support and bottom supports are represented by two nodes, ptl and pt2, 

respectively. Once the silicon bar design and associated notes are created, 

appropriate material is selected and customized to represent the property of the 

model which in this case is n-type silicon with Young’s modulus of 160 GPa and 

Poisson’s ratio of 0.28.

Next, point load and prescribed displacement are assigned. A -1.5N (half of 

the -3N total) force is defined at the top support node (pt2 node) to produce force 

downwards while bottom support {ptl node) is described as prescribed displacement 

to act as a non-moving support. Subsequently, meshing of the boundary is created as 

depicted in Figure 4.12. “Finer” element size is selected and applied which has

. ' ■_____ j
*" *

......A.......... .
Bottom support !

Edge of silicon bar
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generated 78 elements and 934 degrees of freedom solved. In order to optimize the 

accuracy, quality of meshing is investigated to determine the effect on simulation 

result. Finer meshing consumed longer time during the process but offers better 

resolution. Table 4.4 compares various parameters and results for different level of 

meshing quality. After comparing the simulated stress with calculated stress using 

Equation 4.22, it is fair to conclude that “Finer” meshing is adequate for the 2D 

simulation to produce substantial accurate result.

Nonlinear structural analysis is a useful feature available in COMSOL 

simulation package which allows user to observe nonlinear effects such as changes 

in geometry due to excessive displacement. In general, structural nonlinearities can 

be divided into three groups. They include geometric nonlinearity, material 

nonlinearity, and contact or boundary nonlinearity. However, only geometric 

nonlinearity, observed when large strain is present, will only be covered in this 

simulation [14].

Meshing:
Element size: fine
Meshing elements: 78 elements
Number of degrees of freedom solved for: 934

Figure 4.12: Meshing of Four point bending 2D

120



Element size Meshing
elements

Meshing 
time (s)

Stress tensor 
* (MPa)

Centre
Deflection (pm)

Extremely coarse 65 elements 4 -60.58 160.08
Coarser 77 elements 4 -60.63 160.08
Normal 77 elements 5 -60.63 160.08
Finer 78 elements 5 -60.58 160.08
Extra fine 227 elements 5 -61.01 160.11
Extremely fine 810 elements 5 -61.57 160.11

Table 4.4: Impact of various meshing size.

4.3.1.2 Result analysis

Prior to the discussion of final 2D simulation results, linear, non-linear models are 

calculated and values are compared. Figure 4.13a and Figure 4.13b depict the stress 

at centre and deflection at centre under load range from 0 to 12N, respectively. It is 

clear from both graphs that both linear and non-linear geometry simulation produce 

stress and deflection results very close to the theoretical results. Therefore, it is fair 

to say that non-linear geometry effect does not influence the simulation result in the 

2D model simulation over this range of loading. Since both simulation results agree 

well with theoretical result, linear version of simulation is preferred due to the lesser 

processing time is required.
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(a) (b)
Figure 4.13: 2D COMSOL simulation plots, (a) Stress x (compressive) vs 
applied load; (b) Displacement y vs applied load.

Two graphs are generated to investigate the mechanical property of the 

silicon beam under -3N. Stress distribution in ID format is plotted across the length
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of the silicon bar under 3N load (Figure 4.14). A uniform stress of 60.58MPa is 

produced at the centre of the silicon bar between the two inner supports. The results 

also indicate that zero stress is present beyond the outer support due to free moving 

end. The displacement of the silicon bar under 3N load is depicted in Figure 4.15. 

The maximum displacement of 170pm is produced at the centre of the beam. Both 

stress and displacement results agree well with analytical results. Therefore 

verification that pure bending is observed between the two inner supports.

Max Stress: 60.58MPa

_ Uniform 
stress

Inner supports

Zero stress 
region

: Outer supports

Arc Length (mm)

Figure 4.14: 2D COMSOL simulation - Stress x when load is 3N.

Max. Displacement: 170.09pm

-0 u

Arc length (mm)

Figure 4.15: 2D COMSOL simulation - Outer supports deflections 
when load is 3N.
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4.3.2 3D simulation model

Three dimensional (3D) simulation is considered to produce more precise and 

complex analysis than the two dimensional (2D) simulation can offer [15], This 

section discusses how the four point bending is setup and analyzed using COMSOL 

Multiphysics in 3D. In a 3D solid, studies are focusing on all three coordinates 

which are the x, y and z-axis. An accurate way to predict the failure of a ductile 

material is by calculating the von mises stress. Von mises stress is also known as the 

equivalent or effective multi-axial stress. Von Mises stress can be derived as a 

function of three principle stresses, is given by [16, 17]

Equation 4.38

4.3.2.1 Modelling process

In this section, the modelling procedure of the four point bending fixture in 3D 

domain is presented. Figure 4.16 illustrates the 3D modelling procedures in 

COMSOL using four point bending model as an example. Similar to 2D COMSOL 

modelling, the simulation is initiated by drawing the physical model of the geometry. 

This is followed by the definition of the specific physics, meshing, model solving 

and post-process analysis. We will discuss each processing stage in the following 

section.

The four point bending fixture used in this research comprises of three main 

components. The top and bottom supports are represented by two blocks (made of 

Delrin material) with sharp blades contacting the silicon bar sample. Figure 4.17 

illustrates the design of all three components in a 2D plane before extruding to the 

desired width. Extruding is a function within COMSOL which allows users to add 

thickness onto the design. For better visualization, the silicon bar sample is
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highlighted in Figure 4.18 while top and bottom blocks supports remained

transparent.

a. Geometry con/isol

Figure 4.16: Summary of 3D modelling process of four point bending in 
COMSOL.

A 2mm square area is designed to represent the position of silicon 

piezoresistors on the surface of the sample. This will enable an investigation of the 

average stress within this area in greater details. A single 500pm (length) * 20pm 

(width) size resistor is also included within this surface area. The silicon bar has a 

dimension of 40mm length, 6.5mm width and 0.4mm thickness. The top and bottom 

blocks are designed to be extended beyond the width of the silicon bar to offer 

uniform bending from the centre until the edge of the silicon sample. Unlike 2D 

modelling, building half model using symmetry feature is far more complicated to 

setup in 3D modelling. Hence, a full modelling setup is used instead.
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Top block

Silicon beam

Bottom
block
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Figure 4.17: Top block, silicon bar and bottom block design.

Top support block2mm square 
region

Silicon beam

500 X 20pm 
piezoresistor

Bottom support block

Figure 4.18: 3D model of four point bending. Silicon bar is highlighted in purple.
A 2mm square is designed to represent the location of piezoresistors on the 
silicon bar.

Subsequently, solid mechanics physics and material properties are assigned 

to the 3D model of the fixture. Table 4.5 records the material properties of silicon 

used in the simulation. Compared with 2D simulation, the 3D model is typically 

more complicated and required more hardware resources. Hence, appropriate 

meshing is vital to generate accurate results. In order to optimize the meshing 

process, manual configuration is used to specify higher meshing densities at the 

more interesting areas such as the silicon bar and the 2mm square region. The 

meshing is divided into three main parts, the top and bottom blocks, the silicon bar, 

and the 2mm square resistor area. Figure 4.19 illustrates the density of meshing,
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which is focused at the centre surface of the silicon bar domain. Figure 4.20 presents 

the meshing of silicon bar where smaller elements are concentrated at the centre.

Silicon properties Values
Young’s modulus 160 [GPa]
Poisson’s ratio 0.28

Table 4.5: Material properties of silicon used in 3D COMSOL simulation.

Linear and non-linear geometry model results are compared with 2D 

simulation and analytical results. Stress at centre and deflection results are 

subsequently recorded. Various principal stresses across the width of the silicon 

beam will also be considered and investigated. Finally, stress variation for each 

principal stress across the 2mm resistor design area is presented to determine the 

uniformity of stress level.

1 / = \V
Meshing Ufree tetrahedral)

------------------ \-------------------------------
Mesbins 2 (free tetrahedral) Meshing 3(free tetrahedral)

Predefined: Coarser Predefined: Finer Predefined: Finer

• Maximum element size: 7600 mn • Maximum element size: 2200 um • Maximum element size: 6 pm
• Minimum element size: 1600 ^m • Minimum element size: 1 pm • Minimum element size: 0.2 (im
• Resolution of curvature: 0.8 • Maximum element growth rate: 1.4 • Maximum element growth rate: 1.4
• Resolution of narrow regions: 0.3 • Resolution of curvature: 0.4

• Resolution of narrow regions: 0.7
• Resolution of curvature: 0.4
• Resolution of narrow regions: 0.7

Figure 4.19: Meshing details for individual domain (Top block, silicon 
bar, bottom block).

4.3.2.2 Results analysis

To further investigate the results produced by COMSOL, a series of comparison 

graphs are generated in relation to the stress, deflection for linear and non-linearity 

characteristics of four point bending model. Similar to the previous 2D modelling 

analysis, the maximum stress and maximum deflection plots are produced and
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compared with 2D and analytical results generated in previous sections. The graphs 

produced in this section are generally divided into two categories, a smaller range of 

loading force with up to 3N is considered for small strain application while loading 

force of up to 12N is applied for large strain application. Compared with 2D 

simulation, 3D simulation takes approximately 30 minutes to complete the modelling 

process.

▼ 0.2445

Figure 4.20: Meshing density on the surface silicon bar.

Figure 4.21 illustrate the stress in direction x for load range of 12N. 

Generally, these results indicate that stress at the centre of the beam for both 3D 

models (linear and non-linear) are linearly proportional to applied load. However, 

non-linear results started to show deviation beyond 8N load application. Comparing 

both 3D graphs, the non-linear simulated results are closer to the theoretical results 

compared with linear simulation plots. This is potentially due to the non-linear 

geometric effect resulting of different types of materials interacting together (silicon 

and acetal).

The discrepancy between theoretical and linear simulation results is 

potentially due to different assumptions are applied in theoretical and 3D linear 

simulation model. Assumptions used in theoretical calculations are more simplified
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than the assumptions used in 3D linear simulation model. On the other side, the 

deviation between linear and non-linear simulated results might be contributed by 

the small strain non-linearity effect for materials used in this design. As 

demonstrated in Figure 4.21, the non-linear stress tensor characteristic is very 

similar to the theoretical plot until a load level of greater than 8N. When load is 

beyond 8N, non-linear stress incline back towards linear stress plot. The deviation 

beyond 8N is potentially due to the large strain non-linearity effect in the silicon 

material.

re 150 -

Theory
• COMSOL2D 
a COMSOL 3D linear 
▼ COMSOL 3D nonlinear

Load (N)

Figure 4.21: COMSOL stress x vs loads plot (up tol2N).
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Figure 4.22: COMSOL displacement vs loads plot (up to 12N).

On the other side, the linear stress tensor characteristic is continuing its path 

deviating away from the theoretical results. Potentially, the deviation of linear 

simulation results in this experiment was due to the lack of considerations of certain 

materials properties which are included in the geometry non-linearity simulation.
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The same trend is observed on the displacement plot depicted in Figure 4.22. It is 

observed that both stress and displacement results demonstrated linear relationship 

trend compared with analytical results for load up to 8N.

Next, the stress across the top surface of the silicon bar is investigated for 

both linear and non-linear case. From both stress distribution graph in Figure 4.23 

(linear) and Figure 4.24 (non-linear), one can observe that a substantially uniform 

stress (x direction) are produced at the centre of the silicon bar between the two inner 

supports which are 52.34 MPa and 58.53 MPa, respectively. As seen on both graphs, 

von Mises stress produces a similar magnitude graph compared with stress in x 

direction. This is mainly due to the stress in x direction being 10 times larger than the 

stress in y and xy directions. Hence, it is concluded that four point bending produces 

uniform and uniaxial stress at the centre of the test sample.

Figure 4.23: COMSOL 3D various types of stress across 
silicon bar (centre) at -3N load (linear).

When comparing 3D stress distribution graph (Figure 4.23 and Figure 4.24) 

with 2D stress distribution graph (Figure 4.14), it is observed that the stress between 

two inner supports in 3D graph is not as uniform as the 2D simulation version. This
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might possibly due to the 3D effect at supports. Therefore, the stress closer to the 

centre is demonstrating better uniformity than closer to the support contact. The 

analytical and simulation results will be compared with real displacement results 

measured in section 4.6.1.2,

— -3N stress tensor x 
•3N stress tensor y

------3N stress tensor xy

5000 10000 15000 20000
Seam length (|jm)

25000

Figure 4.24: COMSOL 3D various types of stress across silicon bar (centre) 
at -3N load (non-linear).

Apart from investigating the stress at the centre, it is also interesting to 

observe the stress variation across the 2mm resistor design area (highlighted in 

Figure 4.25). A total of four distinct plots are generated to investigate the stress 

variation for four different principal stresses which include stress x (Figure 4.26a), 

von Mises stress (Figure 4.26b), stress y (Figure 4.26c), and stress xy (Figure 

4.26d). It is observed that the stress in y direction has the highest variation across 

the area while stress in x direction has the lowest variation. Although the stress 

variation in y direction is significantly larger than stress in x direction, it has minimal 

contribution to the overall von Mises stress where 0.16% of variation is observed. 

This is mainly due to the fact that stress in the silicon bar is uniaxial and dominated 

by stress in direction x.
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Figure 4.25: Surface stress in x direction.

(c) (d)
Figure 4.26: Stress distribution across 2mm square top centre surface area when -3N 
of force is applied, (a) stress in x direction; (b) von Mises stress; (c) stress in y 
direction; (d) stress in xy direction.

4.5 Apparatus Design, Fabrication and Operation
There are multiply ways to apply load onto a four point bending fixture as well as

measuring feedback from the testing system. In previous publications, stress is 

applied using various force applications such as piezoelectric actuator [7], simple 

loads [6], and motorized stepper actuator [8], Previous publications also reported
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ways of measuring feedback such as using optical sensor to measure deflection and 

curvature [7] and employing force sensor to determine the force applied [8],

For the present research, there are a few important criteria which are required 

to be taken into consideration, they include:

1. Stress range investigation.

2. Force application method.

3. Material and geometry of entire apparatus (fixture and housing).

4. Feedback control and monitoring

4.5.1 Stress range investigation

In order to determine the suitable load range, it is vital to predict the maximum stress 

can be applied on the silicon bar prior to breakage. Recent publication have reported 

that most silicon strips fail for a mechanical stress of greater than 175-225 MPa [18]. 

A simple four point bending feasibility test was conducted to further verify the 

maximum load reported by recent publications. Several silicon bars with 

approximate dimension of 6 x 40 mm are cut from a 100 mm diameter silicon wafer 

to perform the test. A cylindrical plastic tube was used to represent the top and 

bottom support of four point bending fixture.

A total of 9 silicon samples were measured and maximum load weight were 

recorded at the point where the silicon samples fractured. An average maximum 

force up to 10 Newton is obtained from this fundamental test. This load corresponds 

to a surface stress of 202 MPa. The result has good agreement with recent 

publication results, lying in the 175-225 MPa stress range. As a result, load range of 

up to 12N is proposed to cover the stress range in our experimental work. Next, the 

design and fabrication of four point bending fixture is discussed.
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4.5.2 Four point bending fixture design

The four point bending fixture used in this project consists of a base part containing 

two support blades separated by a distance of 28mm and a sliding part (top block) 

where two load blades are separated by a distance of 14mm. These two blocks are 

made from the thermoplastic material Acetal (Delrin). Section 4.5.4 will discuss the 

main considerations for material selection. Four steel shafts of 3mm diameter are 

installed at each comer of the block to provide alignment for top block. To minimize 

friction, SKF LBBR mini linear ball bearing with 3mm inner diameter, 7mm outer 

diameter and 10mm height was used. A 10mm square recess area is created on the 

surface of the top block for the placement of the SMD load cell (further discuss in 

section 4.5.5.1). A cross-section of the four point bending is shown in Figure 4.27. 

Figure 4.27a and Figure 4.27b depict the cross-section of four point bending fixture 

in 3D and 2D with dimensions, respectively. Figure 4.28a and Figure 4.28b 

illustrate the operation of four point bending in opening and closing mode, 

respectively. Figure 4.28b also indicates the of ball bearings' location to minimize 

friction.

4.5.3 Force application method

The four point bending setup proposed in this project consists of a combination of 

two force application options. One method is by implementing a manual actuator to 

perform a bending or deflection on the chip while the force on the chip is measured 

with a dedicated force sensor Figure 4.29a. A Newport thread mount micrometer 

head (BM 17.51 model) is selected as our manual actuator as it offers high 

sensitivity of down to 1pm. Besides, the Newport micrometer has a maximum 

travelling distance of 51mm and load capacity of 102N (Appendix B3 for more
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details on the Newport micrometer) [19]. The micrometer is used to apply force onto 

silicon beam by using the displacement method.

(a) (b)
Figure 4.27: Cross-section of four point bending fixture (a) 3D view; (b) Side view.

In the second method, simple 30gram (0.3 Newton) load weights are used to 

apply the force as demonstrated in Figure 4.29b. In this force application method, an 

aluminium rod is designed to carry the load weight on the top while positioning at 

the top centre of the four point bending fixture. This method is simple and easy to be 

executed. The individual load weight has a diameter of 50mm and 6mm thick. The 

four point bending fixture is designed to be placed in the centre position of an 

aluminium housing where a recess area of 1mm depth is designed for the placement 

(Figure 4.29). As mentioned in chapter 3, a zero insertion force (ZIF) flat flexible 

connector is employed for the ease of electrical measurement and to avoid the 

introduction of error during measurement by probes. This method was implemented 

by J. Ritchter et al. [8].
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Figure 4.29: Two ways of load applications using four point bending 
apparatus, (a) Manual actuator method; (b) load weight method.

4.5.4 Material selection and geometry considerations

Since the ZIF connector can only survive up to 80°C temperature, the maximum 

temperature testing limit is set to be 80°C. The second criteria is that only non- 

conductive material will be considered as the material for the four point bending 

fixture because a conductive material such as aluminium will short out all metal 

connections on the surface of silicon bar. Table 4.6 presents a comparison between
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two non-conductive plastic materials; PEEK and ACETAL. PEEK offers higher 

temperature range but it is significantly (approximately 7 times) more expensive than 

Acetal. Acetal is low cost, yet still fulfils the temperature requirement, and therefore, 

is selected as the fixture material. The weight of the top block made by Acetal is 

calculated to be less than 30g.

Specification PEEK ACETAL
Maximum Temperature range 300°C 140°C
Material Cost (rod 50mm diameter x 125mm) £71.11 £9.26

Table 4.6: PEEK and ACETAL material comparisons.

Since the outer housing is not crucial, aluminium is proposed as the housing 

material. The thickness of the aluminum top and bottom plate are approximately 

15mm thick. For temperature testing purpose, the whole testing apparatus is required 

to be smaller than the inner dimension of the temperature oven (Model D-6450 

Heraeus). It has an inner dimension of 350 mm wide x 300mm tall. Hence the height 

of the aluminium housing is made 80mm tall.

4.5.5 Feedback control

In order to produce accurate and reliable measurements, it is vital to carry out a few 

verifications on the newly designed testing apparatus. The easiest way to monitor 

the apparatus is by installing sensors to monitor the stress and displacement due to 

applied force. Greater details of the sensor setup will be discussed in the following 

sections.

4.5.5.1 SMD S410 load cell

For force displacement method, micrometer actuator is used to apply force onto 

silicon beam as depicted in Figure 4.30. SMD S410 has been chosen as the load cell 

to measure the loading force (Appendix B4 for more details on the SMD S410 load 

cell). Figure 4.30 illustrates the placement of SMD load cell at the top of the four
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point bending fixture associated with the manual actuator. The load cell has a load 

range of 9N which is sufficient for the load sensing without sacrificing the output 

sensitivity [20]. The key specifications for SMD load cell are:

• Compact design

• Simple mounting geometry

• Operating temperature: -40 to 85°C

• Excitation voltage of lOVdc/Vac

• Load capacity of 0.9kg (9N)

Figure 4.30: Four point bending apparatus with SMD load cell for force 
displacement method.

4.5.5.2 Microstrain micro miniature displacement sensor (M-DVRT)

For the load weight method, a displacement sensor is employed to determine the 

deflection of the silicon bar while a force sensor monitors the stress for manual 

actuator load application. Four main criteria to consider a displacement sensor in this 

project are measurement range (1mm), resolution (<10pm), operating temperature 

(up to 100°C) and cost. A range of commercially available displacement sensors are 

compared to determine the most suitable sensor for feedback application on the four 

point bending apparatus. Table 4.7 depicts the details of the comparison for seven

distinct types of displacement sensors. As a result, sub-miniature Differential
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Variable Reluctance Transducer (DVRT), a product of MicroStrain offer a 

measuring range of up to 4mm with 1pm resolution was selected (Appendix B5 for 

more details on the Microstrain M-DVRT displacement sensor).

Manufacturer Product
Range
(mm)

Resolution
(Rm)

Operating 
temperature (°C)

Schreiber
SM 27 Inductive 
displacement sensor 5 13 -20 to 85

Microstrain
Subminiature DVRT- 
4 4 1 -55 to 175

Keyence
Inductive gauging 
sensor 2 0.6 -20 to 105

RDP
D6/00500A or 
D601000A 5 NA -20 to 120

AML

Miniature series
LVDT displacement 
transducer 2 2 10 -30 to 150

Solartron
Metrology (+/-) 15mm LVDT 30 NA -20 to 85

Table 4.7: Various type of commercially available displacement sensors.

This sensor can operate from -55 to 175°C. The DVRT sensor comprises of 

three main components: a rigid body, a free sliding core, and a connector cable for 

electronics (Figure 4.31). The weight of the core is very small and could be 

neglected. The operation of the DVRT sensor is based on the detection of the core 

position by measuring the differential reluctance [21], A separate signal conditioning 

module is required for the conversion of AC to DC electric signal. The displacement 

of the DVRT is given by

S = mx + B Equation 4.39

where S denotes displacement(mm), m denotes slope (mm/V), x denotes sensor 

output (V), B denotes offset(V). According to manufacturer calibration data, the 

slope and offset values are recorded as 0.89915mm/V and -2.25264mm, respectively.
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Figure 4.31: Four point bending apparatus with DVRT displacement sensor for 
load weight method.

4.5.6 Fabrication

The four point bending apparatus was fabricated in Queens University Belfast using 

computer numerical control (CNC) machines. Figure 4.32a presents the complete 

set of four point bending apparatus comprises of two main parts: aluminum housing 

and four point bending fixture block (Acetal). A recess area is created at the centre of 

the bottom part of the aluminum housing to allow easy alignment when inserting 

four point bending fixture into the housing (Figure 4.32b). A hole is created at the 

centre of top housing to allow either the manual actuator or the loading shaft to be 

inserted.

Aluminium
housing

Four point 
bending ” 
fixture

'Recess area

(a) (b)
Figure 4.32: Fabrication of Aluminium housing and four point bending fixture, (a) 
setup mode; (b) operation mode.

Figure 4.33 provides a closer view of four point bending fixture. The four 

knife edge supports are displayed in Figure 4.33a. Figure 4.33b depicts the
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positioning of silicon bar at the middle of the bottom block with the aid of four 

additional steel rods which have a spacing of 7mm (silicon bar width is 6.5mm). 

Figure 4.34 presents the outlook of the four point bending apparatus for manual 

actuator method. The manual actuator is attached firmly at the top of the aluminium 

housing. A recess area, approximately 1mm deep is created at the surface of top 

block to fit the load cell for stress measurement. Figure 4.35 illustrates the four point 

bending set up for the load application method. In this configuration, an aluminium 

shaft is custom made together with a PTFE holder for load application. A hole is 

created at the top of aluminium housing to accommodate the DVRT sensor to 

measure the displacement.

A total of 12N load weights were fabricated for load application test. Two 

different kind of materials were used to make these weights to reduce the overall 

height of the apparatus during the operation. For 30g load weights, aluminium is 

used while steel material is selected for 300g load weights. All weights were verified 

by weight scale (MEELER model PJ3600) to ensure the accuracy of the fabrication. 

Figure 4.36a and Figure 4.36b demonstrates the bending of silicon beam under zero 

load and 9N load, respectively. From Figure 4.36b, it is observed that the silicon 

beam is under pure bending using four point bending fixture.
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Knife edge supports ZIF connectors

(a) (b)
Figure 4.33: Four point bending fixture (Top and bottom block) (a) Positions of 
knife edge supports; (b) Placement of ZIF connectors.

Figure 4.34: Force method 1 - manual actuator with SMD load cell.
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Top block 

Silicon beam 

Bottom block

(a)

Top block

Silicon beam

Bottom block

(b)
Figure 4.36: Four point bending fixture (a) no load (b) 9N load.

4.6 Measurement analysis

To ensure the accuracy of stress application using the four point bending apparatus, 

the calibration of both load cell and displacement sensors are measured and 

documented. Secondly, temperature test will be further discussed.

