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General introduction



The new requirements of society have stimulated the electronics market, especially that of
flexible electronics. This technology changes the way to use electronics, because it offers the
possibility of having devices that can adapt to different types of surfaces, to be bent, contorted or
stretched while keeping good functioning. This makes them especially useful in different sectors
such as automotive, biosensors, healthcare, mobile devices or wearable technology and increases

customers' interest.

Despite being widely researched, these devices still have some limitations and their technology
needs to be further improved. First of all, polymers are ideal as flexible substrates because of
their properties such as lightness, low cost, flexibility, extensibility and conformability to uneven
surfaces. But the development of electronic devices or sensors on polymer films requires a
compatible manufacturing process that respects the chemical and thermal properties of the
substrates while allowing economical manufacturing on large surfaces. The temperature range for
its fabrication depends on the nature of the flexible substrate. Moreover, the rigidity of traditional
semiconductor materials is a limitation to their fabrication. This fact forces the industry to find

alternatives to try to compensate for those weaknesses in their manufacturing process.

New research focuses on different areas to try to improve flexibility and extensibility, such as
research and synthesis of new materials such as carbon nanotubes (CNTSs) or graphene, which
have interesting properties, especially for sensors and flexible devices, or by reducing the
thickness of traditional semiconductors, or even by seeking a specific design that promotes their
mechanical behavior. Moreover, flexible electronics can be fabricated using two different

approaches top-down or bottom-up fabrication.

This thesis work is realized in the Microelectronics and Microsensors Department of the Institute
of Electronics and Telecommunications of Rennes (IETR) and its main goal is to investigate the
piezoresistive properties of microcrystalline silicon (uc-Si) deposited by two different techniques
(PECVD and ICP-CVD). This material is then used to fabricate a sensor able to react to dynamic

deformations.

The technology used to perform the devices is based on the piezoresistive effect and the sensors
are fabricated directly on the flexible substrate. Despite the fact that the substrate chosen is

Kapton® and can support a relative high-temperature process, around 400°C, during our



fabrication process we did not use temperatures higher than 180 °C. This corresponds to the
annealing step, used to improve the junction between metal-semiconductor and enhance the
electrical conductivity. Microcrystalline silicon is deposited at low temperature, 165 °C. The
reason we choose this material is that it was widely used and investigated in the laboratory,
especially for applications in TFT devices. Moreover, it was also used in some works to perform
static deformations on thicker plastic substrates. Hence the innovation of this thesis which uses
pc-Si in sensor devices is to detect weak dynamic deformations; and to increase their flexibility,

as the thickness of the substrate used being extremely low.

The most relevant theoretical aspects, processes, problems and results obtained throughout this

thesis are presented. This manuscript is structured in four chapters.

The first chapter presents a general overview of the state of the art of pressure sensors. A
classification of these sensors in the function of the detection range is presented. Characterization
parameters and applications are also described. The basic working principle and the most popular
transduction mechanisms, which are piezoresistivity, piezoelectric or capacitive effects, are
described. This chapter also contains the explanation of the fabrication technology for flexible
electronics with both top-down and bottom-up approaches, with a comparison between the two
technologies and their main advantages and disadvantages. Finally, this chapter describes the

different materials used in flexible electronics fabrication, from the substrate to the electrodes.

The choice of the appropriate substrate is one of the most important factors that will have an
impact the degree of flexibility of the structure. It is also one of the main limitations in the
fabrication, as it will determine the maximum temperature process. Different flexible substrates
such as metal foil, flexible thin glass or plastic substrate are presented and discussed. Then a
short description of structural semiconductor material and dielectric materials is done, with a
particular emphasis on the synthesis and study of silicon. The last point of this chapter is devoted
to the metal electrodes, their shape and dimension, as this can influence the mechanical behavior

of the sensor.

The second chapter is dedicated to the investigation of N-type uC-Si in pressure sensors. The
deposition techniques used throughout this thesis, namely PECVD (Plasma Enhanced Chemical

Vapor Deposition) and ICP-CVD (Inductively-Coupled-Plasma Chemical Vapor Deposition), are



described here. The chapter presents its main characteristics as well as their operating principles,
their advantages and disadvantages. Moreover, the previous works realized in the laboratory with

pc-Si on flexible substrates and the main piezoresistive properties of this material are reviewed.

During the fabrication of our devices, the thin thickness of the substrate used caused many
problems. In an attempt to find a solution and better understand the mechanical behavior of thin
films, some concepts are introduced to describe them. Thin-film flexible devices technology
fabrication is complicated not only by factors such as temperature limitation of the substrate, but
also by other problems such as the sources of stress during film deposition. The mechanical
behavior of substrate/film will depend on the Young’s modulus and thickness of the substrate.
The low thickness of our substrate has created some stress problems that induce cracks and affect
the performance of the devices after uc-Si deposition. To reduce them, different approaches were

investigated, and used all along the fabrication process developed during this thesis.

In Chapter 3 the method of Transmission Line Measurements (TLM) for pc-Si deposited by
PECVD and ICP-CVD techniques is studied. This chapter can be divided in two sections. In the
first section, we describe the mask used for TLM devices and the theory of this method with the
interesting parameters that can be extracted. In the second section, this mask is used to study the

uniformity of the deposition, and the sensitivity of pc-Si to different strain deformations.

Chapter 4 presents the study of the mechanical behavior of pc-Si when it is submitted to dynamic
deformations. Here we describe the steps followed to create our own home-made characterization
system, and we investigate the effect of the design and geometry on the sensor performance. To
do that, two different masks are elaborated and the devices are submitted to different test such as

continuous loading - offloading cycles.

At the end of the manuscript, the general conclusion highlights the main results of this thesis and
presents some perspectives.



CHAPTER 1. Flexible electronics: applications
and technologies of pressure sensors



1. Introduction

Flexible electronics applications appeared around the 1950s. One of the first application
concerns the solar cell research. The objective was to work on the thickness of the silicon cell,
which was considerably reduced until the point of being flexible. The flexible electronics field
was born. Its development and applications have then grown up over until nowadays. This
technology changes the way we use electronics through its ability to be bent, stretched or rolled
up or be conformably shaped without working failure. For this reason, this flexible technology is
a good candidate for several applications in many fields such as automotive, biosensors,

healthcare, mobile devices or wearable technology.