4.6.1 Sensor calibration

4.6.1.1 SMD S410 Miniature low-profile button load cell

At the beginning of the test, a series of loads were applied from 0 to 3 Newton with 

step size of 0.3N. Power supply used in sensor calibration is supplied from TTi - 

Thurlby thandar instruments (model pl330DP). Figure 4.37 presents the measured 

output voltage subjected to 3N load force. Table 4.8 denotes the output voltage
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reading corresponding applied load according to SMD load cell datasheet. At 3N

load application, the output voltage is measured at 3.25mV which is 1.5% slightly

smaller than the reference output reading (3.33mV). The main contribution to the

discrepancies of the result might come from the friction from PTFE holder

(aluminium housing) and the variation of individual load weights.

>
E
<DIo
>
5Q.5O

Loading (N)
Figure 4.37: Force measurement output reading from SMD load cell (loading 
and unloading).
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Load weight Output voltage
0.3N 0.33mV
IN l.llmV
3N 3.33mV

Table 4.8: Sensor output when lOVdc is supplied.

4.6.1.2 Subminiature DVRT (Differential Variable Reluctance Transducer)

In the second force application method, load weights are used with the DVRT 

displacement sensor. During the calibration, five cycles of loading and unloading are 

performed to investigate the characteristic of the four point bending fixture under 3N 

of load application. The step size of each load is 0.3N. The accuracy in measured 

deflection is associated with the resolution of the DVRT displacement sensor (1pm). 

The deflection between the inner blade and outer blade can be calculated by the 

difference between Equation 4.36 and Equation 4.37.
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Figure 4.38 depicts the average DVRT displacement results compared from 

theory and COMSOL 2D and COMSOL 3D results for loads up to 12N. COMSOL 

2D plot was not displayed in both graphs as they are the same as the theoretical 

plots. The average change in displacement measured by the DVRT sensor is linearly 

proportional to applied stress up to 12N. It is clear from both figures that the 

measured deflection is closer to the 3D linear simulated values. The small 

discrepancy observed here is potentially due to two main factors which are the 

friction contributed by the PTFE holder (aluminium housing) and linear bearing 

(four point bending fixture).

500

400

1. 300

C 
$

m 200

ss- a
100

0
01 23456789 10 11 12

Load (N)

Figure 4.38: DVRT displacement results compared with theory and 
COMSOL 3D results up to 12N load.

4.6.2 Temperature monitor and control

The temperature setup employed of an Heraus temperature oven (D-6540 Hanau) 

and PID Power controller (Eurothenn 818), (Figure 4.39). Three main reasons that 

an oven is selected for the silicon bar temperature test are:

1. The oven provides a good sealed environment to achieve a stable and 

uniform temperature control.

2. Load weights can be applied to the silicon test bar easily within the same 

temperature environment.

-■-Theory 
3D linear 

* 3D nonlinear 
▼ DVRT measurement

-i---------1-------- 1---------r
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3. Elimination of 99% of light to avoid any light influence onto the test device.

t
PID Power 
controller

Temperature
oven

Four point
__ bending

apparatus

Keithly
2401 source \ 
meter Aluminium 

load weights

Figure 4.39: Outlook of temperature oven setup.

The time to reach a stable temperature is observed to be approximately 35 

minutes. Piezoresistance values are only recorded 30 minutes after the oven has 

reached the set point temperature. Generally, measurement is performed by 

increasing the temperature in steps of 10°C. As can be seen Figure 4.40, electrical 

connection is established using a combination of FFC cable and standard electrical 

wires. There is a small hole at the top of the oven to allow the electrical connection 

to be extended to outside of the oven. Electrical measurement is performed using a 

Keithley 2401 sourcemeter. A K-type thermocouple connected to the PID Power 

controllers supplies a feedback signal to the temperature controller. The 

thermocouple is placed closed to the test fixture and reads the temperature near the 

chip.
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_ bending 
fixture
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FFC cable

Figure 4.40: Closer look of four point bending apparatus inside temperature 
oven.

4.6.3 Uncertainty of measurement

It is deduced from both the stress and the deflection equations (Equation 4.22 and 

Equation 4.36) that the uncertainly of stress and deflection in a four point bending 

fixture are determined by several parameters. The main factors contributing to the 

error include the uncertainty in positioning, loading, and effect of temperature. A 

few precautionary steps and measures have been implemented to minimize the error. 

To ensure the alignment of the silicon beam, it is placed at the centre of the fixture. 

Small steel locators are placed at the beam side creating an optimized width of 7mm. 

Four aluminium markers are included in the mask design of the silicon beam to 

allow alignment to the edge of the block by visual inspection.

All load weights sets, the bending fixture and aluminium housing are 

accurately fabricated using computer numerical control (CNC). All weights are 

measured (MEELER model PJ3600) with the accuracy of 0.0Ig and variation of 

each weight is less than 1%. A temperature calibration test is performed prior the 

measurements. In the calibration, a second k-type thermocouple is connected to a 

multimeter through a dedicated adaptor. This second thermocouple is placed closed 

to the centre area of the oven where the four point bending apparatus will be located.
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During the test, temperature is ramped up with a step of 15°C. From the calibration 

test, it is observed that the temperature measurement reading from the PID controller 

agrees well with the temperature reading from the multimeter.

4.7 Summary
One method to obtain uniform bending is to employ a four point bending fixture. 

Here, a brief introduction to 4 point bending setup has been reported and studied. 

Equations to determine the stress and deflection at the centre have been derived for 

stress and deflection estimation. COMSOL Multiphysics is employed for finite 

element method simulation to predict the mechanical behaviour of the four point 

bending configurations. Simulation results are generated in two dimensional and 

three dimensional models. Geometry nonlinearity has also been considered during 

the FEM simulation. From the discussion, COMSOL simulation results 

demonstrated good agreement with analytical results, for low stress levels.

Two distinct force loading methods are proposed to for the four point 

bending setup, these are the manual actuator and load weights methods. The load 

weight method is preferred due to the simplicity of loading application. In the load 

weight method, DVRT sensor is employed to monitor the displacement. Aluminium 

and acetal are selected as the material for housing and four point bending fixture, 

respectively. Finally, measurement analysis is conducted to verify the performance 

of the four point bending apparatus. Temperature setup has also been considered and 

calibrated.
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Chapter 5
5. Piezoresistivity Simulation in Silicon
In order to optimize the sensitivity of a piezoresistive sensor, numerical simulations 

such as finite element methods (FEM) are useful to estimate the piezoresistive effect 

under various stress conditions. For optimization of piezoresistive effect in silicon, it 

is vital to understand the influence of orientation, doping and temperature effect in p- 

type silicon. Recently, COMSOL has introduced a new user interface for the MEMS 

module which is the piezoresistivity model [1]. The new user interface has enabled 

users to perfonn simulation for piezoresistivity in semiconductor materials such as 

single crystal silicon. This chapter introduces the simulation of piezoresistivity 

model using COMSOL Multiphysics 4.3b and also explains the theory and 

procedures for piezoresistivity interfaces in COMSOL. Piezoresistivity is 

subsequently simulated and measured for a range of doping concentrations. Finally, 

the simulated results are compared with experimental work.

5.1 Introduction
The piezoresistivity interface available in COMSOL is a combination of the solid 

mechanics interface, electric current interface and piezoresistive materials [1]. This 

means that piezoresistive materials can be simulated using structural and conducting 

materials. In general, the solid mechanics interface is normally implemented for 

stress analysis, linear and nonlinear solid mechanics and displacement simulation.
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The elastic material model in the solid mechanics interface can be extended to

thermal expansion, initial stress and strain elements. Conversely, the electric current 

interface is designed to model DC, AC, and transient electric current flow in 

conductive and capacitive media. This interface is also used to deal with the current 

conservation equation for the electric potential as well as computing the current 

distribution in the interconnect layer. The next section describes the theory for the 

piezoresistivity interface defined in COMSOL [1],

5.2 Theory for piezoresistivity interface in COMSOL
This section will explain the piezoresistivity theory used in COMSOL. Considering

an electric field applied to a conductor, an electric current will flow across the 

structure. Referring to Ohm’s Law, the electric field, E (in V/cm) derived as a 

function of current density, J (in A/cm2), and electrical resistivity, p (in Oxm) is 

given by [2-4]:

E = p ■ J + Ap ■ J Equation 5.1

where Ap is the relative change in the resistivity due to applied strain. The change in 

resistivity can be expressed in terms of stress and strain by the equations below:

Ap ^effective ' ^ Equation 5.2

where n is the effective piezoresistance coefficient (SI unit: Pa"1) and o is the stress. 

According to theoretical literature [5, 6], the piezoresistance properties are described 

in terms of a relative change in resistivity. Therefore, effective piezoresistive 

coefficient (unit fi'cmPa"1) properties can be derive as

^effective = Ps™ Equation 5.3

where n is the piezoresistance matrix for lightly doped material and ps is the scalar 

resistivity of the non-deformed material. However, it is noted that Equation 5.3 is 

only valid when the resistivity is isotropic and under zero stress. Since silicon is an
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anisotropic material, the piezoresistive coefficients expression for lightly doped 

material can be simplified into three main piezoresistive coefficients which are mi, 

m2 and 7C44- Hence piezoresistive coefficient expressions can be simplified to

[tt] =

TTn U12 ^12 0 0
n12 Till n12 0 0
n12 nl2 1*11 0 0

0 0 0 7r44 0
0 0 0 0 7r44

. 0 0 0 0 0

0
0
0
0
0

^*44 J

Equation 5.4

where n is the piezoresistive coefficient (unit Pa"1) for lightly doped material. Table 

5.1 gives the typical room temperature values of the piezoresistive coefficient for 

lightly doped silicon (more details available in Chapter 2, section 2.3).

Resistivity Till 7T12 7144
7.8 Qcm, p-type 6.6 -1.1 138.1

Table 5.1: Room temperature piezoresistive coefficients for silicon at 10"llPa'1 [7].

In order to evaluate the ps value, it is useful to understand the theory of electrical 

conductivity in silicon. First, ohmic mobilities of electrons and holes as a function of 

impurity concentrations is studied. The mobility is defined as [8]

Ho
H =

(1 + K7+'V)]) Equation 5.5

where po is the low doping mobility and, N is the impurity concentration. Table 5.2 

presents the parameters for the impurity dependence of electron and hole ohmic 

mobilities used in Equation 5.5 [8],

Parameters Electrons Holes Units
fio 1400 480 cm2V"1sec'1
Nref 3xl016 4xio16 cm"3
s 350 81 -

Table 5.2: Parameters for the impurity dependence of electron and hole ohmic mobilities at 
room temperature in silicon [8],

For/?-type silicon, substituting all related parameters into Equation 5.5, gives
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480
Equation 5.6J(1+M£+4*1016)])

When an electric field, E is applied on doped silicon, drift current can be derived as

J = acE Equation 5.7

where ov is the conductance. Conductance of a semiconductor can be written as [9]:

ac — - — q(npp + pnn) Equation 5.8

where q is the electron charge constant, pp and //« are the mobility of holes and 

electrons and n and p are the electron and hole concentrations. For />-type silicon 

with doping greater than lxl016cm'3, p»n, and the conductivity can be 

approximated by

1
crc = - = qiipP Equation 5.9

By substimting Equation 5.6 in into Equation 5.9, ac, electrical conductivity of p- 

type silicon can be derived as

N x q x 480

“5,°

where N is the doping concentration in unit cm"3. In COMSOL, users are required to 

enter the doping concentration, N of the thin piezoresistive layer. Finally, the three 

main piezoresistive coefficients in lightly doped />type silicon (mi, nn, X44) from 

Table 5.1 are substituted into Equation 5.3 to calculate the effective piezoresistance. 

As resistivity is inversely proportional to electric conductivity, the effective 

piezoresistance is given by:

^-effective nt/(Jc Equation 5.11
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In COMSOL, the piezoresistivity module is the way that the dopant density is 

integrated in the interface as a model input. Effectively, COMSOL will 

automatically compute the resistivity and conductivity [1],

5.3 Procedure to construct /J-type silicon piezoresistor
Aside from stress and boundary conditions, there are some additional configurations

which are required for piezoresistive interface model setup. The main procedures to 

define a piezoresistive model in COMSOL will be described in this section. Similar 

to the previous design, the COMSOL simulation is initiated with the drawing of the 

geometry. Then, the setup is followed by the definition of the two important layers 

which are the thin conductive layer and the thin piezoresistive layer. Details 

regarding the four point bending setup in COMSOL are available in (Chapter 4 - 

section 4.3).

In this simulation, a reference resistor with dimension of 500x20pm is 

designed to investigate the piezoresistance changes due to stress application. Figure 

5.1 and Figure 5.2 illustrate the placement of the 500x20pm resistor at the centre of 

the silicon beam and the top view of the four terminal resistor configuration, 

respectively. The resistor is designed at the centre of the beam where uniform stress 

is produced by the four point bending setup. As depicted in Figure 5.1, four 100pm 

squares are designed as the conductive pads. In order to place the piezoresistors 

along the [110] direction, a modification is required to change the default crystal 

orientation. This can be realized in COMSOL by creating a new rotated system to 

modify the Euler angles of a to -45°. As a result, the piezoresistor is oriented in the 

[110] direction as the crystal orientation of silicon is rotated 45° from the orientation 

of the crystal axes. Table 5.3 presents the silicon properties used in COMSOL.
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1 IT- / -

500 X 20|uni resistor 
; 100|im square contact pads *

Figure 5.1: Top view of four terminal resistor (500x20pm).

Silicon beam
..........................-\..............

Location of 
500 X 20pm resistor

Figure 5.2: Silicon beam design and location of resistor.

Silicon Properties Details
Young’s modulus 160GPa
Poisson’s ratio 0.28

Table 5.3: fundamental properties of silicon used in simulation [10].

Once the geometry design is completed, two different types of materials are 

assigned to the silicon beam geometry. Previously, only n-type silicon material is 

assigned to the entire silicon beam. This time, a second material of T’-type silicon is 

required to form />-type piezoresistor at the centre surface of the silicon beam. It is 

configured that the piezoresistor has a uniform doping with thickness of 1pm. In 

COMSOL, the resistor is defined as a thin piezoresistive layer whereas the four 

contact pads are defined as thin conductive layer. To compare with our experimental 

result, we proposed to simulate the piezoresistor with four different doping 

concentrations which include lxl019cm"3, 7.6xl019cm'3, 1.2xl020cm"3, and

1.3xl020cm~3. The doping concentration of the four contact pads are defined as 

1.5xl020cm"3.
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Inner blades
Top support block

Silicon beam

Bottom support block

Figure 5.3: 3D geometry design of four point bending setup.

A four point bending fixture is designed as described in Chapter 4. Figure 

5.3 illustrates the 3D geometry of the four point bending fixture where the silicon bar 

is supported by the top and bottom block. A 2mm square area is allocated at the 

centre top surface of the silicon beam for placement of the silicon piezoresistors 

(Figure 5.5). In order to investigate the characteristic of piezoresistors, a constant 

voltage is required. Figure 5.4 illustrates the electrical configurations of the four 

tenninal configuration resistor. As depicted in Figure 5.4, 3V voltage is supplied 

through the left edge of the resistor while ground is connected to the edge of the 

resistor on the right hand side. For electrical measurement purpose, two edges at the 

extended legs are selected to determine the resistance change across the resistor. The 

meshing of the silicon bar model is designed to be finer around the piezoresistor 

area. Figure 5.6 illustrates the meshing density on the top surface of the silicon bar.

3 V
Tenninal X 500 X 20pm Resistor

I 'v Ground

^ Measurement Measurement ' 
edge 1 edge 2

Figure 5.4: Electrical configurations definitions of four terminal configuration resistor.
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2mm square 
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piezoresistor

Top support block 

Silicon beam

Bottom 
support block

Figure 5.5: Location of piezoresistor at the centre surface of silicon beam.

Figure 5.6: Meshing on the surface of silicon bar.

5.4 Modelling issues
After completing the geometry setup in COMSOL, attempts were made to determine 

the changes of piezoresistance due to doping concentration. Here, one main problem 

is observed where the piezoresistance does not change with doping concentration of 

resistor. In other words, piezoresistance effect stays the same regardless of doping 

concentration level. To address this issue, a series of experiments are conducted to 

identify the potential root cause. Several configurations and properties in COMSOL 

are investigated, including the effect of electrical conductivity, inclusion of thin 

conductive layer, various load application models, different configuration of resistor, 

and doping and dimension of contact pads.
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5.4.1 Electrical conductivity and resistivity

To understand how piezoresistance is calculated in COMSOL, the conductivity and 

piezoresistance equations used in COMSOL have been reviewed. First, the electrical 

conductivity in COMSOL which is represented by conductivity, ac (Equation 5.10) 

is investigated. Figure 5.7a plots conductivity, crc as the function of doping 

concentration in p-type silicon. Figure 5.7b illustrates the graph of resistivity as a 

function of doping concentration in p-type silicon. It has been verified the 

piezoresistance coefficients values namely nu, nn and H44 used in COMSOL match 

with the Smith publication values for lightly doped material [7]. Based on the initial 

findings, there are no errors from the equation derivation and calculation for 

electrical conductivity and piezoresistance. Flowever, there are several equations 

which could not be accessed since they are integrated within COMSOL.

Doping concentrations (cm ) Doping concentrations (cm')

(a) (b)
Figure 5.7: (a) Conductivity (S/cm) vs doping concentration (cm 3) in y>Si. 
(b) Resistivity (O-cm) vs doping concentration (cm'3) in /?-Si.

5.4.2 Various load application models

Different types of force application methods have been investigated. This test

is to verify that the four point bending fixture design is not causing the problem and 

simultaneously reduce the overall processing speed. In this experiment, silicon 

piezoresistors were simulated using simple structures such as cylindroid rod,

158



cantilever and diaphragm. Nonetheless, there is no improvement as all the simulation 

results failed to show the effect of doping concentration.

5.4.3 Inclusion of thin conductive layer

For the simplicity of simulation, a />-type silicon piezoresistors is created on a

circular diaphragm. An experiment is conducted to compare two piezoresistive 

models with and without a conductive layer. Figure 5.8a and Figure 5.8b illustrate 

the piezoresistive model without conducting layer and with conducting layer, 

respectively. The simulation result demonstrates that the piezoresistive model with 

the conducting layer produces changes in terms of resistance when stress is applied. 

In COMSOL simulation, it is observed that conductive layer plays an important role 

which affects the output of the piezoresistance effect.

Piezoresistor Thin conductive layer

Piezoresistor
Silicon diaphragm ’ Silicon diaphragm

(a) (b)
Figure 5.8: Silicon piezoresistors (a) without conductive layer 
(b) with conductive layer.

5.4.4 Different configuration of resistor

Apart from the effect of thin conductive layer, it is also observed that the

structure edge used for voltage measurements makes a huge impact. It is noted that 

resistance change is only observed when measurement is in the same direction as the 

supplied current. The four terminal configuration resistor is not producing the 

resistance change as expected. The resistor design was changed from four terminals 

to a two terminal configurations (Figure 5.9). Here, it is assumed that contact
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resistance is playing a relatively small role during the piezoresistance simulation. 

Although it is observed that piezoresistance changes slightly by applying the above 

modifications, the level of changes still does not match the piezoresistance effect 

trend recorded by Kanda and other publications. [11-14]

3V terminal Resistor (500 - 20|.im)

Ground terminalThin conductive layer

Figure 5.9: Two terminal configuration resistor.

5.4.5 Doping concentrations of resistor and contact pads
Hence, the investigation continued on other areas such as replacing the

material of resistor and contact pads with predefined materials. This can be done by 

converting corresponding doping concentration to conductivity and manually 

entering the property into a newly defined material. Other attempts such as replacing 

the high doping contact region with metal such as aluminium is also implemented. 

Unfortunately, both approaches did not affect the piezoresistance at all. Nonetheless, 

it is noticed that the piezoresistance changed significantly when the doping 

concentration of the contact region was decreased. The piezoresistance started to 

change significantly when doping concentration of thin conductive layer is less than 

lxl019cm'3.

However, changing doping concentration of thin conductive layer is not the 

approach to go forward. The reason is because there is too much modification 

required for different resistor doping concentrations to match the publications or 

experimental results. Furthermore, the same modification does not apply to different 

dimension and doping concentrations of resistors. As a result, this method is not 

implemented due to its unreliability and inconsistency issue. More importantly it is
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impractical to have a contact region with low doping concentration, where the

contact resistance between the silicon and metal will result in substantial error.

5.4.6 Dimension of contact pads

In the final experiment, the doping concentration of the thin conductive layer 

was kept at 1.5xl020cm‘3. The dimensions of the contact region are now changed. At 

the early stage of this experiment, the contact pad is set to be 100pm square (Figure 

5.10a). The shape of the contact pad was then modified from square to triangular 

while keeping the area the same (Figure 5.10b). After that, the contact pad was 

made the same as the width of the resistor, 20pm square (Figure 5.10c). The results 

from this experiment suggested that there are no major changes in terms of 

piezoresistance when changing the dimension and size of the contact pad.

(b)(a) (c)
Figure 5.10: Various dimensions of contact pads (a) 100 pm square (b) triangular 
shape (c) 20pm square.

The following experiment is the extension of the work from modifying the 

dimension of the contact pad. The difference between these two experiments is that 

only one dimension parameter is modified at a time. In the first test, we kept the 

length of contact pad as 20pm while varying the width covering 20pm, 200pm and 

2000pm. In the second test, the width of contact pad is kept at 20pm while changing 

the length to 20pm, 200pm , 400pm, 800pm. Interestingly, a significant change in 

piezoresistance is observed as the length of contact pad increases. However this 

trend is not noted when increasing the width of the contact pad. By making the 

contact pad the same size as the resistor, a similar piezoresistance change trend as a
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function of the doping concentration is produced regardless of the dimension of the 

resistor. Effectively, the dimension of contact pad is designed as the size as the 

testing resistor. After reviewing all the approaches conducted, the last resolution is 

implemented as the temporary solution to overcome the issue encountered in the 

COMSOL piezoresistive model.

5.5 Simulation results
The output of the piezoresistive model is analysed in this section. Since the 

stress and deflection in the four point bending setup is already analysed in chapter 4, 

this section will focus on the analysis on the piezoresistive characteristics of /)-type 

silicon piezoresistors. Figure 5.11 illustrates the potential distribution across the 

resistor for 3V input. A current of 1.02mA is produced when a voltage of 3V is 

supplied through the resistor with doping concentration of lx 1019 cm"3. Table 5.4 

presents the different current levels simulated for four individual piezoresistors. The 

increased current with increasing doping concentration demonstrates the relationship 

of Ohm’s law where current is smaller for higher resistance devices.

NA (doping concentration) Terminal current (mA)
lx 1019 cm"3 1.02

7.6 x 1019 cm"3 3.91
1.2x 102° cm"3 4.76
1.3x 1020 cm'3 4.90

Table 5.4: Terminal current simulated for various doping concentrations.
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Figure 5.11: Arrows current density, Contours: Electric Potential, 
for a device driven by 3V bias with an applied load of 3N.

To determine the piezoresistive effect, resistance change data for each doping 

level are plotted and analysed. Figure 5.12 plots the resistance change as a function 

of four different doping concentrations including lxl019cm"3, 7.6xlOl9cm"\ 

l^xlO^cm"’ and 1.3xl02°cm'3 under stress up to 60.58MPa (corresponds to 3N 

load). Results demonstrate that the resistance change is linearly proportional to 

applied stress for small force application. Results also indicate that the 

piezoresistance effect decreases as doping concentration increases, a trend that 

agrees with experimental measurements. As shown in Figure 5.12, the lowest doped 

piezoresistor has the highest relative change of resistance, (0.036 at 60.58MPa) 

whereas, the highest doped piezoresistor poses the lowest relative change of 

resistance, (0.015 at 60.58MPa). Next, the simulation results are compared with our 

experimental data.

Figure 5.13 plots the comparison between COMSOL simulation and 

experimental work for piezoresistors at four different doping concentrations, namely 

1.0xl019cm"3, 7.6xl019cm"3, 1.2xl020cm'3 and 1.3xl020cm"3. The discrepancies 

between the simulation and experimental work are generally small. The simulation 

results slightly over-estimated the piezoresistance effect at 1.0x1019cm"3 (Figure 

5.13a). For heavily doped devices (above 5.0xl0|9cm"3), COMSOL has under-
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estimated the piezoresistance effect with less than 20% difference (refer to Figure 

5.13b, Figure 5.13c, Figure 5.13d). However, for doping concentrations at 

1.0xl019cm \ the deviation between simulation and experimental results is higher at 

around 35%. The discrepancies between the simulated and experimental measured 

results could be due to several factors such as material properties, measurement 

setup, and force application method. Overall, the simulated piezoresistance effect in 

silicon changes with doping, in a similar manner to the experimental results.

0,040

1 0x10 cm
0.035 - —7.6x10 cm

-A- l .2x10"cm
0.030 -

0 025 -

cr 0.020-

0.015 -

0 010 -

0.005 -

0 000

Stress (MPa)
Figure 5.12: Resistance change vs load applied for a range of doping concentrations.
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Figure 5.13: Comparison results between COMSOL simulation and experimental work for 
piezoresistors at (a) 1 * 10l9cnr3 (b) 7.6x10I9cm'3 (c) 1.2xl020cm'3 (d) 1.3xl020crrf3.

5.6 Summary
A newly introduced user interface in COMSOL Multiphysics 4.3 has enabled users 

to simulate the piezoresistance effect in semiconductor materials such as single 

crystal silicon. To investigate the effect, a two terminal resistor configuration with 

dimension of 500x20pm is simulated to determine the resistance change when the 

silicon beam is subjected to external loading. Four point bending apparatus was 

employed to produce uniform and uniaxial stress along the x direction. Simulation 

results demonstrated a similar trend to experimental results and showed that the 

piezoresistance effect decreases as the doping concentration increases. The 

discrepancies between the simulation and experimental work are generally small. 

The simulation over-estimates the piezoresistance effect at 1.0 xi019cm'3.
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Since piezoresistivity interface is a new module in COMSOL Multiphysics, 

there is still some work needed to refine the overall function of this interface. Several 

issues have been observed and a few temporary solutions were proposed to address 

the issues observed. It was found out that the inclusion of a thin conductive layer 

with identical size with piezoresistor is essential to give good representation in 

relation to measured and published data.
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Chapter 6
6. Silicon Nanowire Fabrication Methods
Generally, there are two main ways to fabricate silicon nanowires which are known 

as “bottom-up” and “top-down”. “Bottom-up” approaches such as vapour-liquid- 

solid (VLS) growth [1,2] and laser-assisted catalytic growth (LCG) [3, 4] have been 

used to produce nanowires with substantial accuracy. However, special assembly and 

arrangement technique are necessary to organise nanowires in certain devices. As a 

result, integration of nanowire using the “bottom up” technique onto standard CMOS 

fabrication is a huge challenge. Compared with the “bottom up” silicon nanowires 

approach, the “top-down” silicon nanowire fabrication approach is more controllable 

and repeatable process.

In the past, different groups of researchers have adopted their own 

preferential lithography approaches to produce “top-down” silicon nanowire 

including electron beam lithography (EBL) [5] and nanoimprint lithography (NIL) 

[6], Other research groups proposed to fabricate nanowires using novel approaches 

such as photoresist ashing [7], focused-ion-beam milling [8], self-limiting oxidation 

[9], spacer lithography [10] etc. After a comprehensive review of ways to fabricate 

silicon nanowire using the “top-down” approach, the broad range of fabrication 

approaches have been narrowed down to three distinct approaches to be investigated 

in this project. All these proposed methods will utilize the facilities available in the
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current lab such as conventional lithography, electron beam lithography (EBL), 

thermal oxidation, thin film deposition, silicon ICP plasma etching, RIE plasma 

etching, and aluminium evaporation. There are advantages and disadvantages 

associated with individual “top-down” approaches and the details will be discussed 

in this chapter.

Fundamentally, this chapter reviews various ways to fabricate silicon 

nanowire mainly covering electron beam, spacer lithography, and photoresist ashing. 

This chapter also discusses the fabrication details of the individual approaches and 

the feasibility of each fabrication method in this project. Experiments will be carried 

out to detennine the most suitable way to define nanowire. Finally, the best approach 

to fabricate nanowire from these experiments will be implemented for silicon 

nanowire etching on the device wafers.

To define silicon piezoresistor down to nano level (<300nm width), three 

main lithography technologies are reviewed and experimented. They include spacer 

lithography, ashing-trimming, and electron beam lithography. Figure 6.1 illustrates 

the critical dimension (CD) variations for these three lithography techniques [11]. 

From this graph, it is suggesting that spacer lithography method produces the 

smallest feature size among these three approaches. Nonetheless, all three fabrication 

approaches are considered in this work, as the target nanowire width in this project is 

ranging from lOOnm to 400nm. The discussion of this chapter is initiated with the 

introduction on electron beam (E-beam) lithography.
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Figure 6.1: Critical dimension (CD) variations for three lithography approaches.

6.1 E-beam lithography
6.1.1 Introduction
Electron beam (E-beam) lithography is a popular approach to perform direct 

exposure of the resist by a focused electron beam without a photo mask [5, 12, 13]. 

Although E-beam lithography is a time consuming process, it offers several 

advantages such as the capability to define lines from micrometre down to 

nanometre level in a precise and automated matter. Figure 6.2 illustrates a schematic 

of an E-beam lithography system. A typical E-beam lithography system consists of 

five main parts. The system includes electron gun, condenser lenses, beam blanking 

plates, beam deflection coil and mechanical stage [13-15],

Basically, an electron gun is the electron source which generates a beam of 

electrons with controlled current density. The electron gun is normally made of 

tungsten thermionic emission cathode or single-crystal lanthanum hexaboride 

(LaBf,). Next, condenser lenses are utilized to focus the electron beam to a spot size 

of 10-25nm. To prevent unnecessary exposure on unwanted area, beam blanking is 

used to switch the beam off and on. Beam deflection coil which is controlled by 

computer is used to precisely focus the electron beam to the desired location in the
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dedicated scan field on the sample. Finally, an automated mechanical stage is 

employed assist the positioning of sample during the patterning process [13-15],
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Figure 6.2: E-beam lithography system.

» Sf-.M door

Figure 6.3: LEO Supra 25 Scanning Electron Microscope (SEM) with GEMINI 
field emission column.

The scanning electron beam (SEM) system available in our lab is a LEO 

SUPRA-25 SEM (see Figure 6.3) utilizing the GEMINI field emission column 

producing resultion down to Inm. This system is installed with a thermal field 

emission electron gun. It is fitted with a Raith electron beam writing system (see 

Figure 6.4). The E-beam system utilises the Raith Elphy Plus software for layout
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design and exposure control. The maximum diameter of wafer to be used in this

system is 100mm.

' Beam blanker

ELPHY Plus system

Figure 6.4: Raith electron beam work station.

6.1.2 Fundamentals 

6.1.2.1 E-beam resist

Similar to the standard photo lithography process, the electron resist used in the E- 

beam system is available in two formats which are the positive and negative resist 

(see Figure 6.5). Positive photoresist is where the exposed area is developed away 

while the negative is where the irradiated area remains. Electron resists are formed 

by long chains of repeated molecule structures, called polymers. For positive resist, 

the long chains of polymers will experience bond breakage when exposed to 

electrons. Conversely, cross-linking or bonding between polymer chains occurs in 

negative electron resist when exposure to electrons. Un-chained polymers are soluble 

in developer solution for both types of resist [13].

One of the most commonly used high resolution positive resist for direct E- 

beam writing as well as x-ray and deep UV microlithographic processes is PMMA 

(polymethyl methacrylate). PMMA is a versatile polymeric material which is also 

used as a protective coating for wafer thinning, as a bonding adhesive and as a 

sacrificial layer. Standard PMMA is available in wide range of thickness and

formulated with 495k and 950k molecular weight (MW) resins in either
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chlorobenzene or safer solvent anisole. For negative electron resist, poly-glycidyl 

methacrylate-co-ethyl-acrylate (COP) is one of the commonly used photoresist [13]. 

In this project, positive resist, PMMA is preferred to enable writing of the nanowire 

while still protecting the non-nanowire areas on the device wafer. The details of the 

mask design will be discussed in section 6.1.3.1.

electrons

T?T Positive resist

resist

Substrate

(a)

/ w 
L- Chjin v ismoii

electrons

TTT Negative resist

resist

Substrate
(b)

Q row link

Figure 6.5: Cross-section of (a) positive and (b) negative resist available 
in E-beam lithography.

6.1.2.2 Proximity correction

E-beam lithography is very stable fabrication process, however, the resolution of the 

system is limited by electron scattering. There are two main types of electron 

scattering when electrons hit a sample ie. forward scattering and backward scattering 

[16, 17]. Forward scattering occurs when electrons penetrate into the resist, resulting 

in multiple small angle scattering events. Backward scattering happens when 

electrons penetrate into substrate yielding large angle scattering effects. Figure 6.6a 

and Figure 6.6b depict the Monte Carlo simulation of electron scattering in resist
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with silicon as substrate under forward scattering and back scattering, respectively 

[18], Scattering can result in exposure of the surrounding resist to electrons, known 

as prcximity effect [16, 17].
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(a) (b)
Figure 6.6: Monte Carlo simulation of electron scattering in resist using silicon 
cs substrate (a) lOkV (b) 20kV.

In comparison, back scattering has a dominant factor in proximity effect due 

to he large angle scattering from the substrate back to the resist layer (Figure 6.6b). 

Prcximity effect is undesirable which will cause over-exposure at the edge of the 

paten. Hence it is essential to minimize the proximity effect in E-beam writing. It is 

gererally known that the proximity effect is strongly dependant on the accelerating 

voiage and substrate composition. The combination of these two electron scattering 

efficts (forward and backward) can be represented as a sum of two Gaussian 

disributions as illustrated in Figure 6.7. When the electrons start to slow down, they 

wil form secondary electron with various energy levels [16, 17],
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Figure 6.7: Simulated comparison profile of absorbed 
energy density as a function of distance R.

As illustrated in Figure 6.7, proximity correction can be estimated from the double 

Gaussian function, which is determined by three distinct parameters ie. a, (3 and //. 

By definition, a represents the beam broadening effect resultant of forward 

scattering. It also influenced by the diameter of the original electron beam. 

Remaining parameters, [3 and r/ are both related to backscattering electrons. yS 

describes the lateral range of backscattered electrons while rj characterise the ratio of 

exposure power between backscattered electrons and primary electrons. 

Mathematically, the total exposure distribution,/^, is given by

fir) =
nil + r])

1 ( r2\ -q ( r2\
— exV\-^)+lnexV\-ln,a cr

Equation 6.1
f2 r\ P'

where a is the range of forward scattering, (3 is the range of backscattered electrons 

and q is the integral backscattered intensity corresponding to the primary intensity 

[16, 17],
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6.1.2.3 Other critical parameters

Apart from the proximity effect, there are several design guidelines required to 

produce precise and repeatable E-beam results. These guidelines include working 

distance, accelerating (Extra high tension - EHT) voltage, beam current (spot size), 

and others [12], The working distance is the distance between the sample and the 

electron beam. A short working distance of 5 to 10mm is normally recommended to 

produce minimum spot size on the sample. In order to produce very fine line widths, 

it is recommended to increase the accelerating voltage to generate greater electron 

penetration depth. However, the number of backscattered electrons in the resist will 

be significantly increased which will leads to undesired proximity effect.

Beam current is another important factor which influences the quality of the

fine lines. The exposure dose is calculated using Equation 6.2

„ , „ % Ibeam ' ^dwell r , , 2n Equation 6.2Dose {Energy) =----------------------------[p.As/cm*\
s*

where beam is the beam current, Tdweii is the dwell time, 5 is the step size. The beam 

current is the electron current arriving at the sample, and is typically measured using 

a Faraday cup prior to pattern exposure. Dwell time indicates the time of the beam is 

still at each location, while step size represents the distance that the beam is moved 

between each spot. The minimum dwell time of the Raith E-beam system is 0.385ps. 

The spot size is represented by the centre to centre distance between one exposure 

spot and the next (Figure 6.8) [12], Table 6.1 demonstrates the influence of other 

process parameters in E-beam writing [12], Section 6.1.3.3 will further discuss the 

optimization of E-beam parameters to produce accurate and repeatable nanowire 

writing.
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Figure 6.8: spot size (exposure parameter), typically 0.01 pm.

Parameter Process impacts
Exposure energy Resolution, sensitivity, proximity
Exposure dose Pattern quality
Pattern density Proximity, pattern quality
Resist material Sensitivity, resolution, contrast
Resist thickness Sensitivity, resolution, pattern quality
Developer Sensitivity, resolution, development window
Developer temperature Sensitivity, resolution, exposure window
Development time Sensitivity, resolution, exposure window

Table 6.1: Parameters affecting the E-beam lithography [12]

6.1.3 Fabrication details

In this work, PMMA resist with 4% 950K MW in anisole is used for E-beam writing 

[19], The resolution of exposed patterns is dependent on resist thickness and write 

field area. To produce nanowire patterns of less than 1pm resolution, resist thickness 

of 170nm is selected with two distinct write field areas of either 100pm or 400pm. 

Table 6.2 presents details of the E-beam lithography process. At first, the silicon 

wafers are spin coated with the PMMA 4% 950K MW in anisole at 3000 rpm for 45 

seconds to produce the resist thickness of 170nm. Subsequently, these samples are 

baked at 90°C for 90 seconds. A nanospec thin-film measurement system is used to 

measure the resist thickness. The nanowire patterns are then exposed using the LEO 

SUPRA-25 SEM direct-write electron beam lithography tool, with 10 to 20keV EHT 

range. After exposure, the PMMA resist is developed in methylisobutyl ketone 

(MIBK) : isopropyl alcohol (IPA) for 30 seconds and rinsed with IPA and DI water
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for additional 30 seconds. The silicon device wafer is finally blown dry using N2 and

baked for 90 seconds at 100°C.

Parameter Details
Resist material PMMA resist with 4% 950K MW in anisole
Resist thickness Approximately 170nm
Developer MIBK: IPA (1:3)
Developer temperature Room temperature
Development time 30 seconds

Table 6.2: Fixed parameters used in our E-beam lithography.

6.1.3.1 Mask design

In this experimental work, a new mask design is created for normal nanowire 

exposure (see Figure 6.9). In this mask design, the exposure area comprises of two 

large rectangles where the length is fixed at 30pm while the width is ranging from 

10-100pm dependant on the size of the standard resistor to be exposed. The size of 

the nanowire is defined by the gap between the two rectangles. Since the exposing 

area is large, it is crucial to ensure that the proximity effect does not affect the real 

width of the nanowire. To optimize the exposure process, operating parameters for 

E-beam writing are investigated.

E-beam 
« riting area

10 - lOOum (length)
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Figure 6.9: E-beam nanowire pattern.
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6.1.3.2 Proximity correction

Since E-beam nanowire pattern has significantly larger exposure area, it is essential 

to address the potential over-exposure issue due to backscattering of electrons. This 

can be achieved by minimizing the proximity effect caused by backscattering of 

electrons. By knowing the three parameters (as stated in Equation 6.1), ie. a, /?, rj, it 

is possible to reduce the undesired proximity effect. Basically, proximity effect 

could be effectively minimized by splitting patterns into smaller segments. 

Simultaneously, the dose in each segments are corrected so that the dose from 

adjacent segments is set to the correct exposure dose.

However, this approach will result in some delay as it complicates the E- 

beam writing process. For the convenience of E-beam users, proximity correction 

software is normally integrated within the E-beam software package like our Raith 

E-beam system. Figure 6.10 illustrates the interface of proximity correction software 

integrated in Raith E-beam system. Several important parameters for proximity 

correction include resist type, diameter of primary beam, resist thickness, beam 

voltage and substrate type. Once all the required parameters are entered into the 

parameters window, the three parameters will be calculated automatically.

Recommended Parameters

1. diameter —*■ I1-1 O' t*"*
of primary Be;nt
beam ^ (pmmaiumokv) T]

r
2. resist type / f°5 Um

AMS* 0 06532 iim
3. resist Jr-
thickness '

yolage [i^

Substrate
|Si02110 40 >V)

Beta 1.319

Eta 05

2U
kV •*-

OK j Cancel

4. beam 
voltage

5. substrate 
type

Figure 6.10: Proximity correction using recommended parameters (1. diameter of 
primary beam; 2. resist type; 3. resist thickness; 4. beam voltage; 5. substrate type) .
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Using the calculated proximity correction parameters, the software will 

automatically generate the proximity correction on the original mask design. Figure 

6.11 illustrates 30pm * 10pm rectangular designs with 300nm gap spacing with 

proximity corrections for lOkV, 15kV and 20kV. From Figure 6.11, it is observed 

that higher EHT voltage exposures require higher density of proximity corrections 

on the mask. This implies that the backscattering effect is more significant for higher 

EHT voltage operation. Therefore, proximity effect correction is essential for 20kV 

EHT operation.

Colon

Figure 6.11: 30pm x 10pm rectangular design with proximity correction: 
(a) lOkV (b) 15kV (c) 20kV.

6.1.3.3 E-beam optimization

In this work, the standard EV alignment mark is used as the starting reference point. 

Controlling the precise placement of a pattern is always critical to avoid any 

unnecessary exposure on unwanted areas. Several larger reference structures are 

included in the mask design close to the resistor area for the ease of alignment in E- 

beam system. Although E-beam lithography is a well-established process, the 

resolution and sensitivity of E-beam writing is dependent on the condition of the 

writing system and the mask design variation.
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In the first stage E-beam writing experiment, the main challenge encountered 

was to produce nanowires below 500nm wide. Furthermore, it is found out that the 

E-beam writing results were not repeatable and consistent. As a result, nanowire 

range from 500 to 800nm wide were produced instead of 300nm in the first batch of 

the experiment work. Nanowires below 500nm were all broken and non-uniform. 

Several potential E-beam writing parameters were investigated to optimize the 

quality of E-beam writing. They include the proximity effect correction, beam focus 

optimization, write field size, beam current, and EHT voltage level.

6.1.3.3.1 Proximity effect

The first optimization test is conducted to investigate the proximity correction effect 

in E-beam writing result. It is found out that the E-beam writing result is better 

without using proximity correction mask for EFIT of lOkV. Figure 6.12a and Figure 

6.12b illustrates the SEM image of 180nm wide nanowire with and without 

proximity correction feature, respectively. It is observed that the nanowire without 

proximity correction has a straight and uniform profile across the length of nanowire 

(but tapering at the end). Hence, it is analysed that proximity effect correction 

feature is not required for the current nanowire design.
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(a) (b)
Figure 6.12: 180nm nanowire on SiCT substrate (a) using proximity effect correction mask 
(b) no proximity effect correction mask.
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6.1.3.3.2 Beam focus optimization (aperture and stigmation)

There are two key parameters that affect the focus of the beam, they are the aperture 

and stigmation. To obtain a good focus, the alignment of aperture is adjusted to 

minimize the image movement while shape changes are the criteria for adjusting the 

stigmation. Normally, a contamination dot which can be created by using the spot 

feature in the scanning mode at high magnification (100,000x) is used as the measure 

of focus quality. If the focus quality is reasonably good, the dot should be small and 

round [20], Figure 6.13 demonstrates three contamination dots created on the 

PMMA resist after the standard focusing calibration involving aperture alignment 

and stigmation optimizations. From Figure 6.13, it is clear that all three 

contamination dots are small and round indicating a good focus has been well 

established.

........ Contamination
dots

Figure 6.13: Contamination dot calibration.

6.1.3.3.3 Other parameters

The E-beam writing optimization with the measurement of beam current at lOkV,

15kV and 20kV are also performed. From experimental test, it is found out that

lOkV produced the best result with minimum proximity effect compared with using

20kV EHT. To achieve well defined structure edges, the golden rule is to employ the

smallest possible write field size. If a very large pattern is required, several fields can
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be aligned to make up the whole structure in a process called stitching. Since the 

maximum length of features required in this project is limited to 100pm, it is 

possible to use either 100pm or 400pm write field size. Previously 400pm write field 

size has been used as the default write field size which is not the best for the writing 

result. Therefore, write field size changing to 100pm is proposed.

6.1.3.4 Results

After optimization works, the final E-beam parameters are listed in Table 6.3. In 

order to produce a reasonably small spot size of electron beam, 30pm aperture with 

lOkV accelerating voltage are chosen to minimize the proximity effect. Nanowire 

patterns below 300nm level are achieved for 10 pm long nanowire (Figure 6.14). 

Figure 6.15 illustrates the SEM image of a 100pm long nanowire pattern on PMMA 

photoresist. All nanowires are intact from the edge and no breakage is observed. 

Furthermore, the nanowire profile has improved significantly from the previous 

results. E-beam writing with same parameters and mask design is repeated and 

results are observed to be identical. E-beam writing results also verified that the 

same width of nanowire is repeatable for length up to 100pm long.

Parameters Conditions
Write field size 100 pm
Area Step Size 0.01pm
Area Dose 70pAs/cm2
EHT lOkV
Working distance 6mm
Aperture size 30pm
Proximity effect No

Table 6.3: Final design guidelines and parameters for E-beam writing
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Figure 6.14: SEM image of 151nm nanowire and 282nm nanowire
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Figure 6.15: SEM image lOO^rm long nanowire with 300nm width.

6.2 Sidewall spacer technique
Apart from electron beam lithography, spacer lithography or spacer patterning 

technology is one of the alternative approaches to fabricate silicon nanowire. It is 

claimed that this technology produces minimum features a lot smaller than that 

yielded by conventional or electron beam lithography. To form the nanowire, spacer 

lithography utilizes a combination of both conformal deposition and anisotropic 

etching. This approach is widely used to pattern FINFETS [21],
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Figure 6.16: Fundamentals of spacer lithography fabrication process steps, (a) Pattern 
sacrificial layer island; (b) Deposite conformal layer; (c) Isotropic etch of spacer layer; 
(d) Remove sacrificial layer.

Figure 6.16 explains the four important steps in the spacer lithography 

technique [22], The fabrication process is initiated with the deposition of a etch stop 

layer. The purpose of this layer is to protect the substrate when removing the 

sacrificial layer and at the same time act as the hard mask when transferring the 

nanowire feature onto the substrate. However, the layer cannot be too thick 

otherwise it will result in a pattern broadening effect. Typically, the thickness of etch 

stop layer is less than 200nm. Next, a sacrificial layer is deposited and patterned to 

form an island (Figure 6.16a). For better mechanical stability, it is recommended 

that lOOnm thickness is used to produce nanowire features less than 30nm while 

400nm thickness is required for defining larger features [22],

Subsequently the third layer, is known as the spacer layer will be deposited 

over the sacrificial island (Figure 6.16b). The sidewall of the resulting spacer layer 

detennines minimum feature size of the nanowire. It is important to ensure that the 

deposited spacer layer is conformal and uniform across the substrate. Figure 6.17 

illustrates a conformal deposition of a thin film layer. Normally, plasma etching is 

preferred to create a relatively straight sidewall resulting from directional etching.
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However, it is observed that the sidewall profile of the spacer layer after plasma 

etching will be slightly curved on the top due to over-etching (Figure 6.16c). 

Finally, the sacrificial island is removed to leave two nanowire features which will 

be transferred into the silicon after a series of anisotropic etching (Figure 6.16d). It 

is necessary to ensure that each alternating layer is chosen based on the possibility of 

selectively etching when removing individual layers without affecting the adjacent 

layer.

Layer
Deposited

Si

Figure 6.17: sidewall of conformal deposition.

Two different spacer lithography experiments are proposed by alternating the 

polysilicon PECVD nitride and PECVD oxide. The details of the fabrication for each 

experiments are presented in this section. Prior to the description of two distinct 

spacer lithography approaches, it is useful to understand the fundamental theory for 

each individual deposition process and etching techniques.

Spacer approach A Spacer approach B
Etch stop layer PECVD oxide PECVD oxide
Sacrificial layer Poly-Silicon PECVD nitride
Spacer layer PECVD oxide Poly-Silicon

Table 6.4: Sidewall spacer experimenta details of each layer.

6.2.1 PECVD oxide

A common and convenient way to form additional thin film on silicon substrate is 

called chemical vapour deposition (CVD). The fundamental mechanism of CVD can 

be divided into five main steps. At first, the reaction gas or dopant are supplied to the
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substrate area. Next, these reactants are absorbed once they are close to the surface 

of the substrate. Subsequently, chemical reaction takes place at the surface. This 

leads to the growth of the deposited layer. Then, the gaseous products flow into the 

main gas stream and finally all the by-products are transferred out from the chamber. 

There are three main categories in chemical vapour deposition process which are 

atmospheric pressure (CVD), low pressure (LPCVD) and plasma enhanced 

(PECVD).

RF Power Input

Figure 6.18: Schematic diagram of standard PECVD system.

Three different thin film deposition techniques are chosen to realize the 

spacer pattern transfer in this work encompassing PECVD oxide, PECVD nitride 

and poly-silicon. PECVD oxide and PECVD nitride are selected as they are 

commonly used insulating material in the semiconductor industry. PECVD approach 

is chosen over other CVD approaches due to the fact that the processing temperature 

is significantly lower (close to 300°C) to avoid further diffusion of the boron. Figure 

6.18 illustrates the main components of a standard PECVD system. Silicon dioxide 

can be deposited below 500°C by reacting two gases (silane and oxygen) together

[13]:

SiHA + 02----- > Si02 + 2H2 Equation 6. 3

Silicon nitride can also be formed by PECVD by reacting silane and ammonia [13]
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300°C
SiH4 + NH3-----> SiNH + 3H2 Equation 6.4

PECVD deposition is carried out in a Plasmalab system 100 from Oxford 

Instruments. One direct and controllable way to etch PECVD oxide and PECVD 

nitride is by using Reactive ion etching (RIE) plasma system.