In general, flexible materials need to present some advantages, compared to the rigid electronic
technology, such as good bendability, twisting and stretchable properties, while keeping their
performance and characteristics, as light-weighting and easy portability. However, some
limitations exist in the manufacturing processes and materials. Research is dedicated to the
synthesis of new materials, or to specific design issues that contributes to their flexibility and

stretchability.

This chapter presents first a general overview of the pressure sensors, describing their working
principle, parameters and their different applications according to their range of detection. It is

then focused on the different techniques used to fabricate such devices.

2. Pressure sensor: principle and classification

A sensor is a device that is able to transform a physical or chemical stimulus into an electrical
signal that can be read by an instrument. There are many types of sensors that detect different
parameters such as distance, acceleration, displacement, pressure, force, humidity, movement,
pH, etc. However, this section focuses on pressure sensor devices. We briefly introduce their

classification, the transduction mechanism, the most relevant parameters, and some applications.

2.1 Classification according to the detection range

When a sensor needs to be selected, one of the first considerations to be taken into account is

the detection range. This is the working range in which the sensor is able to detect the pressure

10



and transform it. Based on this requirement, pressure sensors can be classified into different

categories, as shown in Figure 1.1.

Hear aids Ultra sensitive e-skin Daily activities Weight and height measurement

37.5

X))

Acoustic pressure
100 kPa
Ultra-low-pressure  Subtle-pressure Low-pressure ,‘ Medium-pressure
b .. ‘ |
o //\‘!
V
Microphone Touch screen  Medical diagnosis Health monitoring

Figure 1.1. Pressure sensor classification according to the detection range
and related applications [1].

Ultra-low pressures:

For a pressure range below 1 Pa, typically, the sensors are dedicated to sound pressure
applications or other kinds of activities for which signals are weak and difficult to perceive, i.e. as

microphones or hearing aids. This sensor is able to detect pressure less than 0.1 Pa [2].
Subtle pressure:

For 1 Pa tol kPa, sensors are used to develop high sensitive applications such as e-skin [3] or

touchscreen devices for mobiles or tablets [4], [5] and for optical applications [6].

Low-pressure:

The pressure range between 1 to 10 kPa is widely investigated especially for applications used to
grasps or touch objects [7], [8]. There is also extensive research for medical diagnosis [9] or

wireless or wearable epidermal sensor [10], [11].
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Medium-pressure range:

Sensors in the 10 to 100 kPa range focus especially on the development of wearable systems to
measure blood pressure, pulse monitor applications [12] or active-matrix based on piezoelectric

effect [13].

2.2 Parameters for pressure sensor characterization

Once the detection range of the sensor is selected, some parameters need to be considered to

evaluate the performance and the accuracy of a detection device.

Limit of detection (LOD) or threshold pressure:

This parameter corresponds to the lowest pressure that produce a distinguishable change of the
signal. This is a relevant parameter to determine the working limits of the sensor and it helps to

classify it into the different regimes shown on Figure 1.1.
Linearity:

This parameter expresses if the output signal can be graphically represented as an approximate
straight line. This is important to obtain more accurate and reliable sensors. Moreover, signals
with good linearity will be easy for post-treatment. Generally, strain sensors based on the
piezoresistive effect exhibit good linearity when they are submitted to low strain. However, for
high levels of deformation, the response is not always linear due to significant change in

morphology during stretching which can generate cracks in the structure [11], [14].
Response time, recovery time and hysteresis:

These characteristics are defined together because there is a relationship between them and both

are relevant for dynamic and real-time applications.

Hysteresis can be defined as the ability of the sensor to obtain the same output signal when, under

the same conditions, it is submitted to the loading-unloading cycle.

The recovery time is defined as the time that the sensor needs to come back to its electrical

characteristics when the load is removed.

12



The response time shows the time the sensor needs to respond to the next input step. All these
characteristics have a relationship with the viscoelastic property of the active material and the

contact conditions between the material and the electrodes [15].
Sensitivity or Gauge factor:

During the characterization of our devices, this is one of the parameters that will be mainly
explored. It is discussed in more details in Chapter 3. But we can summarize in a few words that
the gauge factor is the slope of the relative change of a resistance or a capacitance versus the

deformation stress applied.

2.3 Transduction mechanisms and applications

A pressure sensor is based on different physical mechanisms that can convert the physical
deformation or stimulus into an electrical signal. The most commonly used effects are
piezoresistivity, capacitance changes, and piezoelectricity. Each different mechanism is presented

below and its main principle is described.

2.3.1 Piezoresistivity

This method is based on the variation of the electrical resistance of a semiconductor or a
metal when a mechanical strain is applied. Sensors based on this phenomenon have been widely
studied. They usually have a simple structure and working principle and are suitable to be used in
a large range of pressures or deformations.

The effect can be explained with the following equations. First of all, the resistance is expressed

by the equation 1.1:

L

R=p (1.1)

With (p) the resistivity of the material, (L) the length and (S) the section of the resistance. As
shown in Figure 1.2, when a strain is applied a variation in the structure is produced and

consequently, a change in the resistance.
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Figure 1.2. Schematic of piezoresistive effect [1].

The gauge factor (GF), defined in equation (1.2), is used to express the sensibility of the material
to the deformation €. All the theoretical aspects of this effect will be explained deeper in Chapter
2 and the electrical measurements in Chapter 3. The gauge factor is expressed as follows:
ﬁ
_R_

£

GF = (1.2)
The first gauges used to measure the pressure were made of a metal foil on a flexible substrate.
The pressure induces strain and a change in the resistance value is observed. This change depends
on the metal line geometry. The typical gauge factor obtained for the metal foil vary between 2
and 5 [16]. However, due to this quite low value of the gauge factor, research has begun on
materials with higher values. In 1960, the first high performance silicon devices appeared. The
devices, fabricated with n-doped silicon, present a GF near 135, and reach 170 if silicon is p type

[16]. The theory of how doping silicon affects the gauge factor will be explained in Chapter 2.

Due to their simple structure and low cost, there are several examples in the literature of
applications using this principle. One example is presented by R. Ramalingame [17]. A highly
flexible matrix based on a carbon nanotube (CNT) polymer composite is processed on a Kapton®
substrate and bound to an acquisition system. Haniff [18] proposed a flexible pressure sensor also
based on piezoresistive effect made with graphene deposited through hot filament thermal

chemical vapour deposition (HFT-CVD) at different temperatures.