6.2.2 LPCVD polysilicon

Unlike PECVD, the deposition of poly-silicon is carried out in a low-pressure reactor 

as illustrated in Figure 6.19, The LPCVD reactor consists of a quartz tube, end caps 

with vacuum seals, three zone resistance heater, vacuum pump and precursor gases. 

During the deposition process, temperature is controlled by the heaters, while 

deposition pressure is controlled by the vacuum pump. Mass flow controllers are 

employed to precisely control the gas flow to the reactor. Gas flow rates are usually 

identified in standard cc/min (seem). The typical operating temperature for 

depositing poly-silicon is between 600°C and 650°C. Poly-silicon is yielded by 

pyrolyzing silane [13],

SiH4-----> Si + 2H2 Equation 6.5

The process parameters affecting the quality of poly-silicon are deposition 

temperature, dopants and any additional post deposition heating. The temperature for 

depositing LPCVD poly-silicon in our ASM furnace is 620°C. The deposition time 

for l(im poly-silicon is approximately 2 hours. In the next section, plasma etching 

which is known as dry etching will be introduced for thin film and silicon etching. 

For precise and anisotropic (directional) etching, dry etching is preferred over wet 

etchirg in MEMS fabrication.
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Figure 6.19: Schematic diagram of a standard LPCVD system.

6.2.3 Plasma etching
Plasma is defined as gaseous medium with equal numbers of positive and negative 

charges in addition to unionized molecules. The plasma is typically created by a 

strong electric field applied to the gas medium. This process takes place in a reaction 

chamber and results in the breakdown of the gas to be ionized. The energy from the 

electric field is subsequently transferred to the free electrons as kinetic energy. 

During the movement in the plasma, these high energy electrons collide with other 

gas molecules. As the results of these collisions, high energy electrons lose their 

energies but form more free electrons from gas molecules. This process is repeated 

by the newly formed electrons with sufficient energy from electric field. The plasma 

is sustainable if the supplied voltage is greater than breakdown voltage [13].

Generally, the plasma etching process can be categorized into five stages. 

First, etchant gas is introduced in the plasma. Then, the reactant gas diffuses and is 

subsequently adsorbed on the surface. Next, a chemical reaction occurs to produce 

volatile compounds. Lastly, volatile compounds are desorbed from the surface and 

pumped out from the plasma chamber. There are two ways in which plasma removes 

material from the sample surface, these are the physical and chemical methods 

(Figure 6.20). In theory, physical etching (Figure 6.20a) involves mainly positive 

ions bombarding the surface at high speed while chemical etching (Figure 6.20b) 

utilizes neutral reactive species interacting with material at surface to produce

189



volatile products. It is often that both physical and chemical etching methods 

(Figure 6.20c) are combined to yield anisotropic etching profile such as reactive ion 

etching (RIE) process. For anisotropic etching, inhibitor is added during the process 

to protect the sidewall during etching (Figure 6.20d). Two dry etching methods 

which are extensively used in this research project are reactive ion etching (RIE) and 

deep RIE or time multiplexed (Bosch) RIE. The basic etch mechanism of both 

etching techniques are introduced briefly in section 6.2.3.1 and 6.2.3.2 [13],

4 Volatile product Neutral 4Volatile product

(c) (d)
Figure 6.20: Types of plasma etching profiles, (a) Physical etching; (b) Chemical 
etching; (c) Combination of physical and chemical etching; (d) Etching with ion 
inhibitor for sidewall protection.

6.2.3.1 Reactive Ion Etching (RIE)

Reactive ion etching (RIE) is also known as ion-assisted etching, where physical and 

chemical processes are combined. A chamber for RIE system consists a vacuum 

chamber, pumping system, gas flow controllers, pairs of electrodes and power 

sources. Figure 6.21 illustrates the schematic diagram of a parallel plate type 

reactive ion etching system. The two parallel plates are supplied by a radio frequency 

(RF) power source. Plasma is created as a result of large and negative self-bias at
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the surface of the wafer at low operating pressure [13]. The RIE system used in this 

fabrication work is STS (Surface Technology Systems) RIE system. Two main gases 

used for oxide etching are CHF3 and CF4. Table 6.5 indicates the process parameters 

used in oxide and nitride etching.

LLU'IKUOU

V W 11 M

Figure 6.21: Schematic diagram of a typical Reactive ion etcher (RIE).

Descriptions Values Unit
CHF3 flow 30 seem
CF4 flow 20 seem
Power 200 W
Pressure 160 mBar
Etch rate (oxide) 0.2 pm/ min

Table 6.5: Process parameters of oxide etching process used in the STS RIE system.

Silicon etching can be achieved by supplying HBr gas during the RIE 

process. Bromine-based chemistries such as HBr have high silicon etch rate and high 

etch selectivity to oxide. Figure 6.22 presents the cross-section of HBr etched 

nanowire pillars using RIE system. Process parameters are recorded in Table 6.6. 

Figure 6.23 illustrates the closer SEM view of the 630nm wide silicon pillar. It is 

observed that HBr RIE etching produced selective etching to oxide mask with 4 to 1 

ratio with minimal damage on the surface. However, the sidewall profile of the 

630nm wide pillar is not vertical at the bottom of the trench.
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Figure 6.22: Cross-section of 630nm wide RIE HBr etched silicon pi lars in 
SEM.

Figure 6.23: Cross-section of 630nm wide RIE HBr etched silicon pillars in 
SEM (closer view)

Descriptions Values Unit
HBr flow 50 seem
Etch cycle 5 seconds
Pressure 200 mTorr
Power 200 W
Etch rate (Silicon) 0.25 pm/ min
Selectivity to Si02 4 to 1 ratio

Table 6.6: Process parameters of HBr silicon etching used in the STS RIE system.

6.2.3.2 Inductively Coupled Plasma (ICP)

Inductively coupled plasma (ICP) etchers are widely used to produce silicon etching 

with high selectively etching on oxide mask at lower pressure. ICP employs a set of

192



coils to generate electromagnetic wave that penetrates the plasma chamber, 

producing high energy electron to create the plasma environment. These set of coils 

are separated from the gas chamber as illustrated in Figure 6.24. To further enhance 

the etching rate, a secondary source is utilized to produce bias on the substrate 

during the etching process. The bias will subsequently produce additional energy to 

bombarding ions which create a high density plasma during the etching process [13],

Inductively coupled plasma

Substrate©
Figure 6.24: Inductively coupled plasma etcher.

Figure 6.25 illustrates the cross-section profile of a deep reactive ion etch 

(DRIE) using the Bosch process. The Bosch process cycle is a combination of SF6 

etch gas and a polymer deposition step employing C-iFg gas. First, a silicon substrate 

is protected using photoresist or hard mask such as oxide (Figure 6.25a). Next, SFe 

etchant is introduce to perform silicon etching (Figure 6.25b) followed by polymer 

deposition using C4F8 gas (Figure 6.25c). During the anisotropic silicon etching, the 

polymer deposited will protect the sidewall from etching by the reactive fluorine gas. 

Ion bombardment prevents the formation of polymer at the bottom of the trench. As 

a result, the bottom silicon is removed during the second etching cycle (Figure 

6.25d) [23], Therefore Bosch etching process creates vertical trench profile with 

small scalloping profile due to the alternate etch and passivation steps. Another

./ Coils
O O cT 0 O O------

i 1

1----------- T--------^ -
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advantage to employ ICP tool for silicon etching is the highly selectively to silicon 

dioxide. This implies that silicon dioxide can be used as hard mask for isotropic and 

anisotropic ICP silicon etching.

(c) (d)
Figure 6.25: Deep reactive ion etching (DRIE) Bosch etching process: (a) photoresist 
patterning; (b) SF(, etch step; (c) C4F8 passivation step; (d) etch step.

The ICP etcher used in this experiment is Alcatel “Speeder 100” system. A 

DRIE recipe is proposed and implemented for silicon etching with high selectivity to 

oxide. Table 6.7 presents the details of the DRIE silicon etching recipe. This recipe 

produces high silicon etching rate (1.6pm) as well as high etching selectivity (90 to 

1) to oxide mask. Figure 6.26 illustrates the top view of 300nm pillars using ICP 

silicon etching.

Descriptions Values Unit
SF6 flow 280 seem
C4F8 flow 280 seem
Etch cycle 5 seconds
Deposition cycle 3 seconds
Pressure 4E-3 mbar
Etch rate (Silicon) 1.6 pm/ min
Silicon selectivity to Si02 90 to 1 ratio

Table 6.7: Process parameters of DRIE process used in the Acatel ICP etcher.

There is minimal damage on the surface as oxide were used as hard mask. 

Passivation scalloping effect is clearly demonstrated in Figure 6.27. The 

combination of C4F8 passivation and SFe in ICP chamber has enable the anisotropic 

etching in silicon. Figure 6.27 represents the SEM image of 300nm pillar post DRIE
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etching using ICP etcher. Vertical sidewall profile is observed resulting the 

anisotropic silicon etching.

Figure 6.27: Cross-section of 300nm wide ICP etched silicon pillars in SEM.

6.2.4 Spacer lithography A (PECVD oxide as spacer)

In the first experiment, PECVD oxide is used as the etch stop layer, poly-silicon as

sacrificial layer and a second PECVD oxide layer as the spacer layer. The fabrication 

process steps are presented in Figure 6.28. The fabrication process initiated with a 

silicon wafer (Figure 6.28a). lOOnm PECVD oxide is deposited (Figure 6.28b) 

followed by 240nm Poly-Silicon (Figure 6.28c). Then, the poly-silicon is plasma 

etched (ICP) to form sacrificial island (Figure 6.28d) and 120pm PECVD oxide is 

deposited (Figure 6.28e) and RIE etched to form the PECVD oxide spacer (Figure 

6.28f). Next, poly-silicon is plasma etched (Bosch recipe) to expose the etch stop 

layer (Figure 6.28g). PECVD oxide spacer is RIE etched to transfer the spacer
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patterns (Figure 6.28h) and followed by silicon DRIB etching (Figure 6.28i). The 

final step is to strip the PECVD oxide hard mask in 7:1 Buffered HF wet solution

(Figure 6.28j).

Prior to the full spacer experiment, a preliminary test is conducted to 

determine the sidewall profile of the sacrificial layer (poly-silicon). This step is to 

verify that the sidewall produced by the poly-silicon is vertical enough for 

subsequent sidewall etching and to verify the conformal deposition of PECVD oxide 

layer. Figure 6.29 explains the cross-sections of structure for the initial test. 

Effectively, the wafer is examined at the fifth step of the full fabrication as denoted 

in Figure 6.28e, A cross-section of the test wafer is shown in Figure 6.30. 

Aluminium metal is deposited on the top to enhance the quality of SEM imaging. 

The SEM image shows that the PECVD oxide layer has uniform and conformal 

coverage over the sacrificial layer. Besides, the poly-silicon layer which is acting as 

the sacrificial layer is providing vertical sidewall post ICP silicon etch. From the 

initial test, it is concluded that both poly-silicon and PECVD oxide are suitable to be 

used as the sacrificial layer and the spacer layer, respectively.

Following the initial test, a full spacer experiment based on fabrication 

process steps illustrated in Figure 6.31 is investigated. Figure 6.31 shows the SEM 

image of the silicon nanowire structure at the final stage of the spacer experiment. 

Figure 6.31a demonstrates the very thin nanowire pillar structure (<100nm) while 

Figure 6.31b illustrates the broken pillar structure due to the width of the pillar is 

too thin. It is also observed that the width of the nanopillars varies across the test 

wafer potentially due to the etch variation of RIE and ICP from centre to the edge of 

the wafer. This result also implies that the final silicon etching step is crucial to 

produce vertical nanowire structure with good sidewall protection. For future
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experimental work, it is recommended to increase the width of the spacer to

compensate the loss during RIE and ICP etching.
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Figure 6.28: Fabrication process steps of spacer lithography approach A
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Figure 6.29: PECVD conformal coating inspection. (Fabrication process step 5)

Figure 6.30: Cross-section of all 3 layers under SEM microscrope. Aluminium is 
deposited on top to enhance image viewing in SEM.

(a) (b)
Figure 6.31: SEM image of silicon nanowire structure using spacer lithography A 
technique (a) very thin structure (b) broken structure.

6.2.5 Spacer lithography B (PECVD nitride as spacer layer)

The second experiment utilizes PECVD oxide as the etch stop layer, poly-silicon as

sacrificial layer and a PECVD nitride layer as the spacer layer. The fabrication 

process steps are presented in Figure 6.32. The fabrication process initiates with a 

silicon wafer (Figure 6.32a), lOOnm PECVD oxide is deposited (Figure 6.32b) 

followed by 240nm PECVD nitride (Figure 6.32c). Then PECVD nitride is
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patterned and RIE etched to form sacrificial island (Figure 6.32d). Next, the 

deposition of 120nm poly-silicon (Figure 6.32e) followed by plasma etched (Bosch 

recipe) to form the poly-silicon spacer (Figure 6.32f). PECVD nitride island is RIE 

etched to leave behind poly-silicon spacer (Figure 6.32g). PECVD oxide RIE etched 

to transfer the spacer patterns (Figure 6.32h) and followed by silicon DRIE etching 

(Figure 6.32i). The final step is to strip the PECVD oxide hard mask in 7:1 Buffered 

HE wet solution (Figure 6.32j).

Similar to the previous spacer experiment, an initial test is carried out to 

determine the sidewall profile of the sacrificial layer material, (- PECVD nitride in 

this experiment) post RIE dry etching. First a 150nm thick PECVD nitride is 

deposited on a silicon substrate, patterned and RIE etched as illustrated in Figure 

6.33. Figure 6.34 displays the SEM image of PECVD nitride sidewall post RIE 

etching. It is observed that the sidewall of the PECVD nitride is not vertical enough 

to be used as the sacrificial layer in the spacer experiment. To verify this result, the 

same experiment was repeated twice but still obtaining similar outcome. It is 

suggesting that the RIE dry etching was not producing a straight sidewall profile for 

PECVD nitride layer. As a result, this experiment is not feasible without a good 

sidewall profile from the sacrificial layer - PECVD nitride.

6.3 Photoresist ashing and Aluminium evaporation
Photoresist ashing using plasma is a popular dry etching process in MEMS device

fabrication [7, 24], The ashing process is a controllable and reproducible process. A 

nanowire can be created by alternately using the phoresist ashing process and the 

directional etching process on a sacrificial layer. Afterwards, the mask on the 

sacrificial layer is transferred into the silicon substrate to form a nanowire. This 

fabrication idea was proposed by H. Y. Mao et al. [7] where they employed
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alternating processes of photoresist ashing and anisotropic etching. They claimed 

that the width and height of nanometre steps produced using above mentioned 

method are adjustable and reasonably consistent. It was reported that parallel 

nanowires with widths of 85~155nm and spacings from 150nm to 400nm were 

fabricated.
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Figure 6.32: Fabrication process steps of spacer lithography approach 
B (using Poly-Si as spacer).
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Figure 6.33: Cross-section of all 3 layers prior etching.
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Figure 6.34: PECVD nitride layer post RIE plasma etch.

The “top-down” nanowire approach proposed in this experiment is slightly 

modified from the original version proposed by H. Y. Mao et al. [7]. The novel 

fabrication approach involved combinations of oxidation, PECVD oxide deposition, 

aluminium evaporation, photo resist lift off, silicon etching, and oxide RIE etching. 

A novel pattern transferring technique is proposed to combine both photoresist 

ashing and aluminium lift-off technique to define nanowire. First a thin (lOOnm) 

PECVD oxide layer is deposited on a silicon substrate (Figure 6.35a).

Photoresist is coated and patterned on top of the insulator layer (Figure 

6.35b). RIE oxide etching is performed to create a vertical oxide sidewall profile 

(Figure 6.35c). O2 plasma ashing step is introduced to shrink the photoresist for 2 

minutes (Figure 6.35d). Next, approximately lOOnm of aluminium is deposited 

using evaporation (Figure 6.35e). Aluminium is subsequently lifted-off using 

acetone with the assistant of ultrasonic wave (Figure 6.35f). RIE oxide etch is
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performed to etch the PECVD oxide which is not protected by the aluminium layer 

(Figure 6.35g). Next, aluminium is stripped of using aluminium etchant (wet etch) 

(Figure 6.35h). After the stripping of the metal layer, silicon ICP etching is 

performed to transfer the pattern from oxide into the substrate (Figure 6.35i). 

Finally, oxide is stripped using 7:1 HF (Figure 6.35j).
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Figure 6.35: Fabrication process steps for photoresist ashing and 
aluminium lift-off experiment.
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6.3.1 Photoresist ashing
Prior the full fabrication process, photoresist (PR) ashing process is investigated 

using ICP technique. Figure 6.36 illustrates the cross-section of shrinking 

photoresist under plasma ashing. After a period of plasma ashing, the photoresist 

island pattern will decrease in both lateral and vertical direction. In vertical direction, 

initial thickness of ti will decrease to ri while / represents the lateral shrinkage of 

photoresist. The ashing used in this experiment is oxygen (O2) plasma, which RF 

power of 300W, and O2 gas flow rate of 30sccm. The power for silicon etching 

process was 600W, and the flow rates of SFe and C4F8 were 75 seem (2 seconds) 

and 45 seem (1 second) at a pressure of IxlCMmbar.

Plasma ashing

Figure 6.36: Cross-section of photoresist ashing technique.

The vertical ashing rate of photoresist can be measured by using Nanospec 

system. A separate experiment is required to investigate the lateral ashing rate of 

photoresist. Figure 6.37 illustrates the fabrication process steps to investigate the 

ashing rate of photoresist. First, standard photoresist AZ 1813 is used to coat an 

approximately 2.2pm thick photoresist (2000rpm) on the surface of a silicon test 

wafer (Figure 6.37a). Thicker photoresist is generally preferred for photoresist 

ashing experiment. After exposure and developing, a shallow (approximately 

200nm) silicon etch is performed using ICP etcher to create a step in the substrate
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(Figure 6.37b). Next, oxygen plasma is performed to ash the photoresist layer 

(Figure 6.37c). A variation of ashing time (2, 5 and 10 minutes) is implemented to 

determine the shrinkage of the photoresist under oxygen plasma ashing. A second 

longer silicon etch (approximately 500nm) is perfonued to create a second silicon 

step. Photoresist is strip off using Riming nitric acid (Figure 6.37d).

It is recommended to perform a shallow silicon etching (less than 350nm) 

during the first cycle of etching. This is to protect the photoresist layer from being 

aggressively attack during the silicon plasma etching. The SEM images of the silicon 

steps for various oxygen plasma ashing time are illustrated in Figure 6.38 (2 minutes 

PR ashing), Figure 6.39 (5 minutes PR ashing) and Figure 6.40 (10 minutes PR 

ashing). The width in between the two silicon steps is effectively representing the 

amount of photoresist consumed in the lateral direction. These results are suggesting 

that the photoresist has a lateral and vertical shrinking rate of 70nm/min and 

50nm/min, respectively. Vertical shrinking rate of photoresist was measured using 

Nanospec system (refer to Figure 6.41).
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/ Photo resist

Si Substrate

c. Ashing photoresist d. I tch silicon and reuios e photoresist

[NTT T TV''- Fc.ilurc Si/c

Figure 6.37: Schematic fabrication of silicon step nano structures using 
photoresist ashing technique.
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Figure 6.38: SEM image of silicon nanometer steps after 2 minutes of 
photoresist ashing in between two silicon etching steps.
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Figure 6.39: SEM image of silicon nanometer steps after 5 minutes of 
photoresist ashing in between two silicon etching steps.
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Figure 6.40: SEM image of silicon nanometer steps after 10 minutes of 
photoresist ashing in between two silicon etching steps.
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Figure 6.41: Oxygen plasma ashing rate on photoresist (vertical and lateral direction)

6.3.2 Aluminium lift-off

Lift off is a common pattern transfer technique, which can be used with the 

combination of E-beam lithography to form nanowire structures [14, 25]. Figure 

6.42 illustrates the fundamental process sequences for lift-off. First a positive 

photoresist is coated (Figure 6.42a) and patterned (Figure 6.42b) on the substrate. 

Next, a film such as aluminium is deposited over the photoresist (Figure 6.42c). The 

film thickness should be less than the thickness of photoresist. Subsequently, the 

photoresist is dissolved in solvent such as acetone. The dissolved photoresist will be 

removed and lift-off from the surface. Hence the remaining aluminium is the final 

pattern as a result of lift-off technique (Figure 6.42d).

Table 6.8 presents the photoresist coating process for the lift-off process. It is 

observed that all photoresist are successfully lift-off within 30 seconds in the solvent 

solution. To achieve a successful lift-off process, it is recommended to remove the 

post exposure bake when coating the photoresist and also minimize any sort of 

heating on the photoresist especially during metal deposition. Figure 6.43 depicts 

successful lift-off from microscope inspection.
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Process steps Details
Coating AZ 1813, speed 2000 rpm
Softbake 1 minute at 90°
Exposure 5.5 Seconds
Develop MIF-319, 50 Seconds
Post exposure bake no

Table 6.8: modified photoresist coating process for lift-off technique.

After successful development of the photoresist ashing and aluminium lift off 

techniques, the full fabrication process to define the silicon nanowire is investigated. 

Figure 6.44 shows the SEM cross-section of the fabricated nanowire using the 

combination of photoresist ashing and aluminium evaporation. A 200nm wide 

silicon nanowire was produced in this experiment. This result implies that by 

performing 2 minutes of oxygen plasma ashing, the photoresist has shrink 

approximately 200nm in lateral direction. Although the first result has proven this 

method is feasible, there are still some work to be carried out to ensure the 

fabrication result is repeatable and consistent.

a. Coat photoresist b. Pattern photoresist

photoresist photoresist

Si - Substrate Si - Substrate

e. Evaporate aluminum

aluminum

photoresist

Si - Substrate

d. lift-off aluminum

aluminum

Si - Substrate

Figure 6.42: Fundamental fabrication steps of standard Aluminium lift-off process [27].
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Figure 6.43: microscope inspections post Aluminium lift-off.

Oat* 8 May 701?IHT - 20 00 1V
Stag* at T • 17 2*

Figure 6.44: SEM image of 200nm wide silicon pillar (600nm height).

6.4 Summary
A range of different ways to fabricate silicon nanowire have been reviewed and 

investigated. Methods to fabricate silicon nanowire investigated in this project 

include E-beam lithography, sidewall spacer, and photoresist ashing. Several 

experiments have been performed to determine the most suitable way to define 

silicon nanowires in this project. Thin film deposition methods have been introduced 

and implemented. PECVD oxide, PECVD nitride and poly-silicon are the three main 

thin films used in the spacer experiments. Two types of silicon etching techniques 

are characterized. TCP etching using combination gas of SFe and C4F8 produced 

vertical sidewall profile due to anisotropic etching compared with HBr gas RIE 

isotropic etching.

208



Several challenges have been encountered to produce reliable and 

consistence silicon nanowire. In E-beam lithography, various parameters have been 

investigated and optimized such as proximity effect, resist thickness, beam current 

etc. For spacer lithography and photoresist ashing, RIE and ICP plasma etching 

plays significant role to produce repeatable and uniform etching across the silicon 

substrate. Tests have been conducted to verify the sidewall profile of sacrificial layer 

and the conformity of film deposition as the spacer layer in spacer lithography 

approach. Photoresist ashing technique is realized by employing oxygen plasma to 

etch the photoresist layer with controllable lateral and vertical reduction.

Finally, electron beam lithography has been chosen as the ultimate approach 

to fabricate silicon nanowire in this project due to several advantages. First, this 

method produced the most successful results across our experimental tests. 

Nanowires of width down to lOOnm can be produced using E-beam lithography. 

More importantly, E-beam lithography can produce a range of widths on a single 

array, reducing the quantity of device wafers to be processed. The only drawback of 

E-beam is that the writing process is time consuming.
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Chapter 7
7. Silicon nanowire
In recent years, there has been a trend to transform semiconductor devices from 

micrometre to nanometre resolution in wafer fabrication. Nano fabrication of MEMS 

devices can be realized by various methods such as electron beam lithography, nano 

imprint lithography, spacer lithography etc. The main motivation to reduce the 

dimension from micro to nano is due to the effective area size and enhancement in 

terms of sensitivity. Silicon nanowires (SiNWs) are attractive due to their enhanced 

piezoresistance effect and their compatibility with conventional silicon device 

fabrication [1,2].