In the piezoresistive effect, the change occurs only in the electrical resistance, while the variation

of the electrical potential is due to the piezoelectric effect, described below.

14



2.3.2 Piezoelectric effect

It refers to the electrical change produced in materials, particularly in crystals or ceramics that
do not have center of symmetry. When these materials are submitted to mechanical stress,
electric polarization occurs on their volume and, as shown in Figure 1.3, electrical charges and a

difference of potential appear.

...............

Figure 1.3. Schematic of piezoelectric effect [1].

This kind of sensor is widely used in dynamic applications, especially because it shows good
performances as high sensitivity, fast response time, easy electrical signal acquisition, easy
material preparation, and low power consumption or even self-power [19], [20]. In the past,
traditional piezoelectric materials were ceramics and quartz. But nowadays they have been
replaced by new materials, more robust, such as poly-vinylidene fluoride-trifluoroethylene
P(VDF-TrFE) or zinc oxide (ZnO). Between all amount polymer and copolymer, the most

popular is P(VDF-TtrFE) due to simple manufacturing and high piezoelectric coefficient.

Chunyan [21] has developed a tactile sensor using dome and bump shapes of P(VDF-TrFE)
films over a polymer substrate by a mold transfer method using standard MEMS techniques. The
use of a new fabrication method provides a way to pattern the polymer with different shapes
(dome and bump) and dimensions. The sensor developed in this paper can be used in minimally

invasive biomedical devices.

C. Chang [22] has also developed devices with this piezoelectric material that provide a high-
performance and a fast response for wearable applications. To do that, using the electro spinning
method, P(VDF-TrFE) nanofibers are directly written on a grounded substrate as shown in Figure
1.4. Under mechanical stretching, it shows repeatable and consistent electrical outputs with

efficient energy conversion.
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Figure 1.4. P(VDF-TrFE) nanofibers deposited by electroshock and output characteristics under stretch

and release [22].

2.3.3 Capacitance

Capacitance devices can be formed by two metallic electrodes around a dielectric material.
The capacitance value (C) is given by the equation (1.3) where (&) and (&) are the vacuum
permittivity and the relative static permittivity of the material between the electrodes, A is the
surface between the electrodes and (d), the distance between them. The value of the capacitance
is inversely proportional to the distance between the electrodes and proportional to the dielectric

contact and the area.

= d .

As shown in Figure 1.5, when a deformation is applied, the distance between the two electrodes

(d) and the area (A) are modified. So the value of the capacitance changes.

20 ¢C 00 So0000000000
1 1 -
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00000000000
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Figure 1.5. Schematic of capacitive effect [1].
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There are several fields where this technology is commonly used, for example in the robotic
market where, in 1997, a fingerprint array was proposed with sensitive capacitive cells on silicon.
However, this sensor presents a low resolution and could only measure the normal force [23].
Later, technological improvements were achieved with capacitive sensors over polymer. These
are able to measure normal and shear forces [24]. High sensitive capacitance sensors able to
analyze the direction and value of three dimensional (3D) forces are mentioned by Huang [25],

Dobrzynska [26] or Surapaneni [27].

2.3.4 Other transduction methods

Other methods exist for pressure sensor applications, but are not so widely used. This is the
case of the optical methods, based on the measurement of the light intensity variation. They can
be used for touch screen applications like smartphones or tablets. The inductive effect is another
transduction method that measures the variation of an inductance between two magnetic fields or

resonant sensors generally dedicated to acoustic applications.

Table 1.1 sums up the advantages and disadvantages of the three main transduction methods.

Type Advantage Disadvantage
Stiff and frail
Low cost .
. Nonlinear response
) _y Good sensitivity .
Piezoresistive ) Hysteresis
Low noise ..
. . Temperature sensitive
Simple electronics . .
Signal drift
Sensitive
Cross-talk
C " Low cost Hvsteresi
apacitive s ) steresis
P Availability commercial A/D J )
) Complex electronics
chips
. Temperature sensitive
) ) Dynamic response )
Piezoelectric ) ) Not so robust electrical
High bandwidth .
connection

Table 1.1. Comparative of transduction methods for pressure sensor [28].
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3. Techniques to perform flexible devices

The continuous evolution and improvement of thin-film materials and devices have impulse the
development of flexible electronics. Their fabrication is one of the great challenges of this
technology, and their manufacturing processes have been deeply studied [29], [30] leading to a
wide variety of applications in different fields such as displays, storage devices, or wearable
devices for the medical area.

Despite the growing research on flexible electronics, this technique needs to be improved to
present good electrical and mechanical properties. Because the results are lower than those
obtained with traditional electronics made of rigid and flat semiconductor wafers.

Currently, the electronic structure of flexible devices is formed by a substrate, a semiconductor
material and the electrodes. It should presents good performances after bending, stretching,
twisting or deformation into complex shapes. The entire structure should be created with a
compromise between the design, the thickness of the materials and their mechanical properties.
One of the main drawbacks during flexible devices fabrication is that the required substrates
present a temperature limitation that involves the industrial development of new methods of
processing. Nowadays, there are mainly two different strategies to fabricate devices on a plastic

substrate, as further described.

3.1 Top-down fabrication

Some deposition processes require high temperatures, which are not compatible with some
flexible substrates that could be damaged or deformed [31]. This is why some manufacturing

companies use the top-down approach to perform flexible devices.

This method has the advantage that the whole structure is done by a standard fabrication process
on a rigid substrate (generally glass plate or silicon wafer) which allows the use of conventional
photolithographic processes [32], [33] and has no temperature limitation for deposition layers.
Once the structure is completed, it is transferred to a flexible plastic substrate through various
methods such as the transfer-printing process or the release of the rigid substrate [34]. Thus, with
this technique, it is possible to fabricate devices at high temperatures providing high-performance
devices on flexible substrates, but the major drawbacks are the high cost, the small surface

coverage (only for low dimension structures) and the use of expensive and specific equipment.
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These transfer and bonding techniques could be performed by different methods and two

examples of these are shown next.

Figure 1.6 [35] shows the different steps of a fabrication process, which consists of spin-coating
Cytop (amorphous fluoropolymer) film onto patterned Si wafer to design a mold. Then, a
graphene ink is deposited. After annealing, the structure is ready to be transferred onto a flexible
polyethylene terephthalate (PET) substrate. To do this, a liquid Optical Adhesive is used between
graphene and PET. The backside of the PET substrate is treated by O plasma generating the
peeled-off from the Cytop/Si mold by the UV-cured NOA73 adhesive layer.

Figure 1.7 is based on the EPLAR (Electronics on Plastic by Laser Release) technique developed
by Philips Research. It consists of spinning and curing a layer of polyimide (PI) on top of a glass
substrate using a sacrificial layer in between. At the end of the process, the polyimide layer is
separated from the rigid substrate by removing the sacrificial layer by pulses of an excimer laser

in the backside of the sample, causing its delaminating [36].

///' ’

Graphene
Ink

Graphene
film

Y/////////

Figure 1.6. Example of top-down techniques [35].
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Figure 1.7. EPLAR technique illustration [36].

This technique allows adding the substrate at the end of the fabrication process (Figure 1.6), or
uses a substrate that can support high-temperature range stick onto a rigid substrate until the end

of the process (Figure 1.7).

Hence, this technique offers the possibility to use bio-organic substrates, making it a great option
to fabricate devices that are compatible with biomedical applications. An example of this was
published by KJ. Yu [37] where he explains that when the final structure is transferred to a bio-
resorbable poly-(lactic-co-glycolic) acid, the technology becomes compatible with applications

on the skin.

3.2 Bottom-up fabrication

This technique is the most common because direct fabrication on flexible substrates reduces
the fabrication cost. However, the main disadvantage is that, depending on the substrate selected,

this limits the maximum temperature used during the manufacturing process.

During the deposition steps, the temperature decrease affects the electrical and mechanical
performances of the devices. For this reason, in order to achieve a good quality sensor, research
focuses on bottom-up techniques and deals with new materials that have relatively good behavior
at low temperature of deposition such as carbon or graphene, or on the development of new
growth methods. Figure 1.8 shows an example of a bottom-up fabrication technique [38]. It

illustrates the fabrication process of a tactile sensor using PDMS as a substrate. To do this, it is
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first necessary to pattern some microstructures on silicon which will be used as a mold to
fabricate PDMS. A rGo (reduced graphene oxide) film is then deposited on this PDMS mold and
coated with ITO/PET.

a b _ roms c PDMS
S2oy e > ,
%€
35y I
4
Si master Si master Layer-by-layer
assembly
f GoPDMsS sensr ©  rGO/PDMS . d GO/PDMS
assembly Reduction
‘ - |
N ITO/PET

Figure 1.8. Schematic illustration of the tactile sensor device fabrication

by using bottom-up approach [38].

In our case, we decided to fabricate our devices on a bottom-up technique basis, because it is the
historical technique of the IETR [39], and the required equipment are available in the laboratory.
It was also a good option due to the approach to the manufacturing large-area surfaces and the

low cost.

In the following sections, we will present the different kinds of materials that can be used in
flexible electronic devices depending on the application. It is important to select the adequate
material, to explain the properties that the substrate, the semiconductor materials and the

electrodes must have.

4. Substrates

The main limitations of traditional rigid electronics are intrinsic rigidity, fragility, and
inability to interface with curvilinear morphological surfaces. Flexible electronic substrates offer
a solution to these limitations, but their handling is more delicate, given their sensitivity to
cracking and delamination due to the limited failure stress during bending deformation. These

problems are discussed in detail in Chapter 2.
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Depending on the nature of the application, different kinds of substrates can be used in flexible
device applications. Figure 1.9 shows the degree of flexibility or mechanical properties that can
be classified into the following categories: i) the devices that can be deformed in tension or
compression, and have the ability to come back to its initial state; ii) the materials permanently
deformed, these are not able to return to its original state, which makes their deformation and
elasticity permanent; iii) the materials that present the ability to be deformed in the vertical plane

and return to its original state.

Tensile Stress

¢¢¢¢¢

Stress Energy
Released Mechanically

— V
—

Stress Energy
Absorbed

i) Applying Bending Force
— Compressive Stress

Tensile Stress
‘,v -----

i) |Applying Bending Force

Removing Force

Compressive Stress

Removing Force
- ——

\/

Figure 1.9. Flexibility degree of substrates.

iiii) Applying Stretching Force

The choice of the appropriate substrate will define the behavior of the compound structure. For
this reason, in addition to the degree of flexibility, there are other requirements and properties

that are important to consider when selecting this layer; some of them will be explained below.

Optical properties: According to the application, this optical parameter could be extremely

relevant. For example, LCDs must have low birefringence and some displays require an optically

clear substrate.

Roughness: For thin film devices, electrical properties have a direct link with the surface
roughness. For this reason, for a short length, this parameter should be avoided, but for long
length, a low value might be acceptable.
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Thermal and thermo mechanical properties: The substrate should be compatible with the

temperature during the fabrication process. The main important parameters are:

e The compatibility between the maximum temperature of the fabrication process (Tmax)
and the transition temperature (T) of the substrate. A mismatch between these two
parameters could create some cracks in the device’s films.

e The coefficient of thermal expansion, CTE, is defined as the dimensional deformation
of the substrate during the temperature process. This is defined in the equation 1.4
where € represents the deformation of the material and AT represents the variation
between the initial temperature of the substrate and the process at high (or low)
temperature. Depending on this, the substrate undergoes compression (AT <0) or

expansion (AT > 0).

€ = A(CTE)(substrate-film). AT(deposition-ambient) (1.4)

The variation of the CTE produces thermal mismatch between substrate/film and therefore

some cracks; this will be discussed in more detail in Chapter 2.

Chemical properties: The substrate should be compatible with chemistry products used during the

fabrication process, such as acetone or acids or other corrosive chemicals [40].

Mechanical properties: This is given mainly for the degree of flexibility and should present a

compromise between elastic modulus or Young’s modulus of each material, the structure and

thickness of the compound of each layer and the design.
Generally, there are three types of substrate material, presented below, for flexible applications.

Metal foil of stainless steel:

It is one of the most used due to its resistance to chemical processes, its high-temperature range,
up to 1000 °C, its dimensional stability and its long durability. However, it presents a high
surface roughness (approximately 100 nm) compared with glass or some plastic substrates (less
than 1nm). For this reason, in order to have good electrical behavior, the surface of these steel

foil substrates should be pre-treated with a polished or planarized film.
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Thin flexible glass:

Glass becomes flexible when its thickness is less than 100 um but the biggest drawback is the

fragility and the handling.