7.1 Background review
Research on the piezoresistance effect in silicon nanowires was initiated by 

Toriyama et al. in 2001 [3-5]. This group of researchers investigated the 

piezoresistance effect in /;-type, <110> oriented silicon nanowires with widths 

ranging from 53 to 333nm. The nanowires produced had doping concentration of 

5.0xl019cm'3 and thickness ranging from 53 to 65nm. Generally, there was limited 

research activity until the discovery of the “giant piezoresistance effect” by He and 

Yang [2] in 2006. He and Yang reported an increase in the piezoresistance effect in 

/?-type silicon nanowire of approximately 3776% and 842% for, <111> and <110> 

crystallographic orientations, respectively. It was reported that the piezoresistance
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effect increases with decreasing width and doping concentration. Following the 

report from He and Yang [2], several research groups [6-8] have extended the work 

to verify the consistency of the enhanced piezoresistance effect in silicon nanowires.

Table 7.1 summarises the recent publications on silicon nanowires with 

enhanced piezoresistance. Reck et al. [6] have produced p-type silicon nanowires 

from 140nm to 480nm wide. They have observed an enhancement of 633% in 

piezoresistance effect for the smallest nanowire of 140nm wide, 200nm thick in 

compression mode. T. T. Bui et al. [7] have studied the effect in />-type silicon 

nanowires with width 35-480nm in tension. A 60% enhancement in piezoresistance 

effect is observed for smallest nanowire of 35nm wide, 40nm thick and 2pm long. T. 

Barwicz et al. [8] investigated /;-type silicon nanowire in <100> and <110> 

orientations. An average of 230% enhancement in piezoresistance effect was 

observed for the smallest nanowire of 5nm wide, 45nm thick and 400nm long in 

<110> orientation and in compression.

Research
groups

Si NW 
width

Doping
concentrations

Stress
application

Highest
Piezoresistance
enhancement

Toriyama et al. 53-333nm o.oxio'W3 Tensile 55%
R. He and P.
Yang

50-350nm 5.8><1016cm"3 Compressive 842%

K. Reck et al. 140-480nm 4.1xl016cm-3 Compressive 633%
T. T. Bui et al. 35-480nm 1.2xl018cm"3 Tensile 60%
T. Barwicz et al. 5-113nm 1.0xl015cm'3 Compressive 230%
Table 7.1: Publication summary for /;-type, <110> oriented silicon nanowires [2, 5-8],

Overall, the piezoresistance coefficient was found to increase with decreasing 

nanowire doping and diameter. In addition, higher piezoresistance enhancement is 

observed in compression than in tension. Some enhancement is also reported for 

silicon nanowires above 200nm width. K. Reck et al. reported that silicon nanowires 

with 480nm and 280nm wide produced approximately 10% and 30% enhancement, 

respectively [6]. The increase in sensitivity has however come at a cost of increased
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sensitivity to temperature. According to theoretical studies conducted in Chapter 2, it 

is generally agreed that temperature coefficient of piezoresistance coefficient 

increases with decreasing doping concentrations. K. Reck et al. [6] reported that the 

effective piezoresistance coefficient, U44, for a 140 wide, 340nm thick silicon 

nanowire decreased by approximately 35% when the temperature is increased from 

25 to 80°C.

7.2 Theory
As yet the origin of the enhancement in piezoresistance is not well defined. There are 

two main explanations published to date to explain the origin of the giant 

piezoresistance effect which are the enhanced strain modulation of carrier mobility 

[2] and surface to volume ratio [8-11]. Most recently, T. Barwicz et al. [8] claimed 

that surface state is the dominant factor for nanowires smaller than 70nm width 

whereas enhanced strain modulation of carrier mobility is the main influencing 

factor for larger nanowires. Since the hypotheses of enhancement in silicon nanowire 

is still unconfirmed, the theory of silicon nanowire is only briefly discussed in this 

section. However, the verification of enhanced piezoresistance effect will be 

determined through experimental work.

7.3 Design of silicon nanowire
The operating environment for Tyre Pressure Monitoring System (TPMS) 

application requires the sensor to be robust, and have ability to deal with shocks. 

Therefore, the nanowire designed for TPMS application is recommended to be large 

in size and supported rather than free suspending to ensure that it is able to cope with 

the challenging environment inside the tyre. As a result, larger width from 1 OOnm is 

considered for nano wire in this project. All recent publications agree that <110> 

oriented nanowires generate the highest piezoresistance effect compared with other
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orientations. In order to produce silicon nanowire with enhanced piezoresistance 

effect, several important criteria are listed as below:

• Width above 1 OOnm

• />-type silicon

• Low doping concentration

• <110> crystallographic orientation

• Compressive stress

7.3.1 Mask design

In order to define nanowires in this experiment, a standard sized four terminal 

configuration resistor is trimmed down by using e-beam lithography technique to 

produce silicon nanowires less than 500 nm in width (refer to chapter 6). Figure 7.1a 

and Figure 7.1b illustrate the original resistor structure and nanowire structure post 

e-beam trimming. The gap between the two rectangular boxes represents the width 

of the nanowire. To investigate the effect of width and length, resistor designs with 

length of 10 pm to 100 pm are proposed in this experiment. The width for all resistor 

design are set to be 30 pm prior to E-beam trimming. The length of nanowire is 

controlled by photo lithography mask whereas the width of nanowire is defined by e- 

beam lithography.

There are two main arrays in this nanowire device fabrication experiment. 

Each array consists of 6 individual resistors to cover a range of lengths. Silicon 

nanowire array A is designed to investigate the effect of width (Figure 7.2). Hence, 

5 out of 6 resistors in this array share the same length - 10 pm whereas one has 

length of 20 pm. Figure 7.3 illustrates the design for resistors in array B which has a 

range of lengths covering 20, 30, 40, 50, 100, and 200 pm long. Test structures such
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as Kelvin resistors, Greek cross test structures are also included in the mask design 

for each array. Details of test structures can be found in Chapter 3 (section 3.1.2).

a. b.
Figure 7.1: Nanowire trimming from microwire resistor dimensions using e-beam 
lithography, (a) before trimming; (b) after trimming.

RA3 RA4

Figure 7.2: Silicon nanowire array A mask design.

In order to aid the alignment process during e-beam lithography, several 

reference structures are also included in the mask design as illustrated in Figure 7.4. 

These reference structures are useful to reduce the risk of incorrect area exposure 

during e-beam writing as well as speeding up the e-beam writing process. The 

fabrication of silicon nanowires are divided into two groups which are the bulk 

silicon substrate and SIMOX silicon wafer. The main difference between the 

fabrication of these two substrate materials is illustrated in Figure 7.5. It is deduced
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that the thickness of nanowire using bulk silicon substrate (Figure 7.5a) is controlled 

by the boron diffusion process while the thickness of the nanowire using SIMOX 

wafer (Figure 7.5b) is controlled by the top silicon device layer which is 200nm in 

this case. The details of the fabrication will be discussed in the section 7.3.2 (bulk 

silicon substrate) and section 7.3.3 (SIMOX wafer), respectively.

_□ n_
20pm long —•WEmv'BI ajaBI------------ 50pm long

RBI RB6■
30pm long —ET”* ~~WT□ □

RB2 RB5
t.

40pm long ZJ1S —ff

100pm long

SiBSS’ 200pm long

RB3 RB4
Figure 7.3: Silicon nanowire array B mask design.

(a) (b)

Figure 7.4: Reference structure, (a) 100pm, 50pm, 20pm crosses; (b) 150pm squares.

a. b.
Figure 7.5: Silicon nanowire structure, (a) bulk silicon version; (b) SIMOX version.
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7.3.2 Bulk silicon substrate fabrication process

This section demonstrates the fabrication process of silicon nanowires using bulk 

silicon as starting material. The process consists of 13 main steps including 5 UV 

lithography steps and 1 e-beam writing step (Figure 7.6). All fabrication processes 

were completed in the cleanroom facilities of Queen’s University Belfast - Queen's 

Advanced Micro- Engineering Centre (QAMEC). The full fabrication process details 

are recorded in Appendix D2. Below is the overview of the fabrication process.

a. The starting material is 100mm n-type bulk silicon substrate, (100) orientation, 

thickness of 400pm, with sheet resistance of >4000 ohm/sq. Shallow silicon 

etching (approximately 200nm) is performed to etch alignment marks and define 

the [110] orientation on the wafer. The first mask is critical for crystal orientation 

alignment (aligning to wafer flat).

b. 350nm oxide is thermally grown on the silicon substrate (20 minutes, 1000°C, 

wet oxidation). Contact windows areas are patterned and wet etched to prepare 

for contact window boron diffusion.

c. Boron solid source diffusion is performed (20 minutes, 1000°C) for contact area 

diffusion to reduce contact resistance for low doped devices. This process step is 

only required for devices with doping less than lxlOl9cm_J.

d. Next, oxide is patterned and wet etched again for p-region opening.

e. Boron diffusion for various doping concentrations are performed at this stage. 

For lower doping concentrations, spin on dopant is employed. Three different 

doping concentration of spin on dopant (IxlO19 cm'3, 3xl018 cm'3 and 5xl0l7cm" 

’) were used. Diffusion time was adjusted to produce junction depths less than 

0.5pm. Details of boron spin on dopant refer to section 7.4.

f. Oxide is stripped, followed by standard cleaning.
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g. PECVD oxide is deposited with approximate thickness of 150nm.

h. To define nanowire below 500nm, e-beam lithography is conducted at this step. 

PMMA photoresist is coated and patterned on the oxide layer. The cross-section 

diagram illustrates the feature size of nanowire on the photoresist layer post 

patterning.

i. RIE oxide etch (150nm) and silicon etching (2pm) are used to create the 

nanowire structure in the silicon substrate. Plasma etching techniques are 

employed to enable anisotropic etching profile and minimize feature size 

reduction from the E-beam pattern.

j. After transferring the nanowire pattern into the silicon substrate, photoresist is 

stripped using O2 plasma and oxide is stripped using wet etching.

k. 400nm PECVD oxide is deposited to form an insulating layer between metal and 

silicon. Contact windows are wet etched in the oxide layer to enable metal 

connection onto silicon.

l. 1pm aluminium is sputter deposition, patterned and etched to form electrical 

contacts. Post metal annealing is performed at 400°C for 30 minutes.

m. Finally, a deep silicon trench etch (approximately 300pm) using ICP (SF6 300 

seem. Power 1600W) is performed to enable breaking of the silicon wafer into 

silicon bars

7.3.3 SIMOX silicon wafer fabrication process steps
The starting material used in this fabrication is separation by implantation of oxygen

(SIMOX) wafers supplied from SIMGUI, Shanghai, China. The advantage of using

SIMOX wafers over bulk silicon wafers is that the thickness of the resistor can be

easily controlled. In other words, the piezoresistors are ‘island’ on the buried oxide.

The SIMOX wafers used in this experiment have a silicon device layer of 200nm
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thick and buried oxide of 375nm. Table 7.2 presents the properties of the SIMOX 

wafers.

SIMOX wafer properties Details
Wafer thickness 525+/- 15 pm
Orientation (100)
Conductivity type/ Dopant p-type (Boron)
Resistivity 10-20 0/d
SOI layer 200nm +/- 10 nm
Buried oxide layer 375nm +/- 10 nm
Primary flat orientation <110> +/- 0.5°
Primary flat length 32.5 +/- 2.5 pm
Secondary flat length 18 +/- 2.0 pm

Table 7.2: SIMOX wafer properties

Figure 7.7 represents the fabrication process of silicon nanowire (Separation by 

implantation of oxygen-SIMOX). The nanowire fabrication process for SIMOX 

substrate is similar to that for the bulk substrate. However, several process steps 

required modification to suit the SIMOX substrate. The full fabrication process 

details are recorded in Appendix D3. Below is an overview of the fabrication 

process:

a. The 4” SIMOX substrate is /?-type, (100) orientation, thickness of 525pm, with 

sheet resistance of 10-20 ohm/cm. The device and buried oxide layer are 200nm 

and 375nm thick, respectively. Shallow silicon etching (approximately 200nm) is 

performed to etch alignment mark and define the [110] orientation on the wafer. 

The first mask is critical for crystal orientation alignment (aligning to wafer flat). 

Etching alignment mark in SOI substrate requires additional steps to ensure the 

pattern is transferred into the handle layer below the buried oxide.

b. 300nm of PECVD oxide is deposited at 300°C. Contact windows areas are 

patterned and wet etched for boron diffusion.
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c. Boron solid source diffusion is conducted for 20minutes at 1000°C to create high 

doped area for contact purpose. This step is only implemented for low doping 

devices.

d. Next, oxide is stripped using wet etching prior to boron diffusion.

e. Boron blanket diffusion for various doping concentrations are performed at this 

stage. For lower doping concentrations, spin on dopant is employed with three 

different doping concentrations IxlO19 cm'3, 2.5X1018 cm"3 and 5xl017cm"3.

f. Then, a photo mask is applied to protect resistor pattern regions and etched away 

non-resistor pattern area using dry plasma etching. This step is crucial to ensure 

individual resistors are being completely isolated.

g. Approximately 300nm of PECVD oxide is deposited to protect the silicon device 

layer during nanowire etching.

h. E-beam lithography is conducted to define nanowire. PMMA photoresist is 

coated and patterned on the oxide layer. The cross-section diagram illustrates the 

feature size of nanowire on the photoresist layer post patterning.

i. RIE oxide etch (300nm) and shallow silicon etching (0.2pm) creates the 

nanowire structure in the SOI layer.

j. After etching nanowire structure, photoresist is stripped using O2 plasma 

followed by standard cleaning. The PECVD oxide layer is kept as the insulating 

layer. Hence, no oxide strip and oxide re-deposition is required at this step.

k. Contact windows are wet etched in the oxide layer to enable metal connection 

onto silicon.

l. 1pm aluminium is sputtered, patterned and etched to form electrical contacts. 

Post metal annealing is performed at 400°C for 30 minutes.
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m. Finally, a deep silicon trench etch (approximately 350pm) using ICP (SF6 300 

seem, Power 1600W) is performed to enable breaking of the silicon wafer into 

silicon bars.

7.4 Boron diffusion
In order to produce /?-type silicon nanowires with lower doping concentrations and 

shallow junctions, methods to introduce impurity dopants into silicon have been 

reviewed. The two commonly used approaches to introduce impurity into silicon are 

through ion implantation and diffusion. Diffusion is preferred for this project due to 

availability of furnace equipment. Previously, a boron solid source diffusion process 

was implemented for preliminary silicon piezoresistors as described in Chapter 3. 

Generally, diffusion of impurities are available in three forms namely gas phase of 

the dopant, doped oxide sources (solid source) and spin-on dopant. Here, boron spin- 

on dopant (SOD) method is proposed to introduce boron into silicon substrate. The 

diffusion using spin-on dopant is implemented by applying liquid sources onto 

substrate surface followed by temperature annealing. This diffusion method offers 

two advantages including lower doping concentrations than solid source diffusion 

and shallow junction formation.

222



pUp%i

a. H6$atam mart; etch b. Thermal oxidation - pattemng

pit p-\\

c. Contact windows diffusion for low d Oxide pattemng (^region)
doping de%Kes

♦ * •

a PE CAD oxide deposition

h E-l>eant hthography (define nano wire)

j PR 6: oxide stnp and clean

psi

k. PEC\D oxide deposition * contact 
windows etching.

EES
pH

I Aluminium sputtering and patterning

psi

in. Sibcon trenching

1 1 Si ■ sio2

| Boron diffusion M Boron contact
diffusion

^ aluminium ■ PEC'VD oxide

□ PMMA

photoresist

Figure 7.6: Fabrication process steps for silicon nanowire (bulk silicon 
substrate).
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The boron spin-on dopant used in this experiment is supplied from 

Emulsitone in USA [12], Three distinct doping concentrations are chosen for this 

project namely, lxl019cm'3, 3x1018cm'3 and 5xlO!7cm'3. These three concentrations 

are selected to cover the doping concentration for low, medium and high level. 

Monitoring runs are conducted prior to the real device diffusion to characterize the 

profile of each doping concentration. Prior to diffusion, monitor silicon wafers are 

spin coated with dopant at 3000 rpm for 15 seconds, then baked for 5 minutes at 

80°C. It is recommended to only process wafers with single diffusion source in each 

diffusion run to avoid cross diffusion from different dopants.

In order to produce junction depth of less than 0.5pm, the diffusion time for 

each type of spin-on dopant are different. From experiment, it is recommended to 

perform boron spin-on diffusion run at higher temperature - 1100°C as it was 

difficult to perform four point probe measurement on monitor wafers which was 

diffused at 1000°C. Table 7.3 presents the diffusion parameters used in the 

experiments. A boron solid source diffusion is also included in the experiment for 

comparison.

Doping concentrations Diffusion time Temperature
Boron solid source diffusion 20 minutes 1000°C
Boron spin on dopant - lxl019cm"3 30 minutes 1100°C
Boron spin on dopant - 3 x 10 cm 45 minutes 1100°C
Boron spin on dopant - 5xl017cm'3 60 minutes 1100°C

Table 7.3: Diffusion parameters for a range of different boron diffusions.

7.4.1 Athena simulation

As introduced in Chapter 3, ATHENA software package [13] is used to simulate the 

diffusion profile for boron spin-on dopant into silicon substrate. One issue observed 

when setting up the simulation was that there is no spin-on dopant diffusion model 

available in ATHENA software package. Since the diffusion behaviour of spin-on

225



dopant is very similar to diffusion from doped oxide into silicon, the diffusion 

profile of spin-on dopant is simulated using a doped oxide model. [14, 15],

Although spin-on dopant diffusion technology has existed since the 1970s, 

there is not much reference available to explain the simulation of this diffusion 

technique. Theoretically, the boron diffusivity in spin-on dopant layer was much 

higher than the default diffusivity of boron in oxide. According to N. H. N. Hamat et 

al. [14] and N. N. Toan [15], four parameters from the default diffusivity of boron in 

oxide and silicon required adjusting to match the characteristics of spin-on dopant 

diffusion profile. These four diffusivity parameters are described in Table 7.4. 

DIX.0 and DIX.E are the two diffusivity parameters related to oxide whereas DIP.O 

and DIP.E are the two parameters related to silicon. Table 7.5 and Table 7.6 present 

the modified diffusivity parameters used for oxide and silicon, respectively. These 

two tables also record the default ATHENA values used in the oxide and silicon 

model for reference purpose.

Diffusion
parameter

Descriptions

D1X.0 Specifies the pre-exponential constant of the diffusion 
coefficient of the impurity diffusing with neutral vacancies.

DIX.E Specifies the activation energy of the diffusion coefficient of 
the impurity diffusing with neutral vacancies.

DIP.O Specifies the pre-exponential constant of the diffusion 
coefficient of the impurity diffusing with positive vacancies.

DIP.E Specifies the activation energy of the diffusion coefficient of 
the impurity diffusing with positive vacancies.

Table 7.4: Four diffusion parameters which required modification for SOD simulation [13],

Diffusivity DIX.0 (cm2/s) DIX.E (eV)
Boron in oxide (ATHENA default) 0.000316 3.53
Boron in spin-on dopant layer (modified) 1.00 3.00

Table 7.5: Diffusivity parameters related to diffusivity in oxide [14, 15].

Diffusivity DIP.O (cm2/s) DIP.E (eV)
Boron in silicon (ATHENA default) 0.72 3.46
Boron in silicon (modified) 1.2 3.66

Table 7.6: Diffusivity parameters related to diffusivity in silicon [14, 15],
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To simulate boron spin-on dopant diffusion in ATHENA, a layer of oxide of 

750nm was created on the surface of the silicon. The doping of the oxide can be set 

to the values in Table 7.3. Graphs covering a range of diffusion time, 20, 45 and 60 

minutes were produced for three different doping concentrations at 1100°C. A 

phosphorus doping concentration of 9><10"14cm'3 was used for the substrate. (Athena

simulation source code for SOD 1 xlOl9cm‘3 is available in Appendix C2)

Time
(minutes)

Junction depth 
(nm)

Sheet resistance 
(ft/sq)

SOD lxl019cm'3
20 414 1557
45 625 1168
60 720 1086

SODSxlO'W3
20 372 3363
45 562 2474
60 647 2289

SODSxlO’W3
20 311 11971
45 470 9251
60 542 8915

Table 7.7: Junction depth and sheet resistance as a function of time and doping 
concentrations of different spin on dopants (SOD).

Table 7.7 presents the simulated junction depths and sheet resistances. In 

general, it can be observed that the junction depth is deeper as a result of longer 

diffusion time since the boron dopant received more energy to diffuse into the 

silicon. Conversely, sheet resistance decreases with time due to diffusion and 

activation of boron impurity into silicon. All ATHENA simulation results 

demonstrated the junction depth of all diffusion runs which are approximately 

500nm which is close to the targeted thickness of nanowire proposed in this 

experiment (Table 7.8). Experimentally, the doping profile of an impurity diffusion 

can be determined by three measurements, namely, sheet resistance, junction depth, 

and the dopant profile of the diffused layer [16]. Four point probe is employed to 

extract sheet resistance from the surface of the diffused area. The junction depth 

extraction process is called differential conductivity technique which was introduced
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in Chapter 3 (section 3.3.1). ATHENA simulation results are then verified with 

differential conductivity (junction depth) experiments in section 7.4.2.

Spin on dopant Solid source lxl019cm'3 3xl018cm-3 5xl017cm"3
Sheet resistance (£2/sq) 46 1561 2482 8970
Max. doping 
concentration (cm"3)

1.2 x 1020 3.2 x 1018 6.8 x 1017 9.1xl016

Junction depth (nm) 480 410 560 540
Table 7.8: Athena simulated diffusion profiles.

7.4.2 Differential conductivity technique

Diffusion monitoring runs have been conducted prior the real device diffusion run to 

monitor the diffusion results based on parameters in Table 7.3. The differential 

conductivity technique was perfonned to extract the doping profile. Experimental 

data from the differential conductivity technique are presented in Table 7.9 and will 

be discussed in the next section.

Spin on dopant Solid source lxl019cm"3 3xl018cm"3 5xl017cm"3
Sheet resistance at 
surface (fi/sq)

30 1100 3800 3120

Junction depth (nm) 250 175 100 100
Table 7.9: Summary of differential conductivity technique for nanowire device fabrication.

7.4.3 Discussion

According to the spin-on dopant manufacturer, the anticipated maximum doping 

concentration in the silicon will be approximately a half the doping level of the 

surface coating. The Athena simulation result is compared with the furnace diffusion 

results. It was observed that the simulated sheet resistance are generally higher than 

the sheet resistance measured after furnace diffusion except for SOD doping 

concentration of 3xl018cm'3. The simulated junction depth is deeper than that 

determined from experimental results. Due to the fact that the junction depths are 

relatively shallow, there is a possibility that the junction depth measured using four 

point probe technique will not be that accurate. This is potentially due to force 

pressing during the four point probe measurement when the pins come into contact
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with silicon. As a result, the true junction depth may be deeper than the data 

presented in Table 7.9.

7.5 Device characterization

7.5.1 Sheet resistance measurements using Greek cross structures.

To obtain a more accurate doping concentration extraction on the real device wafers,

Greek cross structures are used. Sheet resistance measurements from device wafers 

are recorded in Table 7.10, indicate that sheet resistivity increases as doping 

concentration decreases. Sheet resistance measured using Greek cross structures are 

expected to be more accurate compared to four point probe due to direct metal to 

silicon contact measurement with minimal applied force.

Table 7.10 compares the measured sheet resistance results against Athena 

simulation and four point probe results. For solid source diffused device wafer, the 

Athena simulated sheet resistance data is close to the measured data on the real 

device wafer. Similarly, Athena data agrees with spin on dopant diffused (l><10l9cm' 

3) device wafer. However, the measured Greek cross sheet resistance for the lowest 

spin on dopant concentration is significantly larger than both Athena and four point 

probe measurements. This is potentially due to high interfacial contact resistance 

between lightly doped silicon and metal. Overall, it is fair to conclude that Athena 

has accurately predicted the sheet resistivity for solid source and spin-on dopant 

diffusion for doping concentration of lx1019cm'3.

Sheet resistance (£l/sq) Solid source lxl019cm"3 3xl018cm-3 5><10l7cm'3
Greek cross test structure 41 1527 7113 23612
Athena simulation 46 1561 2482 8970
Four point probe 30 800 3800 3200

Table 7.10: Sheet resistance measurements using Greek cross structure, Athena simulation, 
and four point probe.
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7.5.2 Interfacial contact resistance

Kelvin four terminal test structures were utilized to investigate the interfacial contact 

resistance on the device wafers. The designed Kelvin test structures have three 

different sizes, namely 100 grrr (10 gm), 225 gm2 (15 gm),and 400 gm2 (20 gm). In 

this work, 20 gm contact windows are used for all resistor structures. Metal sinter 

process is carried out at 400°C for 30 minutes with combination of Nitrogen gas and 

Hydrogen gas (20 to 1 ratio) ambient to enhance the interfacial contact between 

metal and silicon.