Plastic substrates:

These types of substrates offer great flexibility, low cost and the possibility of being on a roll.
However, its dimensional stability is lower than the glass one. For that reason, to find more stable
dimensions, they should be submitted to a large annealing. Flexible plastic substrates include

semicrystalline polymers and amorphous polymers.

For our application, metal foil and glass were not a good option due to the high rigidity and low
degree of flexibility. For that reason we opt for a plastic substrate. The most used plastic
substrates for developing flexible electronic components are polyesters such as PEN
(polyethylene naphthalene), PET (polyethylene terephthalate) and PI (polyimide) due to
relatively high elastic moduli and their good resistance to chemicals. The substrates of PEN and
PET are characterized by a high level of transparency, more than 80%, and a low roughness
surface [41]. However, the maximum temperature process is up to around 155 °C for PEN [42]

and around 250 °C for PET [43].

For plastic substrates, it is important to control the maximum temperature process and not to
exceed the glass transition temperature, which would involve substrate deformation. An example
of that is shown in Figure 1.10 [31]. PET has been submitted to different thermal treatments to

the point of complete destruction.

25°C  110°C  150°C  180°C 200°C 220°C 235°C 250°C

Figure 1.10. PET/ITO substrates deformation after thermal treatment [31].
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Max. Dep.

Temp. (°C) Material Properties
o Orange color, high thermal expansion coefficient,
o Polyimide . . . .
400 °C [44] good chemical resistance, expensive, high
(Kapton®) . i
moisture absorption
343 °C [45] | Polyetheretherktone | Amber, good chemical resistance, expensive, low
(PEEK) moisture absorption
343 °C [46] Polyethersulphone Clear,. good d1mens1qna1 stability, poor solvent
resistance, expensive, moderate moisture
(PES) .
absorption
354 °C [47] Polyetherimide . .
(PE) Strong, brittle, hazy color, expensive
155 °C [42] Polyethylene Clear, moderate CTE, good chemical resistance,
Naphthalate (PEN) inexpensive, moderate moisture absorption
250 °C [43] Polyethylene Clear, moderate CTE, good chemical resistance,
terephthalate (PET) inexpensive, moderate moisture absorption

Table 1.2. Properties of main plastic substrates.

5. Semiconductor and dielectric materials

One of the greatest challenges in flexible electronics is to obtain high performance

semiconductor and dielectric materials.

We present below the two types of organic and inorganic semiconductors.

5.1 Organic semiconductor in flexible electronics

Organic semiconductors are attractive because they can be processed at low or at room
temperature and they have good mechanical flexibility. However, these materials have some

disadvantages such as poor crystallinity, low mobility, and possible degradation in the air which

requires encapsulation with a thin inorganic film [48].

Generally, the price of these materials and their fabrication process is higher compared to
inorganic semiconductors. Moreover, some organic semiconductors such as pentacene require a

special preparation procedure due to their high sensitivity to contamination [49]. The most

popular processes to fabricate organics electronics are the followings:
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Spin coating: consists in spreading the semiconductor material by centrifugal force on the
substrate when this rotates at high speed. With this technique, it is complicated to control the

thickness and the uniformity of the material.

Thermal evaporation: the organic semiconductor is evaporated under vacuum.
Generally, a shadow mask is used to define the structure, as this avoids the photolithography step,

knowing that many organic semiconductors are sensitive to solvents [50].

Inkjet printing: consists of printing the organic solution. This could be done by different

techniques such as serigraphy, flexography or roll to roll technique [51].

Organic materials have some disadvantages when compared to inorganic semiconductors, such as
free carrier mobility which is several orders of magnitude lower [40].

For industry, the need of low-cost manufacturing processes for large-scale flexible electronics
and the low deposit uniformity for large substrate surfaces make inorganic technology the most
popular technology on the electronics market.

Nevertheless, organic semiconductors have significant advantages, they have good intrinsic
flexibility, making them a good choice to fabricate flexible electronic devices. Moreover, this
technology has a promising future especially in the fields of healthcare, biosensors or wearable

applications that need to be compatible with the body.

5.2 Inorganic semiconductor flexible electronics

Traditional electronic products are developed with this kind of semiconductor because of their
excellent physical and chemical properties such as high electrical and thermal conductivity.
Silicon is one of the most widely used products in the semiconductor industry. Some generalities
of silicon and its use in flexible electronics technology will be presented.

Advances in flexible electronics technology have required the study of other inorganic
nanomaterial such as Graphene Oxide (GO) [52], [53] or GaAs [54] with the goal to reduce the
rigidity and fragility of inorganic materials. Another alternative is to increase their flexibility, for

example by reducing their thickness.
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Silicon technology is one of the most developed technologies on the market. In the laboratory, we
chose silicon as the main material for the implementation of our sensors. Silicon can exist in
many allotropic forms (Fig. 1.11). Its conductivity depends on the elaboration parameters such as
gas dilution, pressure, deposition temperature, layer thickness, doping levels and doping
materials... All these conditions will also determine the quality of the material, the resistance of

contact between the different layers and therefore the performance of devices.

Monocrystalline Polycrystalline Amorphous

a) b) c)
Figure 1.11. Allotropic states of silicon. a) monocrystalline, b) polycrystalline, ¢) amorphous.

Single crystalline silicon (sc-Si) also called monocrystalline silicon:

It presents a "diamond" crystalline lattice as shown in Figure 1.11 (a). The temperature required
for the growth is higher than 900 °C, which is very high for flexible substrates; only a few
substrates can support this range such as flexible stainless steel foil. Moreover, because of this
uniform structure, the behavior of the crystal is a bad option for using it in the high deformation
measurement. However, silicon in this state is widely used in the industry in the form of wafers

whose dimensions can vary.

Amorphous Silicon (a-Si):

The atomic structure of amorphous silicon (Fig. 1.11 ¢) is characterized by the fact that it does
not present a crystalline structure or order, making it a good candidate for flexible electronic [55].
Generally, it is deposited at a temperature lower than 250 °C [56] making it compatible with a
large number of flexible substrates such as PET or Kapton®. Thanks to its lattice, it presents

good flexibility but a lot of electrical instability and poor performance.