Four graphs are plotted to investigate the interfacial contact resistance for 

different doping concentrations as a function of contact area and also the effect of 

metal sinter process (Figure 7.8). Figure 7.8a and Figure 7.8b illustrates the 

interfacial contact resistance for device wafers with solid source diffusion and boron 

SOD lxl019cm"3, respectively, whereas Figure 7.8c and Figure 7,8d illustrates the 

interfacial contact resistance for device wafers with boron SOD 3xl0'scm"3 and 

5xl017cm'3

The interfacial contact resistance is inversely proportional to the contact area 

as expected. The results also indicate that the interfacial contact resistance is 

enhanced by the metal sinter process. The interfacial contact resistance increases 

with the decrease in doping concentration. Overall, contact resistance for 20 gm size 

contact windows are less than 100 Q. Therefore, it is small enough to be neglected 

for nano wire devices where the measured resistance are between 50 kQ to 150 kfl
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Figure 7.8: Interfacial contact resistance for four different doped resistors 
(a) solid source diffusion (b) lxl019cm'3 (c) 3xlOl8cm"3 (d) 5xlOl7cm"3.

7.6 Experimental results
Prior to analysing any piezoresistance characterization results, it is essential to 

identify the width of individual nanowires. This can be done from the measured 

resistance and the known sheet resistance. It is necessary to consider the resistance of 

the nanowire from the four terminal resistor structure and wiring connections. Since 

the four terminal resistance has already eliminated the contact resistance, the 

additional resistance contributed to the overall measured resistance will be resistance 

due to extension. Figure 7.9 illustrates the four terminal nanowire structure. Ideally, 

the voltage is measured between Vi and F? positions. However, in reality, voltage 

measurements are collected between Vmi and Vm2- As a result, potential error will 

appear when obtaining the real resistance of the nanowire. In this calculation, it is 

assumed that the resistance of wire comiections are small to be negligible. Hence the 

voltage difference at ideal position is equal to
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I XRnW = V2~ ^ Equation 7. 1

However, from the real measurement using four terminal resistor, voltage measured 

is given as

/ x Rmnw = Vm2 — VmX Equation 7. 2

/ x Rmnw = (E2 - Ei) + (ym2 - E2) + (Vml - Ei) Equation 7. 3

Figure 7.9: Four terminal nanowire structure.

Since measured voltage is not at the ideal position, COMSOL is employed to 

investigate the offset between the ideal (Vi & K?) and measured voltage (Vmi & Vm2) 

across the nanowire. During simulation, a voltage of 40mV is supplied to the resistor 

structure. This is in the range of values from the measurements. Figure 7.10 and 

Figure 7.11 illustrate the voltage and current distribution for microwire resistor and 

nanowire resistor, respectively while data are tabulated in Table 7. 11. Simulation 

results verify that there is minimal offset for microwire resistor whereas 

approximately 1% offset was observed for nanowire resistor. Hence, the error due to 

four terminal measurement is minimal.

Resistor dimensions V1-V2 Vm 1 ~ Vm2 Offset
Microwire (100 pm x30 pm) 24.4mV 24.4mV OV
Nanowire (100 pm x300nm) 39.4mV 39.75mV +0.35mV
Table 7.11: Ideal, measured and offset voltage in COMSOL.
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According to Ohms law [17], the resistance of a material is given by

R = Rs— Equation 7. 4
w

where Rs is the sheet resistance, L is the length and w is the width. By substituting 

the sheet resistance obtained from Greek cross measurements and knowing the actual 

resistance, width of nanowire can be estimated. It is assumed that uniform doping is 

produced using boron spin on dopant diffusion technique and all nanowires have 

uniform width from centre to edge. Experimental results for silicon nanowire are 

divided into two parts ie. bulk substrate and silicon on insulator (SIMOX).

7.6.1 Silicon nanowire (bulk silicon)

In the first silicon nanowire fabrication, silicon nanowire with width down to 500nm 

were produced. Table 7.12 denotes the estimated surface doping concentration for 

SN1 and SN4 device wafers from Athena.

Device ID Diffusion details Estimated doping concentrations
SN1 Solid source diffusion 1.2xl020cm'3
SN4 Boron SOD IxlO'W3 3.2x1018cm"3

Table 7.12: Estimated doping concentrations for SN1 and SN4 devices.

7.6.1.1 Piezoresistance measurements

Figure 7.12 and Figure 7.13 present the relative resistance change as a 

function of stress up to 3N (60.58MPa) for SN1 and SN4 devices. Both graphs 

compare the resistance change results between micro resistor and nanowire. All 

results demonstrate a linear relationship between resistance change and applied 

stress. The negative sign indicates that the resistance decreases as compressive stress 

increases. It is observed that there is no enhancement for SN1 nanowire whereas a 

12% enhancement is observed for SN4 nanowire with lower doping concentration 

(3xlOl8cm'3). The enhanced piezoresistance effect in SN4 devices is potentially due 

to the dimension of nanowire entering the nanometre region. However, there is no
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enhancement for solid source diffused devices for nanowire down to 500nm width.

By employing equations from Chapter 3 (section 3.4), several piezoresistance 

characteristics can be evaluated. Table 7.13 presents the calculated values for m, n44, 

gauge factor and piezoresistance factor.
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-0 010 -
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Figure 7.12: The relative resistance change versus stress for doping concentrations of 
1.2x 1020cm"3 bulk resistor and nanowires at room temperature.
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Figure 7.13: The relative resistance change versus stress for doping concentrations of 
3.2x 1018cm'3 bulk resistor and nanowires at room temperature.
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Piezoresistor
Parameters

Smith
(1.7xl015cm3)

SN1
micro

SN1 NW SN4 micro SN4 NW

7T/ (10'" Pa'1) 69.05 27.57 27.57 54.47 60.91
^(10"‘Pa") 138.10 55.13 55.13 108.95 121.82
GF 110.48 44.11 44.11 87.16 97.46
P(N,T) 1.0000 0.3992 0.3992 0.7889 0.8821
Table 7.13: Room temperature piezoresistance coefficients and gauge factor for SN1, SN4 
devices. (NW - nanowire)

7.6.1.2 Nonlinearity

Piezoresistors exhibits nonlinear characteristics when subjected to sufficient large 

stress. The nonlinearity in piezoresistor is defined by [18]

R(ff)-[{R((rma^)-/?(o)}-—2—+R(0)1
NL(T) =____ -___________ m-~_____- Equation 7.5

R(ffma.v)-R(0)

where RfcrJ is the resistance at stress a and ew is the maximum stress. Figure 7.14a 

presents the relative resistance change for stress range up to 121 MPa (6N) for SN1 

nanowire in compressive and tensile. It is observed that relative resistance change is 

positive when tensile stress is applied. Figure 7.14b compares the results in tension 

and compression suggesting that the magnitude of both is similar.

The force range has been extended to 12N (242MPa) to observe the 

nonlinearity of nanometre sized piezoresistor. At 12N, the risk of breaking the 

silicon beam is quite high, hence, only compressive stress is applied. Figure 7.15 

illustrates the nonlinearity of SN1 nanowire at doping concentration of 1.2xl020cm'3 

as a function of stress. As depicted in Figure 7.15a, the nonlinearity under 

compressive stress is positive while the nonlinearity is negative under tensile stress. 

The maximum and minimum nonlinearity values are equals to 0.612% and -2.591% 

for a stress of up to 121MPa. The results also indicated that tensile stress produce 

higher nonlinearity compared with compressive stress. Figure 7.15b demonstrates 

that the nonlinearity is high at 2.33% for a maximum stress range of 242MPa.
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Figure 7.14: The relative resistance change versus stress for SN1 nanowires (1.2* 1020cm‘3) 
at room temperature (0-6N). (a) tensile and compressive; (b) magnitude of both stresses.
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Figure 7.15: SNl-Variation of nonlinearity (NL) with stress, (a) tensile and compressive 
stress up to 121MPa stress; (b) compressive stress up to 242MPa.

Figure 7.16a presents the relative resistance change for stress range up to 

121MPa (6N) for SN4 nanowire. Results demonstrate a similar trend to SN1 

nanowire. Figure 7.17a and Figure 7.17b illustrate the nonlinearity of SN4 devices. 

For stress range under 121MPa, the magnitude of nonlinearity in compressive and 

tensile are approximately the same. The maximum and minimum nonlinearity equals 

2.226% and -2.175%, respectively. Compared with SN1 nanowire, the nonlinearity 

of SN4 nanowire is marginally less with highest maximum of 1.81% under 

maximum stress of 242MPa. Overall, the range of nonlinearity for both sets of 

silicon nanowires are comparable with values reported by K. Yamada et al [18].
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7.6.2 Silicon nanowire (SIMOX substrate)

Two devices were successfully fabricated in this part of work namely SIM2 and 

SIM3. Table 7.14 presents the estimated doping concentration for both devices using 

Athena simulation. The main difference between bulk and SIMOX substrate is that 

the thickness of resistor for SIMOX is approximately 200nm. It is also noted that 

SIMOX substrates are slightly thicker than bulk substrates. The thickness of SIMOX 

wafers is approximately 530 pm, as a result, stress at centre surface for a given load 

force is substantially lower. Figure 7.18a illustrates SEM image of the nanowire 

piezoresistor in four terminal configuration, whereas Figure 7.18b depicts the closer 

view of the same nanowire indicating 169nm wide and 9pm long.
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Device ID Diffusion details Estimated doping concentrations
SIM2 boron SOD lxl019cm"3 3.2xl018cm-3
SIMS boron SOD l><1019cm'3 6.8xl017cm'3

Table 7.14: Estimated doping concentrations for SIM2 and SIM3 devices.

a

WD = 5 mm Stage at T * -1.0' BELFAST

Figure 7.18: SEM image of silicon nanowire (a) four terminal silicon nanowire 
piezoresistor with aluminium metal connections; (b) length 9pm, width 169nm and 200nm 
thick.
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7.6.2.1 Piezoresistive measurements

Figure 7.19 demonstrates a linear relationship between resistance change and 

applied stress up to 34.50 MPa (3N load force). A micro resistor which has a relative 

resistance change of 0.02 is used as the reference. For the case of nanowire, the 

width has been estimated from measured resistance values using Equation 7. 4.The 

negative sign indicates that the resistance decreases when compressive stress is 

applied. On SIM2 device, nanowires down to lOOnm width were fabricated. In 

general, piezoresistance effect increases as width decreases for nanowire less than 

400nm wide.
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Figure 7.19: The absolute relative change in resistance as a function of stress.

The smallest nanowire has produced sensitivity of 0.03. It is observed that 

there is a 56% enhancement for SIM2 nanowire at width approximately 208 run. The 

208 nm wide resistor appears to have the highest sensitivity however the width 

estimated from resistance measurement may be inaccurate, so it maybe a much 

narrower device. Figure 7.20 presents the relative resistance change as a function of 

nanowire width for compressive stress at 3 N (34.50 MPa) for SIM2 device. The 

result suggests that enhancement is noticeable when the width of piezoresistor is 

below 350nm as reported by other researches [2, 6-8],
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Figure 7.20: The absolute relative change in resistance as a function of 
width at 3N (34.5MPa).

However, for SIM3 devices, there is no enhancement observed for nano sized 

piezoresistors. Microscope observation and width estimation, suggest that the real 

structures for SIM3 are still large (>600nm), hence, the piezoresistance 

characteristics show no significant enhancement. Table 7.15 presents the calculated 

piezoresistance coefficients and gauge factor for SIM2 and SIM3 resistors.

A

A
A A

A

A SIMOX nanowire 
----- reference value

Piezoresistor
Parameters

Smith
(1.7x10lscm'3)

SN2
micro

SN2 NW SN3 micro SN3 NW

m (10'11Pa"1) 69.05 57.97 115.94 57.97 57.97
7r^(10-nPa-1) 138.1 115.94 231.88 115.94 115.94
GF 110.48 92.75 185.51 92.75 92.75
P(N,T) 1.0000 0.8396 1.6791 0.8396 0.8396
Table 7.15: Room temperature piezoresistance coefficients and gauge factor for S1M2, 
SIM3 devices.

7.6.3 Temperature coefficient of resistance (TCR)

Temperature measurement is conducted to determine the temperature coefficient of 

resistance (TCR) for all micro and nanowires in this work (Figure 7.21). During 

measurement, temperature is increased with a step of 10°C up to 80°C while 

resistance data is recorded. Chapter 3 (section 3.4.3) provides more details regarding
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TCR calculation. For micrometre sized resistor devices, it can be seen that resistor

with low and very high doping concentrations are more temperature dependent. TCR 

values are determined by two main factors which are the surface concentration and 

the doping profde shape [19, 20], Similar trend is observed for micrometre sized

resistor on SIMOX substrates at low doping concentrations.
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Figure 7.21: Measurement of temperature coefficient of resistance (TCR) as a function of 
doping concentrations (bulk substrate and SIMOX devices).

For nano wire devices, the result infers that a resistor at nanometre level is 

less temperature dependent compared to micrometre sized resistor with similar 

doping concentrations on bulk silicon substrates. According to Figure 7.21, TCR for 

nanowire resistor on bulk silicon substrates has decreased 13% and 40% for doping 

concentration at lxl020cm~3 and 3.2xl0,8cm"\ respectively. Similar TCR decreasing 

trend is also observed on nanowire resistor on SIMOX substrates. The decrement on 

TCR is approximately 18% for devices at doping concentrations of 3.2xl018cm'3 and 

6.8xl017cm'3.
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7.7 Conclusion
This chapter has demonstrated the fabrication and characterization of silicon

nanowire. Athena simulation was employed to simulate boron spin-on dopant profile 

using doped oxide model. Measurement results suggested that piezoresistance effect 

increases as the dimension (width) decreases below 400nm. The smallest nanowire 

fabricated, with an estimated dimension of 100 nm wide and 200 nm thick, produced 

50% enhancement in piezoresistance effect. A highest increment in piezoresistive 

effect up to 100% was observed for nanowire with estimated width of 265nm. 

Measured temperature coefficient of resistance (TCR) results indicated that there is a 

decrement in the temperature sensitivity for silicon nanowire compared with 

micrometre sized resistor with similar doping concentration. This trend was observed 

for all nanowire regardless of the type of substrate.
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Chapter 8
8. Conclusions and Future Work

8.1 Conclusions
There are various sensing mechanisms used in MEMS applications to produce the 

best signal sensitivity. Different sensing application fields will have different 

requirements and challenges to select the most suitable sensor for strain and stress 

detection. The main application of this project is tyre pressure monitoring. To 

operate in a challenging environment such as in a tyre rim, the pressure sensor is 

required to sustain high shocks, temperature variation, and be structurally robust to 

minimize the failure rate.

A review of the available sensing technology was completed and 

piezoresistivity in silicon was identified as the candidate for further improvement 

and development. Silicon piezoresistors were designed and fabricated to investigate 

the piezoresistance effect due to doping concentration and temperature variation. All 

devices have been fabricated at Queen’s MicroEngineering Centre (QAMEC). Four 

point bending testing apparatus was developed for in-house stress application. 

Silicon device wafers were diced into rectangular beams for the ease of stress testing. 

Zero insertion force (ZIP) connectors were employed to interface between silicon 

chip and measurement systems.
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Silicon piezoresistors (/7-type in <110> direction) with various length (from 

15 pm to 500 pm) and width dimensions (3 pm to 20 pn) were designed and 

fabricated. Experimental results were also compared with experimental data 

presented by Kanda [1], Mason et al. [2], Tufte et al. [3], Kerr et al. [4], and Richter 

et al. [5]. Overall, the experimental results agreed reasonably well with publication 

results demonstrating that the piezoresistance effect decreases as doping 

concentrations increases. It was observed that the dimension of piezoresistor at 

micrometre level has no influence on the piezoresistance effect. Temperature 

coefficient of resistance (TCR) of silicon piezoresistors was measured and compared 

with Tufte et al. [6] publication results. It was noted that the TCR of silicon 

piezoresistor increases for boron doping concentration above 8x10ll>cm"J. The TCR 

values are dependent on the surface concentration as well as doping profile shape [7, 

8],

COMSOL was employed to simulate the stress and piezoresistance effect in 

silicon. The simulation results were comparable with experimental results and 

demonstrated that piezoresistance effect decreases as doping concentration increases. 

The simulated and measured piezoresistance results are relatively close for heavily 

doped devices (above 7.6xl019cm'3) with less than 20% deviation whereas the 

deviation is higher for devices doped at 1x 1019cm‘\ For doping concentration above 

7.6><1019cm'3, COMSOL under-estimates the piezoresistance effect. However, the 

simulation results slightly over-estimate the piezoresistance effect at lxl0|l)cm'“.

All simulation results were generated based on the default parameters 

integrated in COMSOL. Several factors such as material properties, measurement 

setup and force application method might contribute to the discrepancies between 

simulation and experimental measured results. To produce the best results in
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COMSOL, it was found out that inclusion of a "thin conductive layer" is vital to 

observe the piezoresistance effect of doping concentration on piezoresistor. It was 

also found to be essential to keep the "thin conductive layer" the same dimension as 

the resistor for best agreement with published and measured experimental results.

Silicon nanowire piezoresistors were designed and fabricated on bulk silicon 

substrates and SIMOX substrates with 200 nm silicon thick device layer. Two major 

effects were discovered for nanometre sized silicon piezoresistor (width below 

400nm). Experimental results demonstrated that the piezoresistance effect increases 

when decreasing the width at low doping concentration (3.2xl018cm'3). The 

piezoresistance effect was enhanced up to 56% when width was decreased to lOOnm. 

Secondly, it was found that temperature of coefficient (TCR) decreases for all 

nanowire devices regardless of doping concentration compared with micrometre 

sized piezoresistors. A 40% decrease in TCR was observed for nanowire at low 

doping concentrations. A smaller improvement (12%) in terms of piezoresistance 

effect was observed for nanowire silicon piezoresistor close to 500nm wide at doping 

concentration 3.2x1018cm'3.

In conclusion, this work has produced extensive research following the 

discovery of enhanced piezoresistance effect in silicon nanowire reported by He and 

Yang [9]. The experimental results demonstrated by reducing the width of 

piezoresistor down to nanometre level comes with benefits of larger piezoresistance 

effect and less temperature sensitivity. The enhancement in terms of piezoresistance 

effect and reduction in terms of TCR are two desirable improvements when 

designing a new MEMS pressure sensor particularly in tyre monitoring application.

8.2 Future work
Below are several areas for further research which are identified:
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• Several ways to fabricate silicon nanowire were proposed and investigated 

throughout this work. More efforts could be allocated for different spacer 

lithography techniques to produce reliable and repeatable results.

• For E-beam lithography, further work can be conducted to produce smaller 

and more controlled nanowires and further reduce the overall resistor size 

close to the nanowire area. This is aimed to reduce unnecessary area hence 

reduce the overall resistance.

• Further work can be carried out to investigate the effect of temperature on the 

piezoresistive coefficient {1:44)■

• The current temperature oven in this work is Heraeus Danou 6450 model. For 

better temperature unifonnity control, a better model with smaller dimension 

could be employed. Alternatively, local heating element such as mini heater 

could be used instead of a closed temperature oven. Potentially the heating 

time to reach a stable temperature will be minimized as only the area closed 

to sensor required heating treatment.

• SMD load cell (model) was used in this work to measure displacement force. 

Unfortunately the wiring of the sensor from the manufacturer is not robust 

enough for regular usage. Alternative load cell with stronger wire leads is 

recommended for measuring displacement load.

• This scope of work is mainly focusing on p type silicon material. Other 

semiconductor materials such as Graphite, Germanium and Silicon 

Germanium could be considered for further research to compare the 

piezoresistance characteristics in relation to doping concentrations, 

temperature and orientations.

249



• To fully understand the characteristic of piezoresistor, precise noise level 

measurement can be carried out to investigate the effect of doping 

concentrations, temperature and other factors.

• In order to obtain a shallower junction depth for boron spin on dopant 

diffusion, rapid thermal annealing (RTA) can be implemented to replace the 

conventional furnace diffusion. Alternatively, lower temperature annealing 

can also be considered for conventional furnace. More accurate diffusitivity 

parameters (using doped oxide model) can be estimated for Athena to obtain 

better match between simulation results and the real diffusion results.

• Silicon nanowire can be designed and fabricated on silicon diaphragm to 

compare with performance of conventional piezoresistive pressure sensor. 

Further tests can be carried out to investigate the reliability and sensitivity 

nanowire sensor.

• COMSOL simulation work can be further developed to investigate the 

temperature effect of doping concentration on piezoresistor. According to 

publications, it is expected that the piezoresistance effect decreases as the 

temperature increases. Higher doped piezoresistors are less temperature 

dependance compared with lower doped piezoresistors. Ultimately, the 

piezoresistivity simulation is utilize to simulate the output characteristics of a 

silicon diaphragm sensor in relation to doping concentrations, location, 

temperature, packaging effects etc. Full simulation analysis is useful for 

MEMS sensor design to optimize the performance of a sensor.

• Silicon nanowire can also be explored for other commercial applications.
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Abstract —This paper investigates the character
istics of silicon pic/nresistors with various doping 
concentrations and I.engthAN idth dimensions at 
micro level. The silicon pie/oresistors have been 
produced bv conventional fabrication methods. The 
measurements are conducted on silicon test chips 
where /Ms pc resistors are fabricated on n tv pc (100) 
silicon substrates along the <II0> direction. A four 
point bending setup has been designed and fabricat
ed for characteruing the pie/oresistor sets. The four 
point bending setup is used to applied uniform 
uniaxial stress along the <II0> direction. This 
experimental result demonstrates a good linear 
relationship between resistance change and stress 
applied. The effect of doping concentration on 
temperature sensitivity is also investigated.

Aepcon/v .-Pic/orrsistivitv. Silicon. Tour Point 
tH'tiding

I - Introduction

Silicon ptezorcsistivc sensors arc among the earliest 
micromachincd devices and are still commonly used in 
the commercial field today. Silicon has a relatively large 
piczorcsistivc effect which has been known since 1954 
[1-4]. However, there is still some uncertainty and 
v ariability on the picrorcsistivc coefficients as a function 
of boron concentration (kanda modcl[T]. Harley ct 
al.[5], Richter ct al. (<>]) due to non-standard testing 
approaches. The main objective from this work is to 
investigate the piczorcsistivc characteristic of /i-type 
resistors as a function of doping concentrations, width 
and length, and temperature variation.

II - Theory
T. Piezoresislivity

Piczorcsistivity is an effect exhibited by various ma
terials that exhibit a change in resistivity due to an 
applied pressure. The gauge factor ((IF) of a strain 
gauge is defined as

CF = ^ (I)

where c is strain and . IfUR is fractional resistance 
change w ith strain [7|.

The resistance change for a pie/oresistor can be de
rived as the function of the longitudinal and transv erse 
stresses as below [ I ]:

— = ;r,(T, + 11,0, (2)

where ir. and .r, are longitudinal and transverse piczorc- 
sistivc coefficients; and a, are longitudinal and trans
verse stress respectively. The a, can he neglected in the

four point bending stress application [8. 9. 10]: so this 
equation can be reduced to

a* . s.
— S Tt,o, (3)

By applying a uniaxial stress along the <110> direc
tion. the effective piezorcsistive coclTiciem can be 
detemtined [ 1.10] by;

*«•// =7('r|t +"!2 +''«) * »4>
considering that the shear piezorcsistive coefficient. x„ 
is much larger than .t/( and x,;. which is the ease for bulk 
/Mypc silicon [I]. Typical room temperature values of 
the piezorcsistiv e coefficient v alues are listed in Table I 
for lightly doped silicon.

Kesistlvilv ITlI ffi;
7.8Q-cm. n-type 6.6 -i.i
Table I Roam-temperature piesoresislire coefficients for 
Silicon at Itr" Pa ’. /I/

In general, the dependence of piezorcsistive coeffi
cient xt\. T) w ith impurity concentration V and tempera
ture T can be written as

nfN.T) = P(N, T) ■ rr(300K) (5)
where P(N.T) is the piezoresistance factor. [3]

B Four Point Bending UPB)

The principle of four point bending |4PB) is well 
known for its use in mechanical testing of structural 
materials and has been used in previous publications to 
apply uniform stress onto silicon bar [8. 9, 10], Effec
tively. the 4PB fixture applies a uniaxial and uniform 
stress to the centre region of the chip. In addition, errors 
due to misalignment arc small.

The principle of 4PB is illustrated in Fig. I. where L 
is the distance between the outer supports and a is the 
distance between the supports. A parameter r is defined 
as the deflection at the loading points. Assuming a 
symmetrical case where force Fa - F, = F: - F, = F/2. 
the centre stress, ot. is given by 

ira '
o= —r (6)

1 wt2
where t and » are the thickness and width of the chip 
respectively [8. 9. 10]

Knowing the force. F. the deflection at the loading point 
can be determined by

il2aL~!6a2)af
2 = (7» 

where E is the Young's modulus of silicon. [9]
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V

Figure I; Schi'/nalu «/ ihv four /Mini tu-ntim/* /trim ipic.