Polycrystalline, microcrystalline and nanocrystalline silicon:

It is a particular form of silicon. This is an intermediate state between amorphous and

monocrystalline silicon. Figure 1.11 (b) presents well-ordered zones of crystalline grains and
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non-crystallized (amorphous) zones. Depending on the grain size, it can be known as
microcrystalline silicon (uc-Si) if the grain size is between 1 nm and 1 um or nanocrystalline (nc-
Si) when the grain size is less than 10 nm. Figure 1.12 shows the classification of silicon

according to the grain size and the temperature deposition range.

Compared to amorphous silicon, it offers a better stability [57], and a higher mobility [58]. It is
widely used in thin film transistor fabrication [59] [60]. There are different techniques to deposit
this material, such as sputtering or different chemical vapor deposition (CVD) techniques. The

deposition techniques used in the IETR will be widely described in Chapter 2.
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Figure 1.12. Classification of silicon as a function of the grain size
and the temperature deposition range [61].

6. Metal electrodes

When flexible devices are submitted to bending or stretching deformation, all the layers of the
sensor undergo this effect, so for flexible sensing devices, mechanical flexibility and stability of
the electrodes must be taken into account.

Thick metals cannot be used for these applications, however ultra-thin metals can support
bending conditions without easily breaking. This is due to the bending strain which decreases
proportionally with thickness. In addition to thickness reduction, to reduce fractures, it is

necessary to have a good design such as wavy structures, serpentine patterns, coiled springs [62]

[63].
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Conventional fabrication of metal electrodes in the laboratory consists of evaporation. The
deposition is the same as used on hard substrates such as silicon wafers, but this can damage the
soft substrate due to the use of strong solvents, high temperatures or high pressures [64]. There
are other alternatives such as solution-based wet chemical methods, including printing and
plating techniques which allow rapid, low temperature and cost effective fabrication.

There are some considerations for a good flexible electrode, such as its high electrical
conductivity, its good adhesion and its great robustness against mechanical deformations. The
most commonly used metal for electrode fabrication include gold (Au), silver (Ag), copper (Cu)
and nickel (Ni), but for flexible applications some materials such as graphene, carbon nanotubes
(CNTs) or metal nanowire (NWs) are widely used because of their high conductivity and
flexibility.

However, taking into account the cost/conductivity ratio [65], silver is a good option for our
devices. The performance of the electrodes can be evaluated by measuring the electrical
conductivity though the contact resistivity between the metal and the semiconductor. This is
deeply explained in Chapter 3, with some measurements in our devices via the TLM device. In
addition to the electrical characterization, it is necessary to quantify the mechanical flexibility
and robustness by performing the “bending test” as mentioned in the literature [66] [67]. As
shown in Figure 1.13, the electrode is repeatedly bent into a curvature shape and the change of

the bulk resistance is measured during the cycles.

+180° curvature
RELLERN
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Figure 1.13. Bending test on metallic electrodes.
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7. Conclusion

This chapter allows us to present a general overview of pressure sensors. Characterization
parameters, working principle and main applications in the electronic market were described.
Moreover, the different methods used to fabricate flexible electronics, top-down or bottom-up
were discussed.

In order to optimize the mechanical performance of flexible electronics, all the layers of the
global structure should be chosen in function of the application of the device. Hence, a
comparison was done between the different materials that form the sensor's structure such as the
substrate choice, because this will determine the degree of flexibility of the structure, the
semiconductor and dielectric materials, and the effect of metal electrodes in the electrical and
mechanical performance. The synthesis and study of the properties of silicon, material used in
our devices are also presented.

All these general information will help us to better understand the considerations that should be

taken into account to fabricate flexible devices as presented in the next chapter.
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CHAPTER 2 - N-type uC-Si1 investigated as a
pressure sensor
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1. Introduction

Nowadays, there are many flexible technologies used to perform physiological measurements.
The aim of this section is to give an overview of flexible electronic devices; how to work with
thin-film layers or how to select them depending on the application.

First, an introduction of the techniques used in the IETR laboratory to deposit microcrystalline
silicon (uc-Si) at low temperature is presented. The piezoresistive properties of these materials
are explained.

In addition, some points about the highlight of the fabrication process of our devices and the

problems found during the development are discussed.

2. Deposition techniques of uc-Si at low temperature

Generally, the mechanical properties of any flexible thin-film material will strongly depend on
the temperature used for its deposition.
In IETR laboratory, the most widely used deposition method for microcrystalline silicon at low
temperature is plasma-enhanced chemical vapor deposition (PECVD). While there are other
methods available in the laboratory for depositing silicon, such as sputtering or low-pressure
chemical vapor deposition (LPCVD), these techniques, with the temperature limitation for
deposition, don’t achieve the same quality than PECVD.
Indeed, microcrystalline silicon deposited at low temperature, 165 °C, has been optimized in the
laboratory in 2007 [1] making it compatible with flexible substrates such as PEN or Kapton®.
However, the acquisition by the laboratory of a new machine based on the technique of
inductively-coupled-plasma chemical vapor deposition (ICP-CVD), requires us to investigate
whether this method allows us to obtain microcrystalline silicon with better characteristics.
Although both techniques belong to the same principle of chemical vapor deposition (CVD) that
it 1s based on deposit of thin films from vapor phase by the decomposition of chemicals on the
substrate surface, there are some differences between them. For that reason, their working

principle and a comparison between these two techniques are presented below.
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2.1 Description of deposition system with PECVD reactor

Plasma enhanced chemical vapor deposition (PECVD) is a process used to deposit thin films

from a gas vapor state to a solid state on a substrate. When a radio frequency (RF) power is

generated between two electrodes, the plasma is created, involving the chemical reactions of the

gases. The plasma produces energetic electrons, ions and free radicals, which assist the chemical

reactions. The machine is formed by 3 parts: deposition reactor, pumping system and gases

management system.

The deposition reactor has two parallel electrodes, the anode that supports the substrate

and is connected to the ground and the cathode that it is connected to a RF source.
Between the cathode and the RF source, there is a tuning box that allows the
compensation of the reflected power. By adjusting it, it is possible to adjust the RF power
applied. The substrate can be heated up to 350 °C, depending on the film requirements.
RF generator creates an alternative field at 13.56 MHz, this power can be regulated from
microwaves to higher MHz [2], [3]. The distance between the electrodes is adjustable and
this parameter can be very relevant to obtain a good quality film.

Pumping system is constituted by a primary pump that provides a vacuum level about

10 > mbar and a secondary pump that adjust the vacuum level until 10 mbar.