Ill - llxperimenlal Details

F Silicon Chip Layout

The silicon test chips used in our work, arc 4cm 
long. 6.5mm wide and 400pm thick, with each carrying 
6 /Mype piezorcsistors (Figure 2). The thickness and 
width of the chip are defined based on the dimension of 
the Zero Insertion Force connector (ZIF) which creates 
a simple plug and measure method [10], Flat flexible 
cable is employed to establish electrical connections to 
the test chip to minimize measurement error introduced 
by probe tips.

Figure 2 Overview of a silicon siu/i urrus

The length of (lie silicon chip i> set to be 40mm. this 
allows production of up to IS silicon bars on a 100mm 
diameter silicon wafer. All six resistors are located at 
the centre surface region of the silicon chip as this area 
will be undergoing uniform stress using the four-point 
bending fixture The length of resistors ranges from 
15pm to 500pm and width ranges from .1pm to 20pm. 
They arc all onented in the <1I0> direction. Each 
resistor is connected by 4 w ires to perform 4 terminal 
resistor measurements. A typical value of the resistors is 
lOkfl Kelvin test structures are included in the mask 
design of silicon chip array to allow doping concentra
tion extraction post fabrication

B Finite Element Simulation

The stress distribution in the top surface of the chip 
is simulated in COMSOL MULTIPHYSICS 4.2. Figure 
3 show s the stress distribution o,, in the chip at a force 
of 3N. Referring to Figure 3. the centre area between the 
two inner blades (top side) experiences uniform com
pressive stress Here, it is assumed that the silicon chip 
is subjected to pure bending. For (100) silicon, the 
Young's modulus and Poisson ratio values used arc 
1 MX I Pa and 0 28 respectively (II] The stress levels 
determined from the finite element simulations arc in 
good agreement with theoretical calculations as illus
trated in Table 2.

c Total force: 3N

4,

'vU

Figure 3: $D />loi of Stress tensor in x ihrection usitit; Camxol 
MliJlt/ihlsics 4. fa.

Force • IN Calculated Simulation
Sirn»% ai ceulrc 60 58 MPa 58 80 \!P.i
Deflection of lop block 123.68 pm 113.15 pm

Table 2: Comparison hetsss-en call ulaleJ oiiil simulated stress 
and deflection results at force of i\

C. Fabrication

The main fabrication steps of the silicon piezoresis
tors are illustrated in Figure 4 and comprise seven basic 
steps They are:
Step I: The 100mm diameter silicon substrate is n-type. 
with thickness of 400pm and sheet resistance of >4000 
ohm/sq. Thermal oxide is grown and patterned for 
silicon alignment mark etch. First mask is critical for 
crystal orientation alignment (aligning to wafer flat).
Step 2 Phosphorus solid source diffusion is earned out 
for I hour at 1000’C to form the substrate contact.
Step 3: The oxide is stripped and re-oxidation per
formed Oxide is subsequently patterned anti etched for 
piczorcsistor patterns
Step 4: Boron solid source diffusion is carried out for I 
hour at 1000"C to form the piezoresistors.
Step 5: I pm oxide is deposited followed by contact 
w indow oxide etch.
Step 6: I pm aluminium is sputtered, patterned and 
etched to form the electrical contacts.
Step 7: Finally, a deep silicon trench etch is performed to 
define the silicon bar. to enable easy dicing.

O Measurement Setup (fourpoint bending)

An overview of the four point bending setup em
ploying a force application method is shown in Figure 5. 
The fixture consists of a base block containing two 
blades separated by a distance of 28mm and a sliding 
top block where two inner blades arc separated by a 
distance of 14mm The fixture is made from the ther
moplastic material Acetal (IX'lrin) which is substantially 
stable in the temperature range from 0 to KKTC .
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The horizontal alignment of the chip is done by vis
ual inspection. Linear bearings are employed to mini
mize the friction introduced by the steel shaft. Deflec
tion is measured by a Differential variable reluctance 
transducer (D V RT) sensor

Mrp; Mtpft

M»pJ M«p'

■ so:

Bon'w

! Pt( \n«ia. |_j *|

Figure 4 Fahricuuon pnx-exi xlvps of silutm pwzonrsixiors.

Load weights 

Displacement sensor 

Al housing 

4PB fixture 

FFC cable

Figure 5: Photograph of the setup using load weights force 
application mcthtxl.

Hottutn block

Figure 6: Photograph of -tPH fixture in action fttjzero load 
lb) 1500g Itxtd.

A. Effect of length ami width

The relative change in resistance, as a function of 
applied compressive stress, is plotted in Figure 7. It is 
concluded that there are no significant influences from 
either length or width on the piczorcsistivc effect at 
micro dimensions. Similar trends arc observed on all 
resistors across various doping levels in our experiment. 
Furthermore, this result agrees well with other publica
tions where enhanced piezorcsistance is only observed 
for the nanometre dimensions (12)

H Effect ol doping concentration

Using equations (I). (3) & (4). the longitudinal pic- 
zorcsistive coefficients shear piczorcsistivc coeffi
cients. and gauge factor, OF are estimated. To 
compare with previous publication results (3. 6. 13. 14. 
15], we have converted the piczorcsislive coefficients 
values into piezoresistance factors. P(N.T) using equa
tion (5).

In Figure 8. our experimental data are compared 
with experimental data presented by kanda (3). Mason 
cl al. [13). Tuftc et al. [14], Kerr et al. [15). and Richter 
ct al. [6). Generally, our experimental data arc in good 
agreement with most of the published experimental 
results which falls into the same regime (fit line) for 
higher doping eoncentrations. It is also observed that 
with increasing the doping concentration, the piezorc
sistance factor value is reduced.

Figure 6 illustrates the bending of the silicon bar 
during the weight loading. It is evidenced that the 
silicon bar is undergoing pure bending as we expected 
during the force application test. 1500g (15N) load force 
application corresponds to centre stress of 303 MPa.

IV - Results and Discussion

All the measurements have been performed in ambi
ent air at room temperature using a Kcithlcy 2401 
sourcemctcr. The sheet resistance values of device 
waters were obtained using Kelv in test structures and 
subsequently converted to surface doping concentration 
using Athena simulation software Further verification 
of doping profiles was obtained from Spreading Re
sistance Probe (SRP) analysis

(' Effect oj temperature

\Vc have also investigated the temperature coeffi
cient of resistance (TCR) of silicon piczorcsistors as the 
function of surface doping concentrations (listed in table 
3). The measurement setup was carried out on a thermal 
chuck with precision temperature control. The re
sistance values were measured at four different values 
of temperatures including }0°C. 47°C. 64°C and 80oC.

Tuftc ct al. (14) has shown that there is an increase 
in TC R for boron concentration larger than I O''1 cm' In 
our work, a similar increase has been found but at a 
lower boron concentration of XxIO^cm"'. TCR results 
are plotted in Figure 9. For piczorcsistivc strain sensor, 
a large TCR is undesirable since it introduce tempera
ture sensitiv ity to the performance of the dev ice.
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1.0 « 10'* cm-' 0000771
7 6 » 11)1* cm '! 0.000890
1.2 » 10® cm'1 O.OOI543
1.3 * lO-^cm ' OOOI757

Tabic 3: Expi’rimcnlal iu/i/i i o/ the lemperaturv i oefYu teiU\ 
ut rvM\ii\ti\

IV - Conclusion

This paper has demonstrated ihc fabrication and 
characterization of silicon pic/oresistors four point 
bending setup is used to apply uniform uniaxial stress 
along the < 110> direction and determine the pic/orests- 
livc charactenstic in /t-type silicon. The stress distribu
tion in the silicon chip is calculated and verified with 
finite element modeling (FEtM) It has been shown that 
dimensions have little effect on piezoresistance parame
ters for resistors with dimensions in the micrometre 
range. Results show that piezoresistance coefficients 
decrease with increasing boron concentration in the 
range of I * lO"1 to I * 10'em" The temperature coeffi
cient of resistance is shown to increase for boron doping 
concentration above 8* IOl,cm'\ this is an important 
factor in the design of piezoresistor sensors where 
influence of temperature is to be minimised.

0.0035
o f.xXi « *Jt*10.0030

2 £ 0.0025

0.0020

0.0015

•g 0.0005

0.0000

Boron concentration (cm1)
Figure 9: 1'iintHion at TtR fj’f'nSi J it I a function of surf ace 
doping concentration.
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Abstract: The piezoresistance elTect is defined 
as change in resistance due to applied stress. 
Silicon has a relatively large piezoresistance 
effect which has been known since 1954. A four 
point bending setup is proposed ansi designed to 
analyze the piezoresistance effect in /Mype 
silicon. This setup is used to apply uniform and 
uniaxial stress along the <1 !0> crystal direction. 
The main aim of this w ork is to investigate the 
piezoreststivc characteristic ofp-type resistors as 
a function of doping concentrations using 
COMSOL Multiphysics. Simulation results arc 
compared with experimental data

keywords: piczoresistancc. four point bending 
setup, p-type silicon. COMSOL Multiphysics. 
FEM model.

1. Introduction

Silicon piczoresisbvc sensors are widely 
used in MEMS sensing applications since the 
discovery of this technology by Smith in 1954 
|1]. The piezoresistance effect is defined as 
change in resistance when subjected to stress. 
Piezoresistivc MEMS sensors arc commercially 
available in various applications namely pressure 
sensor, accelerometer. cantilever force/ 
displacement sensors, etc [2]. In order to 
optimize the sensitivity of a piezoresistivc 
sensor, numerical simulations such as finite 
element methods (FEM) are employed to 
estimate the piezoresistivc effect under various 
stress conditions. The orientation of the 
piezoreststivc sensing structure and doping level 
have significant influence on the resulting 
piezoresistance effect.

2. Theory

The theory of piezoresistivc effect is closely 
related to the conductiv ity of the semiconductor 
material. Hence, the expression in E. Electric 
field can be expressed in (I]

E= p ! + bp -1 (I)

where J is the current, p is the resistivity and .Ip 
is the relative change in resistivity due to the 
applied stress. The relative change in resistivity 
is defined as (I ]

bp = it • a (2)

where it is the piezoresistance tensor (units in 
I’a'1) and n is the stress. Effectively, the relative 
change in resistivity is proportional to the 
relative change in resistance. Hence, the 
resistance change for a piezoresistor can be 
derived as the function of the longitudinal and 
transverse stresses as below [5.4.5.6]

A*
?*■= — = It,o, +It,a, (3)

a, and it, arc longitudinal and transverse 
piezoresistivc coefficients, it,, and n, are 
longitudinal and transverse stress respectively. 
Since four point bending produces uniaxial stress 
(dominant in longitudinal direction), the stress in 
transverse can be neglected in this equation to 
form [3.4.5.6]

— = n,o, (4)
The effective piezoresistivc coefficient (*,) can 
be determined by measuring the three 
piezoresistivc coefficients in silicon ic. ttu. x,>. 
and *44 By applying a uniaxial stress along the 
<1I0> direction in /Mype silicon, the equation 
can be further simplified to [3.4.5.6]

"l =^("11 +*IZ +"44) *7*44 <S)

Fable I presents the typical room temperature 
values of the piezoresistivc coefficient for lightly 
doped silicon. It is obv ious that x,4 is much larger 
than *;/ and Xt:. hence they could be neglected as 
deduced in Eq. (5).

*1: *44

7 NU-cm./>-l\pc 6.6 -1.1 138.1
Table I: Room-temperature ptc/orcsistivc coefficients 
for silicon at 10'n Pa'1 [ I],

The dependence of piezoresistivc coefficient 
tr/.Y Tl with impurity concentration V and 
temperature T can be written as [7]

it(.N,T) = P(Af,T) • it(300A') (6)
where Pl\.T) is the piezoresistance factor In this 
work, a four point bending (4PB) apparatus is 
employed to produce uniaxial and uniform stress
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on a silicon beam The centre stress, n.. can be 
determined by (3.4.5.6)

oc “ —j (7)wt*
where F is the force, u is the distance between 
the supports. »v is the width of the beam, and / is 
the thickness of the beam. Deflection at the 
loading point, r. can be determined by [3.4.5.6]

z _ (nal-l&a-‘)af (8)
*El*w

where L is the distance between the outer
supports. E is the Young's modulus of material. 
Both stress and deflection equations hold, 
provided that the deformation of the beam is 
small. Ki|>urc I illustrates the fabricated silicon 
beam w here piezoresistors are located at the lop 
centre surface. Force is subsequently applied 
onto the silicon beam using a four point bending 
fixture which is demonstrated in Figurr 2. (6)

Piczoresistors

Figure 1: Overview of fabricated silicon beam arra;. 
with pie/oresislors at the surface of silicon beam [4|

(a) (b)
Figure 2: fabricated four point bending fixture in 
action (alzero load tb(l500g load. [4]

A 2 mm square area is allocated at the centre 
top surface of the silicon beam for placement of 
the silicon piczoresistors (as demonstrated in 
Figure 41. A newly introduced user interface in 
COMSOL .Multiphysics 4.3 has enabled users to 
perform simulation for piezoresistivity in 
semiconductor materials such as single crystal 
silicon. To investigate the piczorcsistancc effect, 
a two terminal resistor configuration with 
dimension of 500*20 pm is included to 
determine the resistance change when the silicon 
beam is subjected to external loading.

Inner blade*
l op support Mock

Outer blade*

Silicon bc.utt

Bottom uippofl block
l.

Figure 3: 3D geometry of four point bending setup.

Silicun Properties Descriptions
Young's modulus IMXiPa
Poisson’s ratio 0.2X

I able 2. fundamental properties of silicon used in 
simulation (6.X)

Top tupport block

SiUron brant 
Bottom uipport block 

2mm tquur revtoc 
500 * .'Oum pwrorrmtor

Figure 4: Location of 2 mm square and piczoresistor 
at the surface of silicon beam.

3. COMSOL Multiphysics simulation
A four point bending setup is modeled using 
COMSOL Multi physics 4 3. The 3D geometry 
comprises three main components including a 
top support block, bottom support block and 
silicon beam (as depicted in Figure 3). The 
support blocks arc both made of plastic (Dclrin 
500). The dimension of the silicon bar is 40mm 
long, 6mm wide and 400pm thick fable 2 
presents the properties of silicon used in this 
simulation. From Figure 3. it can also be seen 
that two inner blades and outer blades with 
separation of 14mm and 28mm apply the loading 
forces to the silicon beam.

Figure 5 illustrates the design of the two 
terminal piezoresistor including the two contact 
pads w ith similar dimensions. Inclusion of a thin 
conductive layer is important when setting up a 
ptczorcsistivc model to ensure that the current 
flows through the material with a constant 
conductivity. It was found that keeping the 
conductive pads the same size as the resistor 
gives the best results. It was also observed that 
the doping concentration and the dimension of 
contact pad can influence the piezoresistance 
effect for all resistors.

The thickness of the resistor is defined as 
I pm. Four different doping concentration values 
are used for the piezoresistors namely; 
1.0*l0l,Cm'\ T.bxIO'W3, l.2*IOaW and
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1.3* 1 (facin'1 A ihin conductive layer with 
doping concentration of 1.5* lO^cm'* is defined 
for the contact regions. A voltage of 3V is 
supplied from one edge while the opposite edge 
of the other contact pad is connected to ground. 
To ensure the resistor is orientated in <l!0> 
direction, global coordinate is modified to match 
the orientation.

.tVttnMui IL*»«*arl'Cn ;;v*n

\ :* ~p}

TVm .n»r Orwnd tfnwMi

figure 5: Two terminal eontiguratkm resistor 
The meshing is designed to be finer around the 
piezorcsistor area, figure 6 depicts the meshing 
density on the top surface of the silicon bar.

decreases as doping concentration increases, a 
trend that is confirmed with experimental 
measurements.

figure 7: 3D plot of stress tensor in x direction.

figure 6: Meshing of silicon bar (top surface).

4. Results

During simulation, a downward force is applied 
to the silicon beam, the resultant displacement 
and stress are recorded. Stress distribution in the 
x direction is demonstrated in figure 7. figure 8 
illustrates the principle stresses across the length 
of a silicon bar subjected to a 3N downwards 
force. It can be observed that the centre stress at 
the surface of silicon beam between the two 
inner supports is uniform and uniaxial 
(dominated by stress in the v direction).

Potential distribution for 3V input across the 
resistor is illustrated in figure 9. To determine 
the piezoresist ive effect, resistance change data 
for each doping level are plotted and analysed, 
figure 10 depicts the change in resistance as a 
function of force up to 3N for the four doping 
concentration values. The result demonstrates 
that the resistance change is linearly proportional 
to applied stress for small force application. 
Results also show that the piezoresistance effect

figure 8: Principal stresses across silicon beam 
sub|ixts.-d lo -3N load

Rrtmot

■t-

figurc 9: C uirent density, contours: flectric Potential, 
supplied with 3V bias.

figure II presents a comparison between 
COMSOL simulation and experimental work for 
piezoresistors at four different doping levels ie. 
I OxIO'W1. 7.6*10,'*cnr\ 1.2* l(r>cm') and 
1.3* I0'\m'' The discrepancies between the 
simulation and experimental work are generally 
small. The simulation results over-estimate the 
piezoresistance effect at 1.0* lO^em"
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• 7 610"c^i

»>*c (Ml

Figure 10: ResUtancc change v s lo.ul j|->plicd for a 
range of doping concentrations.

For heavily doped devices (above 5.0* 10'''em''). 
COMSOL has under-estimated the 
piezoresistance effect with less than 20°.. 
difference (refer to Figure 11) However, for 
doping concentration at 1.0*l0l'>cm'1. the 
deviation between simulation and experimental 
results is higher at around 3 5° o The 
discrepancies between the simulated and

experimental measured results could be due to 
several factors such as material properties, 
measurement setup, and force application 
method Overall, the simulation results verify 
that the piezoresistance effect in silicon changes 
as function of doping

5. Conclusions

COMSOL Multiphysics was employed to 
investigate piezoresistivc effect in /'-type silicon 
for a range of doping concentrations. Simulation 
results demonstrate a similar trend to 
experimental results and show that the 
piezoresistance effect decreases as the doping 
concentration increases. Four point bending 
force application method produced uniform anti 
uniaxial stress along the x direction. The stress 
and deflection on the silicon beam using a four 
point bending setup were also simulated.
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Rgure II Comparison results between COMSOL simulation and experimental work for pie/oresisums, doping 
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Excerpt from the Proceedings of the 2013 COMSOL Conference in Rotterdam

262



Appendix B: Four point bending 

fixture sensors, cables and 

connectors.
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Bl. Datasheet of zero insertion force (ZIF) connector (12 ways)

Descriptions: ZIF connector is used to interface the electrical connection between 
silicon chip and measurement systems. More details in available in Chapter 3,4.

REVISED 
EC NO 12007-0873 

"nORWNrrOTAHI 
CHXOr.MEQA mmm

it *p..

EEC
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Bl. Datasheet of zero insertion force (ZIF) connector (12 ways)

Descriptions: ZIF connector is used to interface the electrical connection between 
silicon chip and measurement systems. More details in available in Chapter 3,4.

GAP DIMENSION

REVISED 
EC NO J2007-0873 

^ORWN.-YOTANI ?
OfKftY.mEDA ?Appfcmnu ?

• t- B o S*> ■ •
25J1 \l
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B2. Datasheet of flat flexible cable (FFC)
Descriptions: 12 way FFC cable is employed to extend the electrical connection 
from ZIF connector to wiring setup for ease of measurement. More details are 
available in Chapter 3.
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B3. Datasheet of Newport BM17.51 micrometer
Descriptions: Newport micrometer (Model BM 17.51), with 25mm travel range, 
104N load capacity, was employed to produce force using displacement method in 
four point bending apparatus. More details are available in Chapter 4.

r
BM Series

Thread-Mount Micrometers

BM 1 7 ?$

• Large selection of sizes and travel ranges

• Travel ranges up to 80 mm

• Interchangeable with DM series Differential Micrometers

BM Senes Me f omelets feature mtcron-sca e teso *.! on and very sn'ooth rrwit on for precision positioning app'ications Depenri ng on
the ny)oe. the. able m tuvei ta'-ges from 1 soi mm and with hs ictao cacx*. ties froni -50-460 fv Mooe o«s<g'lat.ons
corresponti to the oameter of Tb»e contro! knof> an'rj the travel range BM m-crometers mourit via their threaded heje and are hed m
piece w»th a tr-i edOtKl co:d». vvh.ch <1 -ows fot eas tr* ffoim s oe .r-sta tat on as opposed to u$ » a back s oe retam<ng nut These

mc'onetefs e the st^tteam choce of aettiator on UIMiR ann MYN Ser es Stages ar-tn on Si. Senes Mnor Mounts

Specifications Compatible with these stages 
and optical mounts:
• UMR3 Series

BMP 70 • UMR5 Series
BMP ». * J2 10 • UMR8 Series

lu*» »0 • UMR12 Senes
• MVN Senes

Ordering Information • TGN Senes
• SL Senes

Model Dttcnptica • SL A Senes

bmm te Sti-ei il Kl-i'v+«tr ’ ;«t .9 l . - j ;

BMP t%

BMP TV

BMP W\

St* Ci d Mx r«di«(r 14'•m

St*rd*rd BmoMHO*’ Mic re*****-

Su-dard f»«io Jto- M<f^r«tc-. 4 rr.T 1

t-•*•». 9 b lead C*p*( «v 

t'**»l, 9 b lead *«

’’«vc! 23 b U>*d Cap«cei

- Z<m~

BMt?» St* M>irtr*«<r 25 mm t'*%^. 23 tb t.04d C*{*:

BMI) V St*'*«l*»«l f,'*so'.*Ol Mx »«<»<*••• 91 mm f'*<«v 73 >4 io*d C*p*{ *>
BU?B« Su-dJ-d Hr^out*: - M>c ■.■-rttr 40 mm 130 t lota Capac«v UMB Stage* a»e compolibte w.th BM

8M2S4J St*--d*fd RnokAv M i »***«*' 43 mm t'>%«(. 130 % lood Captc (tv •nicromeier* itec page 384:

BM30 10 St*rc*'d RatO'Jtw*' M.C'^»<»«.' 10 MM tra\« 9C >4 vead C*p4e h

P M22 K 5ta'C*-il F«*.c .tK - Vt io-ctf B0**m !'»»< IOC fc l»»a Capac^v

(in (mmli Tbfaad

Moor A 6 8 C 0 C r r G
Mm M*i Mm Mas

BMPS t 34-34V. 1IDOMI 1TD-T0S: I l C 13 13 2! 0 33104! C 73 1341 *.H * 0 50

BMP 10 ?01 tSIl 140045! 17»*455) 0(3 IP ' 0 16 ill 0 19 (4 7) 0 00104) 043)1341 Ml i 050

BMP t« JWlSJt ■ 40*3451 2030131 043 IP) 016(41 01914 7) 0 CD 104) Obll'6 41 M6«0»

bmp n l |l t44) US (71) 043111) 016141 Ilf fU 0 07 109) 0 94 <251 m • •

BMt?» 32S(KSf 195-49 5 ! 293 04 S 067 1171 0a(7 2> 9 317 2) 0 CD (041 101I?54> Ml7 k 050

BMP SI S 43 <1*5 304(77 1) 394.1291 067117) 079177) o a 17 2) Q 911241 7 10)53 41 M17 » 0 50

BM^dC 4 S3 *124) 7 77 <69 4 29'10* 099 (TV 031 iti 097114 V 012 0) 168 (43V Mil i 1 00

BM»t3 4 79<1?2SI 3 70 <94> 411(157 0911257 031 (•< 057 1145! 004 (li 2 52i64< A41I i i oc
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B3. Datasheet of Newport BM17.51 micrometer

Descriptions: Newport micrometer (Model BM 17.51), with 25mm travel range,
104N load capacity, was employed to produce force using displacement method in 
four point bending apparatus. More details are available in Chapter 4.