Gases management system: the gases used during the deposition are controlled by flow

meters that are located behind the reactor. The main gas used are Silane (SiH4), Hydrogen
(H2) and Argon (Ar). Other gases that can be added in order to obtain doped layers:
phosphine (PH3) or arsine (AsH3) for n-doped layers or diborane (B:Hs) for p-doped

layers.
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Figure 2.1. Schematic PECVD reactor.

2.2 Description of deposition system with ICP-CVD reactor

High Density Plasma Chemical Vapor Deposition (HDPCVD) is a special form of CVD
technique that employs an Inductively Coupled Plasma (ICP) source to generate a higher density
plasma with lower deposition pressures and temperatures than PECVD system.

Using higher plasma density, it could be possible to obtain some advantages as for example,
high-quality films using lower deposition temperatures than PECVD (typically 80 °C to 150 °C)
or a better uniformity.

Generally, the inert gases go through the ICP source, and the reactive gases are introduced
through a gas ring that is close to the lower electrode. Depending on the film required property,
the lower electrode can be powered (~ 10 W) or left floating (~ 0 W).

Most ICP-CVD systems process through a turbo molecular pump which limits the gas flowed
into the chamber, and leads to lower deposition rates.

As in PECVD machine, a parallel electrodes reactor are used. The sample is placed on a
grounded bottom electrode and RF bias voltage is applied to the upper electrode. This forms the
plasma. For ICP-CVD machine the bottom electrode can be heated in a range 100-400 °C.

To deposit at low temperatures high-density films, even with temperatures lower than 100 °C, a
high- density-plasma (HDP) source is used, in which the electrons of the plasma are excited in a

direction parallel to the chamber boundaries. The HDP source corresponds to the inductively
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coupled plasma (ICP) chamber. On this module, the plasma is driven by a magnetic potential set
up by a coil wound outside chamber walls, as shown on Figure 2.2. The electron current direction
is opposite to that of the coil currents which are, by design, parallel to the chamber surfaces.

The inductively coupled coil is linked to a 13.56 MHz RF generator. This generator is not the
same as the one used to power the lower electrode. This lower electrode, as in PECVD, is
powered separately by another 13.56 MHz generator, which enables independent control of the
energy of the ions of the plasma. The dissociation of the plasma and the density of the incident
ions in the chamber is controlled by ICP coil power.

As previously commented, ICP-CVD is a new deposition technique in the laboratory. By this
way, it appeared the necessary to investigate which are the optimum conditions to perform the N-
type uc-Si deposition at low-temperature. With this machine, we will try to achieve film densities
higher or similar to PECVD but with better step coverage and at lower process temperatures.
Also, it can offer the possibility to control the stress induced in the films due to the low ion

energies.
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Figure 2.2.Schematics of high- density-plasma (HDP) chamber [4] and ICP-CVD reactor.

To summarize, Table 2.1 presents the main advantages of ICP-CVD technique over PECVD and

some disadvantages.
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ICP-CVD

Advantages over PECVD Main disadvantage

High density plasma

Low deposition pressures High cost of equipment

Lower range of temperatures process New technique in the laboratory - necessity
to investigate optimum deposition
Lower induced stress conditions

Good step coverage

Table 2.1. Advantages and disadvantages of ICP-CVD technique compared to PECVD.

3. Flexible devices with microcrystalline silicon

Microcrystalline silicon deposited by PECVD technique was widely investigated in the IETR.
To achieve a good quality on these materials, there are several parameters that were deeply
studied such as the temperature or the pressure used during the deposition process, the percentage
of SiH4, H> or Ar in the gases dilution or the selected power. This semiconductor material was
optimized during K. Kandoussi’s thesis[1], fixing then the parameters that were used in the
following research.

There are different devices fabricated with this material, however here we will introduced briefly
those that were fabricated onto flexible substrate.

The first example of pc-Si on a flexible substrate was realized during S. Janfaoui’s thesis [5]. He
has developed pc-Si top-gate thin film transistor (TFT) on 5x5 cm? sheets of PEN (Polyethylene
naphthalene). In this work, the thickness of the sheets of PEN is 125 pm and it is encapsulated on
both sides with 250 nm of Silicon Nitride. Over it, a layer composed of 100 nm thick undoped
ue-Si and 70 nm thick N doped pc-Si is deposited. Here, the devices are characterized under
static deformation with different curvature radii. They are bent under tensile and compressive
stress. The main goal was to study the electrical and mechanical behaviors of these TFTs under

mechanical stress. Figure 2.3 shows the architecture of the TFT used during this thesis.
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Figure 2.3. Schematic TFT developed in S. Janfaoui’s thesis [5].

The following example of pc-Si used with a flexible substrate at IETR, is extracted from Y.
Kervran’s thesis [6].The design of the devices consists in Transmission Line Measure method
(TLM) and a strain gauge matrix on a Kapton® substrate with different thicknesses of 125 um
and 50 um. The goal of this thesis was to investigate if pc-Si has the ability to be used as a
pressure sensor. The characterization test consists in submitting the devices to different curvature
radii and to verify its sensitivity to the deformations. Figure 2.4 shows an example of the strain

sensor used.

B r B s
[ siN, [l Al

Figure 2.4. Schematic TLM structure developed during Y. Kervran’s thesis [6].

Hence, taking into account these previous results of the laboratory where pc-Si was used on a
flexible substrate; our project is to submit our samples to a dynamic and continuous deformation,
as this will allow us to verify the reliability of pc-Si as a pressure sensor. Moreover, it will give
us more information about the material’s behavior especially during dynamic strain. It was then
necessary to create a dynamic acquisition system and try to find a structure that responds fast and
exhibits a linear response to strain deformations. For this, different possibilities have been
studied, such as reducing the thickness of the substrate to 25 pm or creating new designs to

facilitate the recovery of the structure. All of this will be explained throughout this thesis.
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4. Piezoresistive properties of N type pc-Si

To properly understand the piezoresistive properties of pc-Si, some concepts need to be
introduced. Our sensors are based on piezoresistive effect and, as it was explained in Chapter 1,
when a material is deformed by an applied mechanical stress, an electrical change is produced
and the resistance value varies. As shown in formula (2.1), a change in the resistance value (R)

can be produced by the change of the resistivity or by the geometry.
2.1
R - .

Where (p) is the resistivity, (L) corresponds to the length and (S) is the surface area of the sensing
material, pc-Si in our case.

To quantify the sensitivity of the material to the applied mechanical stresses, the gauge factor
(GF) is defined. As shown by the formula (2.2), it is formed by two components: the geometrical
distribution (1+2v) and the variation of the resistivity in function of the strain ((Ap/p)/e), where v

is the Poisson’s ratio, p the resistivity and € the axial strain applied.

AR/ cH
GF= —= =(1+2v) + 2.2)
£

For the metal strain gauge, the resistivity of the metal lines does not vary with the strain,

therefore the equation (2.3) can be written as:

ﬂRfR
GF = — =(1+ 2v) (2.3)

Normally, the Poisson’s ratio value is between 0.3 < v < 0.5, so that their GF is in the range
1.6 < GF <2 [7].
However, for semiconductor materials like silicon, both terms of the Formula (2.2) should be

considered, which means that the values obtained for the gauge factors can be several orders of
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magnitude higher than the metallic ones. Hence, it is important to understand well the second
term of the equation, and especially how the resistivity is changing.

When a material is not stressed, it exhibits a constant resistivity, but when the structure is
deformed by an external force, the lattice changes produce a change in the resistivity.

In the case of single crystalline silicon, it presents a diamond cubic lattice form described in
Chapter 1. Generally, silicon is doped with impurities in order to increase its conductivity.
Depending on the dopant used, this can be an electron donor or an electron acceptor.

When a semiconductor material is doped, it means that the band-gap is controlled by adding
small impurities to the material. These impurities can change the electrical conductivity of the
lattice and therefore vary the performance of the semiconductor. Depending on the majority
carriers ratio, it exists two different kinds of extrinsic semiconductors, p-type (holes are the
majority) and n-type (electrons are the majority).

Depending on the direction of the applied stress (tensile or compressive), the lattice structure is
affected, generating a change in the carrier mobility (electrons and holes) through the lattice.
Hence, the mobility of the carriers affects the resistivity of the material, as expressed for example

with n-type material in equation 2.4:

1

= 2.4
P e (2.4)

Where (u) is the carrier mobility, (q) is the absolute value of the electronic charge, and (n) is the
concentration of free carriers.

In cases of n-type materials, where most charge carriers are electrons, when a tensile strain is
applied, the interatomic spacing of the lattice will increase and that generates an increase of the
mobility and thus a decrease of the resistivity. When a compressive strain is applied, the
interatomic spacing decreases, reducing the mobility and increasing the resistivity [8].

Hence, the sensitivity of silicon to the strain depends on its crystalline orientation with respect to
the applied field and also on its type of dopant.

In our case, the material used is N- type and the gases used for doping are arsine and phosphine,

because the (GF) factor is directly linked to the doping concentration [9].
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5. Mechanical behavior of thin films

In order to obtain sensors with good reliability, it is important that the total structure has the
ability to come back fast to the initial state. The mechanical behavior of the compound structure
in thin film flexible electronics depends on several properties such as the Elastic or Young’s
Modulus, the hardness or the adhesion of the layers and the thickness of each part [10].
Nowadays, one of the main disadvantages of film thickness reduction in the fabrication process
and handling come from the fragility of thin layers. However, during recent years, many
remarkable advances in the technology of thin-film deposition and etching process technology
have been achieved, such as new high-performance inorganic materials that can be combined
with methods of printing and transfer of the structures, thereby improving the quality of the films
as well as their adhesion to the substrate [11].

The understanding of the behavior of thin materials is necessary and the definition of parameters
that help their classification is mandatory. Briefly, some basic concepts and definitions that need

to be consider during the film selection to fabricate flexible devices are introduced.

e Young’s Modulus: It measures the elastic properties of a solid material that is submitted

to tension or compression in one direction. It is defined in formula 2.5 as the relationship
between stress (force per unit area, o, see equation 2.6) and strain (deformation in a solid

due to the stress, €, formula 2.7) of a material in the linear elasticity regime.

Stress F
Young Modulus (Y) = — = — (2.5)
Strain g
Force(F) . AL (change in large)
Stress (c) = Area (4) (2.6) Strain (g) = L ( original large) (2.7

The Young’s modulus should be constant for a given material. This parameter has a direct
link with the elasticity and is also called Elastic Modulus (y). When a material presents
high elastic modulus, it is classified as stiff material and if the elastic modulus is low, it is

classified as compliant.
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e Hooke’s Law: it expresses mathematically the relationship between the stress and the
strain, as illustrated Figure 2.5. It demonstrates that, when an elastic material stays inside
the elastic stress region, the stress should be linearly proportional to the strain. Also, in
this region, the loading is reversible. However, one time that the elastic limit has been
overcame and the stress vs. strain curve starts to deviate from the linear region, the

deformation of the material will be irreversible.

i
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Figure 2.5. Stress (o) vs. strain (€) relation.

The mechanical behavior of thin films (f) on thin substrates (s) depends on the geometry, the
Young’s modulus (Y) and the thickness (d) of each part. In function of the two last parameters

the behavior of substrate/film structure could be classified in:

i. Yi .df << Y .ds. When the thickness and the Young’s modulus of the deposited film are

very low compared with the substrate ones, the substrate dominates and the film
complies with it. The effect of the stress in the substrate is small and the film/substrate
couple suffers from slight curves, even when the film is highly stressed.

ii. Yr .dg >> Y .ds. When the thickness and the Young’s modulus of the substrate are very

low compare to the film ones, the film dominates and the substrate complies with it.

In our case, the film dominates and the stress in the film creates a deformation on the
film/substrate structure. The structure is bent with a radius of curvature R. This level of the

curvature depends on the nature of the substrate, and especially on its thickness.

Film stress is usually calculated with Stoney’s equation, which relates the Young’s modulus of
the substrate, the thickness of the film and of the substrate, and the radius of curvatures of pre-

and post-process.
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Stoney’s relation.

The Stoney’s relation is generally used to calculate the residual stress value for the linear, elastic

region of the stress-strain curve. In the literature, there are different versions of this equation

depending on the substrate type [12]. However, to apply this formula, all the versions should

respect these two hypotheses:

(a) Film stress can be evaluated with the final measure of the curvature of the substrate (or

change of curvature, if this was not initially flat).

(b) Results do not depend on the properties of the film, thus the measurement of the substrate

curvature gives the current stress in the film.

Stoney’s Formula is presented for the case where the substrate stiff and the case where the

substrate is compliant to the film.

When the substrate is stif