Model BM301Q Model BMW (WN

01 ‘

Model BM11. BM17.2S. BM17 51. BM25. 8M32 80
Srt our irrhult 
/or CAD files

DM Series

Thread-Mount Differential Micrometers
1 to 25 mm of coarso travel with 0.1 *m sensitivity

Many sizes from which to choose

Direct upgrade for BM Series Micrometers

BD1704

DM Se' os DitVrent a M crometfi s de «»• u tra-bne. r 'or. pos t on ng capah t.es and coarse fra.'#1 i.p to 25 mn- n a *. < g e 
nstruntent The mo-jri: -.g r.terface s threaded w*va,i afo.vs to? ees e' front-S'de nstai dt on as opposed to uS"*y a bac* s-de 
retain ng nut In most cases. DM Se' es D fle eri a Mcrometert can d rectly rep ace BM Senes Moometefs ana BHC Lock ng 
Dr ves to provide approximately ten t>roes Oetter pos t.onirtg sensitivity DM Se» es M-crometeis aie the standard choce of actuatt 
on UMR and MVN Se' es Stages ana on Si Ser es M rtor/Beamsp *te^ Mounts

Specifications

M»4»l Travel C*arta Traval. Fiav Cratfaatioat €«•»»•
Gr*4aatioat. 11**

{*• (•Mall
Saatitivify Coarse

(ua»|
laea Capaciry

|»0 IN)|
DMfi-5 MB 010 20 t 1 16 001
CUn IMO 010 K 1 1 66001
oun « »I0 BIO 8 1 1 16001
out 7 « 4 10 010 !•: 1 1 20 MU
out7 r> »0 010 »0 1 1 20 <901
601704 430 0 1 1 11 MSI

B03001 1 00 ■ 00 1 1 It 4401
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B4. Datasheet of SMD S410 load cell
Descriptions: SMD S410 sensor is employed to measure force from Newport 
micrometer (see Appendix B3). More details are available in Chapter 4.
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B5. Datasheet of Microstrain DVRT displacement sensor.
Descriptions: Differential Variable Reluctance Transducer (DVRT) with 4mm 
stroke is employed to measure displacement due to load application. More details are 
available in Chapter 4.

Technical Product Overview

Subminiature
DVRT®
Differential Variable 
Reluctance Transducer liiiiiinimiimiilimiiiiiliui

Centimeters

Introduction
Ideal for linear control & precision measurement applied dony 
the sub-mmiature DVRT* features a fast response and rugged 
packaging The sensing head rs also capable of total submersion 
m aqueous environments
Features of our sub-mmiature DVRT*s include m*cron resolution, 
linear analog output, flat dynamic response to kHz levels and 
very low temperature coefficients Free shdmg transducer 
cores are lightweight, strong, and corrosion resistant Cores are 
precision ground to insure a close sliding ht within the open 
bore of the stainless-steel lined DVRT* body This precision 
frt allows the DVRT* to achieve extremely high repeatability 
Custom strokes are also available
Miniature ‘plug and play "signal conditioners provide linear 
DC output when supplied with unregulated DC power Multi
channel OEM and digital display systems are also available

Features & Benefits
• available wnh sub-micron resolution and long stroke range
• operating temperature to 175 *C
• frequency response up to 20 kHz
• lightweight core will not influence frequency response
• stainless steel and high-performance polymer design suitable 

for extremely harsh environments
• waterproof, suitable for short term submersion in corrosive 

media such as brake fluid and hot saline
• hxtionlesi design suitable for high duty cycle applications

• eauly customized to suit specific application

Applications
• miniature control elements for automotrve and robotic systems
• process control for production-line monitoring
• dimensional gauging for quality control applications
• measuring strain and deflection in materials science and civil 

structures
• Unear/angular positioning of optical components
• miniature force, torque, acceleration sensors

MicroStrain Little Sensors. Big Ideas. www.microstrain.com
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B5. Datasheet of Microstrain DVRT displacement sensor.

Descriptions: Differential Variable Reluctance Transducer (DVRT) with 4mm stroke 
is employed to measure displacement due to load application. More details are 
available in Chapter 4.

Submimature DVRT* Differential Variable Reluctance Transducer

How it works
Core posioon is detected by measuring the cods'differential 
reluctance, using a smewave excitation and synchronous 
demodulator This differential detection method provides a very 
sensitive measure of core position while cancelling out temperature 
effects
The tranvducers'cotls and flex circuit leads are sealed in vacuum- 
pumped epo*y. within the stainless-steel case This provides 
outstanding environmental resistance The sub-miruature DVRT* 
has been successfully employed m harsh applications, including 
short term immersion »n saline and pressurized oil *

Oil far • ntial

Reluctance
Trancducar

4.76 mm QD

Electrical Specifications
lOfcCMWl VUTK) kWcroSIran'S CCMOO-O* *T*>

Ijnear Stroke lengths 4. t. .’4. 18 mm (ttandato retolutionj
6 mm (high rwoAjtion)
SOO or krst (nano moMson)

Accuracy* X IjOSuung straght hnc 
* 0.1 S uunq cxilynomwl

Senut i.rty ’ voh/mm rypKai (tor a mm stroke!

Sa^nWtonooe 
luang 04MOOOV«ri

4 ZOO to 1 (with later 1 dll down at 800 Ke. 
standard motutaonX 466 to 1 (urVdtered)

«ev>kj3on
|0.0;S%or'uluxie tor 
stxndjr d veruon)

' D pm *or 4 mm stroke
2 0 pm tor t mm stroke
60 pm tor 24 mm stroke
9.S pm tor IS mm stroke
06 pm tor h»gfi resolution .eruon 
!0 nm tor nano resolution version

IreQuevKy 'c-vponve BOO fu standard. 20 xMt optiorvd

lenver ature coefhcterr ortvet 00O.^*/*C (t yptcaO 
span 00)0%/*C(TypKal)

Hyuemit* x 1 micron

RepeaUbWey* • 1 micron
* a: constant temperature

Mechanical Specifications
O.era* body length 18S mm tor 4 mm stroke

14 S mm lor I mm stroke 
§ 1 mm tor 24 mm stroke
124 mm for IB mm stroke
J4 S mm tor hMyi res verson
J 4 S mm for nano version

Outsadc diameter 476 mm |V» rich)

Housing material 100 stainless steel smootn 
»/• • 24 threaded 400 stainless 
s trek optional)

Attachment method optiorsaC magnetic mountnq block, 
threaded body, dampng cofear

Leadouts 4S cm mult rstrand. s/aekded. stamlrss steer 
reantorced te^on insulated cable

Connector keyed 4 f»n lemo

Operating temperature •SS to 1 7S"C

Core weight SOO sen 004 g 4 mm: 004 g I mm: 004 g
24 mm. lA2g 18 mm. 167 g

Cable diameter 0070*
US X**** Vto MU.*IS S.447.t4y. W,*67

Vniti av a Mole Vx lonq term vubmcevior can be custom buit to meet vpecec 
applicatKjn requrements

Bi MicroStrain
MhveSarato Im.
4S«Nurcane Un*. Suite 10; pn aOO-44*.l«7b 
A-akuw.^ 0S4VSUSA fu« »*OZ^K> 1-40^1
wnw.-Kror.traa-.co'n rUVt«ai)V(0«>>
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Appendix C Athena simulation 

source code
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Cl. Athena simulation - Boron solid source diffusion (1 hour, 

1000°C)
Descriptions: Athena software was employed to simulate diffusion profile for boron 
solid source diffusion at 1000C for 1 hour. More details are available in Chapter 3.

Source code:

Go Athena
#TITLE: Boron diffusion 1 hour
#Comparison of Boron diffusion process with various parameters

#the x dimension definition 
line x loc = 0.0 spacing=0.1 
line x loc = 0.1 spacing=0.1

#the vertical definition
line y loc = 0 spacing = 0.02
line y loc = 1.2 spacing = 0.20

initialize the mesh 
init silicon c.phos=9el4

#perform diffusion for 60 minutes 
Diffuse time=60 temperature= 1000 SS.Boron

Etch oxide all

extract name="xj" xj silicon mat.occno=l x.val=0.0 junc.occno=l 
extract name="silishro" sheet.res material="Silicon" mat.occno=l region.occno=l 
extract name="max boron cone" max.cone boron silicon mat.occno=l 
region.occno=l
extract name="srp_profile" curve(depth, srp material—'Silicon" mat.occno=l 
x.val=0) outfile-'extract.dat"

struct outf=andfex01.str

tonyplot andfexOl.str
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C2. Athena simulation Spin on dopant diffusion.
Descriptions: Athena software was employed to simulate diffusion profile for boron 
spin-on dopant (SOD) diffusion, doping concentration lxl0"19cm~3 at 1100C for 20 
minutes using oxide doped model. More details are available in Chapter 7.

Source code:

go athena

#TITLE: Boron diffusion 
#Boron spin on dopant diffusion

#the x dimension definition 
line x loc = 0.0 spacing=0.1 
line x loc = 0.1 spacing=0.1

#the vertical definition
line y loc = 0 spacing = 0.02
line y loc = 1.2 spacing = 0.20

initialize the mesh 
init silicon c.phos=9el4

#Deposite Boron doped Si02 using SOD with doping concentration of 1 x 10l9cm'3. 
Deposit Oxide Thickness=0.75 c.Boron=lel9

#Modify the diffusivity of boron in oxide and silicon 
impurity i.Boron oxide Dix.0=1.00 Dix.E=3.00 
impurity i.Boron silicon Dip.0=1.2 Dip.E=3.66

#Define annealing temperature and time 
Diffuse Temperature=l 100 Time=20

Etch oxide all

extract name="xj" xj silicon mat.occno=l x.val=0.0 junc.occno=l 
extract name="silishro" sheet.res material="Silicon" mat.occno=l region.occno=l 
extract name="max boron cone" max.cone boron silicon mat.occno=l 
region.occno=l

struct outf=andfex01.str

tonyplot andfexOl.str
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Appendix D. Fabrication process 

steps
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Dl. Fabrication process steps - Silicon microwire (bulk substrate).
Descriptions: Fabrication process flows for silicon piezoresistor is presented which 
comprises of 5 lithography steps. The starting material is 4" N (100); 400um thick , 
resistivity:> 4000 ohm-cm. More details are available in Chapter 3.

No Process Condition Parameter
1 Clean Piranha clean +10:1HF Start with 4 Silicon Device wafers
2 Oxidation 1050C, wet ox, 15 minutes 0.3pm
3 Photo Coat A Postbake, standard PR
4 Photo Expose A Mask 1(N+) Expose for 3.9seconds
5 Photo Develop 

A
MF-319 50seconds, rinse and bake for 1 

minute
6 Oxide Etch Wet Etch 0.35um Approximately 6 minutes
7 Silicon Etch ICP 0.2pm deep
8 PR Strip Fuming Nitrid 10s
9 Clean Piranha clean + 10:1HF

(short)
do not over etch on the oxide

10 Sheet Rs 4 point probe (Phosphoms 
diffusion monitoring
purpose)

sheet resistance measurement on 
test wafer

11 Diffusion Phosph, 1000°C, 1 hour 1000°C for 1 hour
12 Deglaze + Ox 

strip
10:1HF 30 seconds

13 Sheet Rs 4 point probe (Phosphoms 
diffusion monitoring
purpose)

sheet resistance measurement on 
test wafer

14 Oxidation 1050C, wet ox, 15 minutes 0.3pm
15 Photo Coat B Postbake, standard PR
16 Photo Expose B Mask 2(P+) Expose for 39 seconds
17 Photo Develop 

B
MF-319 SOseconds, rinse and bake for 1 

minute
18 Oxide Etch Wet Etch 0.35um 6minutes (check with test wafer)
19 PR Strip Fuming Nitrid 10s
20 Clean Piranha clean + 10:1HF do not over etch on the oxide
21 Sheet Rs 4 point probe (Boron 

diffusion monitoring
purpose)

sheet resistance measurement on 
test wafer (x2)

22 Diffusion Boron, 1000°C, 60min 1000°C for 1 hour
23 Deglaze 10:1HF 30 seconds
24 Sheet Rs 4 point probe (Boron 

diffusion monitoring
purpose)

sheet resistance measurement on 
test wafer (x2)

25 PECVD oxide oXide with N2 (recipe
name)

lum (include 2 test wafers for 
etch rate test)

26 Photo Coat C Standard PR
27 Photo Expose C Mask 3(contact) exp 3.4seconds
28 Photo Develop 

C
MF-319 50seconds, rinse and bake for 1 

minute
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No
29
30
31
32
33
34
35

36
37
38
39

40
41

42

43

Process Condition
Oxide Etch wet etch
PR Strip Fuming Nitrid
Clean Piranha clean + 10:1HF
Metal Deposit AL Sputtering
Photo Coat D Standard PR
Photo Expose D Mask 4(Metal)
Photo Develop 
D

MF-319

Metal Etch Aluminium Wet Etch
PR Strip Fuming Nitrid
Metal Anneal N2 gas 150 : H2 gas 10
Photo Coat E Postbake, thick PR

Photo Expose E Mask 5 (Trench)
Photo Develop 
E

AZ400K

Silicon Etch Silicon blanket etch 
Acatel ICP etcher

PR Strip Fuming Nitrid

Parameter
1.35um
10s
do not over etch on the oxide 
lum

Expose for 39 seconds
SOseconds, rinse and bake for 1
minute
lum
3-5s
30 minutes at 4003C
pre-bake the wafers before 
coating
exp 100 seconds 
3 minutes, rinse.

on 70 minutes (SFe 300 seem)

10s
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D2. Fabrication process flows - Silicon nanowire (Bulk substrate).
Descriptions: Fabrication process flows for silicon piezoresistor is presented which 
comprises of 6 lithography steps and 1 E-beam step. The starting material is 4" N 
(100); 400um thick , resistivity:> 4000 ohm-cm. More details are available in 
Chapter 7.

No. Process Condition Parameter
1 Clean BOM clean + 10:1 HE Start with 8 Silicon Device 

wafers
2 Photo Coat A Postbake, standard PR pre-bake the wafers before 

coating
3 Photo Bake A bake for 1 minute at 90°C 

before exposure
4 Photo Expose

A
Mask 1(N+) exp 3.9seconds

5
/V

Photo Develop 
A

MF-319 50seconds, rinse and bake for 1 
minute

6 Photo Bake A bake for 1 minute at 90°C 
before exposure

7 Silicon Etch ICP (Alignment mark etch) Etch 200nm silicon
8 PR Strip Fuming Nitrid 10s
9 Clean BOM clean + 10:1 HF (short)
10 Oxidation A 1050C, wet ox, 15 minutes 

(device wafers <lxl019cm-3)
0.3pm

11 Photo Coat B Postbake, standard PR
12 Photo Bake B bake for 1 minute at 90° C 

before exposure
13 Photo Expose

R
Mask 2(Contact window) exp 3.9seconds

14
Lj

Photo Develop 
B

MF-319 50seconds, rinse and bake for 1 
minute

15 Photo Bake B bake for 1 minute at 90°C 
before exposure

Inspection required

16 Oxide Etch Wet Etch 0.3um check oxide etch rate with test 
wafer

17 PR Strip Fuming Nitrid 10s
18 Clean BOM clean + 10:1E1F (short) do not over etch on the oxide
19 Sheet Rs 4 point probe (Boron diffusion 

monitoring purpose)
sheet resistance measurement on 
test wafer

20 Diffusion Boron, 1000°C, 20min Pure N2 gas only
21 Deglaze + Ox 

strip
10:1HF approx 2 mins

22 Sheet Rs 4 point probe (Phosphorus 
diffusion monitoring purpose)

sheet resistance measurement on 
test wafer

23 Oxidation B 1000°C, wet ox, 15 minutes 0.3pm (include 2 dummy for 
etch rate test)

24 Photo Coat C Postbake, standard PR
25 Photo Bake C bake for 1 minute at 90°C 

before exposure
26 Photo Expose Mask 3(P+) exp 3.9seconds

C
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27

28

No
29
30
31

32

33

34

35

36

37

38
39

40

41

42

43

44

45
46
47
48
49

50
51
52

53

54

55

56

Photo Develop MF-319 SOseconds, rinse and bake for 1
C minute
Photo Bake C bake for 1 minute at 90° C 

before exposure
Inspection required

Oxide Etch Wet Etch 0.3um oxide etch resistor region
PR Strip Fuming Nitrid 10s
Clean BOM clean + 10:1HF do not over etch on the oxide
Sheet Rs 4 point probe (Boron diffusion sheet resistance measurement on

monitoring purpose) test wafer
Boron dopant Spin coat device wafers at 3 types of spun on dopant
coat 3000 rpm for 15 seconds
Boron dopant Post bake for 5 minutes at
coat 80°C
Diffusion Boron diffusion (Solid source 

and SOD)
20, 45, 60 minutes

Deglaze + Ox 
strip

10:1HF 30 seconds

Sheet Rs 4 point probe (Boron diffusion sheet resistance measurement on
monitoring purpose) test wafer (x2)

PECVD oxide oXide with N2 (recipe name) 150nm (2 minutes 15 seconds at 
300°C)

E-beam coat A PMMA resist 3000rpm for 30 seconds
E-beam bake bake for 1 minute at 90°C
A before exposure
E-beam expose 500nm, 600nm wide design on
A Raith system
E-beam 
develop A

MIBK: IPA (1:3) 30seconds

E-beam clean IPA following by DI water 30 seconds each cycle
A rinsing
E-beam bake
A

bake for 1 minute at 100°C
A

Descum (short) RIE 02 plasma (10W; 
300mTorr; 02 98sccm)

Descum for 3 seconds

Oxide etch RIE oxide etch oxide thickness 150nm
Silicon Etch RIE HBr Silicon etch for approx. 1-2pm
02 clean RIE 02 clean 100W 1 minute
PR strip Fuming Nitrid acid 15 seconds
Ox strip Oxide strip using 10:1 HF for 

spacer batch
Until hydrophobic

Clean BOM clean + 10:1 HF
PECVD oxide oXide with N2 (recipe name) 400nm (6 minutes at 300°C)
Photo Coat D Postbake, standard PR pre-bake the wafers before 

coating (MUST)
Photo Bake D bake for 1 minute at 90°C 

before exposure
Photo Expose 
n

Mask 2(contact windows) exp 3.9seconds
L-/

Photo Develop MF-319 SOseconds, rinse and bake for 1
D minute
Photo Bake D bake for 1 minute at 90°C 

before exposure
Inspection required
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57

58
59
60

61
62

63

64

65

66
67
68

69

70

71

72

73
74

75

76

Oxide Etch Wet Etch 400nm (PECVD check oxide etch rate with test
oxide) wafer

PR Strip Fuming Nitrid 10s
Clean BOM clean + 10:1 HE do not over etch on the oxide
Metal Deposit AL Sputtering (good step lum (lOOmintues + 5 minutes

coverage) Argon sputter clean)
Photo Coat E Postbake, standard PR
Photo Bake E bake for 1 minute at 90°C 

before exposure
Photo Expose
F

Mask 7(metal patterning) exp 3.9seconds

Photo Develop MF-319 SOseconds, rinse and bake for 1
E minute
Photo Bake E bake for 1 minute at 90°C 

before exposure
Inspection required

Metal Etch Aluminium Wet Etch lum
PR Strip Fuming Nitrid 3-5s
Metal Anneal N2 gas 150 : H2 gas 10 on 

scale
for 30 minutes at 400°C

Photo Coat F Postbake, thick PR (AZ 9200) pre-bake the wafers before 
coating

Photo Bake F bake for 5 minute at 100°C 
before exposure

Photo Expose 
F

Mask 8(Trench) exp 100 seconds
r
Photo Develop
T7

AZ400K 3 minutes, rinse.
r
Photo Bake F No bake
Oxide Etch Wet Etch 400nm (PECVD check oxide etch rate with test

oxide) wafer
Silicon Etch Silicon blanket etch on Acatel 

ICP etcher
Etch 280pm in silicon

PR Strip Fuming Nitrid 10s
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D3. Fabrication process flows - Silicon nanowire (SIMOX).
Descriptions: Fabrication process flows for silicon piezoresistor is presented which 
comprises of 5 lithography steps and 1 E-beam step. The starting material is 4" p 
(100); 530um thick; resistivity: 10-20 ohm-cm. More details are available in Chapter 
7.

No. Process Condition Parameter
1 Clean BOM clean + 10:1 HF Start with 4 SIMOX Device 

wafers
2 Photo Coat A Postbake, standard PR pre-bake the wafers before coating
3 Photo Bake A bake for 1 minute at 90°C 

before exposure
4 Photo Expose A Mask 1 (Alignment mark) exp 3.9seconds
5 Photo Develop 

A
MF-319 50seconds, rinse and bake for 1 

minute
6 Photo Bake A bake for 1 minute at 90°C 

before exposure
7 Silicon Etch RIE CF4 etch (100W; 

160mTorr; CF4:50 seem)
etch 200nm silicon

8 Oxide Etch RIF, oxide etch (200W; 
160mTorr; CHF3
(30sccm)/CF4(20sccm)

etch 375nm oxide

9 Silicon Etch RIE CF4 etch (100W; 
160mTorr; CF4:50 seem)

etch lOOnm silicon

10 PR Strip Fuming Nitrid 10s
11 Clean BOM clean + 10:1HF 

(short)
do not over etch on the oxide

12 PECVD oxide oXide with N2 (recipe 
name)

600nm (9 minutes)

13 Photo Coat B Postbake, standard PR pre-bake the wafers before coating
14 Photo Bake B bake for 1 minute at 90°C 

before exposure
15 Photo Expose B Mask 2(Contact window) exp 3.9seconds
16 Photo Develop 

B
MF-319 SOseconds, rinse and bake for 1 

minute
17 Photo Bake B bake for 1 minute at 90°C 

before exposure
Inspection required

18 Oxide Etch Wet Etch 0.6um 15 minutes
19 PR Strip Fuming Nitrid 10s
20 Clean BOM clean + 10:1HF 

(short)
do not over etch on the oxide

21 Sheet Rs 4 point probe (Boron SS 
diffusion monitoring
purpose)

sheet resistance measurement on 
test wafer

22 Diffusion Boron, 1000°C, 20min Pure N2 gas only, 930°C on meter
23 Deglaze + Ox 

strip
10:1HF oxide strip

24 Sheet Rs 4 point probe (Boron 
SOD diffusion monitoring 
purpose)

sheet resistance measurement on 
test wafer
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25 Boron dopant 
coat

Spin coat device wafers at 
3000 rpm for 15 seconds

3 types of spin-on dopant

26 Boron dopant 
coat

Post bake for 5 minutes at 
80°C

27 Diffusion Boron Spin on dopant 
annealing

1100°C (20, 45, 60min)

28 Deglaze + Ox 
strip

10:1HF 2 minutes

No Sheet Rs 4 point probe (Boron 
diffusion monitoring
purpose)

sheet resistance measurement on 
test wafer (x2)

29 Clean BOM clean + 10:1 HE
(short)

do not over etch on the oxide

30 PECVD oxide oXide with N2 (recipe 
name)

300nm (5 minutes 30 seconds)

31 E-beam coat A PMMA resist 3000rpm for 30 seconds
32 E-beam bake A bake for 1 minute at 90°C 

before exposure
33 E-beam expose 

A
Raith Electron beam 
system

34 E-beam develop 
A
E-beam clean A

MIBK: IPA (1:3) 30seconds

35 IPA following by DI 
water rinsing

30 seconds each cycle

36 E-beam bake A bake for 1 minute at 
100°C

37 Descum (short) RIE 02 plasma (10W; 
300mTorr; 02 98sccm)

Descum for 3 seconds

38 Oxide etch RIE oxide etch oxide thickness 300nm
39 Silicon Etch RIE HBr Silicon etch for approx. 200nm
40 PR strip Fuming Nitrid acid 15 seconds
41 Clean BOM clean + 100:1HF do not over etch on the oxide
42 Photo Coat C Postbake, standard PR pre-bake the wafers before coating 

(MUST)
43 Photo Bake C bake for 1 minute at 90°C 

before exposure
44 Photo Expose C Mask 2(contact windows) exp 3.9seconds
45 Photo Develop 

C
MF-319 50seconds, rinse and bake for 1 

minute
46 Photo Bake C bake for 1 minute at 90°C 

before exposure
Inspection required

47 Oxide Etch Wet Etch 300nm (PECVD 
oxide)

check oxide etch rate with test 
wafer

48 PR Strip Fuming Nitrid 10s
49 Clean BOM clean + 10:1HF do not over etch on the oxide
50 Metal Deposit AL Evaporation lum (2 cycles)
51 Photo Coat D Postbake, standard PR
52 Photo Bake D bake for 1 minute at 90°C 

before exposure
53 Photo Expose D Mask 7(metal patterning) exp 3.9seconds
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54

55

56
57
58

59

60

61
62

63
64

65
66

Photo Develop MF-319 SOseconds, rinse and bake for 1
D minute
Photo Bake D bake for 1 minute at 90°C 

before exposure
Inspection required

Metal Etch Aluminium Wet Etch lum
PR Strip Fuming Nitrid 3-5s
Metal Anneal N2 gas 150 : H2 gas 10 on 

scale
for 30 minutes at 400°C

Photo Coat E Postbake, thick PR (AZ 
9200)

Photo Bake E bake for 5 minute at 
100°C before exposure

Photo Expose E Mask 8(Trench) exp 100 seconds
Photo Develop 
12

AZ400K 3 minutes, rinse.
E,
Photo Bake E No bake
Oxide Etch Wet Etch 300nm PECVD 

+ 385nm thermal oxide
14 minutes

Silicon Etch ICP silicon Bosch etch etch 350-380nm silicon
PR Strip Fuming Nitrid 10s
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